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Abstract

Calderas are the most active and dangerous volcanic systems on Earth. All active calderas experience
periods of unrest characterized by changes in the baseline monitoring parameters, such as ground
deformation, degassing and seismicity, which can last from hours to years. While only some unrest
episodes culminate in eruption, most eruptions are preceded by unrest. Therefore, understanding the
nature of unrest becomes fundamental to assess volcanic hazard and represents one of the main
problems in volcanology. Active mafic calderas undergo repeated unrest episodes, often characterized
by multiple and regular cycles of uplift, with pre-eruptive seismicity followed by eruption and co-
eruptive deflation. Conversely, felsic calderas are restless for decades or show only isolated and short
unrest episodes and erupt infrequently. Mafic calderas, therefore, provide simpler conditions to study
unrest. In this group are the six active calderas of the western Galdpagos (Ecuador), which share
similar characteristics and experienced repeated unrest episodes in the last decades. This Ph.D. Thesis
aims at widening the knowledge on the unrest episodes at the western Galapagos calderas and at

extending such results to other mafic calderas with similar characteristics.

To pursue this aim, | first analysed eruptive and non-eruptive unrest episodes at two of the less studied
calderas of the western Galapagos: Alcedo (article published in Journal of Geophysical Research-
Solid Earth) and Cerro Azul (article submitted to Journal of Geophysical Research-Solid Earth). In
these studies, | investigated the non-eruptive unrest episodes occurring from 2007 to 2011 at Alcedo
and the 2008 eruptive unrest at Cerro Azul. As ground deformation is a constant feature in all the
unrest episodes at western Galapagos calderas, | studied surface displacements as measured by
Synthetic Aperture Radar Interferometry (INSAR). Then, by modelling the geodetic data, | placed
constraints on the sources responsible for these episodes of unrest, as has been done for most of the
previous studies of unrest episodes at other western Galapagos calderas. The new results highlight
how Alcedo experienced two episodes of uplift due to new magma injections in its shallow magmatic
system, separated by an episode with a limited lateral propagation of magma, probably interrupted
by the lack of new magma supply to the magmatic system. The same results also hint at a possible
relationship between these short-term unrest episodes and the longer-term process of caldera
resurgence at Alcedo. The 2008 eruptive unrest of Cerro Azul started with eight months of pre-
eruptive uplift of the caldera floor, followed, from May to June 2008, by two eruptive phases related
to the lateral propagation of a radial dike. To interpret INSAR phase in terms of a geophysical model
it is necessary to estimate the integer ambiguities in the phase through the phase unwrapping process.
This is generally done prior to geophysical inversion, but any phase-unwrapping errors will bias the

resulting geophysical parameters. To overcome the limiting presence of unwrapping errors affecting
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some of the INSAR data of Cerro Azul we have developed a new method to directly invert the wrapped
interferometric phase by estimating the integer ambiguities simultaneously with the geophysical

parameters.

Finally, I reviewed all the geodetically monitored unrest episodes at the western Galépagos calderas,
mainly considering the estimated injected volumes of magma and the related intrusive rates (results
included in a not-yet-submitted manuscript). These data were compared to those from other mafic
calderas sharing similar characteristics, to find a consistent behaviour. Results highlight a relationship
between the rates at which magma is injected inside the shallow magmatic system and the possibility
to trigger a magmatic intrusion. In particular, unrest episodes with injection rates > 5 x102 km®/year
seem to promote the propagation of a dike (eruptive or not) in < 1 year, while rates <9 x107 km®/year
do not trigger any dike propagation in <1 year and, even over longer time spans, the formation of a
dike seems uncommon. Therefore, these data suggest that the rates at which magma is supplied in the
shallow system may provide an important informative parameter for the forecast of how the unrest

will evolve in a mafic caldera with a shallow magmatic system.



Chapter 1

1- Introduction

Calderas are broad subcircular volcanic depressions resulting from the partial or complete emptying
of a shallow reservoir as a consequence of an eruption (Pinatubo, 1991; Stix & Kobayashi, 2008) or
of the lateral migration of magma, as for example occurred in 1968 at Fernandina (Galapagos,
Ecuador), in 2000 at Miyakejima (Japan) and in 2014-2015 at Bardarbunga, Iceland (Heiken &
McCoy, 1984; Geishi et al., 2002; Gudmundsson et al., 2016; Howard et al., 2018). Calderas can be
found in all volcanic environments and are probably the most complex and dangerous type of volcano,
with the possibility of triggering the largest catastrophic eruptions and of developing eruptive vents
both inside and outside the caldera, along the flank of the volcanic edifice (Lipman, 1984; Cole et al.,
2005; Bagnardi et al., 2013; Acocella et al., 2015; Di Vito et al., 2016).

All active calderas have experienced periods of unrest, characterized by a deviation from baseline
monitoring parameters, such as changes in seismicity, degassing, and ground deformation, lasting
from a few hours to several years (Figure 1; Newhall & Dzurisin, 1988; Acocella et al., 2015;
Robertson and Kilburn, 2016). Most of the unrest episodes have a magmatic origin, involving the
deep or shallow movement of magma, even if sometimes unrest can be triggered by hydrothermal or
tectonic processes (Newhall & Dzurisin, 1988; Chiodini & Frondini, 2001; Hill et al., 2002;
Gottsmann et al., 2007; Acocella et al., 2015). Unrest can end in different ways (Figure 1). It can
terminate with the storage of new magma inside the magmatic system, with the caldera that
progressively returns to its quiescence stage (Figure 1b; e.g. Darwin, Galapagos; Amelung et al.,
2000). Otherwise, unrest can culminate with the propagation of magma towards the surface (Figure
1a). In this case, two possibilities may occur: a) the propagating magma gets arrested and unrest
becomes non-eruptive (Figure 1 a’’; e.g. Fernandina in 2007; Bagnardi & Amelung, 2012), with the
caldera progressively returning to its quiescence state; b) the propagating magma reaches the surface,
leading to eruption (Figure 1 a’; e.g. Rabaul, Papua New Guinea; Robertson & Kilburn, 2016) (Figure
1). Unrest, therefore, can culminate with an eruption or not. However, any eruption is always
preceded by unrest, indicating that unrest is a necessary but not sufficient condition to have an
eruption (Moran et al., 2011; Biggs et al., 2014; Acocella et al., 2015; Sandri et al., 2017). Therefore,
understanding the nature of unrest becomes fundamental when assessing volcanic hazard, and
determining its outcome represents one of the main challenges for volcanology (Acocella et al., 2015).

To pursue this aim, it is equally important to try to understand the processes leading to eruptive unrest



and those leading to non-eruptive unrest, in order to evaluate and possibly forecast the potential

eruptibility of unrest.
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Figure 1. Evolution of caldera unrest. Supply of new magma to the magmatic system can trigger
unrest. The unrest can end (a) with or (b) without magma propagation. When magma propagates, it

can (a’) reach the surface or (a’’) stall.

Acocella et al., (2015) proposed an interpretation of unrest behaviours based on the composition and
the state of the conduit (open, semi-plugged, plugged) (Figure 2). In open systems, magma and gas
can rise and erupt frequently; semi-plugged systems degas, without any open conduit; closed systems
do not degas and erupt more seldom. Felsic plugged calderas erupt infrequently and usually have
short pre-eruptive unrest; felsic semi-plugged calderas erupt infrequently, but are restless for decades;
mafic calderas, especially those with open system, have repeated unrest episodes, which can often
end with moderate eruptions (Dvorak & Dzurisin, 1997; Acocella et al., 2015; Robertson & Kilburn,
2016). The pre-eruptive unrest usually lasts less than 1 year, especially in open or semi-plugged
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calderas and in calderas with mafic or intermediate composition fed by mafic magmas, while unrest
longer than 1 year is usually non-eruptive, suggesting that magma may withstand only a limited

period of “‘eruptibility”, before becoming stored in the upper crust (Sandri et al., 2017).

A
_ mostly eruptive unrest
mafic frequent magma release through eruptions &
repeated cycles of: repeated cycles of:
inflation, seismicity, inflation, eruption,
g eruption, deflation deflation
=
0
o
Q
£
o
o
more complex behaviour,;
less frequent magma release through eruptions;
felsic importance of hydrothermal system
isolated and rapid unrest continuously restless
(smaller calderas) (larger resurgent calderas)
P
plugged calderas —— >  Semi-plugged ______, open
calderas calderas

opening of magmatic system

Figure 2. Schematic summary of the types of caldera unrest as a function of the composition and the

state of opening of the system (from Acocella et al., 2015).
Mafic calderas seem to provide better conditions to study unrest for the following reasons:

1) They usually experience repeated unrest episodes (Dvorak & Dzurisin, 1997; Nooner &
Chadwick, 2016).

2) Unrest episodes often show regular patterns, characterized by multiple cycles of uplift
accompanied by seismicity and co-eruptive deflation (Dvorak & Dzurisin, 1997; Nooner &
Chadwick, 2016).

In the western Galapagos (Ecuador) there are six active mafic calderas, sharing similar characteristics
(see subsection 1.1), which have experienced repeated eruptive and non-eruptive unrest episodes in
the last decades (Amelung et al., 2000; Chadwick et al., 2011; Bagnardi et al., 2013; Stock et al.,
2018). Here, ground deformation is a constant feature of the unrest episodes. As the other parameters

that characterize unrest, such as seismicity and degassing, are not monitored (or are poorly monitored)
8



at these calderas, most of the previous studies of unrest at the western Galapagos calderas have been
focusing on ground deformation using the Synthetic Aperture Radar Interferometry (InSAR)
technique (Amelung et al., 2000; Chadwick et al., 2011; Jonsson, 2009; Bagnardi & Amelung, 2012;
Xu et al., 2016; Stock et al., 2018). Therefore, these unrest episodes have all been studied using a
similar approach and similar methods, providing the opportunity to directly compare their results. In
addition, these calderas allow the study of the relationships between ground deformation and eruptive
unrest. For these reasons, the western Galapagos provide favourable conditions to investigate unrest

at mafic calderas.
1.1- Geological background of the western Galapagos

The Galapagos Archipelago, in the eastern Pacific Ocean, is a widespread (> 40.000 km?) system of
volcanic islands and seamounts and one of the most active magmatic provinces on Earth. These are
the surface expression of a hot spot, whose upwelling region is now centred below the western
Galapagos Islands, immediately to the southwest of Fernandina Island (Gibson & Geist, 2010;
Poland; 2014; Villagomez et al., 2014). The Galapagos Archipelago lies mainly upon a broad volcanic
platform overlying young (< 10 Ma) oceanic lithosphere, on the eastward drifting Nazca plate (Figure
3; Feighner & Richards, 1994; Rychert et al., 2014). The Galdpagos are placed in a complex
geodynamic setting. In fact, 100-300 km to the north of the Archipelago lies the Galadpagos Spreading
Centre (GSC), an east-west striking intermediate-rate spreading centre that is migrating to the north
of the plume, and which separates the Cocos (to the north) and Nazca (to the south) plates. The GSC
is offset, at ~90°50' W, by the north-south striking Galapagos Transform Fault (GTF) (Figure 3;
Wilson & Hey, 1995; Harpp & Geist, 2002, 2018; Werner et al., 2003; Mittelstaedt et al., 2012; Mittal
& Richards, 2017). The perturbation to the lithospheric stress field caused by the GTF probably
promoted the formation of volcanic lineaments and faults, such as the northwest-southeast Wolf-
Darwin Lineament, which separate the eastern from the western Galapagos (Harpp & Geist, 2002;
Mittelstaedt et al., 2012). These constitute two distinct volcanological, petrological, geochemical, and
structural provinces (White et al., 1993; Feighner & Richards, 1994; Harpp & Geist, 2018).

Most of the recent volcanic activity focuses on the younger western Galapagos province (Figure 4a),
constisting of the volcanoes of Fernandina, Cerro Azul, Sierra Negra, Alcedo, Darwin, Wolf and
Ecuador (the coalescence of the latter six makes up Isabela island), placed near the upwelling region
of the hot spot (Villagomez et al., 2014). Contrary to the older, eastern Galapagos, the western
Galapagos consist of large, flexurally-supported shield volcanoes with summit calderas (Feighner &
Richards, 1994; Harpp & Geist, 2018). These fall into two morphometric groups, called Type-1 and
Type-2 (Mouginis-Mark et al., 1996; Munro & Rowland, 1996; Naumann & Geist, 2000). Type-1
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volcanoes (Darwin, Alcedo and Sierra Negra) have gently dipping flanks over the entire height range

and a relatively shallow caldera, while Type-2 volcanoes (Fernandina, Cerro Azul and Wolf) have

gently dipping lower flanks, steep upper flanks and deeper calderas.

Figure 3. a) Galapagos Archipelago. GSC = Galapagos Spreading Center; GTF = Galapagos
Transform Fault; WDL = Wolf-Darwin lineament. The dotted lines separate the region where the
lithosphere has an effective elastic thickness of 12 km and volcanoes are flexurally supported, from
the region to the east with a lower (<6 km) effective elastic thickness (Feighner and Richards, 1994).

The red rectangle outlines the extent of Figure 4a, with the western Galdpagos magmatic province.

The western Galapagos calderas are mafic in composition and their magmatic products are tholeiitic
basalts, even if Cerro Azul has erupted also alkali basalts and Alcedo a rhyolite (Geist et al., 1994;
Naumann & Geist, 1999; Geist et al., 2014). With the possible exception of Cerro Azul, all the western
Galapagos have a shallow (1-3 km), flat topped, magmatic system, which overlies a deeper plumbing
system, consisting of a mafic cumulate mush, with subordinate liquid magma, probably formed by
the interconnection and coalescence of multiple intrusive bodies between the Moho and the shallow
portion (Geist et al., 2014).

Geist et al., (2014) and Harpp & Geist, (2018) proposed a three-stage evolutionary model for the
western Galapagos volcanoes, mainly based on petrological data. These three-stages are: 1) the
juvenile transient phase (Cerro Azul), with a relatively deep, small and hot magmatic system; 2) the

mature steady-state phase (e.g. Fernandina, Wolf and Darwin) with a well-developed,
10



termochemically-buffered plumbing system, composed of a thick mush zone; 3) the dying cooling

phase (e.g. Alcedo), with a cooler plumbing system.

[

SR —— major
B ™ eruptive fissures

CIRCUMFERENTIAL
INTRUSIONS

RADIAL
INTRUSIONS

Figure 4. a) Main eruptive fissures at the western Galdpagos calderas. These fissures are both
circumferential and radial (from Acocella et al., 2015). b) Representation of the circumferential and
radial intrusions. In purple is the shallow magmatic system, while in yellow are the intrusions feeding

the eruptive fissures (from Bagnardi et al., 2013).

The Western Galapagos volcanoes do not have well-developed rift zones, as is the case at some other
volcanic islands fed by a hot spot (e.g., Hawaii; Poland, 2014). On the contrary, the western
Galapagos volcanoes show a characteristic pattern of circumferential eruptive fissures just outside
the caldera rim and radial eruptive fissures along the flanks of the volcano (Figure 4a; Chadwick &
Howard, 1991). Bagnardi et al., (2013) related these fissures to complex shallow magma transfer
mechanisms (Figure 4b). Circumferential dikes, which feed circumferential fissures, initiate as sill-
like intrusions from the shallow magmatic system that become successively steeper by transitioning
into circumferential dikes, parallel to the caldera rim. Radial dikes also initiate as sill-like intrusions
from the shallow magmatic system but they instead turn and twist around a radial horizontal axis
during their lateral propagation, eventually feeding radial fissures (Bagnardi et al., 2013). The stress
field allowing the formation of both types of fissures seems to be mainly controlled by the
gravitational unloading after caldera collapse and the stresses from previous intrusions, with further
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contribution from the load of the edifice and the pressurization of a flat-topped magma chamber
(Bagnardi et al, 2013; Corbi et al., 2015; Chadwick & Dieterich, 1995).

In the last 30 years, the calderas of Fernandina, Cerro Azul, Sierra Negra, Alcedo, Darwin and Wolf
experienced repeated unrest events. Table 1 and 2 summarize the available information associated
with the intruded and erupted volumes and the rates of magma supply related to these unrest episodes.
Some of these unrest episodes culminated in eruptions, as occurred at Fernandina in 1995, 2005,
2009, 2017, 2018; at Cerro Azul in 1998 and 2008; at Sierra Negra in 2005 and 2018 and at Wolf in
2015 (Jonsson et al., 1999; Amelung et al., 2000; Geist et al., 2008; Chadwick et al., 2011; Bagnardi
and Amelung, 2012; Stock et al., 2018; Global VVolcanism Program, 2008; 2017, 2018). Other unrest
episodes were non-eruptive, as those occurred at Fernandina from August 2005 to 2007; at Sierra
Niegra from 1992 to 2003; at Alcedo from 1992 to 2011; at Darwin from 1992 to 2000 and at Wolf
from 1992 to 2008 (Amelung et al., 2000; Chadwick et al., 2006; Bagnardi & Amelung, 2012; Stock
et al., 2018). These non-eruptive unrest episodes are usually characterized by a constant uplift of the
caldera floor and often last for more than 2 years, as at Sierra Negra, Alcedo, Darwin and Wolf
(Amelung et al., 2000; Chadwick et al., 2006; Stock et al., 2018). In particular, Sierra Negra
experienced the most dramatic uplift, of about 5 m between 1992 and 2005 and 2 meters after the
2005 eruption; the uplift was accommodated, in part, inelastically by repeated trapdoor-faulting
events (Amelung et al., 2000; Jonsson et al., 2005; Jénsson, 2009; Chadwick et al., 2006). Finally,
unrest episodes sometimes are associated with subsidence, as at Alcedo from 1997 to 2001 and at
Sierra Negra from 2000 to 2003 (Chadwick et al., 2006; Hooper et al., 2007).

1.2 Method
1.2.1 InSAR theory

Synthethic Aperture Radar (SAR) technique allows creating high resolution radar images from data
acquired by side-looking instruments carried by satellites (Massonnet et al., 1998; Burgmann et al.,
2000; Dzurisn, 2007; Pinel et al., 2014 and references therein). Each pixel of a SAR image is
characterized by two values: the amplitude and the phase. The amplitude can be interpret in terms of
the scattering properties of the ground, while the phase is essentially random and, therefore, is not
informative (Massonnet et al., 1998; Hooper et al., 2012 and references therein). However, the phase
differences between two images, covering almost the same area, can be interpret in terms of the
change in range from the satellite to the ground if the scattering characteristics of the ground do not
change significantly (Dzurisin, 2007; Lu & Dzurisin, 2014). This is the principle on which SAR

interferometry (InSAR) is based. Thus, the phase of the resultant “interferogram” is equal to the phase
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differences between the two SAR images and the interferometric phase of each pixel can be described
as (Hooper et al., 2012; Pinel et al., 2014):

¢ = W{¢def + d)topo + datm + GPor + d)N} (1)

where ¢4, is the contribution due to the displacement from the pixel in the satellite line-of-sight
(LOS) direction; ¢y, is the contribution due to deviations of the real Earth surface from the
reference surface due to topography; ¢,:m 1S the contribution from the difference in the phase delay
during propagation of the signal through the atmosphere between acquisitions; ¢, is the residual
phase due to orbit errors; ¢ is the phase noise due to both variability in scattering and thermal noise.
WH{-} is an operator that drops whole phase cycles (known as “wrapping”), as only the fractional part
of the phase can actually be measured (Pinel et al., 2014 and references therein).

If an interferogram is generated from two images acquired at different times, LOS displacements
(¢aer) can be obtained by minimizing as much as possible the contributions to the interferometric
phase due to the other terms reported in equation 1. It is important to note that INSAR does not provide
an absolute value for displacements, as the phase only records the fractional part of each phase cycle.
However, the relative LOS displacement between any two pixels in an interferogram can be estimated
by integrating the number of fringes between them, through a process known as phase unwrapping
(Hooper et al., 2012; Pinel et al., 2014 and references therein). Therefore, phase unwrapping is the
procedure for solving the 2 ambiguity inherent in radar interferograms to calculate the correct integer
number of phase cycles to be added to each phase measurement (Dzurisin, 2007). Unwrapping errors

cause therefore an incorrect estimation of the LOS displacements (Massonnet et al., 1998).
1.2.2 InSAR method

In this thesis interferograms were formed using the INSAR Scientific Computing Environment (ISCE)
software (Rosen et al., 2012). Topographic contributions to the interferometric phase were removed
using a 30 m-resolution DEM from the NASA Shuttle Radar Topography Mission (Farr et al., 2007).
Interferograms were then combined to study the temporal evolution of surface displacements through
a multi-temporal (MT) approach. The MT approach helps minimizing atmospheric, orbital, DEM,
and unwrapping errors (Lu & Dzurisin, 2014; Hooper et al., 2012). Among the different MT
approaches, | applied the Small Baseline (SB) method using the StaMPS software (Hooper, 2008,
Hooper et al., 2012).
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1.2.3 Geodetic modelling

To constrain the sources of deformation, INSAR LOS displacement measurements were inverted for
possible magmatic sources. Deformation source parameters and uncertainties were estimated using
the Bayesian approach implemented in the Geodetic Bayesian Inversion Software (GBIS; Bagnardi
& Hooper, 2018). The inversion algorithm uses a Markov-chain Monte Carlo method, incorporating
the Metropolis-Hastings algorithm, to find the posterior probability density functions (PDFs) of
model parameters.

Through the Bayesian approach, | sampled the joint posterior PDF for the model parameters, taking
into account uncertainties in the data, which were directly quantified using experimental
semivariograms calculated from the data, and approximated by unbounded exponential one-
dimensional functions with a nugget (Bagnardi & Hooper, 2018). To reduce the computational
burden, INSAR data were subsampled using an adaptive quadtree method (Decriem et al., 2010;
Bagnardi & Hooper, 2018).

Deformation source-types used in this thesis were the point source (Mogi, 1958), the finite spherical
cavity (McTigue, 1987), the prolate ellipsoid (Yang et al., 1988), the rectangular dislocation with
uniform opening (as dikes and sills; Okada, 1985), the rectangular dislocation (RD) and the
compound dislocation models (CDM) (Nikkhoo et al. 2017).

As GBIS inverts the unwrapped data, it is essential that the unwrapped phase is not affected by
unwrapping errors. The occurrence of the latter prevents the possibility to use GBIS. To overcome

any unwrapping errors in Chapter 3 I have presented a new method to invert the wrapped data directly.
1.3- Aims and organization of the Thesis

The aim of this Ph.D. Thesis, written in the form of scientific articles, is to increase the knowledge
on the unrest episodes at the western Galapagos calderas and to extend the new results to other mafic
calderas sharing similar characteristics. To pursue these aims, first, | analysed previously non-studied
eruptive and non-eruptive unrest episodes at two of the less known volcanoes among those of the
western Galépagos: Alcedo and Cerro Azul. Specifically, the first article (Chapter 2), published in
Journal of Geophysical Research-Solid Earth, investigates the non-eruptive unrest episodes occurred
at Alcedo from 2007 to 2011. The second article (Chapter 3), submitted to Journal of Geophysical
Research-Solid Earth, analyses the eruptive unrest occurred at Cerro Azul in 2008. Some of the
INSAR data of Cerro Azul are affected by unwrapping errors, due to erroneous estimates of the phase
integer ambiguities during the so-called unwrapping process. These errors bias INSAR data inversion

results. To overcome the unwrapping errors and to properly invert INSAR data, we proposed a new
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method to invert the wrapped interferometric phase directly by estimating the integer phase

ambiguities simultaneously with the geophysical parameters (see Chapter 3, Section 3.1).

Finally, the third article (Chapter 4; manuscript in preparation), reviews all the geodetically monitored
unrest episodes at the western Galapagos calderas, mainly considering the estimated injected volumes
of magma and the related intrusive rates. These data are then compared to those from other calderas
sharing similar characteristics, to highlight any possible relationship between the outcome of unrest

and the rates at which magma is injected into the shallow magmatic system of mafic calderas.
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V (km?) Q (km®year) t(year) V(er)

Fernandina
1995 eruption (time span of the interferogram from 1992 to 1997) (Jonsson et al., 1999; Bagnardi et al.,
2013)
Sill 3.47x103 Eruption
Radial dike 6.09x10°3
16 January 2001-13 June 2002 (Geist et al., 2006; Chadwick et al., 2011)
Shallow system? 1.2x10® 8.5x10* 141 Uplift
From January 2003 to 26 April 2005 (Chadwick et al., 2011)
Shallow system 7.6+0.4 x10%  3.8+0.2 x10*  2.02 Pre-eruptive uplift
Deeper system 5.14+0.69 x107 2.5+0.3x10° 2.02 Pre-eruptive uplift

Eruption 13-29 May 2005 (time span of the interferogram 7 May-16 July 2005)
Circumferential dikes 9.77 x10°?

Shallow system 8.3x10™*
total 14x10°3 Eruprion
Deeper systemP -6.4x1073

Post-eruptive (August 2005 - November 2006) (Chadwick et al., 2011)
Shallow system 1.36+0.11 x102 1.1+0.1 x10* 1.25 Post-eruptive uplift
Deeper system 2.92+0.38 10 2.3+0.3 x10°*

27 January 2007 - 21 July 2007 (Bagnardi & Amelung, 2012)
Shallow system 1.1x10°3 2.3x10°3 0.48 Uplift

27 August - 18 September 2007 (most by 30 August) (deep lateral propagation of magma)
(Bagnardi & Amelung , 2012)

Sill 1.9x107 Deep sill propagation
28 September 2007 - 26 April 2008 (Bagnardi et al., 2013)
Deeper system 1.54x102 2.69x102 0.57 Uplift
28 September 2007 - 9 April 2009 (Bagnardi 2014)
Shallow system 4x10°3 2.6 x10°® 1.53 Uplift
10 Apr 2009 (13 h before the eruption)
Sill° 7.29x10°3
Deeper system -4.55x1073

Eruption (10-28 April 2009) (interferogram show that all the deformation occurred before May 5t)
(Bagnardi et al., 2013).

Radial dike 9.73x10°3
Silld 7.29x10°
Total 1.70x1072 Eruption
Shallow system -4.8x1073
Deeper system >-3x107?

Table 1. Available information on unrest episodes occurred at Fernandina since 1992. V is the
intruded volume estimated from the inversion of geodetic data. Q is the rate at which magma is
supplied. V(er) is the erupted volume. t is the duration of the event. 2 Data obtained from the inversion
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of GPS data only. ® The volume lost by the deeper system may have been underestimated (see
Chadwick eta 1., 2011 for further details). © This sill is the incipient propagation of the radial dike ,
which initiates as a sill-like intrusion. ¢ Same sill of 10 April 2009

V (km?) Q (km?3/year) t (year)

Sierra Negra

26 September 1998 to 20 March 1999 (Yun et al., 2006)

Shallow system 6.7 X103 1.40x10°2 0.48 Uplift
5 January 2001 to 3 June 2002 (Geist et al., 2006)
Shallow system -4.10 x1073 -2.91 x10°3 1.41 Subsidence
1 April 2003 to 15 April 2005 (Chadwick et al., 2006)
Shallow system 2.9 x10? 1.40x10°2 2.04 Uplift
12 February 2004 - 27 January 2005 (Chadwick et al., 2006)
Shallow system 1.6 X102 1.70x10°2 0.96 Uplift
16 April 2005 - 21 October 2005 (Chadwick et al., 2006)
Shallow system 3.3x10? 6.40x102 0.52 Pre-eruptive uplift
22 October - 30 October 2005 (Geist et al., 2008)
1.5 x101® Eruption
November 2005 to January 2011 (Bagnardi, 2014)
Shallow system 6.70x102 1.28x1072 5.24 Uplift
Wolf
15 June 1992 — 27 December 2008° (Bagnardi, 2014)
Shallow system 5x10°3 3 x10* 16.55 Uplift
03 January 2004 - 27 December 2008 (Stock et al., 2018)
Shallow system 1.5x10°3 3x10* 4.99 Uplift
25 May to 11 July 11 2015 (Bernard et al., 2019; Stock et al., 2018; Xu et al., 2016)
8.7+2.7 x102© Eruption
Deeper system -5.3+1.1 x107? Eruption
Shallow system -2.8x10°3 Eruption
Darwin
15 June 1992 - November 2000 (Bagnardi, 2014)
Magmatic system 1x107? 1.2x10°3 8.39 Uplift
Alcedo
October 1997 — January 2001 (Hooper et al., 2007)
Shallow system -1.28+0.03 x103 -3.93 x10* 3.25 Subsidence
Cerro Azul

8 March 2017-20 March 2017 (Bagnardi & Hooper, 2018)
Sill 3+1x10? 9.1x101 0.033 Deep lateral propagation

Table 2. Available information on the unrest episodes occurred at the calderas on Isabela Island in
since 1992. V is the intruded volume estimated from the inversion of geodetic data. Q is the rate at
which magma is supplied. t is duration of the event.  Erupted volume. This is similar to those
estimated from the inversion of the subsidence data associated with the eruption. ® Deformation from
2000 to 2008, and especially from 2004 to 2008, is temporally better constrained. € is the erupted
volume. During the first eruptive phase 4.76+1.88 <102 km® (DRE) of magma were erupted, while
during the second eruptive phase 3.95+1.49 x102 km® (DRE) of magma were erupted (Bernard et

al., 2019).
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Non-eruptive unrest at the caldera of Alcedo Volcano (Galapagos Islands)

revealed by INSAR data and geodetic modelling.
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Key Points

2007-2011 non-eruptive unrest at Alcedo caused by shallow emplacement of new magma with limited

lateral intrusion.
Uplift during unrest is similar in location and shape to the longer-term weak resurgence of the caldera.

This unrest provides the rare opportunity to document the incremental growth of a basaltic resurgent

caldera.

Abstract

Understanding volcanic unrest is crucial to forecasting eruptions. At active mafic calderas unrest
culminates in eruption more frequently than at felsic calderas. However, the mafic caldera of Alcedo
Volcano (Ecuador) has experienced repeated episodes of unrest without erupting, since at least 1992,
when geodetic monitoring began. Here, we investigate the unrest that occurred between 2007 and
2011 using interferometric synthetic aperture radar (INSAR) data and geodetic modelling. We observe
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an initial asymmetric uplift of the southern caldera floor (~30 cm of vertical motion) from 2007 to
2009, followed by subsidence of the uplifted area and contemporary uplift of the north-western
caldera rim between January and June 2010. Finally, from June 2010 through March 2011, caldera
uplift resumed. The first uplift episode is best explained by inflation of a sill and the activation of an
inner ring fault. Successive caldera subsidence and rim uplift are compatible with the withdrawal of
magma from the previously inflated sill and its north-western migration. The resumption of uplift is
consistent with the re-pressurization of the sill. This evolution suggests episodic magma emplacement
in a shallow reservoir beneath the caldera, with aborted lateral magma migration, probably due to the
discontinuous supply from depth. This short-term deformation pattern matches well geological
observations showing a longer-term (hundreds of years at least) asymmetric uplift of the caldera floor,
culminating in a weak resurgence of ~30 m. We propose that the monitored episodes of uplift

represent short-term stages of the rarely observed incremental growth of a resurgent basaltic caldera.

1 - Introduction

Calderas are broad sub-circular depressions resulting from the partial or complete emptying of a
subsurface magma reservoir as consequence of an eruption or lateral migration of magma, as observed
in 1968 at Fernandina (Galapagos, Ecuador) and in 2014-2015 at Bardarbunga Volcano, Iceland
(Gudmundsson et al., 2016; Howard et al., 2018). Most active calderas experience periods of unrest
over decadal time-scales (Newhall and Dzurisin, 1988; Acocella et al., 2015), where unrest is defined
as a deviation from baseline monitoring parameters, such as changes in seismicity, degassing and
ground deformation. While not all episodes of unrest culminate in an eruption, most eruptions,
especially in caldera systems, are preceded by a period of unrest. Therefore, understanding the nature
of an episode of volcanic unrest is fundamental when assessing volcanic hazard (Biggs et al., 2014;
Acocella et al., 2015; Biggs & Pritchard, 2017). This effort should be pursued regardless of whether
the unrest results in eruption or not. In fact, it is equally important to understand both processes
leading to eruptions and those that do not; the impact in forecasting eruptions is equally significant
in both cases.

Previous studies have shown that unrest at mafic calderas is generally more regular, or “predictable”,
than at felsic calderas (Dvorak & Dzurisin, 1997; Acocella et al., 2015). At mafic calderas, pre-
eruptive inflation and increase in seismicity are commonly followed by an eruption and co-eruptive
deflation (Dvorak & Dzurisin, 1997; Acocella et al., 2015), over multiple self-similar cycles. On the
other hand, felsic calderas often show subsequent periods of inflation and increase in seismicity that

do not culminate into eruptions (Acocella et al., 2015). This basic distinction, however, includes many
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exceptions, such as mafic calderas that experience multiple episodes of non-eruptive unrest, a
behaviour more characteristic of felsic systems. Among these is the mafic caldera of Alcedo Volcano
(Isabela Island, Galapagos, Ecuador), where previous geophysical measurements have identified
periods of unrest without eruptions. Our understanding of these non-eruptive unrest episodes remains
limited (Amelung et al., 2000; Hooper et al., 2007), despite being of fundamental importance for the
definition of the mechanisms hindering the rise of magma to the surface and for our capability of

forecasting eruptions.

In this study we use interferometric synthetic aperture radar (INSAR) data acquired at Alcedo between
2006 and 2011, which record surface displacements during multiple deformation events that did not
end with an eruption and that have similar characteristics to episodes of non-eruptive unrest that
occurred between 1992 and 2001 (Amelung et al., 2000; Hooper et al., 2007). Through modelling the
geodetic data, we place constraints on the sources responsible for these episodes of unrest. In addition,
we link these shorter-term episodes to the longer-term evolution of the caldera, where geological and

geomorphological observations suggest the development of a weak resurgence.

2 - Geological Background: Galapagos and Alcedo

Alcedo Volcano lies in the Galapagos Archipelago, a widespread (> 40,000 km?) system of volcanic
islands and seamounts in the eastern Pacific Ocean, and one of the most active magmatic provinces.
Galéapagos volcanism is related to a hot-spot, whose head is centred below the western islands of the
archipelago, immediately to the SW of Fernandina Island (Naumann & Geist, 2000; Hooft et al.,
2003; Gibson & Geist, 2010; Villagomez et al., 2014). The Galapagos islands and seamounts have
grown above a broad and thick platform, which overlays young (<10 Ma) oceanic lithosphere
(Feighner & Richards, 1994; Rychert et al., 2014). The Galapagos Archipelago is located on the
eastward-moving Nazca plate, ~170 km south of the Galapagos Spreading Centre (GSC), an E-W
striking intermediate-rate spreading centre, which separates the Cocos (to the north) and Nazca (to
the south) plates (Figure 1a; Canales et al., 1997; 2002; Werner et al., 2003; Mittelstaedt et al., 2012;
Harpp & Geist, 2018). The NW-SE trending Darwin-Wolf lineament (DWL) separates the Eastern
from the Western Galapagos, which are two distinct volcanological, petrological, geochemical and
structural provinces (Figure 1a; White et al., 1993; Feighner & Richards, 1994; Harpp & Geist, 2018).
The younger Western Galapagos are characterized by large and flexurally-supported shield volcanoes
with summit calderas, while the older Eastern Galapagos volcanoes are smaller and do not have well
developed calderas (Feighner & Richards, 1994; Harpp & Geist, 2018).
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Most of the recent volcanic activity in the Galapagos has focussed on the seven shield volcanoes
forming the western islands of Isabela and Fernandina, near the upwelling region of the hot-spot
(Gibson & Geist, 2010; Villagdbmez et al., 2014). These volcanoes are Fernandina, Ecuador, Wolf,
Darwin, Alcedo, Sierra Negra and Cerro Azul (the coalescence of the last six volcanoes makes up
Isabela Island) (Figure 1b). Western Galapagos volcanoes have gently-sloping outer flanks, steep
upper flanks, and well-established summit calderas (Mouginis-Mark et al, 1996; Munro & Rowland,
1996; Naumann & Geist, 2000). With the exception of Cerro Azul, all these volcanoes have shown
evidence for shallow (1-3 km beneath the caldera floor) flat-topped magma reservoirs (Geist et al.,

2014 and references therein).

The Western Galapagos volcanoes have been classified in three evolutionary stages (Geist et al.,
2014; Harpp & Geist, 2018): 1) juvenile transient phase (e.g., Cerro Azul), with a deep, hot, and small
magmatic system; 2) mature steady state phase (e.g., Fernandina, Darwin, and Wolf), characterized
by high magma supply rates and a well-developed, thermochemically buffered, thick mush zones
with a shallow, flat top; 3) dying cooling phase (e.g., Alcedo), with a cooler, less fed, and more
evolved magmatic system. The dying phase of Alcedo is supported by a decrease in eruption rate
since ~120 ka, from 1.8 x 108 t0 0.1 x 108 m®/yr (Geist et al., 1994). In addition, even if Alcedo mainly
erupts transitional basalts, at ~120 ka it erupted rhyolitic pumice and lava, which are the most
fractionated and evolved products in the Western Galapagos (Geist et al., 1995).

The volcanic edifice of Alcedo reaches a maximum elevation of 1130 m above sea level, with gently
dipping lower flanks, steeper upper flanks (33°) and a large (41.6 km?) but shallow caldera (270 m
deep). This morphology has been related to a decrease in magmatic activity (Nordlie, 1973; Geist et
al., 1994; Murno & Rowland, 1996; Mouginis-Mark et al., 1996; Naumann & Geist, 2000). The
caldera is elliptical in shape (7 x 6 km) and has its major axis oriented NW-SE (Murno & Rowland,
1996) (Figure 1c). Alcedo caldera shows a complex morphology, with three fault scarps delimiting
the NW side and one scarp in the SSW part. The scarps to the NW have been interpreted as blocks of
the caldera floor that have been broken and faulted during repeated cycles of caldera collapse and
filling, with the centre of the collapse progressively migrating southward. This migration may reflect
that of a shallow magma reservoir, which therefore would currently lie below the southern part of the
caldera floor (Geist et al., 1994). The SSW intra-caldera ring fault system is responsible for the
formation of the caldera moat and of the trapdoor uplift of the southern caldera floor (Figure 1c, d).
Such an uplift, reaching ~30 m, indicates a weak resurgence of the caldera (Geist et al. 1994), a feature
rarely observed at mafic calderas, but that it is also occurring at the nearby mafic caldera of Sierra
Negra (Galetto et al., 2017). This ring fault has been interpreted as an older caldera fault reactivated

with opposite motion during the uplift, or resurgence (Geist et al., 1994). This area is also
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characterized by intense fumarolic activity, fed by a shallow geothermal system located below the

SW sector of the caldera (Goff et al., 2000). In this sector two phreatic explosions occurred between
1993 and 1994 (Green, 1994).
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Figure 1. (a) Topography and bathymetry of the Galdpagos Archipelago. GSC: Galdpagos
Spreading Centre; GTF: Galapagos Transform Fault; the dashed line marks the Darwin-Wolf
lineament (DWL) separating Western and Eastern Galapagos, as traced by Feighner & Richards
(1994) (digital elevation model from GeoMappApp). The red square outlines the extent of panel b.
(b) Shaded relief map (from WorldDEM data) of Fernandina (F) and Isabela Islands, on which lie
the volcanoes Ecuador (E), Wolf (W), Darwin (D), Alcedo (the black square outlines the extent of
panel (c)), Sierra Negra (SN) and Cerro Azul (CA). (c) Shaded relief map of Alcedo caldera. The
yellow star indicates the location for which deformation time-series are shown in Figure 2c,d,j,k. The
red dashed line marks the southern intra-caldera fault. The black dashed line A-B marks the location
of the topographic profile in panel (d). (d) Topographic profile across the caldera floor (A-B profile)
and the snapshot (A’-B’ profile) that highlights the uplift, or weak resurgence, of the southern part.
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Elevation is with respect to sea level. The red arrows point the location of the southern intra-caldera

fault.

The last recorded magmatic eruption occurred in the mid-1900s (Geist et al., 1994; 1995). In recent
decades, geophysical measurements have shown that Alcedo experienced repeated episodes of non-
eruptive unrest. Between 1992 and 1997, InNSAR data showed a >90 cm net uplift, mainly focussed
on the southern part of the caldera (Amelung et al., 2000; Hooper et al., 2007). Such data, however,
offer poor temporal sampling and are not sufficient to determine if the uplift occurred episodically or
at a stable rate throughout the six-year interval. Successively, between 1997 and 2001, uplift switched
to subsidence (<11 cm), which has been interpreted as deflation of an ellipsoid-like body at ~2.2 km
below sea level (Hooper et al., 2007). Conversely to Cerro Azul, Fernandina and Wolf (Amelung et
al., 2000; Bagnardi et al., 2013; Xu et al. 2016; Stock et al., 2018), no deformation is recorded outside

the caldera of Alcedo in the last 30 years.

3 — Data and Methods

To measure surface deformation at Alcedo, we processed 83 SAR images acquired by the European
Space Agency’s ENVISAT satellite (C-band, wavelength A = 5.63 cm), 35 from an ascending track
(T61) acquired between January 2006 and May 2010, and 48 from a descending track (T140) acquired
between January 2003 to May 2010 (Figure 2). We also processed 38 SAR images from the Japanese
Space Agency’s ALOS-1 satellite (L-band, wavelength A=23.6 cm), 20 from an ascending track
(T133) acquired between January 2007 and March 2011 and 18 from a descending track (T474)
acquired between January 2007 and July 2010 (Figure 2).

Interferograms were formed using the INSAR Scientific Computing Environment (ISCE) software
(Rosen et al., 2012) and by applying conventional differential INSAR processing techniques.
Topographic contributions to the interferometric phase were removed using a 30 m-resolution digital
elevation model from the NASA Shuttle Radar Topography Mission (Farr et al., 2007).
Interferograms were then combined to study the temporal evolution of surface displacements through
a multi-temporal approach. We applied the Small Baseline (SB) method using the StaMPS software
(Hooper, 2008, Hooper et al., 2012) and selected the processing parameters that maximized the
signal-to-noise ratio. In Figure S1 we show the optimal networks of interferograms used for the SB
analyses plotted as function of their perpendicular and temporal baselines. Finally, we used the
method of Wright et al. (2004) to convert the ALOS-1 satellite line-of-sight (LOS) displacements
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from two different viewing geometries into vertical and horizontal (E-W) components of
displacement (Figure 3).

To constrain the sources of deformation, we inverted the ALOS-1 LOS displacement measurements.
These datasets, compared to the ENVISAT data, offer much denser spatial data coverage, since L-
band data can maintain better coherence in vegetated areas, such as the flanks of Alcedo. We
estimated deformation source parameters and uncertainties using the Bayesian approach implemented
in the Geodetic Bayesian Inversion Software (GBIS; Bagnardi & Hooper, 2018). The inversion
algorithm uses a Markov-chain Monte Carlo method, incorporating the Metropolis-Hastings
algorithm, to find the posterior probability density functions (PDFs) of model parameters. When
available, the ascending and descending ALOS-1 LOS data were jointly inverted to better constrain
the deformation source parameters.

Through the Bayesian approach we sampled the joint posterior PDF for the model parameters, taking
into account uncertainties in the data, which were directly quantified using experimental
semivariograms calculated from the data, and approximated by unbounded exponential one-
dimensional functions with a nugget (Bagnardi & Hooper, 2018). Since no prior information on the
source parameters was available, we set non-informative uniform prior PDFs bounded by
geologically realistic values (Tables 1, 2 and 3). To reduce the computational burden, INSAR data
were subsampled using an adaptive quadtree method (Decriem et al., 2010; Bagnardi & Hooper,
2018). In each inversion, we sampled the posterior PDFs through 1,000,000 iterations. Depth
estimates are referred to as distance from the surface.

Together with deformation source-types already implemented in GBIS (e.g., point source [Mogi,
1958], finite spherical cavity [McTigue, 1987], prolate ellipsoid [Yang et al., 1988], rectangular
dislocation with uniform opening [Okada, 1985]), we tested the rectangular dislocation (RD) and the
compound dislocation models (CDM) of Nikkhoo et al. (2017). The RD is similar to the rectangular
dislocation with uniform opening of Okada (1985) but has full rotational degrees of freedom. The
CDM is able to simulate a sill/dike of finite thickness with full rotational degrees of freedom, and is
free of artifact singularities (Nikkhoo et al., 2017). For all the models we assumed an isotropic elastic
half-space with a Poisson’s ratio v = 0.25. Under these assumptions, the estimated volume changes
(AV) may underestimate the volume of magma that flowed in. In fact, these models do not consider
the eventuality that the injection of new magma in a reservoir can be partly accommodated without
surface deformation by the compression of the magmatic system (especially the gas and liquid phases)
(Huppert & Woods, 2002; Voight et al., 2010), or by the viscous response of the host rock (Jellinek

& DePaolo, 2003). Therefore, even though the effect of any viscous process may become significant
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on time-scales that are longer than our data coverage (Jellinek & DePaolo, 2003; Degruyter & Huber,

2014), the volume changes presented in this study should be considered as minimum estimates.

4 - Results

4.1. — Surface deformation

From the analysis of INSAR time series calculated from ENVISAT and ALOS-1 data, we observe
that the caldera of Alcedo subsided ~6 cm between the start of data coverage in 2003 and the end of
2006, with a minor, short-lived episode of uplift during the second half of 2004 (Figure 2c,d). From

January 2007, we identify three main deformation events on which we focus our subsequent analyses.
4.1.1 First event

From January 2007 to the end of 2009, both the ALOS-1 and ENVISAT data show a temporally
linear (Figure 2c,d) but spatially asymmetric (Figure 2a,b,e,f, Figure 3a,b) uplift of the southern part
of the caldera. The maximum vertical displacement, ~30 cm, with a mean uplift rate of ~8.9 cm/yr,
is recorded at the SW edge of the uplifted area (Figure 3a), where it is also bounded by the southern
intra-caldera fault (Figure 1c).

4.1.2 Second event

From January to June 2010, ALOS-1 data show that the previously uplifted area subsided by a
maximum of ~8 cm in a spatial asymmetric pattern peaking near the southern intra-caldera fault
(Figure 2g, h; Figure 3c, d), as during the first event. During the same time interval, the western
portion of the caldera rim, across the three faults scarps, uplifted by up to ~5 cm.

4.1.3 Third event

From July 2010 to March 2011, data coverage is limited to the ascending ALOS-1 track. These data
show uplift of the previously subsiding area in the southern part of the caldera, corresponding to the
uplifted area during the first event (Figure 2i and 2j). The maximum LOS displacement is ~10 cm,
corresponding to a displacement rate of ~13 cm/yr, which is ~4cm/yr higher than during the first

event.
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Figure 2. Time-series results. (a) ENVISAT LOS displacement map for ascending orbit 61 (March
2007 - February 2010) and (b) for descending orbit 140 (March 2007 -February 2010). (c and d)
ENVISAT time series (ts) (see star in Figure 1c for location). (e) ALOS-1 LOS displacement map for
ascending orbit 133 (January 2007 to October 2009) and (f) for descending orbit 474 (January 2007
- January 2010). (g) ALOS-1 LOS displacement map for ascending orbit 133 (October 2009 to June
201) and (h) for descending orbit 474 (January 2010 to July 2010). (i) ALOS-1 LOS displacement
map for ascending orbit 133 (June 2010 to March 2011). (j and k) ALOS-1 time series (see star in

Figure 1c for location). In (a), (b) and (e)-(i) data are unwrapped, and spatially-correlated look-

angle errors (including orbital ramps) are removed. Displacement maps are overlaid onto shaded
relief map from WorldDEM data. LOS = line-of-sight.
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ALOS-1 vertical and horizontal (E - W) displacements
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Figure 3. ALOS-1 vertical and horizontal (E-W) displacement maps from the combination of
ascending and descending LOS data (e.g., Wright et al., 2004). (a) Vertical and (b) horizontal
displacements during the first deformation event, from January 2007 to January 2010. (c) Vertical

and (d) horizontal (E-W) displacements during the second deformation event, from January 2010 to
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June 2010). In (b) and (d), blue colors represent westward horizontal motion and red colors eastward

motion. Displacement maps are overlaid on a shaded relief map from WorldDEM data.

4.2 — Geodetic modelling

For the first deformation event we tested different source geometries. Point source (Mogi, 1958),
finite spheroid (McTigue, 1987), and ellipsoid (Yang et al., 1988) sources were not able to reproduce
the observed displacements (Figure S2 and Table S1). A better fit to the data was instead obtained
using sill-like geometries, modelled as both CDM and RD (Figure 4). For the CDM, the model
converged towards a rectangular, slightly inclined (<20°) sill, whose centroid lies at 2.2 +0.1 km
below the southern caldera floor, with opening of 0.78 £0.1 m (Figure 4c-f, Table 1). The
corresponding volume change (AV) is 9.7<1.1 x107 km?, with an average injection rate of 3.4 +0.6
x10" km®/yr. To account for the asymmetric uplift, solutions converge towards a sill that is rotated
about an axis orthogonal to it (o X parameter, see Nikkhoo et al., 2017 for details). Using the RD we
obtained solutions (Figure 4k-n; Table 2) that are similar to the CDM, with inversions that converged
for an inclined (>30°) sheet, whose centre lies at 2.2 £0.09 km below the southern caldera floor. The
opening is 0.86+0.09 m, with an estimated AV of 7.1 (+0.6) x10° km®, corresponding to an average

injection rate of 2.5+0.3 x10° km¥/yr.

As the intra-caldera fault bounds the uplifting area (Figure 3a), we tested a combination of a slipping
RD and a CDM/RD inflating sill. For the RD fault, we set the angle 8 = 0, so that the two uppermost
corners of the fault are at the same depth. In this configuration, the RD model becomes equal to that
of Okada (1985) (Nikkhoo et al., 2017). Caldera inner ring faults are generally high-angle outward
dipping (Acocella, 2007, and references therein). Therefore, we imposed a high dip angle (80°) and
an outward dipping geometry. We also tested shallower dip angles (e.g., 70°) but obtained similar
results (Figure S3, Table S2), implying that our data cannot fully constrain high dip angles. As for
the fault length (L) and width (W), we set the prior PDFs so that a realistic aspect ratio L/W<5
(Leonard, 2010) could be maintained (Table 1).

In the case of the RD fault + CDM sill, the Bayesian analysis converged for a rectangular normal
fault with uniform dip-slip of 0.53+0.23 m, whose centre lies at 0.96+0.11 km below the caldera floor
(Figure 4g-j; Table 1). This fault is combined with a CDM sill, with opening of 0.6£0.08 m, whose
centre is at 2.17+0.15 km below the southern caldera floor. With this source combination the
rotational parameter ®X shows a significant decrease with respect to the CDM solution without the
fault. The estimated AV is 8.55+1.05x10° km?®and the corresponding rate is 3+0.5x10 km®/yr, are
slightly lower than that estimated in the CDM solution without the fault. As for the RD fault + RD
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sill model, we obtained convergence for a rectangular normal fault with uniform dip-slip of 0.54+0.20
m. The centre of the fault is at 0.89+ 0.08 km below the caldera floor (Figure 4o-r; Table 2), the RD
sill has 0.6+0.07 m of opening, and its centre is at 2.20+0.14 km below the southern caldera floor.
This RD sheet is less inclined (<30°) than in solutions without the fault and can be properly classified
as a sill (Stephens et al, 2017). The estimated AV is 7.4+0.7 x10° km? (injection rate of 2.55+0.35
x102 km?/yr), similar to that estimated without the fault, and ~12% lower than that estimated by the
model RD fault + CDM sill.
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Figure 4. (a) Wrapped ALOS-1 LOS displacements for descending track 474 (January 2007- January
2010), and (b) for ascending track 133 (January 2007 - October 2009). Each fringe (full colour cycle)
represents 11.8 cm of LOS displacement. Local origin coordinates: longitude 91°05°W and latitude
0°49°S. (c and e) Predicted displacements for the CDM model, (g and i) for the CDM + RD fault
model, (k and m) for the RD model, and o and q) for the RD fault + RD model, using the maximum a
posteriori probability solutions. Panels (d),(f),(h),(j),(),(n),(p),(r) show the relative residuals. LOS =
line-of-sight; CDM= compound dislocation model; RD = rectangular dislocation.

For the second deformation episode we tested both a combination of two CDMs and a combination
of two RDs sources to test the possibility of simulating displacements from a deflating source and a
lateral intrusion. We set prior PDFs for the length and width of the sills so that an aspect ratio >1/6 is
maintained. Lower aspect ratios are considered to be less realistic, since sills tend to have tabular
geometries with aspect ratios >1/6 (Thomson & Hutton, 2004; Currier et al., 2017). Furthermore, this
aspect ratio is consistent with that of the first event (Table 1 and 2) and of sills emplaced at the other
western Galapagos calderas of Sierra Negra, Fernandina and Wolf (Jénsson et al., 2005; Bagnardi et
al., 2013; Xu et al., 2016).

In the case of two CDMs, the inversion converged for a first sill/inclined sheet, located approximately
in the same position of the previously inflated sill (Figure S4), with a contraction (or closure) of -
0.37£0.15 m, and a second rectangular sill placed below the western portion of the caldera with
positive opening of 0.35+0.22 m. The corresponding volume changes are -3.8+1.5 x10° km®
(deflation rate -7+3 x10° km?®/yr) for the deflating sill and 3.15+1.45x10° km? (inflation rate of
6+3x10° km3/yr) for the inflated sill; therefore, the deflated and inflated sills of the second
deformation event yield similar volume variations (Figure 5a-f, Table 2). The inner edge of the
inflating sill partially overlaps that of the deflating sill (Figure S5).

In the case of two RDs (Figure 5g-I; Table 2), the geometry and position of the sources are similar to
those from the solution with two CDMs. The deflating sill has a contraction of -0.48+0.23 m, with a
corresponding volume loss of -2.3+0.7 x10° km?® (deflation rate -4.25+1.75x10°3 km®/yr), while the
inflating sill has an opening of 0.58+0.38 m, with a volume increase of 2.35+0.85x10% km? (rate of
4.4+2x107 km?®/yr), again comparable to the volume lost by the deflating sill.

Confidence intervals for the model parameters, for both the CDM and RD solutions, are broader than
in the first event, likely due to a lower amplitude of the deformation signal leading to a lower signal-
to-noise ratio in the data, with some parameters that remain poorly constrained by this analysis (Table
1, 2). As for the depths of the two sill centroids in both the RD and CDM models, the 95% confidence
intervals only partially overlap, especially in the RD model where the centre of the inflating sill tends

to be deeper than that of the deflating one. However, such difference may be due to the ~150 m
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elevation change between the two areas under which the sills are emplaced (Lisowski, 2007), an effect

for which we do not correct for in our half-space modelling approach.
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Figure 5. (a and g) Wrapped ALOS-1 LOS displacements for descending track 474 (January 2010 -
July 2010) and (d and j) for ascending track 133 (October 2009 - June 2010). Each fringe (full colour

cycle) represents 11.8 cm of LOS displacement. Local origin coordinates: longitude 91°05°W and

latitude 0°49’S. (b and e) Predicted displacements for two CDM models using the maximum a

posteriori probability solution and (c and f) the related residuals. (h and k) Predicted displacements

for two RD models using the maximum a posteriori probability solution and (i and I) the related

residuals. LOS = line-of-sight; CDM = compound dislocation model; RD = rectangular dislocation.

Table 1 Results of the Bayesian analysis.

First event (CDM)

X(m) Y(m) Z(m) oX oY wZ ax(m) ay(m) az(m) Op.(m) AV (x10° md)
Optimal -7971 5841 2180 -36 16 211 1736 1365 242 0.76 9.5
250% -8054 5727 2104 -40 14 209 1655 1230 203 0.69 8.6
97.50% -7888 5928 2316 -34 19 215 1851 1478 287 0.88 10.8
Lower -10000 3000 2000 -50 -30 180 800 800 4 0
Upper -5000 8000 4000 50 40 360 4000 4000 500 10
First event (CDM + fault)
FAULT
X(mM) Y(mM) Z(m) L (m) W (m) Dip? Strike Rake? Slip (m)
Optimal -8863 5223 1030 1765 908 80 122 -90 0.39
250% -8932 5185 854 1562 420 80 119 -90 0.31
97.50% -8802 5308 1071 1942 940 80 126 -90 0.76
Lower -10000 4000 700 800 400 80 90 -90 0.1
Upper -5000 6000 1600 2900 950 80 180 -90 2
CDM
X(m) Y(m) Z(m) oX oY wZ ax(m) ay(m) az(m) Op.(m) AV (x10°m3)
Optimal -7783 5938 2144 -19 -15 273 1581 1935 214 0.57 8.7
250% -7883 5850 2025 -23 -19 269 1437 1848 104 0.52 7.5
97.50% -7735 5991 2323 -17 -12 277 1641 2016 252 0.68 9.6
Lower -10000 3000 2000 -50 -40 180 800 800 4 0
Upper -5000 8000 4000 50 30 360 4000 4000 500 10
Second event (two CDM)
First CDM
X(m)y Y(m) Z(m) X oY wZ ax(m) ay(m) az(m) Op.(m) AV (x10°m?)
Optimal -8240 5832 2326 7 32 112 836 1948 371 -0.37 -3.9
250% -8494 5555 2105 -11 17 109 806 1373 138 -0.51 -5.3
97.50% -7755 6328 2815 12 47 144 1255 2353 578 -0.22 -2.3
Lower  -9500 4000 2000 -20 0 60 800 800 1 -5
Upper -6500 7500 4000 20 50 360 2500 2800 600 0
Second CDM
X(m)y Y(m) Z(m) oX oY oZ ax(m) ay(m) az(m) Op.(m) AV (x10°m?)
Optimal -10275 7468 2174 15 -10 257 2470 876 527 0.18 2.8
2.50% -10582 7215 2154 -3 -27 235 1140 714 15 0.13 1.7
97.50% -9810 7981 3726 42 -1 292 2743 1523 636 0.57 4.6
Lower -14000 5800 2000 -10 -60 220 700 700 1 0
Upper -8000 10000 4000 50 0 359 3000 3000 700 5
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Notes. Optimal = maximum a posteriori probability solution. The percentages 2.50% and 97.50% are
the lower and upper boundaries of the 95% credible intervals. Lower and Upper are the bounds of
the prior distribution used for the inversion. X and Y are the local coordinates of the centre of CDM
and the centre of the RD fault. Local coordinates origin (see Figure 4a and b): longitude 91° 05" W
and latitude 0° 49’ S. Z is the depth (with respect to the caldera floor) (positive downward). wZ is the
strike angle, w X and w Y are respectively the rotational angle along the X and Y direction. ax, ay
and az are the lengths of the semi-axes of the CDM along the x, y, and z axes, respectively (see
Nikkhoo et al., 2017 for a better explanation). Op. is the opening. L is the Length of the fault, while
W is its width. Rake is the rake of the fault, while strike is its strike angle. Dip is the dip angle of the
fault. Volume change (4V) has been calculated with the  formula
AV=4*(opening)*[(ax*ay)+(ay*az)+(ax*az)] (Nikkhoo et al., 2017).

a Parameter held fixed.

Finally, we inverted data spanning the third deformation event using a RD model (Figure 6). Likely
due to the low-magnitude deformation signal and to the single viewing geometry (ascending), the
geometric parameters of the RD source are not well constrained (Table 3). However, the narrower
range of solutions of the AV (4.45+2.05x10 km?®, Table 3) indicates this is because the parameters
on which the AV depends trade off against each other (Figure S6). The corresponding injection rate
is 5.85+2.75x10° km®/yr, which is ~57 % higher than the injection rate of the first deformation event
and ~25 % higher than that of the inflated sill in the second event. The depth of the centre of the RD
source is at 3.4+0.7 km below the caldera floor.

Third defromation event: RD source
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Figure 6. (a) Wrapped ALOS-1 LOS displacements for ascending track 133 (June 2010 and March
2011). Each fringe (full colour cycle) represent 11.8 cm of LOS displacement. Local origin
coordinates: longitude 91°05°’W and latitude 0°49°S. (b) Predicted displacements for a RD model
using the maximum a posteriori probability solution. (c) Related residual. LOS = line-of-sight; RD
= rectangular dislocation.

Table 2 Results of the Bayesian analysis.

First event (RD)

X(m Y@m) zZ(m LmM W(@m) 0 Dip Strike  Op. (M) AV (x10° m°)
Optimal  -8056 5714 2174 3662 2286 -37 35 329 0.83 7
2.50% -8126 5633 2109 3523 2084 -41 34 326 0.77 6.5
97.50% -7998 5770 2294 3819 2458 -32 37 332 0.96 1.7
Lower -11000 2000 2000 800 800 -60 0 0 0
Upper  -5000 8000 4000 4500 4000 0 50 360 10
First event (RD Fault + RD)
Fault
X(m) Y(m) Z(m) L(m) W((m) Dip®  Strike  Rake?  Slip (m)
Optimal -8858 5225 871 1664 474 80 121 -90 0.58
2.50% -8906 5164 820 1507 406 80 119 -90 0.35
97.50% -8787 5260 971 1844 764 80 125 -90 0.74
Lower -10000 4000 700 800 400 80 90 -90 0.1
Upper  -5000 6000 1600 2900 950 80 180 -90 2
RD
X(m) Y(@m) Z(m) L(m) W (m) 0 Dip Strike  Op. (m) AV (x10° m®)
Optimal -7829 5895 2164 3142 4003 31 26 333 0.58 7.3
2.50% -7913 5828 2058 2968 3811 27 24 328 0.53 6.7
97.50% -7777 5942 2341 3299 4113 37 29 337 0.67 8.1
Lower -11000 2000 2000 800 800 0 0 240 0
Upper  -5000 8000 4000 4400 4500 50 50 360 10
Second event (two RD)
RD
X(m Y@M Z(m) L(m) W (m) 0 Dip Strike Op. (M) AV (x10° m°)
Optimal -8282 5866 2675 4380 918 14 19 294 -0.56 -2.3
2.50% -8582 5582 2322 3245 911 -28 5 281 -0.71 -3
97.50% -7833 6269 2943 4968 1913 25 30 335 -0.25 -1.6
Lower -10000 4000 2100 1000 900 -35 -1 180 -2
Upper  -5000 8000 4000 5200 4000 35 35 360 0
RD
X(m) Y(m Z(m L(m WwW(m) 0 Dip  Strike Op.(m) AV (x10®m?)
Optimal -10029 7562 3080 1331 4083 49 23 217 0.43 2.3
2.50% -10537 7251 2788 915 2495 5 6 195 0.21 15
97.50% -9797 8054 3825 2274 5479 59 33 256 0.96 3.2
Lower -11000 5000 2100 900 2000 -1 -10 100 0
Upper  -7000 9000 4000 2500 6000 60 40 360 2

Notes. Optimal = maximum a posteriori probability solution. The percentages 2.50% and 97.50% are
the lower and upper boundaries of the 95% credible intervals. Lower and Upper are the bounds of

the prior distribution used for the inversion. X and Y are the local coordinates of the centre of RD.
35



Local origin coordinates (see Figure 4a and b): longitude 91° 05° W and latitude 0° 49’ S. Z is the
depth (with respect to the caldera floor) (positive downward). 4 is the angle between the RD upper
edge and the intersection of the RD plane with the free surface. L and W are respectively the length
and the width. Rake is the rake of the fault. Op. is the opening. Dip is the dip angle. Strike is the strike
angle (see Nikkhoo et al., 2017 for a better explanation of all these parameters). AV is the volume
change calculated with the formula AV=L*W*Op. RD = rectangular dislocation.

& Parameter held fixed.

Table 3 Results of the Bayesian analysis of the third deformation event using an RD source.

X(m Y@m) Zm) L@m W(@m) 0 dip strike  Op.(m) AV (x10°m?)
Optimal -7971 6086 3207 2521 3788 19 23 10 0.42 4.1
2.50% -8560 5788 2674 1035 2111 1 4 1 0.26 2.4
97.50%  -7647 6566 4131 3179 4143 34 37 64 1.92 6.5
Lower -11000 2000 2300 1000 2000 0.1 0 0 0
Upper -5000 8000 5000 3700 4200 35 50 180 5

Optimal = maximum a posteriori probability solution. The percentages 2.50% and 97.50% are the
lower and upper boundaries of the 95% credible intervals. Lower and Upper are the bounds of the
prior distribution used for the inversion. X and Y are the local coordinates of the centre of RD. Local
origin coordinates: longitude 91° 05° W and latitude 0° 49’ S. Z is the depth (with respect to the
caldera floor) (positive downward). @ is the angle between the RD upper edge and the intersection of
the RD plane with the free surface. L and W are respectively the length and the width. Op. is the
opening. Dip is the dip angle. Strike is the strike angle (see Nikkhoo et al., 2017 for a better
explanation of all these parameters). AV is the volume change calculated with the formula
AV=L*W*Op. RD = rectangular dislocation.
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5 - Discussion

5.1. — Interpretation of the three deformation events

From the analysis and modelling of INSAR data, we infer that Alcedo experienced a phase of non-
eruptive unrest between 2007 and 2011, which can be divided in three main events.

We model the first deformation event as either due to an inflating sill or the combination of an
inflating sill and reactivation of the southern intra-caldera fault. In both cases, the estimated volume
changes are similar. However, solutions that include the fault better reproduce the observed
asymmetric deformation, especially on the ALOS-1 ascending track. Models that include the fault
also converge towards a more horizontal sill geometry, as the fault accounts for part of the asymmetric
deformation, as for example previously observed at Sierra Negra (Jonsson, 2009). Since this fault has
been interpreted as a pre-existing caldera fault (Geist et al., 1994), we modelled it using the typical
outward dipping geometry (Acocella, 2007). However, we cannot exclude any inward dipping
geometry, as inferred for the 2005 uplift of Sierra Negra (Jonsson, 2009). In any case, even when

using an 80° inward dipping fault we obtain similar results (Figure S7 and Table S3).

The second deformation event is consistent with the partial emptying of the previously inflated sill
(~44% of contraction of the previously intruded volume for the CDM, ~30% for the RD) and the
intrusion of a sill in the western caldera. Other processes such as cooling and crystallisation of
previously emplaced magma are less probable since they could not easily explain such a rapid (<6
months) and significant (~30-44%) volume loss (Caricchi et al., 2014). These processes would also
not account for the contemporaneous uplift of the western caldera rim. Similarly, viscoelastic
relaxation cannot play an important role during this deflationary event, as this mechanism would
require a period of transition, from uplift to subsidence, characterized by a decrease in the uplift rate
(Newman et al., 2006). Such transition does not seem to occur at Alcedo, where the INSAR data show
a sudden change from uplift to subsidence. The similar volumes of the deflating sill and that of the
inflated sill, as well as their juxtaposition, suggest a lateral propagation of the sill formed during the
first event from below the caldera (Figure 7). Since in some of our solutions the inflated sill is deeper
than the deflating one, some downward migration of magma from the deflating sill may have occurred
during the lateral propagation, as proposed at larger scale for the 2001-2002 subsidence occurred at
Sierra Negra (Geist et al., 2006).

This process has been observed previously, though reaching a much farther lateral propagation, at
other Western Galdpagos calderas, such as Fernandina (Bagnardi et al., 2013), and may have been

controlled by the stress field that results from the topographic unloading due to the caldera depression
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(Corbi et al., 2015, and references therein). However, in the case of Alcedo, the lateral propagation
of the sill was limited (only a few kilometres) and the intrusion aborted soon, without any eruption,
near the caldera boundary, where important stress changes occur (Corbi et al., 2015, and references
therein). We interpret this aborted lateral magma propagation to the discontinuity in the supply of
magma from depth. This event underlies the importance of a continuous supply in the propagation of

magma to the surface and feed eruptions.

Finally, the third deformation event is compatible with the inflation of a source approximately located
in the same position as the source that inflated during the first event and deflated during the second
event (Figure 7). Even if the source depth is not as well constrained, its 95% confidence interval
(Table 3) shows only a partial overlap with previous sources, suggesting that this intrusion may be
emplaced below the one that caused the first episode of uplift. The positive volume change during

the third event corresponds to ~60 % of that observed during the first event.

We can explain the asymmetric uplift during the first event as the combined effect of magma addition
to the source and fault reactivation. The asymmetric deformation also observed during the second and
third events suggests that the same fault, even though not included in our models, may have been
subsequently active. The deformations at Alcedo from 1992 to 2001 (Amelung et al., 2000; Hooper
et al., 2007), occurred in the same area and showed the same asymmetrical pattern, suggesting that

this fault was active also during the previous unrest.
5.2 A general model for Alcedo

According to the general evolutionary model for western Galapagos volcanoes, Alcedo may be in a
dying phase and its magmatic system may be characterized by a mush zone that should be no longer
in a thermal steady state, and cooler with respect to that of the nearby calderas (Geist et al., 2014;
Harpp & Geist, 2018). Geist et al (1994) suggested, on morphological and geologic evidence, that the
shallower portion of the magmatic system of Alcedo lies now below the southern part of the caldera,
where Alcedo also hosts a shallow (located above sea level) hydrothermal system (Goff et al., 2000).
Our data, as well as the geodetic data from 1992 to 2001 (Amelung et al., 2000; Hooper et al., 2007),
support this hypothesis, suggesting that this shorter-term deformation (years long) focuses in the
southern part of the caldera. The 2-3 km depth of the sills centroids in our study is also consistent
with the depth of the source that caused the subsidence of the southern part of the caldera from 1997
to 2001 (Hooper et al., 2007). Furthermore, this depth agrees with that of the top of the shallow
magmatic systems of the nearby calderas at Fernandina, Sierra Negra and Wolf (from 1 to 3 km depth
below the caldera; Jonsson, 2009; Bagnardi et al., 2013; Stock et al., 2018). Such depths are more
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consistent with those of magmatic sources than with that of the shallow hydrothermal system of
Alcedo. However, we cannot exclude a minor contribution of the hydrothermal system to the total
deformation signal, which could be possibly triggered by the inflow of new magmatic fluids linked
to the new intrusions (Hurwitz et al., 2007). Our observations suggests that sill inflation during the
first and third events were related to the replenishment of the shallow magmatic system, possibly as
intrusions within the magmatic mush, from which the magma propagated laterally (during the second
event). However, not only did the lateral propagation of magma not result in an eruption, but it also
terminated as a stalled intrusion at a short distance. This aborted lateral propagation of the sill is
interpreted as being due to the fact that the magmatic system was not being replenished during the
second deformation event, or was being replenished at much lower rates, as indicated by the similar
volume changes of the inflating laterally propagating sill and the deflating sub-caldera sill. The
second event at Alcedo thus may provide an interesting example of magma propagation aborted by
the lack of continuous replenishment of the main shallow reservoir. Pressure decrease in the feeding
sill and magma solidification in the propagating sill (Rubin, 1995; Rivalta, 2010) may both have
caused the arrest of the laterally propagating sill, although stress changes caused by the morphology

of the caldera rim may have also contributed to its arrest (Corbi et al., 2015).

First deformation event: sill inflation + slip on fault Second deformation event: sill deflation + lateral sill
propagation
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Figure 7. Conceptual models summarizing the three deformation events at Alcedo. (a) First event
with sill inflation and reactivation of an intra-caldera fault. (b) Second event: lateral magma

propagation and sill deflation. (c) Third event: sill re-inflation.

Our data suggest that the sill responsible for the third event may have been emplaced below that of
the first event, even if replenishment of the former sill cannot be excluded. Thus, the intrusive system
of Alcedo may grow through the emplacement of stacked sills, possibly within the magmatic mush,
and not necessarily by the replenishment of the same sill. Our results allow for the possibility that the
stacked sills touch each other. This is consistent with the fact that a partially molten magma body can
act as a rheological barrier for the new intrusion, hindering its upward propagation (Galetto et al.,
2017), as also confirmed by some eroded laccoliths and plutons (Miller et al., 2011, Leuthold et al.,
2012).

A further insight obtained from the analysis of surface deformation data during recent decades is its
possible relation with the longer-term (decades at least) behaviour of the caldera. During the time
period here analysed, as well as between 1992 and 2001 (Amelung et al., 2000; Hooper et al., 2007,
the amount of uplift was greater than that of subsidence, resulting in a net asymmetric uplift of the
southern caldera floor. This asymmetric uplift matches with the morphology of the southern part of
the caldera, which shows ~30 m of trapdoor uplift (Figure 1) confined by the same intra-caldera fault
that was active during our first event and probably the subsequent ones. We speculate that the trapdoor
uplift geodetically detected here may represent the nearly-instantaneous expression of a decades-to-
centuries long process of weak resurgence at Alcedo (Geist et al., 1994). These geodetically detected
uplift episodes would thus provide the opportunity to observe a specific moment of growth of a
resurgence, implying that resurgence is a discontinuous and incremental process, also involving
episodes of limited subsidence. This in turn implies that resurgence results from the repeated and
cumulative emplacement of shallow intrusions within the mushy magmatic system, each with its
distinct history, probably supported by the thermal state of the crust, as suggested for the Campi
Flegrei caldera (Amoruso et al., 2017). The weak resurgence of Alcedo would be related to its
relatively late evolutionary stage (dying phase, Geist et al., 2014), characterized by a cooling shallow
magmatic system shifted towards a more felsic composition and, as also witnessed during the second
deformation event, by a discontinuous magma supply. All these features are characteristic of most of
the resurgent calderas and could promote the accumulation of magma at depth and resurgence
(Galetto et al., 2017). The trapdoor resurgence at Alcedo is also similar in shape (asymmetric) and
extent (several tens of m) to that observed at nearby Sierra Negra (Galetto et al., 2017, and references

therein), and is among the very rare examples of resurgence observed at basaltic calderas. However,
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resurgence at the caldera of Alcedo grows with lower (up to one order of magnitude) rates than at

Sierra Negra (Geist et al., 2006), which could be related to the much lower magma supply to Alcedo.

Therefore, the non-eruptive unrest at Alcedo described here, as well as that which occurred between
1992 and 2001, may represent short-term intrusion episodes related to a longer-term resurgence.
These geodetically observed episodes provide the unusual opportunity to witness the short-term

stages of growth of a rare resurgence in a basaltic caldera.

6 Conclusions

We have identified two distinct episodes of shallow sill emplacement at Alcedo, triggering a net uplift
of ~26 cm from January 2007 to January 2010 and from June 2010 to March 2011. In between
(January 2010 — June 2010), the previously intruded sill, even though not replenished, migrated
laterally, without erupting. We relate the arrest of the sill to the discontinuous supply of magma,
supported by our estimates of the volume variations of the deflated and inflated sills in the first half
of 2010. This indicates the importance of the continuity in the supply of magma to have eruptive

unrest.

We also highlight that all the deformation episodes from 1992 to 2011 occurred in the southern
caldera floor and showed the same asymmetric pattern, bordered by the same intra-caldera ring fault
to the south. This shorter-term deformation is consistent, in location (southern part of the caldera) and
shape (asymmetry) with the longer-term one deduced from geologic evidence, highlighting a weak
(~30 m uplift) resurgence. This consistency suggests that Alcedo has been experiencing incremental
and discontinuous episodes of growth of its resurgent block, related to the emplacement of multiple
sills, a rare occurrence to witness at basaltic calderas. Future studies should investigate if the intrusive
magmatic systems of the other western Galapagos calderas also grow through the emplacement of

multiple stacked sills, as inferred at Alcedo.
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Key points (<140 characters):

1) The 2008 eruption of Cerro Azul was preceded by a pre eruptive inflation.

2) The 2008 eruptive unrest at Cerro Azul (Galdpagos) was associated to the propagation of a
radial dike.

3) To avoid unwrapping errors, we applied a new method for the inversion of INSAR data, based

on wrapped phase differences.

Key words: Unrest, Cerro Azul, unwrapping errors, geodetic modelling, radial dike, Galapagos.

Abstract

Understanding unrest is fundamental to mitigate volcanic risk. Cerro Azul is one of the most active
volcanoes in the western Galapagos Islands, but its unrest episodes are poorly studied. Here an unrest,
started in 2007, culminated in two eruptive phases from May 29" to June 11" 2008. We investigate

this unrest and the associated eruptions using interferometric synthetic aperture radar (INSAR) data
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and geodetic modelling. To overcome the unwrapping errors affecting some of our INSAR data we
invert the wrapped phase directly by estimating the integer ambiguities simultaneously with the
geophysical parameters. Our results highlight how the eruption was preceded by long-term pre-
eruptive inflation (October 2007 — April 2008). During the first eruptive phase, most of the magma
responsible for the inflation fed the lateral propagation of a radial dike, which caused a first deflation
of the magmatic reservoir. During the second eruptive phase, the further lateral propagation of the
dike fed a radial eruptive fissure at the base of the edifice, causing further deflation of the magmatic
reservoir. From the first to the second eruptive phase, the radial dike changed its strike when it
propagated from below the volcanic edifice to a topographic low, between Cerro Azul and Sierra

Negra.

1 - Introduction

Basaltic shield volcanoes with a summit caldera usually experience repeated unrest, during which the
baseline of the monitoring parameters (e.g. degassing, seismicity and ground deformation) deviates
from quiescence (Acocella et al., 2015; Newhall & Dzurisin, 1988). Unrest episodes have important
volcanic hazard implication, as nearly all eruptions are preceded by unrest episodes, although not all
unrest necessarily culminates into an eruption (Acocella et al., 2015; Biggs et al., 2014; Sandri et al.,
2017). Understanding the nature and possible outcome of unrest becomes, therefore, crucial for the
assessment of volcanic risk. Adequate ground-based monitoring is often limited by the fact that many
volcanic systems lie in remote areas, hindering the study of many unrest episodes. Volcano
monitoring through remote sensing techniques, such as Synthetic Aperture Radar Interferometry
(INSAR) can, on the other hand, overcome these limitations and allow investigating unrest globally
(Pinel et al., 2014). InSAR has proven to be successful at different volcanic provinces worldwide
(e.g. Amelung et al., 2007; Baker & Amelung, 2012; Biggs et al., 2016; Ebmeier et al., 2013;
Gonzalez et al., 2015; Poland et al., 2017; Sigmundsson et al., 2015; Wright et al., 2006). Among
these, the western Galapagos calderas have been extensively studied using INSAR data, improving
our knowledge on these volcanoes and shallow magma transfer mechanisms (Bagnardi et al., 2013,
Chadwick et al., 2011; Galetto et al., 2019; Jonsson, 2009; Xu et al., 2016). Here we investigate the
2007-2008 unrest of Cerro Azul volcano (western Galapagos), which culminated in two eruptive
phases, from May 29" to June 11" 2008, using InNSAR data and geodetic modelling. To overcome
unwrapping errors, due to erroneous estimates of the phase integer ambiguities during the so-called
unwrapping process (e.g., Hooper & Zebker, 2007) that can bias INSAR data inversion results, we

propose a method to model the wrapped data directly, overcoming any unwrapping problem. We
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adopt this method to interpret data from the ENVISAT satellite that are clearly affected by
unwrapping errors. Results highlight how most of the deformation is related to the propagation of a
radial dike, which triggered the two eruptive phases.

2 - Geological background

The Galdpagos Archipelago, in the eastern Pacific Ocean, is a hot spot magmatic province. The
islands lie above a broad and thick platform over young (<10 Ma) oceanic lithosphere (Figure 1a)
(Feighner & Richards, 1994; Rychert et al., 2014). Most of the current volcanic activity focuses on
the seven shield volcanoes forming the western Galapagos islands of Fernandina and Isabela, in the
upwelling region of the hot spot (Hooft et al., 2003; Gibson & Geist, 2010; Villagomez et al., 2014).
These volcanoes are large, flexurally-supported shields with summit calderas, forming a distinct
volcanological, petrological, geochemical and structural group with respect to the eastern Galapagos
volcanoes (White et al., 1993; Feighner & Richards, 1994; Harpp & Geist, 2018). Among the western
Galapagos volcanoes is Cerro Azul, one of the six making up lIsabela Island (Naumann & Geist,
2000). Cerro Azul has a maximum elevation of 1640 m above sea level (a.s.l.), with gently sloping
lower flanks (generally <4°), steep upper flanks (generally ~25°) and a flat summit rim (~1 km wide)
that surrounds a 450-meter-deep nested caldera (Naumann & Geist, 2000). This 4.2 km x 2.2 km wide
caldera, with major axis oriented NW-SE, results from repeated cycles of collapse and is the smallest,
both in volume (3.1 km®) and area (9.5 km?), among those of the western Galapagos (Naumann and
Geist, 2000).

Cerro Azul has erupted some of the most primitive magmas of the western Galapagos and is the only
western Galdpagos volcano to have erupted both tholeiitic and alkali basalts (Naumann & Geist, 1999;
Naumann et al. 2002). These characteristics have been related to its juvenile stage and relatively low
magma supply rates (Naumann & Geist, 1999; Naumann et al. 2002). As a result, Cerro Azul is
inferred to lack a well-developed shallow magmatic system, with probably only a hot and partially
developed deep mushy system at 5 km below sea level (Geist et al., 2014: Harpp & Geist, 2018). A
series of north- to northwest-trending landslide scarps suggests the collapse of the southwestern flank
(Naumann and Geist, 2000). The failure of this flank, due to its position adjacent to the steep
submarine escarpment (3 km height) (Figure 1b) (Geist et al., 2008), promotes the formation of

northwest-southeast oriented eruptive fissures (Naumann & Geist, 2000; Naumann et al., 2002).

More in general, Cerro Azul shows the typical eruptive pattern of the western Galapagos volcanoes,
with circumferential eruptive fissures just outside the caldera rim and radial fissures along the
volcano’s flanks (Chadwick and Howard, 1991). The stress field allowing the formation of both types
of fissures seems to be mainly controlled by the gravitational unloading after caldera collapse and the
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stresses from previous intrusions (Bagnardi et al, 2013; Corbi et al., 2015; 2016), with further
contribution from the load of the edifice and the pressurization of a flat-topped magma chamber
(Chadwick & Dieterich, 1995).

Before the last eruption in 2008, ten witnessed eruptions have occurred at Cerro Azul since 1932.
During the previous two eruptions (1979 and 1998), radial eruptive fissures opened in the same area
(eastern flank) as the 2008 eruption (Mouginis-Mark et al., 2000; Naumann & Geist, 2000; Rowland
et al., 2003; Teasdale et al., 2005).

The 2008 eruption of Cerro Azul occurred in two phases (Global Volcanism Program, 2008). The
first phase (from May 29" to June 1) began with the effusion of a lava flow from an eruptive fissure
immediately outside the eastern caldera rim (Figure 1c). Successively, further eruptive fissures
opened on May 30", parallel to the former, on the eastern upper flank (Figure 1c). All these fissures
ceased their effusive activity by June 1%. The second eruptive phase (June 3" to June 11'"") was
characterized by effusive activity from a new radial fissure located in a flatter area near the edge of

the lower eastern flank of Cerro Azul (Figure 1).
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Legend
First phase

A eruptive fissures

A supposed eruptive fissures
v V% lava flow

- Second phase
. A eruptive fissures

. lava flow

Figure 1 a) Galapagos archipelago. The red square outlines the extent of panel b. b) The western
Galapagos islands of Fernandina (F) and Isabela, on which lie the volcanoes Cerro Azul (CA) (the
black square is the area in panel c), Sierra Negra (SN), Alcedo (A), Darwin (D), Wolf (W) and
Ecuador (E) Digital elevation model and bathymetry in a) and b) from GeoMappApp. c) False
colours (R=band 2; G=band 4; B=band 5) Landsat 7 image of Cerro Azul acquired on March 22",
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2009, showing the lava flows erupted in 2008. Triangles point areas where the eruptive fissures
opened. The location of the lowest fissures of the first eruptive phase is poorly constrained. Image

from https://earthexplorer.usgs.qov/ .

3 - Methods

3.1 InSAR data processing

To measure surface deformation before, during, and after the 2008 eruption at Cerro Azul, we used
INSAR data. We formed 79 SAR images acquired by the European Space Agency’s ENVISAT
satellite (C-band, wavelength A = 5.63 cm), 32 from an ascending track (T61) acquired between
January 2006 and May 2010, and 47 from a descending track (T140) acquired between January 2003
to May 2010. We also formed 33 SAR images from the Japanese Space Agency’s ALOS-1 satellite
(L-band, wavelength A=23.6 cm), 17 from an ascending track (T133) acquired between March 2007
and March 2011 and 16 from a descending track (T474) acquired between March 2007 and July 2010.
We first generated interferograms with the InSAR Scientific Computing Environment (ISCE)
software (Rosen et al., 2012). We removed topographic contributions to the interferometric phase
using a 30 m-resolution DEM from the NASA Shuttle Radar Topography Mission (Farr et al., 2007).
Then, to study the temporal evolution of surface displacements, we combined interferograms through
a multi-temporal (MT) approach. In particular, we adopted the Small Baseline (SB) method using the
StaMPS software (Hooper, 2008; Hooper et al., 2012) and selected the processing parameters that
maximized the signal-to-noise ratio. In the supporting information Table S1 we report a list of the
network of interferograms used for the SB analysis.

3.2 -Geodetic modelling

To interpret INSAR phase in terms of a geophysical model it is necessary to estimate the integer
ambiguities in the phase (phase unwrapping). This is generally done prior to geophysical inversion,
but any phase-unwrapping error will bias the resulting geophysical parameters. This would be the
case for the ENVISAT data (Figure 2), where the 3-D unwrapping routine of StaMPS (Hooper,
2010a) cannot adequately unwrap data in the distal region where the radial eruptive fissures opened.
This is evident when comparing displacements in the ENVISAT data near the eruptive fissures to
those in the ALOS-1 interferogram in Figure 3d. To overcome this problem, we adopted a method to
model the wrapped phase data directly, by estimating the integer ambiguities simultaneously with the
geophysical parameters (Hooper, 2010b). We applied a Markov chain Monte Carlo method to build

the posterior probability of the model, conditional on the data.
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According to the Bayes’ theorem the probability density function (PDF) of the vector of model
parameters, m, given data vector, d, p(m|d), is (1)
p(d|m)p(m)
J-o, p(dm)p(m) dm
Where p(d|m) is the likelihood function, p(m) is the prior distribution for the model parameters and

p(m|d) = €Yy

the denominator is a normalising constant. For a given discrete inverse problem, data and model
vectors are related by a function g plus error e (2):
d=gim)+e (2)

Thus, to calculate the likelihood function, the PDF of e is required. In the INSAR data, after the SB
analysis with StaMPS, the errors are correlated, principally due to the contribution from variable
atmospheric propagation delay (e.g. Hanssen et al., 1999). While the univariate PDF for a single
wrapped phase value can be reasonably described by a wrapped normal distribution, the multivariate
PDF for correlated wrapped data is difficult to calculate. We simplify the problem by calculating the
wrapped phase differences for arcs between nearby coherent pixels. For coherent pixels, the
contribution of uncorrelated noise to the arc phase is small (compared to a phase cycle) and reasonably
approximated by a Gaussian distribution (Just & Bamler, 1994). As long as the pixels are nearby, the
atmospheric contribution (and any other spatially-correlated error) to the arc phase is also small, and
reasonably approximated by a Gaussian distribution. Thus, we approximate the joint PDF with a
multivariate Gaussian distribution, with the likelihood function given by (3):

p(d|m) = (Zﬂ)_N/2|Qd|_1/2€_%{ w{d-g(m)}TQz'w{d-g(m)}} 3)
where W{_.} is the wrapping operator, d now represents wrapped arc phase values, N is the dimension
of d, and Qq is the variance-covariance matrix for the errors in the arc phase values.
As INSAR data contain a large number of points, to reduce the computational time we subsample the
data set prior to generating the network of arcs. For best results, it is essential to use an algorithm that
maintains a good data point density in the deformed area. To this end, we use the adaptive quadtree
sampling algorithm of GBIS (see Bagnardi & Hooper, 2018 and Decriem et al., 2010 for details)
modified so that in each iteration, the mean wrapped phase for the all pixels in the polygon is found.
If the wrapped difference between the mean and phase of any pixel is greater than a threshold value
(default n/2), the polygon is subdivided into smaller polygons. This differs to the standard algorithm,
which thresholds on standard deviation of phase values.
We generate the network of arcs using the Euclidean minimum spanning tree (EMST) method
(Kruskal, 1956; Prim, 1957). This method minimises the total length of the arcs and avoids
introducing unnecessary redundancy in the measurements; in other words, the model values for all

arc phase values remain independent. The EMST leads to a network with every pixel connected to at
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least one other and without isolated subsets (Figure 4c). We assume that the only correlation between
arc phase errors is due to the contribution of spatially-uncorrelated noise to arcs connected by the
same pixel. This means that we ignore any potential correlation due to the atmospheric contribution
to the errors. This may not be negligible in areas of steep topography, where the hydrostatic
tropospheric contribution to the arc phase errors could be significant and correlated between arcs, but
is likely reasonable for our application to the gently sloping flanks of Cerro Azul.

We quantify the error structure of the data in the conventional way using the fitVariogram function
of GBIS (Geodetic Bayesian Inversion Software; Bagnardi & Hooper, 2018) applied to an
undeformed region of the interferogram, where phase unwrapping is typically not problematic. Once
estimated using the fitVariogram function, we use the nugget, sill and range values to set up the
variance-covariance matrix; we set the elements of the main diagonal (o?) as:
of=2*nugget+2*sillI*[1-exp(-3*h/range)], where h is the length of the arc that connects each pair of
pixels. We set the off-diagonal terms to the nugget value for arcs that share a pixel, and zero
otherwise. Then we convert the variance and covariance values from m? to rad?. In setting the
variance-covariance matrix, we do not consider potential model errors, but they could be incorporated
into the variance-covariance matrix using the approach of Duputel et al (2014).

Once we have defined the arcs and variance-covariance matrix for our quadtree-sampled data set, we
estimate the posterior PDF of model parameters and uncertainties using the Bayesian approach
implemented in the GBIS software (Bagnardi & Hooper, 2018), which uses a Markov chain Monte
Carlo method, incorporating the Metropolis Hastings algorithm, and which we modified for working
with the phase difference instead of unwrapped LOS displacements.

We tested this method on synthetic data. We modelled the sources using the rectangular dislocation
(RD) model of Nikkhoo et al. (2017) and set the “plunge angle” 6 = 0 (see Nikkhoo et al., 2017 for
further details), so that the two uppermost corners of the dike/inclined sill are at the same depth, as
occurs in the Okada (1985) solution. For all modelling, we assumed an isotropic elastic half-space
with Poisson’s ratio of 0.25. To achieve convergence of the posterior PDF, we found it necessary to
perform half a million iterations for the ENVISAT data and one million iterations for the ALOS-1
data.
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Figure 2 Comparison between wrapped (a and ¢) and unwrapped (b and d) images from ENVISAT
ascending track 61. Dashed rectangles highlight areas with an incorrect unwrapping, where the
opening displacement across the eruptive fissure is not visible (compare to ALOS results in Fig. 4d).
Ina and ¢ each fringe (full colour cycle) represents 2r radians of phase change corresponding to 2.8
cm of range change in the line-of-sight direction.
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Figure 3 Time-series results. a-c) ENVISAT LOS displacement map for ascending orbit 61 during a)
pre-eruption (November 2007 — April 2008); b) first eruptive phase (April 2008 — May 2008); c)
second eruptive phase (May 2008 — July 2008). d-e) ALOS-1 LOS displacement map for ascending
orbit 133, during the eruption f) ENVISAT LOS displacement map for descending track 140. g) ALOS-
1 LOS displacement map for descending track 474 (April-September, 2008). h) ENVISAT LOS
displacement map for ascending track 61 during the post-eruptive period (July 2008 — May 2010.).
I-k) Time series of the caldera area. In a, d-e and g-h data are unwrapped, and spatially-correlated
look-angle errors (including orbital ramps) are removed. In b-c and f data are wrapped and each
fringe (full colour cycle) represents 2r radians of phase change corresponding to 2.8 cm of range
change in the line-of-sight direction. All the displacement maps are overlaid onto shaded relief map
from WorldDEM data.

Subsampled DATA

Y distance (km)

X distance (km)

Figure 4 a) Wrapped InSAR data from ENVISAT ascending track 61, acquired from May 31 to July
5t 2008. Each fringe (full colour cycle) represents 2z radians of phase change corresponding to 2.8
cm of range change in the line-of-sight direction. b) Downsampled data using our modified quadtree

function. ¢) The arcs formed by the Euclidean minimum spanning tree (EMST).
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4 — Data description
4.1 - Pre-eruption

INSAR time series of ENVISAT ascending and ALOS-1 descending data record a pre-eruptive uplift
of ~10-12 cm, peaking immediately outside the western portion of the caldera, and occurring from
October 2007 to April 2008, before the eruption started on May 29" (Figure 3a, i-j). The inflation
slows down in the months just before the eruption (Figure 3i-j). The temporal resolution of the INSAR
data does not shed light on whether this uplift continued until just prior to the eruption or not.

4.2 - Eruption

ENVISAT ascending data allow us to separate the deformation of the two eruptive phases. Until May
31% (end of the pre-eruptive phase and the first eruptive phase), these data record a subsidence of ~12
cm in the western sector of the caldera and in the west and south-western sectors of the upper flank
of the volcano, peaking in the same area of the maximum uplift of the pre-eruptive period (Figure
3b). A LOS displacemnts of about the same magnitude, but opposite in the sign, occurred near the
active eruptive fissures, placed on the upper east flank (Figure 3b). After May 31% (second eruptive
phase and the beginning of the post-eruptive phase; Figure 3 c-g), there is an eastward shift of the
subsidence on the volcano summit, with another 24 cm of subsidence peaking in the caldera area
(Figure 3c-e). At the same time, the deformation on the east flank migrated from the summit vents,
which ceased their activity on June 1%, to the distal radial fissure at the base of the eastern flank,
which started its activity on June 3. Most of this deformation (~60 cm) occurred by June 4™ (Figure
3d-f), even if the eruptive fissure remained active until June 11™". Conversely to ENVISAT data,
ALOS-1 descending data (Figure 3g) maintain good coherence on the southern flank of Cerro Azul,
even though they are less well sampled temporally, and show a lower amount of subsidence (~15 cm)

with respect to the proximal area (~38 cm).
4.3 - Post eruption

After the eruption, from July 2008 to March 2011 there was a new uplift of the caldera area,
characterized by non-uniform rates (Figure 3h-k). The temporal resolution of our INSAR data does

not allow us to better constrain the onset of uplift.
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5 — Test on the synthetic and natural data.

To test the validity of the method described in section 3.2, we performed a test on synthetic data. We
used a data coverage similar to that of ENVISAT data in the area of the dike (Figure 2c; 5). We
calculated the phase due to displacements caused by a RD dike source (model parameters reported in
Figure 6 and Table S2), assuming a wavelength of 0.0563 m, an incidence angle of 25.71° and a
heading angle of 12.3992° (Figure 5a). We added a realistic atmospheric phase screen error using an
isotropic two-dimensional fractal surface with a power law behaviour (Hanssen, 2001; Figure 5b) and
a random noise (Figure 5c¢) to simulate non-correlated errors. Then, we inverted the synthetic data
using both the method described in Section 3.2 and GBIS and we compered the results (Figure 6; S1;
Table S2). In both cases the actual model parameters fall within the 95% bounds of the posterior
PFDs (Figure 6), confirming the validity of the method. In Figure S2 and S3, we report the trace plot,
obtained with the new method and with GBIS, in which is possible to evaluate the convergence of
the Markov chain. In both cases, the number of early samples that strongly depend on the choice of
the starting value (the so-called “burn-in” period) is similar. This is due also to the fact that the new
method uses the same MCMC algorithm of GBIS, with the only difference of inverting for the
wrapped phase differences among nearby pixels rather than the LOS displacements.

In addition, we performed also a test on natural data to compare results obtained with the new method
to those of GBIS, in which we jointly inverted the deformations recorded by the ALOS-1 ascending
and descending data on the east flank of Cerro Azul (Figure 3 d, g). Results obtained with the two
methods are consistent each other (Figure S4, S5 and Table S3), supporting again the validity of the

method proposed in section 3.2.
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Figure 5. a) Simulated InSAR LOS displacements. Each fringe (full colour cycle) represents 2z
radians of phase change corresponding to 2.8 cm of range change in the LOS direction. b) Simulated
atmospheric phase screen error (APS). c) Random error. d) Final synthetic data.
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Figure 6 Posterior probability density distribution (PDFs) for each individual model parameter from
the inversion of the synthetic data usind both the new method and GBIS. The red lines representing

the actual simulated values (see Table S2).
6- Results of the geodetic modelling

6.1 - Pre eruptive phase

We modelled the pre-eruptive uplift occurred at Cerro Azul recorded by ALOS-1 descending track
data (October 19™ 2007 — April 20" 2008) for possible magmatic sources using the standard GBIS
software applied to unwrapped interferogram. Best results were obtained using a Mogi source (Figure
7a-c, Table 1). The Bayesian analysis converged to an inflation point, placed at ~5 km below the
north caldera rim, with a volume change (AV)= 12.6+3.7 x10° km® and a corresponding injection
rate of 2.5+0.7 x102 km®/year.
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Figure 7 a and d) Wrapped ALOS-1 LOS displacements for descending track 474. Each fringe (full
colour cycle) represents 11.8 cm of LOS displacement. b) Predicted displacements for the Mogi model
and e) for the four dislocation model using the maximum a posteriori probability solutions (MAP). ¢
and f) Related residuals. The surface projections of the dislocations are shown on panels e). Dikes
appear as lines as we drew only the projection of the line passing for the centre of the RD and parallel
to the surface. The dotted grey lines in panel e delimits the area of the panels a to c. The local origin
for all panels is 91°26 W and 0°93’S.
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Table 1 Results of the Bayesian analysis for the ALOS-1 descending track data.

AL OS-1 data (descending track 474)

Pre-eruptive (19 October 2007- 20 April 2008)

X (m)

Optimal -16962
2.50% -17472

97.50%  -16602

Prior lower -20000
Prior upper -10000

Eruption (20 April-5 September 2008)

X(m?* Y (m)*
Optimal -8747 880
25%  -8747 880

97.5% -8747 880
Prior lower -8747 880
Prior upper -8747 880
X(m) Y (m)
Optimal -990 1205
2.5% -1051 1103
97.5% -945 1291
Prior lower -10000 10000
Prior upper 10000 10000
X(m) Y (m)
Optimal -13523 2304
25%  -13679 2169
97.5%  -13383 2454
Prior lower -20000 -10
Prior upper -10000 4000
X (m) Y (m)
Optimal -16041  -4611
25%  -16487 -5737
97.5%  -15297 -3875
Prior lower -18000 -8000
Prior upper -13500 -1000

Z (m)?
3252
3252
3252
3252
3252

Z(m)
3538
3268
3674

2700
4000

Z (m)?2

5200
5200
5200
5200
5200

Z (m)?2
5200
5200
5200
5200
5200

Y (m)

2202
1828
2560
-5000
5000

L (m)2
7570
7570
7570
7570
7570

L (m)
4051
3960
4226

1000
6000

L (m)

2025
2006
2757
2000
10000

L (m)
1433
514
2390
500
3000

Mogi source

Depth (m)

4905
4364
5815
4000
8000

RD dike (first event)
Dip? Strike? Op.2(m) AV (x10° md)

W (m)? 02
1018 0 84
1018 0 84
1018 0 84
1018 0 84
1018 0 84
RD dike (second event)
W (m) 02 Dip
4829 0 75
4091 0 73
5103 0 76
1000 0 40
5200 0 85
Northern RD deflated sill
W (m) 02
3007 0 0
3004 0 0
3511 0 0
3000 0 0
8000 0 0
Southern RD deflated sill
W (m) 02 Dip?
7473 0 0
6295 0 0
7786 0 0
6000 0 0
7800 0 0

108
108
108
108
108

Strike

73
72
74

1
90

AV (x107% m?3)

1.28
1.28
1.28
1.28
1.28

Op. (m)
353
3.33
3.79

0
5

Dip? Strike? Op. (m)

35
35
35
35
35

-4.47
-4.49
-3.15
55
0

Strike Op. (m)

63
47
77
10
89

-0.97
-2.96
-0.6
-3.5
0

11.66
8.94
16.29
0.01
1000

AV (X108 m?)
69.1
61.2
73.2

AV (X106 m?)

-27.2
-29
-25.5

AV (x10® m3)
-10.38
-13.3

7.8

Notes. X and Y are the local coordinates of the Mogi source and of the centre of the RD source with
respect to a local origin (see Figure 7) at 91° 26" W and 0° 93° S. Depth is referred to the centre of
the RD and is with respect to the surface (positive downward). AV is the volume change (for the RD
source it is calculated with the formula AV=L*W*Op). 0 is the angle between the RD upper edge and
the intersection of the RD plane with the free surface. L and W are the length and width of the RD
source. Op. is the opening. (see Nikkhoo et al., 2017 for a better explanation of the RD parameters).
Optimal is the maximum a posteriori probability (MAP) solution. 2.50% and 97.50% are the
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percentile values describing the credible interval. Prior Lower and Upper are the bounds of the prior
distribution used for the inversion. 2 Fixed parameter.

6.2 - Eruptive phase

ENVISAT ascending data are the only that allow us to distinguish the deformation of the first eruptive
phase from that of the second phase. Thus, we use these data to constrain the sources of deformation
of the two phases. As we were not able to reliably unwrap these interferograms, we used the wrapped
inversion method described in Methods.

6.2.1 - April 26" — May 31* (end of the pre-eruptive phase and first eruptive phase)

We modelled deformation during the first phase using a combination of two rectangular dislocation
sources (Figure 8a-c; Table 2). The first dislocation converged to a 9 km x 1 km horizontal sill, with
the major axis oriented northeast-southwest, placed at ~5.2 km below the western sector of the caldera
and the flank of the volcano. The modelled sill shows a contraction of 1.1+0.2 m, with a
corresponding volume change of AV= -11.240.6 x10° km?®. As for the second dislocation, the
Bayesian analysis converged to an east-southeast oriented sub-vertical dike, whose top edge is placed
at ~2.8 km below the eastern flank, with an opening of 1.1+0.3 m. The corresponding AV is 9.9+0.5
x10° km?®. This dike explains most of the deformation recorded on the east flank by the INSAR data
in this period, but it is placed ~2 km to the north of the active eruptive fissures of the first phase and
its geometry (southward dipping) and position do not seem compatible with the location and
orientation of the eruptive fissures. There is no obvious geodetic signal associated with these eruptive
fissures, and we infer that it is probably hidden by that of the radial dike, which dominates the
deformation field. The small residuals near the summit eruptive vents, which cannot be explained by

our model, may be the remains of the geodetic signal related to these eruptions.
6.2.2 - May 315 — July 5™ (second eruptive phase and the beginning of the post-eruptive phase)

To model the second eruptive phase, we again used two rectangular dislocation sources (Figure 8d-f;
Table 2). The Bayesian analysis results in a larger 9 x 7 km deflating sill, placed below the caldera.
The corresponding volume loss is 25+2.2 x107 km?3. To reduce the number of variables and to better
constrain the opening and the length and width of this sill, we fixed the sill depth using the depth of
the sill obtained from the inversion of the data of the first eruptive phase. The opening of a N80°
south-southeast-dipping dike (dip angle=68°), whose top edge is at ~0.9 km below the radial distal
eruptive fissure, explains the distal deformation. The volume change of this dike is 57.4+2.6 x107
km?®. Most of this volume probably was emplaced by June 4", as ALOS-1 ascending data (Figure 3d-
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e) show how most of the related deformation occurred by June 4. This radial dike lies on the
continuation of the radial dike of the first phase, even though with an anticlockwise rotation of about
28° and a decrease in the dip angle (68° compared to 84°).

First eruptive phase
26 April 2008 - 31 May 2008
Wrapped DATA MODEL RESIDUALS

o

Y distance (km)

g
g L‘F

a) . b) c)
X distance (km) — sil
Second eruptive phase — dike

31 May 2008 - 5 July 2008

A active eruptive fissures

(63}

o

Y distance (km) _,

A ¥
My

20 0
d) X distance (km)

Figure 8. a) Wrapped ENVISAT phase for ascending track 61 for the first eruptive period and d) for
the second eruptive period. Each fringe (full colour cycle) represents 2r radians of phase change
corresponding to 2.8 cm of range change in the LOS direction. b and e) Predicted displacements for
the respective two rectangular dislocation model using the MAP solutions. ¢ and f) Related residuals.
The surface projections of the dislocations are shown on panels b) and e). Dikes appear as lines as
we drew only the projection of line passing for the centre of the RD and parallel to the surface. The
local origin for all panels is 91°26°W, 0°93°S. The dotted grey lines in panel d delimits the area of
the panels ato c.
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Table 2 Results of the Bayesian analysis for the inversion of ENVISAT ascending track data.

E61A April-May 2008 (first eruptive phase)

RD radial dike
X(m Y@M Zm) Lm W(m) 02 Dip  Strike Op.(m) AV (x10® m3)
Optimal -8747 881 3252 7569 1019 0 84 108 1.29 9.9
2.50% -8942 776 3182 7005 1001 0 83 108 0.79 9.4
97.50% -8603 925 3325 7895 1683 0 85 110 141 10.4
Prior lower  -12500 100 2100 1000 1000 0 40 80 0
Prior upper  -5000 5000 5000 10000 4000 0 89 270 5
RD deflating sill
X(m Y@M Zm) Lm W(m) 02 Dip  Strike Op.(m) AV (x10® m3)
Optimal -16964 -458 5188 9365 1001 0 0 43 -1.23 -11.5
2.50% -17053 -517 5026 8695 1003 0 0 41 -1.24 -11.8
97.50% -16864 -130 5319 9727 1415 0 2 49 -0.88 -10.6
Prior lower -21000 -5000 3200 2000 1000 0 0 1 -5
Prior upper -10000 5000 6000 12000 12000 0 30 360 0

E 61A May-July 2008 (second eruptive phase)

RD radial dike
X(m)y Y@m) Z@m) L(m W(m) 02 Dip  Strike Op.(m) AV (x10° m®)
Optimal -593 1234 2985 5564 4529 0 68 80 2.25 56.7
250%  -632 1161 2915 5441 4349 0 68 79 2.17 54.8
97.50%  -512 1268 3139 5749 4878 0 69 81 2.31 61
Prior lower  -6000  -2000 2800 1000 1000 0 50 1 0
Prior upper 5000 4000 5000 5800 5200 0 86 89 5
RD deflating sill
X(m) Y(m) Z@my@ L(m W(m) 02 Dip  Strike Op.(m) AV (x10° m®)
Optimal -14889 603 5200 9009 7231 0 0 35 -0.39 -25.4
2.50% -15069 395 5200 8271 6428 0 -3 24 -0.43 -27.2
97.50% -14714 953 5200 9470 7813 0 5 48 -0.37 -22.8
Prior lower -21000 -5000 5200 1000 1000 0 -30 1 -5

Prior upper -10000 5000 5200 14000 14000 0 30 90 0

Notes. X and Y are the local coordinates of the centre of the RD with respect to the local origin (see
Figure 8a and d) at 91° 26° W and 0° 93 S. Z is the depth of the centre of the RD with respect to the
surface (positive downward). 6 is the angle between the RD upper edge and the intersection of the
RD plane with the free surface. L and W are the length and width, respectively. Op. is the opening.
AV is the volume change calculated with the formula AV=L*W*Op.

Optimal is the MAP solution. 2.50% and 97.50% are the lower and upper bounds of the 95%
confidence interval. Prior lower and upper are the bounds of the prior distribution used for the
inversion. @ Parameter held fixed.

6.2.3 - ALOS-1 data: April 20" — September 5" (cumulative displacements of the two eruptive phases)

ALOS-1 descending track data are less temporally constrained than the ENVISAT data, recording

the cumulative deformation pattern of the 2008 eruption, but maintain good coherence on the southern
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flank. Therefore, we inverted this data using GBIS software. To allow for multiple different sources
as indicated by the ENVISAT results, we inverted for four rectangular dislocations (Figure 7d-f;
Table 1).

We modelled the deformation at the base of the east flank of Cerro Azul with a dike. We set
uninformative prior PDFs for each model parameter of this dike (Table 1). As deformation from the
radial dike in the first eruptive phase is masked by the subsequent deformation, we fixed the
parameters for it to the MAP solution from the ENVISAT results. We allowed for only one sill to fit
the deformation beneath the caldera during both eruptive phases in the ENVISAT data, as the
locations are the same within error. We also added a second sill beneath the south flank of Cerro
Azul, an area not covered by the ENVISAT data, as there is deformation visible there in the ALOS
data.

The results for the unconstrained dike converged to a south-southeast-dipping dike (dip angle ~75°),
with a AV =67.2+6 x107 km3, which is about 22% more than estimated from the ENVISAT data
inversion. However, this discrepancy is explained by the fact that we inverted the only ALOS-1
descending track, which records in that area a higher magnitude of the LOS displacements than the
ascending tracks of ALOS-1 and ENVISAT. Results from the jointly inversion of the ALOS-1
ascending and descending track (Figure S2; Table S3), in fact, are consistent with the volume
estimated from the inversion of ENVISAT data.

The two sills largely overlap the sill resulting from the modelling of the second eruptive phase from
the inversion of ENVISAT data (Figure 8e). However, the sill on the southern flank shows less
contraction (-1.8+1.2 m) with respect to the sill below the caldera (-3.8+£0.7 m). The total volume lost
by the two sills is approximately equal to the sum of the volume loss from the inversion of ENVISAT
data during the two eruptive phases (Table 1 and 2). (-37.8+4.5 x10° km?® with respect to -36.2+2.8
x10°% km? of ENVISAT data).

6.2.4 - Joint inversion of ALOS-1 and ENVISAT data

Finally, we jointly inverted the descending data of ALOS-1 and the total deformation recorded by
ENVISAT ascending track, to better constrain the deformation source parameters, allowing for two
dikes and two sills (Figure 9). In this inversion we combined the use of unwrapped data for ALOS-1
and wrapped data for ENVISAT. For the radial dike of the first eruptive phase, we again fixed the
geometry using the MAP solution from the inversion of ENVISAT data for the first eruptive phase,

but now inverting for the opening.

Results of the Bayesian analysis (Table 3) converge to solutions similar to the other models. As for

the radial dike of the first event, we found an opening of 1.4+0.1 m with a AV of 10.7+0.8 x107 km?,
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similar to the values of 8.3+2.2 x107 from the inversion of ENVISAT ascending track data alone
(Table 2). A south-southeast dipping dike, with AV= 57+2.1 x107 km?, explains the deformation
outside the eastern flank of Cerro Azul related to the second eruptive phase. This solution is similar
to those obtained from the single-track inversion of ENVISAT and ALOS-1 data with two different
method. Therefore, it suggests that the differences in the posterior marginal PDF of some parameters
of this dike obtained from the single track inversion of ENVISAT and ALOS-1 data were related only
to the different geometry of acquisition of the two satellites. Deflation beneath the caldera is fit by
two sills, the northern one deflating by -29.5+1.6 X103 km® and the other deflating by -8.5+9.5 x10°3
km?®. The total volume lost by the system is comparable to the results from the inversions of the
individual tracks. However, in the area near the caldera, residuals are larger than those from the single
track inversions (Figure 9) due to the requirement to also fit the ALOS-1 data.

ALOS-1 data (20 April 2008 - 5 September 2008)
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Figure 9. a) Wrapped ALOS-1 phase for descending track 474. Each fringe (full colour cycle)
represents 2z radians of phase change corresponding to 11.8 cm of range change in the LOS
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direction. d) Wrapped ENVISAT LOS displacements for ascending track 61. Each fringe (full colour
cycle) represents 2r radians of phase change corresponding to 2.8 cm of range change in the LOS
direction. b and e) Predicted displacements for the respective four rectangular dislocation model
using the MAP solutions. ¢ and f) Related residuals. The surface projections of the dislocations are
shown on panels b) and e). Dikes appear as lines as we drew only the projection of the line passing
for the centre of the RD and parallel to the free surface. The dotted grey lines in panels a) and d)
delimit the same area. The local origin for all panels is 91°26 'W and 0°93°S.

Table 3 Results of the Bayesian analysis for the jointly inversion of ALOS-1 descending track and
ENVISAT ascending track data.

RD dike (first event)
X(m3@ Y@M Z@m?@ L(mpE W(m)? 02 Dip? Strike® Op.(m) AV (x10° md)

Optimal  -8750 880 3250 7500 1020 0 84 108 1.47 11.2

2.50% -8750 880 3250 7500 1020 0 84 108 1.29 9.9

97.50% -8750 880 3250 7500 1020 0 84 108 1.5 11.5
Lower -8750 880 3250 7500 1020 0 84 108 0.5
Upper -8750 880 3250 7500 1020 0 84 108 1.5

RD dike (second event)
X(m) Y(m) Z (m) L(m) W(m) 02 dip  strike Op.(m) AV (x10® md)

Optimal  -891 1166 3158 5073 3540 0 69 77 3.19 57.3
2.50%  -929 1119 3093 4945 3336 0 68 76 3.01 55
97.50%  -848 1290 3231 5190 3751 0 70 78 3.58 59.1
Lower -6000 -2000 2800 1000 1000 0 50 1 0
Upper 5000 4000 5000 5750 5300 0 87 90 5

Northern RD deflated sill
X(m Ym Zm? L@m W(m) 02 dip® strike Op.(m) AV (x10°md)

Optimal -15533 1035 5200 9019 3371 0 0 49 -0.95 -28.9
2.50% -15952 786 5200 8598 3030 0 0 47 -1.05 -31.1

97.50% -15416 1140 5200 9962 3941 0 0 51 -0.81 -27.9

Lower -20000 -100 5200 2000 3000 0 0 1 -5

Upper -11000 3000 5200 10000 10000 0 0 80 0

Southern RD deflated sill
X(m) Y@m) Z@my L@m) W(m) 02 Dip? strike Op.(m) AV (x10° m?)

Optimal -12827  -5162 5200 557 6874 0 0 55 -0.27 -1.03

2.50% -15536  -6868 5200 529 6035 0 0 23 -0.34 -1.8
97.50% -12805 -3134 5200 2079 7723 0 0 84 -0.03 -0.1
Lower -17900  -8000 5200 500 6000 0 0 1 -4

Upper ~ -12800  -2000 5200 3000 7800 0 0 90 0

Notes. X and Y are the local coordinates of the centre of the RD source with respect to the local origin
(see Figure 9a and d) at 91° 26" W and 0° 93’ S. Z is the depth of the centre of the RD with respect
to the surface (positive downward). & is the angle between the RD upper edge and the intersection of
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the RD plane with the free surface. L and W are the length and width, respectively. Op. is the opening
(see Nikkhoo et al., 2017 for a better explanation of all these parameters). 4V is the volume change
calculated with the formula AV=L*W*Op.

Optimal is the MAP solution. 2.50% and 97.50% are the lower and upper bounds of the 95%
confidence intervals. Prior lower and upper are the bounds of the prior distribution used for the
inversion.  Parameter held fixed.
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7 - Discussion

The use of INSAR data and their geodetic modelling allow us to reconstruct the evolution of the 2008
eruption at Cerro Azul. Pre-eruptive uplift of the caldera area during the seven months before the
eruption (Figure 7) seems related to the supply of new magma and is modelled with the inflation of a
point source at ~5 km below the caldera. On May 29", the first eruptive phase started. During this
phase, the lateral propagation of a sub-vertical dike triggered the deformation on the eastern flank,
while the observed subsidence is modelled with the deflation of a sill, placed below the western
portion of the caldera and the upper western flank (Figure 8b). The depth of this sill (~5 km below
the surface) is consistent with the depth of both the modelled pre-eruptive point source and the
magmatic reservoir of Cerro Azul, deeper and less developed than the other western Galapagos
calderas (Geist et al., 2014). Therefore, the pre-eruptive uplift and the co-eruptive subsidence are
probably related to the inflation/deflation of the magmatic reservoir, modelled with different simple
sources. This latter fact probably reflect the complexities of the magma reservoir, which may
responds in not a uniform way during the different inflation/deflation events (Edmonds et al., 2019;
Sparks et al., 2019). The modelled dike is placed ~2 km to the north of the eruptive fissures active
during this phase and its geometry and position do not seem compatible with the location of these
fissures. Rather, the position of this dike (Figure 9b), indicates it is the western, proximal portion of
the radial dike responsible for the second eruptive phase, suggesting that the two segments form a
single continuous intrusion. Thus, most of the deformation along the east flank of the first phase
seems related to the incipient propagation of the radial dike of the second eruptive phase. During the
first phase, the volume of the radial dike is similar to the volume lost by the sill and also to the volume
of magma intruded in the previous seven months (Table 1). This suggests that the magma stored in
the pre-eruptive period may have been remobilized during the first eruptive phase, promoting the
subsidence of the magmatic reservoir and the emplacement of the radial dike. The volume of magma
involved in the eruptions at the summit vents during the first eruptive phase was probably negligible
compared to that of the radial dike. This proposed scenario is similar to that inferred for the 1998
eruption at Cerro Azul (Teasdale et al., 2005), and agrees with the typical eruptive pattern of Cerro
Azul, where the volume of lava erupted at the summit vents is usually much lower than that erupted
along the lower flanks (Neumann & Geist, 2000).

The lower portion of the modelled dike is ~1.5 km shallower than the sill. We speculate that, from
the north-east edge of the sill, an upward propagation of magma first occurred below the north-east
sector of the caldera, which became a radial dike at shallower levels. The temporal resolution of our

data does not allow us to test this hypothesis, as only the deformation associated to the radial dike is
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recorded. However, the inferred propagation pattern is similar to that observed in the last decades at
Fernandina, where radial dikes generally initiate as sill-like intrusions that become progressively
steeper below the caldera rim and twist around a radial horizontal axis (Bagnardi et al., 2013). The
stress field imposed by the caldera unloading and the gravitational load of Cerro Azul may control
this pattern of magma propagation, as at Fernandina (Corbi et al., 2015). The opening of the eruptive
fissures of the first phase could have been related to a minor amount of magma that, during the initial
steepening of the sill, propagated upward below the north-east caldera rim, reaching the surface. A

limited lateral propagation of this dike may have fed the nearby fissures on the upper east flank.

On June 1%, the first eruptive phase ended and the second phase began. This latter phase is associated
with the eastward propagation of the radial dike of the first phase, which erupted (on June 3") once
it reached the topographic low coinciding with the plain between Cerro Azul and Sierra Negra. During
this eruptive phase, the deflated area on the volcano summit became significantly larger, with the
centre of the subsidence migrating south-eastward. We infer this to be due to the widening of the area
of the magma reservoir from which the magma was withdrawn during this phase. The total volume
lost by the magmatic system during this phase is about twice that lost during the first event. Our
results highlight that the northern portion of the shallow magma reservoir, closer to the radial dike,
lost a larger volume than the southern distal zone. Thus, the radial dike was fed mainly by the
proximal area of the magmatic reservoir. During this second phase, the estimated amount of magma
of the radial dike is, however, about twice the estimated volume lost by the magmatic reservoir and
about five times greater than the volume that this dike had during the first phase. This may suggest
that an important magma supply from greater depth occurred at Cerro Azul between the first and the
second eruptive phase; this may have promoted the further propagation of the dike, triggering the
eruption, and the partial replenishment of the volume lost by the magma reservoir. An alternative
explanation is an increase in the compressibility of the magma, which can account the volume
discrepancy (Rivalta & Segall, 2008). In this prospective, during the first eruptive phase the magma
had to be nearly incompressible to explain the similarity in the volume lost by the reservoir and gained
by the dike (Rivalta & Segall, 2008). Then the compressibility increased causing the apparent volume
discrepancy (Rivalta & Segall, 2008). In any cases, from the first to the second eruptive phase, there
is an increase in the volume of magma supplied from the reservoir to the dike, which could also have

promoted the further propagation of the radial dike (Anderson & Poland, 2016).

From the first to the second eruptive phase, the radial dike rotated anticlockwise by 28-33°, pointing
towards Sierra Negra volcano, and stopped erupting in the depressed area between the two volcanoes.
A similar change in the strike and arrest of a dike, when propagating from below a topographic high
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to a topographic low in front of a nearby volcanic edifice, was observed also during the 2014
Bardarbunga eruption (Sigmundsson et al., 2015). Topographic variation seems to be the main factor
controlling this rotation and arrest between two nearby volcanoes (Walter, 2003; Walter et al., 2006;
Heimsson et al., 2015; Sigmundsson et al., 2015; Urbani et al., 2017).

A new uplift within the caldera begun after the eruption; this continued in the following three years

(Figure 3i-k), characterized by non-constant rates.
7.1 - Comparison between Cerro Azul and the other western Galapagos calderas

The deformation pattern of the caldera of Cerro Azul shows pre-eruptive uplift, co-eruptive
subsidence and post-eruptive uplift (Figure 3i-k). This pattern is similar to that observed in other
calderas of the western Galapagos, such as Fernandina in 2005 (Chadwick et al., 2011; Bagnardi and
Amelung, 2012) and Sierra Negra in 2005 (Chadwick et al., 2006) and is typical of the mafic calderas
(Dvorak and Dzurisin, 1997; Acocella et al., 2015).

Most of the deformation related to the 2008 eruption of Cerro Azul is caused by the propagation of a
radial dike. This is typical of the western Galdpagos volcanoes, where the eruptions along the flanks
of these volcanoes are related to radial dikes (Chadwick & Dieterich, 1995). The propagation pattern
of the radial dikes proposed for Fernandina (Bagnardi et al., 2013), where a sill-like intrusion
progressively turns upward and twists around an horizontal radial axis, also seems applicable for the
2008 radial dike of Cerro Azul.

According to our results, the magma reservoir constantly fed the radial dike during the two eruptive
phases, with an increase in the volume of magma transferred from the reservoir to the dike during the
second eruptive phase. This situation is different to what happened at neighbouring Alcedo volcano
during the 2010 unrest, where the lack of new magma supply during unrest stopped an incipient lateral
propagation of a sill (Galetto et al., 2019), confirming the importance of a continuous supply of

magma in the propagation of a dike/sill.

Finally, GPS data show a decrease in the uplift rate of Sierra Negra during the 2008 eruption of Cerro
Azul (Poland, 2014). This suggests a possible connection between the two nearby volcanoes at deeper
levels, similar to what is observed at the Aira-Kirishima system (SW Japan; Brothelande et al., 2018).
This possibility is reinforced by petrological data, which suggest a common source in the lithospheric
mantle for the magmas of Cerro Azul and Sierra Negra (Neumann & Geist, 2002). The anticorrelation
of deformation between Cerro Azul and Sierra Negra can be tested only in 2008, as no deformation

data are available for other periods, with the exception of the 2005 eruption of Sierra Negra, when
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Cerro Azul apparently did not deform. Future studies should test this working hypothesis, to
understand better the deep plumbing system of these two volcanoes and to try to correlate the
dynamics of the deep plumbing system with that of the shallower plumbing systems of these two

volcanoes.
8 - Conclusions

The unwrapping limitations affecting our ENVISAT data gave us the opportunity to test a new
method, based on the wrapped phase differences among nearby pixels, to model the wrapped data
directly, by estimating the integer ambiguities simultaneously with the geophysical parameters.
Thanks to this method, we successfully inverted the deformation data of the two eruptive phases of
Cerro Azul, recorded by the ascending track data of ENVISAT. Results show that after seven months
of pre-eruptive uplift, an eruption, divided in two eruptive phases, occurred at Cerro Azul in 2008.
During the first eruptive phase, the incipient propagation of a radial dike promoted uplift on the east
flank of Cerro Azul and a coeval first episode of deflation below the caldera, related to its magma
reservoir. Eruptions occurred in the upper east flank during the first eruptive phase. The further lateral
propagation of the radial dike triggered the second eruptive phase. The radial dike changed its strike
when it propagated from below the volcanic edifice to a topographic low, between Cerro Azul and

Sierra Negra.
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Abstract

Calderas are the most active and dangerous volcanic systems on Earth. They usually experience
repeated crises (unrest), characterized by a deviation from baseline monitoring parameters, such as
changes in seismicity, degassing, and ground deformation. Modern volcanology is still far from
understanding whether unrest culminates in eruption or not. Mafic calderas usually experience more
regular unrest, culminating in eruption more frequently than felsic calderas. Among mafic calderas,
those of the western Galapagos have experienced repeated geodetically-captured eruptive and non-
eruptive unrest in the last decades and thus represent an ideal site to investigate unrest at mafic
calderas. Here we review these unrest episodes, mainly considering the estimated injected volumes
of magma, the related intrusive rates and the unrest outcome. We show that, when intrusion rates are
> (5+4) x102 km®/year, unrest nucleates a dike from the reservoir in <1 year, eventually triggering
eruption within ~1 year. When the intrusion rates are < (5+4) x102 km?®/year, unrest usually ends
without any dike nucleation, especially if lasting <1 year. Injection rates of (5+4) x 102 km®/year
show a transitional behaviour. These behaviours are supported by available data from other mafic
calderas, sharing similar features and suggesting a preliminary working hypothesis to try to forecast
the fate of unrest, considering the injection rates of intruded magma during unrest in mafic calderas

with shallow reservoirs.
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1- Introduction

Calderas are broad sub-circular depressions formed by the withdrawal of magma from the magmatic
system, as a consequence of an eruption or lateral propagation of magma (Cole et al., 2005; Stix &
Kobayashi, 2008; Howard et al., 2018). All active calderas experience “crises”, known as unrest,
during which the baseline monitoring parameters, such as seismicity, ground deformation and
degassing, change (Newhall & Dzurisin, 1988; Hill et al., 2003; Gottsmann et al., 2007; Acocella et
al., 2015; Robertson & Kilburn, 2016). Unrest can culminate with an eruption or not, but almost all
eruptions are preceded by unrest episodes, often lasting <1 year (Newhall & Dzurisin, 1988; Biggs et
al., 2014; Acocella et al., 2015; Robertson & Kilburn, 2016; Sandri et al., 2017). Therefore, the study
of unrest episodes has important implications for the assessment of volcanic hazard, and a better
understanding of the related processes is one of the main challenges for modern volcanology
(Acocellaetal., 2015; Sandri et al., 2017). Felsic calderas erupt infrequently and show a dual behavior
(Acocella et al., 2015): they are restless for decades or are characterized by isolated and short unrest
episodes. Mafic calderas experience repeated and more regular unrest, often characterized by uplift
with pre-eruptive seismicity, followed by eruption with contemporary deflation (Dvorak & Dzurisin,
1997; Nooner & Chadwick et al., 2016). Among mafic calderas, there are the six active calderas of
the western Galapagos (Ecuador). These calderas (Fernandina, Cerro Azul, Sierra Negra, Alcedo,
Darwin and Wolf), placed above the upwelling region of a hot spot (Villagomez et al., 2014), have in
the last decades experienced repeated eruptive and non-eruptive unrest (see references in Table 1).
Ground deformation is a constant feature of these unrest episodes. As the other parameters that
characterize unrest, such as seismicity and degassing, are poorly or not monitored at Galapagos
calderas, studies of unrest at Galapagos have focussed on measuring and modelling ground
deformation, mainly measured using Synthetic Aperture Radar Interferometry (INSAR; see references
in Table 1). Since these unrest episodes have been studied with similar approach and methods, they
provide the opportunity to be directly compared and make the western Galapagos a key location to

investigate unrest at mafic calderas.

Here we review all the geodetically monitored unrest episodes at the western Galapagos calderas,
mainly considering the estimated injected volumes of magma and the related intrusive rates. To frame
these data in a broader context, we also compare them with those from the other mafic calderas with
shallow magma reservoirs (reservoir is used as defined by Sparks et al., 2019). Our results highlight
a relationship between the rates at which magma is injected inside a shallow magmatic reservoir and
the possibility to nucleate a dike from the reservoir, opening promising and exciting opportunities to

forecast eruptions at mafic calderas.
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2- Methods

We analysed all the available data on the intruded volumes and on the corresponding injection rates

occurred during the geodetically constrained unrest episodes at the western Galépagos calderas

between 1992 and 2011. Then, to place these data in a broader frame, we also included available

geodetic data from other mafic calderas worldwide. In using these data (Table 1), we made the

following assumptions:

1)

2)

3)

4)

5)

6)

Western Gal&pagos calderas in some cases have two connected magma reservoirs, a shallower
and a deeper one (Chadwick et al., 2011; Bagnardi and Amelung, 2012; Stock et al., 2018).
However, there are only few pre-eruptive geodetic data on the deeper reservoir, probably even
affected by larger uncertainties. This is because the deeper system can often accommodate
new magma without any associated surface deformation (Stock et al., 2018). Therefore, we
focus our analysis only on the deformation data relative to the shallow reservoir. In the
supplementary Figure S1 we present an attempt at including the limited available data for
deeper systems.

We label “plain unrest” an unrest characterized by inflation of the shallow reservoir without
any dike nucleation, neither during the unrest nor within 1.5 years after its end (see point 5).

We label “unrest-triggered sill” an unrest promoting the limited (within the radius of the
caldera) propagation of a sill from the shallow reservoir, without eruption.

We label “unrest-triggered dike” an unrest that ends with the nucleation and propagation of a
dike from the shallow magma reservoir, regardless of whether the dike reaches the surface,
triggering an eruption, or not. In our analysis, we separated these unrest episodes lasting more
than 1 year from those lasting less than 1 year.

Sometimes unrest ends without any dike nucleation, but then a dike develops after a period
without displacement or with minor subsidence (e.g. Okmok; Lu et al., 2005). We label this
as “unrest-triggered dike” only if the dike developed <1.5 years after the end of the uplift;
without any dike nucleation, we classify the unrest as plain unrest.

The calderas considered here outside the Galdpagos have a shallow magma reservoir
comparable in depth (top shallower than 5-6 km) and size to those of the Western Galapagos.
Their composition is mainly mafic, implying that they are fed by mafic magma injected into
mafic or, eventually, intermediate shallow reservoirs, and their erupted products are also
mostly mafic. Their deformation episodes have been detected using GPS or INSAR data, and

the associated intruded volumes were estimated through the inversion of the latter. Calderas
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with these characteristics were selected using the Smithsonian Global Volcanism Program

database (Global VVolcanism Program, 2013).
All the considered data (injected volumes and rates) were obtained using a consistent approach,
through the inversion of geodetic data (INSAR and/or GPS data) using similar elastic models to
retrieve the deformation sources (see references in Table 1). The sources used for the inversion are
the point source (Mogi, 1958), the finite spherical cavity source (McTigue, 1987), the sill/dike source
(Okada, 1985; Nikkhoo et al., 2017) and the ellipsoid source (Yang et al., 1988) (see references in
Table 1). The use of a point source, rather than a sill source, could lead to an underestimation of the
volume of about 15% (Nikkhoo et al., 2017), which has been included in the errors (Table 1).

3- Results

In Figure 1a-b we show the distribution of the injection rates (Q) associated with the unrest episodes
concerning the shallow reservoirs of the western Galapagos calderas. The highest values of Q (>2
x102 km?®/yr) are associated with pre-eruptive unrest episodes culminating in eruption in «1 year at
Fernandina, Sierra Negra and Cerro Azul (unrest-triggered dike) (Figure 1a, b; Table 1). Conversely,
the unrest episodes associated with lower Q usually last >1 year and culminate without any dike
nucleation (plain unrest): more in detail, none of the unrest episodes lasting <1 year nucleated a dike;
in a few cases, when unrest lasts >1 year, it can nucleate a sill or a dike after >2 years from the unrest
onset (Figure 1a-b).

To better constrain these possible behaviours, we expanded our dataset by including data from other
mafic calderas with shallow reservoirs (see Methods section) (Figure 1c-d, Table 1). Our results
confirm the general relationships between the injected rates and the outcome of unrest. In all the
analysed unrest episodes with Q > (5+4) x 10 km?3/yr, the nucleation of a dike, which may sometimes
trigger eruptions, occurs in <1 year (unrest-triggered dike) (Figure 1c-d). Conversely, for rates <
(5+4) x10°2 km®/yr unrest usually lasts >1 year, and ends as plain unrest. More in detail, unrest ends
without any dike nucleation (plain unrest), if it lasts <1 year (Figure 1d). When it lasts >1 year, it
usually ends as plain unrest, even if in few cases (Alcedo, Fernandina and Okmok) the nucleation of
a sill (unrest-triggered sill) or of a dike (unrest-triggered dike) can occur, but only after >2 years from
the unrest onset (Table 1; Figure 1c-d).
Therefore, rates of (5+4) x 10 km®/yr represent a transition between the two behaviours, with lower
values associated with plain unrest and higher values showing dike nucleation within 1 year (Figure
1c, d).
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Figure 1 a) Duration of unrest and corresponding injection rates (Q). b) Histogram of frequency of

the rates associated with the Galapagos unrest episodes. ¢) and d) are the same as a) and b), but also
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include data from similar mafic calderas worldwide. In panel c) the grey area highlights the zone
with transitional rates (5+4 x102 km®/yr, with the horizontal dotted grey line placed at Q=5 x107?
km3/yr), which separates the unrest triggered-dike (< 1 yr) from the plain unrest behaviours. The

vertical dotted grey line separates the unrest episodes lasting <1 year from those lasting >1 year.
4- Discussion
4.1 — General considerations.

Our results highlight a relationship between the injection rates into the shallow magma reservoir,
estimated from the geodetic inversion of the uplift, and the outcome of unrest in mafic calderas with
shallow reservoirs. Our dataset shows that when the uplift is related to new magma supplies into the
shallow reservoir at rates > (5+4) x102 km®/yr (high rates), unrest nucleates a dike, which often
triggers an eruption in <1 year (usually much less) (Figure 2). Conversely, when the uplift is related
to new magma supplies into the shallow reservoir at rates < (5+4) x102 km®/year (low rates), unrest
usually lasts >1 year and terminates as plain unrest. In a few cases it can nucleate a dike, but only if
the unrest lasts >1 year (more likely >2 years) (Figure 2). Rates of (5+4) 102 km®/yr thus represent a
transition between the two end members; in particular, for rates of 1-5 x102 km®yr plain unrest
prevails, while rates of 5-9 x102 km®/yr usually, but not always, nucleate a dike in <1 year (Figure
1c-d).

Conversely to previous studies that suggested that uplift may not represent a reliable precursor for an
eruption (Biggs et al., 2014; Sandri et al., 2017), our analysis emphasize the importance of monitoring
the deformation of the caldera floor to determine the injection rates and try to forecast the outcome
of unrest (see Figure 2).

Moreover, our analysis highlights that pre-eruptive unrest can last >1 year (Figure 1), conversely to
what stated by Sandri et al., (2017); this discrepancy is due to the fact that our database includes

events that were not considered by Sandri et al., (2017).
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Figure 2. Schematic for mafic calderas with a shallow reservoir.

4.2 - Other factors affecting the fate of unrest.

The collected data suggest that the injection rate is a first-order parameter in determining the fate of
unrest. However, other features may affect this behaviour and explain the variability in the transition

zone defined by rates of 5+4 x 102 km®/yr.

In a closed system, the overpressure (AP) generated by the volume change (AV) due to the inflow of
new magma in the system is expressed by (Blake, 1981; Tramontano et al., 2017; Le Mével et al.,
2016) (1):

AV

A = Bt B

(1)

Where V is the initial volume of the magmatic system, Bm is the compressibility of the liquid and Pw
is the compressibility of the host rock. According to Equation 1, larger and more compressible
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systems can accommodate larger volumes of magma before reaching the critical overpressures for
triggering a dike. Assuming an ideal spherical geometry of the magmatic system, the relationship
between AP and Q is expressed by (Jellinek & De Paolo, 2003; Caricchi et al., 2014) (2):

_ 20

AP =
3V,

(2)

where 1 is viscosity of the host rock. Therefore, larger systems need a higher injection rate to reach
the critical overpressures to nucleate a dike. Equations 1 and 2 show how the intrinsic characteristics
of each caldera, such as the size and compressibility of the system and the viscosity of the host rock,
influence the values of AV and Q necessary to reach the critical overpressures for triggering a dike.
Therefore, the transition zone defining the different outcome of unrest also depends on the intrinsic
properties of each reservoir, including its size, compressibility and viscosity of the host rock. In our
analysis, we tried to minimize these differences by selecting calderas with similar characteristics (see
Section 3). However, these parameters explain why it is not possible to extrapolate our results to
calderas with different properties (Jellinek & De Paolo, 2003; Degruyter & Huber, 2014).
According to equation 1 and 2, the critical rates for triggering a dike are comparable only in calderas
with comparable properties (Vo, p and 1), as is the case for the calderas here analysed (see references
in Table 1). This would explain the results in Figure 1, where the outcome of the unrest depends on
the injection rates. Rates > (5+4) x102 km®/yr would allow reaching the critical AP in < 1 year,
explaining the occurrence of rapid unrest-triggered dike. Conversely, low rates would not allow
reaching the critical AP in <I year, as they would take longer to inject enough magma for the critical
threshold. Longer times enhance both the possibility that the unrest could terminate before reaching
the critical AP and the occurrence of other processes, such as the viscous relaxation, that prevent
critical pressure being reached (Degruyter & Huber, 2013). In addition, it should be considered that
low injection rates may not even be sufficient to maintain eruptible magma (<50% of crystallinity;
Marsh, 1981) in the shallow reservoir, promoting plain unrest. This is for example the case of Wolf
caldera, where petrologic data suggest that the very low injection rates (Q=3 x10* km®/year) inferred
from 2000 to 2009, were just sufficient to maintain the shallow reservoir in an ephemeral super-
solidus condition (Stock et al., 2018).

We are also aware that high injection rates alone may be a necessary, but not always sufficient,
condition to trigger a dike, especially for transitional rates in the order of 5+4 102 km®/yr. For
example, the injection rates of 6.4 x102 km®/yr before the 2005 eruption at Sierra Negra may not

have been sufficient to trigger the eruption, and the simultaneous occurrence of other processes (a
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nearby earthquake occurring just before the eruption) should be considered to explain the eruption
(Gregg et al., 2018).
Therefore, when an unrest associated with low injection rates ends after >1 year with the propagation
of a dike, and in some cases with an eruption, the occurrence of other triggering processes may
contribute (or be necessary) for the propagation of the dike. These processes may be:

1) External processes, such as the occurrence of a nearby earthquake (Gregg et al., 2018).

2) Internal processes, such as second boiling (Blake , 1984).

3) Sudden increase in the rates just before the eruption, not recorded because of poor temporal

resolution of the geodetic data.

Finally, the long-term accumulation of magma can eventually lead to a critical level of magmatic
pressure (equation 1) if the rates are sufficient to maintain eruptible magma in the shallow reservoir
(e.g. transitional rates) (Nooner & Chadwick, 2016).
Therefore, future studies should better investigate the eruption associated to long-term unrest

characterized by low rates.

4.3- Implications for volcanic hazard

As it is currently possible to access and invert space-geodetic data in relatively short time spans (e.g.
see Bagnardi and Hooper, 2018), we can promptly evaluate if the uplift is related to the inflation of a
shallow source, and the corresponding intrusion rates. Our study shows how the injection rates could
allow determining the outcome of unrest accordingly to the scheme in Figure 2.

These data can be used as a starting point to try to further test and forecast the fate of unrest at mafic
calderas with shallow magma reservoirs. When the uplift is related to new magma supplies in the
shallow system at Q > 5+4 x102 km®/yr (high rates), we can expect the propagation of a dike, which
is a necessary condition for having an eruption (Rubin, 1995; Rivalta et al., 2015), in <1 year.
Conversely, in cases where the inflow of new magma in the shallow system occurs at rates < 54
x102 km®/yr (low rates), we can expect plain unrest lasting >1 year. We may expect the formation of
a dike or a sill can occur only after >1 years (usually >2 year) from the unrest onset (Figure 2).
Therefore, uplift related to these low injection rates seems to not be a diagnostic precursor of an

imminent eruption, especially if lasting <1 year.
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Table 1

Start End V(km?® Q (km?¥year) Q.(km3®year) Code Depth Time (yr) References
Fernandina® 16/01/2001 26/04/2005 0.0028 0.00066 0.0004-0.00085 2® 4.27 (Geist et al., 2006) (Chadwick et al., 2011)
Fernandina 09/08/2005 07/11/2006 0.00136 0.0011 0.001-0.0012 0 1-2 1.25 (Chadwick et al., 2011)
Fernandina 27/01/2007 21/07/2007 0.0011 0.0023 0.0015-0.0035 0 1-2 0.48 (Bagnardi & Amelung, 2002)
Fernandina 28/09/2007 09/04/2009 0.004 0.0026 0.002-0.003 0 1-2 1.53 (Bagnardi, 2014)
Fernandina 10/04/2009 10/04/2009 0.00729 2.661 2-3 30 1-2 0.0027 (Bagnardi et al., 2013)
Sierra Negra 26/09/1998 20/03/1999 0.0067 0.014 0.012-0.016 0 2 0.48 (Yun et al., 2006)
Sierra Negra 01/04/2003 15/04/2005 0.029 0.014 0.012-0.016 0 2 2.04 Chadwick et al., 2006)
Sierra Negra 16/04/2005 21/10/2005 0.033 0.064 0.062-0.066 30 2 0.52 Chadwick et al., 2006)
SierraNegra  01/11/2005 26/01/2011 0.067 0.0128 0.012-0.013 0 2 524  (Bagnardi, 2014)
Alcedo Jan-2007  Jan-2010 0.0073 0.00255 0.0022-0.0029 1 2-3 2.86 (Galetto et al., 2019)
Alcedo® 10/06/2010 13/03/2011 0.0041 0.00585 0.0031-0.0086 0 2-4 0.76 (Galetto et al., 2019)
Cerro Azul 19/10/2007 20/04/2008 0.012 0.025 0.0177-0.0323  3® 5 0.50 Chapetr 3
Wolfd 01/01/2000 27/12/2008 0.0015 0.0003 0.00026-0.00031 0 1-15 8.99 (Stock et al., 2018)
Darwin 15/06/1992 01/11/2000 0.01 0.0012 0.001-0.0013 0 3-4 8.39 (Bagnardi, 2014)
Krafla 29/09/1976 30/10/1976 0.078 0.139 0.08-0.15 3 3 0.085 (Ewartetal., 1991)
Krafla 30/10/1976 20/01/1977 0.042 0.248 0.15-0.25 3 3-3.5 0.23 (Ewart et al., 1991)
Krafla 20/01/1977 27/04/1977 0.025 0.175 0.13-0.18 3®  3-35 0.27 (Ewart et al., 1991)
Krafla 27/04/1977 08/09/1977  0.07 0.26 0.15-0.27 3® 354 0.37 (Ewart et al., 1991)
Krafla 08/09/1977 06/01/1978 0.059 0.248 0.18-0.25 3 3.54 0.33 (Ewart et al., 1991)
Krafla 06/01/1978 10/07/1978 0.068 0.18 0.14-0.19 3 3-3.5 0.51 (Ewart et al., 1991)
Krafla 10/07/1978 10/11/1978 0.045 0.138 0.13-0.14 3 3-3.5 0.34 (Ewart et al., 1991)
Krafla 10/11/1978 13/05/1979 0.04 0.146 0.11-0.16 3 3-3.5 0.50 (Ewart et al., 1991)
Krafla 13/05/1979 02/02/1980 0.06 0.124 0.07-0.13 3 3-4 0.73 (Ewart et al., 1991)
Krafla 02/02/1980 16/03/1980 0.066 0.04-0.07 3® 354 0.12 (Ewart et al., 1991)
Krafla 16/03/1980 10/07/1980 0.04 0.21 0.15-0.22 30 3-4 0.32 (Ewart et al., 1991)
Krafla 10/07/1980 18/10/1980 0.022 0.09 0.05-0.1 3® 253 0.27 (Ewart et al., 1991)
Krafla 18/10/1980 30/01/1981 0.02 0.22 0.15-0.23 30 3 0.29 (Ewart et al., 1991)
Krafla 30/01/1981 18/11/1981 0.052 0.066 0.05-0.1 3® 455 0.80 (Ewart et al., 1991)
Krafla 18/11/1981 04/09/1984 0.072 0.066 0.01-0.07 20 35-45 2.80 (Ewart et al., 1991)
Eyjafjallajokull 03/08/1993 06/06/1995 0.016 0.0087 0.008-0.0092 0 4.5 1.84 (Pedersen and Sigmundsson, 2004)
Eyijafjallajokull 19/07/1999 01/05/2000 0.028 0.036 0.01-0.05 0 665 079 (Pedersenand Sigmundsson, 2006)



Eyjafjallajokull Dec. 2009 28/02/2010 0.013 0.079 0.063-0.09 3® 46 0.18 (Sigmundsson et al., 2010)

Hudson 1993 1998 0.023 0.01-0.03 0 5-6 6 (Pritchard e Simons, 2014)
Okmok 31/10/1992 20/11/1993 0.0076 0.0064 0.005-0.008 0 3-4 1.06  (Luetal., 2005)
Okmok 07/08/1993 09/10/1995 0.0036 0.0011 0.0009-0.0019 2® 3-4 2.17  (Luetal., 2005)
Okmok® 17/07/1997 25/07/2000 0.013 0.0039 0.003-0.005 0 3-4 3.02  (Luetal., 2005)
Okmok' 26/08/2000 08/10/2002 0.00694 0.0033 0.0008-0.0046 0 3-4 2.12  (Luetal., 2005)
Okmok 14/08/2002 02/09/2003 0.0076 0.008 0.007-0.0083 0 3-4 1.05  (Luetal., 2005)

Start and end are the dates of the onset and the end of the unrest. Time is the duration of the unrest. V and Q are respectively the volume and the rates
estimated from the inversion of geodetic data. Qe is the interval of confidence of the rates. Code is referred to the outcome of the unrest (O=non-
eruptive; 1=Unrest-triggered sill; 2= unrest-triggered dike >1 year; 3=unrest-triggered dike <1 year). Depth is the depth of the modelled source (with
respect to the surface).

2 Geist et al., (2006) inverted data from 16/01/2001 to 13/06/2002 (V=0.0012 km?; Q= 0.00085 km?®/year), while Chadwick et al., (2011) inverted data
from 18/01/2003 to 26/04/2005 (V= 0.00075 km?, Q=0.0004 km®/year). Bagnardi, (2014) showed that the unrest continued in between at similar rates.

b The dike fed an eruption.
¢ InSAR data do not allow to determine if the uplift continued or not after 13 March 2011.
91t is possible that the unrest started in 1992. Data from 2004 are better temporally constrained (Stock et al., 2018).

® Lu et al., 2005 inverted separately data from 17/07/1997 to 29/09/1998 (V=0.0057 km3; Q=0.0041 km?®/year), from 10/09/1998 to 30/09/1999
(V=0.0041 km?*; Q=0.0039 km?®/year) and from 14/09/1999 to 25/07/2000 (V=0.0032 km?; Q=0.0037 km?®/year).

" Lu et al., 2005 inverted separately data from 26/08/2000 to 15/09/2001 (V=0.0019 km?; Q=0.0008 km®/year) and from 10/07/2001 to 08/10/2002
(V=0.005 km?; Q=0.0035 km?®/year).
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Chapter 5

Conclusions

To better understand unrest at the western Galapagos calderas, | have analysed some unrest episodes
at Alcedo (non-eruptive unrest from 2007 to 2011) and Cerro Azul (eruptive unrest in 2008) and then
tried to provide a general synthesis on unrest at mafic calderas, considering also previously published
data.

In particular, Alcedo and Cerro Azul provided the opportunity to investigate unrest episodes with
opposite outcome, which are essential for analysing the problem of caldera unrest from a broader
perspective, as it is equally important to understand both processes leading to the eruption and those
that do not. Results on the non-eruptive unrest episodes occurred at Alcedo highlight two episodes of
uplift, from January 2007 to January 2010 and from June 2010 to March 2011, triggered by the
emplacement of sills inside the shallow magmatic reservoir. These two events were separated by an
episode, from January 2010 to June 2010, with limited lateral propagation of magma from the magma
reservoir, which possibly ended for the lack of magma supply. My results have better constrained the
current position of the shallow reservoir of Alcedo, and suggest that the intra-caldera fault is active
during the unrest episodes, explaining the asymmetrical deformation pattern of the unrest episodes in
the last decades. These shorter-term unrest episodes match in location (southern part of the caldera)
and shape (asymmetry) with the longer-term process of resurgence. This consistency suggests that
Alcedo has been experiencing incremental and discontinuous episodes of growth of its resurgent
block, related to the emplacement of multiple sills, providing the unusual opportunity to witness the

short-term stages of growth of a rare minor resurgence in a basaltic caldera.

The analysis of the unrest at Cerro Azul was complicated by the presence of unwrapping errors in
some of the INSAR data. However, these errors provided the opportunity to test a new method, based
on the wrapped phase differences among nearby pixels, to model the wrapped data directly, by
estimating the integer ambiguities simultaneously with the geophysical parameters. Therefore, the
deformation data of Cerro Azul have been successfully inverted. Results highlight that, after seven
months of pre-eruptive uplift of the caldera floor, two eruptive phases occurred at Cerro Azul from
May 29" to June 11" 2008. These two phases are mainly related to the propagation of a radial dike
towards a topographic low between Cerro Azul and Sierra Negra. The propagation of the radial dike

and the second eruptive phase were likely triggered by a new magma supply from depth.
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The analysis of the unrest episodes at Alcedo and Cerro Azul highlights the important role of a
continuous magma supply in promoting the propagation of a sill/dike and triggering eruptions. At
Alcedo the lack of new magma supplies probably halted the incipient lateral propagation of a sill in
2010, and the unrest ended as non-eruptive. On the contrary, at Cerro Azul a new supply of magma
occurred between the first and second eruptive phase, probably triggering the further lateral

propagation of the dike and the second eruptive phase.

Moreover, the studied non-eruptive unrest episodes at Alcedo showed lower injection rates than those
occurred during the pre-eruptive period at Cerro Azul. This underlines the importance of the
magmatic injection rates in determining the fate of unrest. Therefore, in the last part of this thesis, |
investigated the possible role of the injection rates in determining the outcome of the unrest. With
this aim, | reviewed all the geodetically monitored unrest episodes at the western Galapagos calderas,
mainly considering the estimated injected volumes of magma and the related intrusive rates. These
data have been further compared to those from other mafic calderas with similar characteristics.
Results highlight a general relationship between the injection rates inside the shallow magma
reservoir, estimated from the geodetic inversion of the uplift, and the outcome of unrest. When the
uplift is related to new magma supplies in the shallow reservoir at rates > (5+4) x102 km®/yr, unrest
nucleates a dike, which often triggers an eruption, in <1 year. Conversely, when the uplift is related
to new magma supplies in the shallow reservoir at rates < (5+4) x102 km®/year, unrest usually lasts
>1 year and terminates without any propagation of magma from the magmatic reservoir (plain unrest).
In a few cases this may nucleate a dike, but only if the unrest lasts >1 year (usually >2 years). Rates
of (5+4) 102 km®/yr represent a transition between the two end members; in particular, for rates of 1-
5 x102 km®/yr plain unrest prevails, while rates of 5-9 x102 km®/yr usually, but not systematically,

nucleate a dike in <1 year.

The results of this thesis highlight the importance of the injection rates as a first-order parameter in
determining the outcome of the unrest, according to previous studies (Woods & Koyaguchi, 1994;
Caricchi et al., 2014; Degruyter & Huber, 2014). The most reliable way to estimate the magmatic
injection rates during unrest is to use ground deformation. Therefore, conversely to previous studies,
which associated a limited importance to geodetic studies in determining the fate of unrest (Sandri et
al., 2017), it is here proposed that geodetic monitoring may be a crucial tool to determine the fate of

unrest, thus opening new perspectives on forecasting eruptions.

The extent of applicability of the results obtained here should be considered valid only for the mafic
calderas showing similar features to those analysed here. These features are: a shallow (<5-6 km)
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reservoir, a mafic composition, size of the reservoir comparable to those of the calderas here analysed
(Blake, 1981; Jellinek & De Paolo, 2003; Tramontano et al., 2017).

The conclusions of this thesis thus cannot be extrapolated in a straightforward way to mafic calderas
with different properties from the ones listed above, especially in terms of the absolute value of the
rates promoting the different outcome of the unrest. Therefore, even though a similar behaviour as
the one proposed here may be observed in any other mafic caldera, variations, also significant, may

be expected.

In this thesis, | investigated the unrest at mafic calderas, as these latter usually experience repeated
and more regular unrest with respect to felsic calderas. The substantial differences in the composition,
size, amount of gas and compressibility existing between felsic calderas and the mafic calderas here
analyzed do not allow to extent the results of this thesis to any felsic caldera, as these latter usually
required much higher overpressures to trigger a dike (Jellinek & De Paolo, 2003; Degruyter & Huber,
2014). However, some non-eruptive unrest episodes at felsic calderas (e.g. Campi Flegrei in 1981-
1983 and in 2012-2013 and Laguna del Maule in 2007-2014) are characterized by rates comparable
to those that can promote plain unrest in the calderas here analyzed (Le Mevel et al., 2016; Amoruso
et al., 2014; D’Aiura et al., 2015).

This thesis has proposed an original and innovative approach to forecast the propagation of a dike at
mafic calderas experiencing unrest characterized by an uplift of the caldera floor related to the

inflation of the shallow reservoir.

As it is currently possible to access and invert space-geodetic data in relatively short time spans (a
very few days; e.g. see Bagnardi and Hooper, 2018), it has now become feasible to promptly evaluate
if the uplift is related to the inflation of a shallow source, and determine the corresponding intrusion

rates. This opens promising opportunities to quickly predict the outcome of the unrest.

Clearly, our forecast capability on this type of calderas depends on the quality and temporal resolution
of the geodetic monitoring data. For example, it is possible that some of the unrest associated with
low injection rates ending after >1 year with the propagation of a dike may be related to a sudden
increase in the rates just before the eruption, not detected for poor temporal resolution of the geodetic
data. The much higher temporal resolution of the modern InSAR satellites could allow better
investigating this eventuality in the next unrest episodes at the analysed calderas. However, the
propagation of a dike, associated to low and transitional rates, may be due to other triggering factors,
such as the seismicity (Gregg et al.,, 2018). Therefore, the simultaneous monitoring of other

parameters, such as the seismicity, is equally important for forecasting an eruption.
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Figure S1. Networks of interferograms generated for the Small Baselines analysis plotted as function
of acquisition date and perpendicular baseline. Red circles represent SAR images, while the green
lines are the SB interferograms. a) The 221 SB interferograms created from the 48 T140 ENVISAT
SAR images. b) The 154 SB interferograms created from the 35 T61 ENVISAT SAR images. c) The
46 SB interferograms created from the 18 T474 ALOS SAR images. d) The 47 SB interferograms
created from the 20 T133 SAR images.
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First deformation event
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Figure S2 a) Wrapped ALOS-1 LOS displacements for descending track 474 (January 2007 - January
2010), and b) for ascending track 133 (January 2007 - October 2009). Local origin coordinates: Lon
91°05°W and Lat 0°49’S. c.e) Predicted displacements for the point source model, using the
maximum a posteriori probability solution, and d,f) the related residuals. g,i) Predicted displacements
for the spheroid model using the maximum a posteriori probability solution, and h,j) the related

residuals. k,m) Predicted displacements for the prolate ellipsoid model using the maximum a
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posteriori probability, and I-n) the related residuals. In all figures, each fringe (full colour cycle)

represents 11.8 cm of LOS displacement.

Table S1. Results from the Bayesian analyses of the first event using different sources.

Point source (Mogi source)

X(m) Y (m) Depth(m) AV x10° (m®)
Optimal -8076 6044 2251 6.04
2.50% -8114 6005 2189 5.63
97.50% -8030 6082 2312 6.48
Lower -10000 1000 1500 0.1
Upper 3000 9000 6000 200
Finite sphere (McTigue source)
X(m) Y (m) Depth(m) Radius (m) DP/mu
Optimal -8086 6033 2938 4997 4.57 x10°
2.50% -8123 5995 2867 4455 4.35x10®
97.50% -8041 6068 3006 4997 8.33 x10°®
Lower -10000 3000 1600 2000 0
Upper -4000 8000 4000 5000 1x10%
Prolate ellipsoid (YYang source)
X(m) Y(m) Depth(m) Ax(m) alr strike Plunge DP/mu
Optimal -7531 6111 2354 2802 0.06 87 34 0.03
2.50% -7607 6065 2251 2675 0.01 85 32 0.04
97.50% -7436 6149 2419 2915 0.05 90 35 0.6
Lower -10000 2000 2000 500 0.01 1 0.1 0
Upper -5000 9000 4000 5000 0.99 359 89 2

Optimal solutions are from the maximum a posteriori probability solutions (Figure S2). 2.50% and

97.50% are the lower and upper bounds of the 95% credible intervals. Lower and Upper bounds

define the prior distribution used for the inversion. X and Y are the local coordinates of the centroid

of each source. Local origin coordinates: Lon 91°05°W and Lat 0°49’S. Depths are with respect to

the caldera floor (positive downward). AV is the volume change. DP/mu is dimensionless excess

pressure (pressure change/shear modulus). Ax is the length of the major semi-axis of the ellipsoid.

a/r is the dimensionless aspect ratio between semi-axes (minor/major). Strike is the strike angle of

AX. Plunge is the inclination angle of Ax.
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First deformation event

Wrapped DATA Wrapped DATA
—

. 115
a) s W b)
T ' 8 S
bl
o‘?:.: ;k_-‘: : 0 >0
b ;,'7'
-15 0 -15 0
X distance (km) X distance (km)
RD fault (dip angle 70°) + CDM sill
MODEL RESIDUALS MODEL RESIDUALS
c) :

5 km

9)

5 km

Figure S3. a) Wrapped ALOS-1 LOS displacements for descending track 474 (January 2007 -
January 2010), and b) for ascending track 133 (January 2007 - October 2009). Local origin
coordinates: Lon 91°05°W and Lat 0°49°S. c,e) Predicted displacements for the RD fault (dip angle
70°)+ CDM sill model, using the maximum a posteriori probability solution, and d,f) the related
residuals. g,i) Predicted displacements for the RD fault (dip angle 70°) + RD sill model using the

maximum a posteriori probability solution, and h,j) the related residuals.
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Table S2. Optimal = maximum a posteriori probability solution. 2.50% and 97.50% are the lower
and upper boundaries of the 95% credible intervals.

First event (RD fault + CDM sill)

Fault (Dip angle 70°)
X(m) Y(m) Zz(m) L(m) W((m) Dip? Strike Rake? Slip (m)

Optimal -8954 5165 992 1577 839 70 121 -90 0.45
250% -9000 5089 857 1393 446 70 117 -90 0.33
97.50% -8861 5238 1062 1747 986 70 125 -90 0.75
Lower -10000 4000 700 800 400 70 90 -90 0.1
Upper -5000 6000 1600 2900 1000 70 180 -90 2
CDMsill
X(m Y@M Z(m) oX oY oZ ax(m) ay(m) az(m) Op.(m) AV (x10°md
Optimal -7832 5917 2100 -21 -17 272 1559 1914 199 0.58 8.6
250% -7887 5842 2011 -23 -20 268 1439 1850 145 0.54 7.8
97.50% -7743 5973 2243 -19 -14 275 1625 2018 273 0.66 9.7
Lower -10000 3000 2000 -50 -40 180 800 800 4 0
Upper -5000 8000 4000 0 0 360 4000 4000 500 10

First event (RD fault + RD sill)

Fault (Dip angle70°)
X(m) Y(m) Zz(m) L(m) W((m) Dip? Strike Rake? Slip (m)

Optimal -8916 5128 865 1542 591 70 120 -90 0.49
250% -8968 5054 786 1394 411 70 118 -90 0.31
97.50% -8854 5175 965 1706 926 70 124 -90 0.69
Lower -10000 4000 710 800 400 70 90 -90 0.1
Upper -5000 6000 1600 2900 950 70 180 -90 2
RD sill
X(m Y@m) Z(m) LM W(m) 0 Dip  Strike Op.(m) AV (x10°m?3)
Optimal -7852 5875 2117 3082 3953 32 27 331 0.59 7.3
250% -7934 5808 2037 2935 3782 28 25 326 0.56 6.8
97.50% -7801 5917 2281 3217 4074 38 30 334 0.68 8.1
Lower -11000 2000 2000 800 800 0 0 240 0
Upper -5000 8000 4000 4400 4500 50 50 360 2

X and Y are the local coordinates of the centre of CDM and the centre of the RD fault. Lower and
Upper define the bounds of the prior distribution used for the inversion. Local coordinates origin (see
Fig. 4a and b): Lon 91° 05 W and Lat 0° 49° S. Z is the depth (with respect to the caldera floor)
(positive downward). ®Z is the strike angle, ® X and o Y are respectively the rotational angle along
the X and Y direction. ax, ay and az are the lengths of the semi-axes of the CDM along the x, y, and
z axes, respectively (see Nikkhoo et al., 2017 for details). Op. is the opening. L is the length, while
W is its width. Rake is the rake of the fault and strike is its strike angle. Dip is the dip angle of the
fault. Volume change (AV) has been calculated with the formula
AV=4*(opening)*[(ax*ay)+(ay*az)+(ax*az)] (Nikkhoo et al., 2017).

& Parameter held fixed.
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Figure S4. Three-dimensional representation of the sub-caldera CDM sources. The blue CDM is the
source inflated during the first deformation event and the red one is the CDM deflated during the
second event. Source parameters are from the maximum a posteriori probability solution (for the first
deformation event we used the CDM of the CDM + fault solution). X and Y are the distance (in
meters) with respect to the local reference point (Lon. 91°05°W and Lat. 0°49°S, see Fig. 4). Depth

is with respect to the caldera floor.
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Figure S5. Three-dimensional representation of the two CDM sills that caused the second
deformation event. Source parameters are from the maximum a posteriori probability solution. X and
Y are the distance (in meters) with respect to the local reference point (Lon 91°05°W and Lat 0°49°S,

see Fig. 5). Depth is with respect to the caldera floor.
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Figure S6 Marginal posterior probability distributions of the three parameters on which the AV
depends (length, width and opening) and the depth of the RD source used for modelling the third
deformation event (Fig. 6, Tab. 3).
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First deformation event
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Figure S7. a) Wrapped ALOS-1 LOS displacements for descending track 474 (January 2007 -
January 2010), and b) for ascending track 133 (January 2007 - October 2009). Local origin
coordinates: Lon 91°05°W and Lat 0°49’S. c,e) Predicted displacements for the RD fault + RD sill

model, using the maximum a posteriori probability solution, and d,f) the related residuals.

109



RD sill

X(m) Y(mM) Z@m) L(m W@m) 6 Dip  Strike Op.(m) AV (x10°m3)
Optimal -7844 5938 2335 3062 3982 33 25 338 0.62 7.5
250% -8021 5795 2215 2598 3760 26 24 332 0.56 6.8
97.50% -7799 5980 2596 3222 4101 42 33 343 0.86 8.7
Lower -11000 2000 2000 800 800 -50 0 240 0
Upper  -5000 8000 4000 4400 4400 50 50 360 10
RD fault
X(m) Y(m) Z(m) L@mM) W(m) Dip* Strike Rake® Slip (m)
Optimal -8733 5407 881 2169 502 80 307 90 0.45
2.50% -8788 5347 748 1998 409 80 304 90 0.23
97.50% -8644 5474 988 2373 856 80 310 90 0.56
Lower -10000 4000 700 800 400 80 270 90 0.1
Upper -5000 6000 1600 2800 950 80 360 90 2

Table S3. Optimal = maximum a posteriori probability solution. 2.50% and 97.50% are the lower

and upper boundaries of the 95% credible intervals. Lower and Upper are the bounds of the prior

distribution used for the inversion. X and Y are the local coordinates of the centre of RD. Local origin
coordinates (see Fig. 4a and b): Lon 91° 05 W and Lat 0° 49° S. Z is the depth (with respect to the

caldera floor) (positive downward). 6 is the angle between the RD upper edge and the intersection of

the RD plane with the free surface. L and W are respectively the length and the width. Rake is the

rake of the fault. Op. is the opening. Dip is the dip angle. Strike is the strike angle (see Nikkhoo et

al., 2017 for a better explanation of all these parameters). AV is the volume change calculated with

the formula AV=L*W*Op.

& Parameter held fixed.
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Supplementary information table for Chapter 3

Table S1 List of the network of interferograms used for the Small Baselines analysis.

ENVISAT ENVISAT ENVISAT ENVISAT ALOS-1 ascending ALOS-1 ascending ALOS-1 descending ALOS-1 descending
ascending track 61 ascending track 61 descending track 140 descending track 140 track 133 track 133 track 474 track 474
Small baseline Perpendicular Small baseline Small baseline Perpendicular Small baseline Perpendicular
interferogrmas baseline interferograms Perpendicular baseline interferograms baseline interferograms baseline
07-Jan-2006 to 11- 223m 23-Jan-2003 to 27- 625 m 02-Mar-2007 to 18- 87 m 03-Mar-2007 to 18- 2300 m
Feb-2006 Feb-2003 Jul-2007 Apr-2007
07-Jan-2006 to 18- 23-Jan-2003 to 08- 18-Jul-2007 to 18- 03-Mar-2007 to 03-
Mar-2006 -101m May-2003 272m Jan-2008 -109m Sep-2007 -303 m
07-Jan-2006 to 27- 202 m 23-Jan-2003 to 12-Jun- 243 m 18-Jul-2007 to 04- 65m 03-Mar-2007 to 19- 62m
May-2006 2003 Mar-2008 Oct-2007
11-Feb-2006 to 18- 324m 23-Jan-2003 to 17-Jul- 451 m 18-Jan-2008 to 04- 45m 03-Mar-2007 to 04- 12m
Mar-2006 2003 Mar-2008 Dec-2007
11-Feb-2006 to 27- 23-Jan-2003 to 21- 18-Jan-2008 to 04- 18-Apr-2007 to 03-
May-2006 -2lm Aug-2003 -404m Jun-2008 -165m Sep-2007 -3m
18-Mar-2006 to 27- 23-Jan-2003 to 08-Jan- 18-Jan-2008 to 20- 18-Apr-2007 to 19-
May-2006 303 m 2004 179m Jul-2008 -62m 0ct-2007 238 m
18-Mar-2006 to 14- 23-Jan-2003 to 12- 18-Jan-2008 to 04- 18-Apr-2007 to 04-
Oct-2006 -198m Feb-2004 -om Sep-2008 -193m Dec-2007 313m
22-Apr-2006 to 14- 27-Feb-2003 to 03- 04-Mar-2008 to 04- 18-Apr-2007 to 19-
Oct-2006 a42m Apr-2003 -484m Jun-2008 -210m Jan-2008 142m
14-Oct-2006 to 03- 27-Feb-2003 to 12- 04-Mar-2008 to 20- 03-Sep-2007 to 19-
Mar-2007 -248m Jun-2003 381 m Jul-2008 -106m Oct-2007 241 m
14-Oct-2006 to 12- 3m 27-Feb-2003 to 17-Jul- 173 m 04-Mar-2008 to 04- 238'm 03-Sep-2007 to 04- 315 m
May-2007 2003 Sep-2008 Dec-2007
14-Oct-2006 to 16- 27-Feb-2003 to 21- 04-Jun-2008 to 20- 03-Sep-2007 to 19-
Jun-2007 -1zm Aug-2003 221 m Jul-2008 104m Jan-2008 145m
14-Oct-2006 to 21- 63 m 27-Feb-2003 to 25- 69 m 04-Jun-2008 to 04- 28m 03-Sep-2007 to 05- 39m
Jul-2007 Sep-2003 Sep-2008 Mar-2008
03-Mar-2007 to 12- 27-Feb-2003 to 30- 20-Jul-2008 to 04- 03-Sep-2007 to 20-
May-2007 251 m 0ct-2003 -390m Sep-2008 -131m Apr-2008 -152m
03-Mar-2007 to 16- 236 m 03-Apr-2003 to 30- 94m 20-Jul-2008 to 07- 107 m 19-Oct-2007 to 04- 75 m
Jun-2007 Oct-2003 Mar-2009 Dec-2007
03-Mar-2007 to 21- 08-May-2003 to 12- 04-Sep-2008 to 07- 19-Oct-2007 to 19-
Jul-2007 3lim Jun-2003 S m Mar-2009 238m Jan-2008 -9%6m
03-Mar-2007 to 25- 08-May-2003 to 08- 07-Mar-2009 to 23- 19-Oct-2007 to 05-
Aug-2007 249m Jan-2004 93 m Jul-2009 -167m Mar-2008 -201m
ENVISAT ENVISAT ENVISAT ENVISAT ALOS-1 ascending ALOS-1 ascending ALOS-1 descending ALOS-1 descending

ascending track 61

ascending track 61

descending track 140

descending track 140

track 133

track 133

track 474

track 474
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Small baseline Perpendicular Small baseline Small baseline Perpendicular Small baseline Perpendicular
interferogrmas baseline interferograms Perpendicular baseline  interferograms baseline interferograms baseline
03-Mar-2007 to 03- 101m 08-May-2003 to 12- 351 m 07-Mar-2009 to 07- 71 m 19-Oct-2007 to 20- 393 m
Nov-2007 Feb-2004 Sep-2009 Apr-2008
12-May-2007 to 16- 08-May-2003 to 22- 07-Mar-2009 to 23- 04-Dec-2007 to 19-
Jun-2007 -15m Apr-2004 14m Oct-2009 30m Jan-2008 -170m
12-May-2007 to 21- 12-Jun-2003 to 17-Jul- 23-Jul-2009 to 07- 04-Dec-2007 to 05-
Jul-2007 59m 2003 -208 m Sep-2009 238 m Mar-2008 276 m
12-May-2007 to 25- 12-Jun-2003 to 21- 23-Jul-2009 to 23- 04-Dec-2007 to 20-
Aug-2007 -2m Aug-2003 -161m Oct-2009 196 m Apr-2008 -467.m
12-May-2007 to 03- 12-Jun-2003 to 25- 07-Sep-2009 to 23- 19-Jan-2008 to 05-
Nov-2007 -150m Sep-2003 -312m Oct-2009 -42m Mar-2008 -106m
12-May-2007 to 08- 12-Jun-2003 to 08-Jan- 23-0Oct-2009 to 10- 19-Jan-2008 to 20-
Dec-2007 114m 2004 422m Jun-2010 -2718m Apr-2008 -297m
12-May-2007 to 12- 12-Jun-2003 to 12- 23-0Oct-2009 to 26- 05-Mar-2008 to 20-
Jan-2008 om Feb-2004 164m Jul-2010 -10m Apr-2008 -191m
16-Jun-2007 to 21- 74m 17-Jul-2003 to 21- 48'm 10-Jun-2010 to 26- 268 m 05-Mar-2008 to 21- 310 m
Jul-2007 Aug-2003 Jul-2010 Oct-2008
16-Jun-2007 to 25- 17-Jul-2003 to 25-Sep- 10-Jun-2010 to 10- 20-Apr-2008 to 21-
Aug-2007 13m 2003 -104m Sep-2010 -20m Oct-2008 502m
16-Jun-2007 to 03- 17-Jul-2003 to 30-Oct- 10-Jun-2010 to 26- 05-Sep-2008 to 21-
Nov-2007 135 m 2003 -63m Oct-2010 4rm Oct-2008 -408 m
16-Jun-2007 to 08- 17-Jul-2003 to 12-Feb- 10-Jun-2010 to 26- 05-Sep-2008 to 06-
Dec-2007 129m 2004 3r2m Jan-2011 -97m Dec-2008 -292m
16-Jun-2007 to 12- 21-Aug-2003 to 25- 26-Jul-2010 to 10- 05-Sep-2008 to 21-
Jan-2008 94 m Sep-2003 -151m Sep-2010 -287m Jan-2009 -422m
16-Jun-2007 to 16- 21-Aug-2003 to 30- 26-Jul-2010 to 26- 05-Sep-2008 to 08-
Feb-2008 119m Oct-2003 6lim Oct-2010 -22lm Mar-2009 -376m
21-Jul-2007 to 25- 21-Aug-2003 to 12- 26-Jul-2010 to 26- 21-Oct-2008 to 06-
Aug-2007 6lm Feb-2004 324m Jan-2011 -364m Dec-2008 116m
21-Jul-2007 to 03- 25-Sep-2003 to 30- 26-Jul-2010 to 13- 21-Oct-2008 to 21-
Nov-2007 -210m Oct-2003 -460m Mar-2011 -33m Jan-2009 -14m
21-Jul-2007 to 08- 25-Sep-2003 to 12- 10-Sep-2010 to 26- 21-Oct-2008 to 08-
Dec-2007 S4m Feb-2004 4r6m Oct-2010 66 m Mar-2009 32m
21-Jul-2007 to 12- 08-Jan-2004 to 12- 10-Sep-2010 to 26- 06-Dec-2008 to 21-
Jan-2008 20m Feb-2004 -258m Jan-2011 -rrm Jan-2009 “130m
21-Jul-2007 to 16- 08-Jan-2004 to 22- 10-Sep-2010 to 13- 06-Dec-2008 to 08-
Feb-2008 44m Apr-2004 106 m Mar-2011 254 m Mar-2009 -84m
21-Jul-2007 to 26- 08-Jan-2004 to 27- 26-0ct-2010 to 26- 06-Dec-2008 to 08-

Apr-2008 4zm May-2004 279 m Jan-2011 -143m Sep-2009 -134m
ENVISAT ENVISAT ENVISAT ENVISAT ALOS-1 ascending ALOS-1 ascending ALOS-1 descending ALOS-1 descending
ascending track 61  ascending track 61 descending track 140 descending track 140 track 133 track 133 track 474 track 474
Small baseline Perpendicular Small baseline Small baseline Perpendicular Small baseline Perpendicular
interferogrmas baseline interferograms Perpendicular baseline interferograms baseline interferograms baseline
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25-Aug-2007 to 03-

12-Feb-2004 to 22-

26-Oct-2010 to 13-

21-Jan-2009 to 08-

NoV-2007 -149m Apr-2004 364 m Mar-2011 188 m Mar-2009 46m
25-Aug-2007 to 08- 115 m 12-Feb-2004 to 27- 537 m 26-Jan-2011 to 13- 331 m 21-Jan-2009 to 08- am
Dec-2007 May-2004 Mar-2011 Sep-2009
25-Aug-2007 to 12- 81 m 12-Feb-2004 to 27- 2m 08-Mar-2009 to 08- 49 m
Jan-2008 Jan-2005 Sep-2009
25-Aug-2007 to 16- 22-Apr-2004 to 27- 08-Sep-2009 to 24-
Feb-2008 105m May-2004 173m Jan-2010 -80m
25-Aug-2007 to 26- 22-Apr-2004 to 27- 24-Jan-2010 to 27-
Apr-2008 104 m Jan-2005 -332m Jul-2010 -154m
25-Aug-2007 to 31- 22-Apr-2004 to 12-
May-2008 16 m May-2005 166 m
03-Nov-2007 to 08- 264 m 27-May-2004 to 12- 6m
Dec-2007 May-2005
03-Nov-2007 to 12- 27-Jan-2005 to 12-
Jan-2008 230m May-2005 499 m
03-Nov-2007 to 16- 254 m 27-Jan-2005 to 16-Jun- 92m
Feb-2008 2005
03-Nov-2007 to 26- 27-Jan-2005 to 21-Jul-
Apr-2008 252m 2005 424m
03-Nov-2007 to 31- 165 m 27-Jan-2005 to 29- 50 m
May-2008 Sep-2005
03-Nov-2007 to 05- 12-May-2005 to 16-
Jul-2008 -101m Jun-2005 -S9Lm
03-Nov-2007 to 09- 40m 12-May-2005 to 21- 75m
Aug-2008 Jul-2005
08-Dec-2007 to 12- 12-May-2005 to 29-
Jan-2008 -34m Sep-2005 -449m
08-Dec-2007 to 16- -10m 12-May-2005 to 03- 12m
Feb-2008 Nov-2005
08-Dec-2007 to 26- 12-May-2005 to 27-
Apr-2008 -12m Apr-2006 -146m
08-Dec-2007 to 31- 99 m 16-Jun-2005 to 21-Jul- 516 m
May-2008 2005
08-Dec-2007 to 13- 36m 16-Jun-2005 to 29- 142 m
Sep-2008 Sep-2005
12-Jan-2008 to 16- 24 m 16-Jun-2005 to 08- 459 m
Feb-2008 Dec-2005
ENVISAT ENVISAT ENVISAT ENVISAT ALOS-1 ascending ALOS-1 ascending ALOS-1 descending ALOS-1 descending
ascending track 61 ascending track 61 descending track 140  descending track 140 track 133 track 133 track 474 track 474
Small baseline Perpendicular Small baseline Small baseline Perpendicular Small baseline Perpendicular
interferogrmas baseline interferograms Perpendicular baseline  interferograms baseline interferograms baseline
12-Jan-2008 to 26- 29 m 21-Jul-2005 to 29-Sep- 375m
Apr-2008 2005
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12-Jan-2008 to 31-

21-Jul-2005 to 03-

May-2008 -65m Nov-2005 62m

12-Jan-2008 to 05- 21-Jul-2005 to 27-Apr-

Jul-2008 -330m 2006 -r2m

12-Jan-2008 to 09- 29-Sep-2005 to 03-
Aug-2008 -190m Nov-2005 437m

12-Jan-2008 to 13- Am 29-Sep-2005 to 08- 600 m
Sep-2008 Dec-2005

16-Feb-2008 to 26- 2m 29-Sep-2005 to 27- 303m
Apr-2008 Apr-2006

16-Feb-2008 to 31- -89m 03-Nov-2005 to 27- 134m
May-2008 Apr-2006

16-Feb-2008 to 05- 355 m 08-Dec-2005 to 12- 88 m
Jul-2008 Jan-2006

16-Feb-2008 to 09- 08-Dec-2005 to 16-

Aug-2008 -214m Feb-2006 -61m

16-Feb-2008 to 13- 26m 08-Dec-2005 to 23- 3%5m
Sep-2008 Mar-2006
26-Apr-2008 to 31- 08-Dec-2005 to 19-

May-2008 -87m Oct-2006 243m
26-Apr-2008 to 05- 12-Jan-2006 to 16-

Jul-2008 -353m Feb-2006 2rm
26-Apr-2008 to 09- 12-Jan-2006 to 23-

Aug-2008 -212m Mar-2006 123m
26-Apr-2008 to 13- 12-Jan-2006 to 01-Jun-

Sep-2008 -24m 2006 -510m

26-Apr-2008 to 18- 12-Jan-2006 to 19-Oct-
Oct-2008 -249m 2006 331 m
26-Apr-2008 to 22- 16-Feb-2006 to 23-

Nov-2008 -212m Mar-2006 % m
26-Apr-2008 to 27- 16-Feb-2006 to 01-

Dec-2008 115 m Jun-2006 37 m
26-Apr-2008 to 31- 16-Feb-2006 to 19-

Jan-2009 -64m Oct-2006 304 m
31-May-2008 to 05- 23-Mar-2006 to 19-

Jul-2008 -266m Oct-2006 208 m
ENVISAT ENVISAT ENVISAT ENVISAT ALOS-1 ascending ALOS-1 ascending ALOS-1 descending ALOS-1 descending
ascending track 61 ascending track 61 descending track 140  descending track 140 track 133 track 133 track 474 track 474
Small baseline Perpendicular Small baseline Small baseline Perpendicular Small baseline Perpendicular
interferogrmas baseline interferograms Perpendicular baseline interferograms baseline interferograms baseline
31-May-2008 to 09- ) 27-Apr-2006 to 08- )

Aug-2008 125m Mar-2007 312m
31-May-2008 to 13- 19-Oct-2006 to 08-
Sep-2008 63 m Mar-2007 349 m
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31-May-2008 to 18-

19-Oct-2006 to 12-

Oct-2008 -161m Apr-2007 1ram
31-May-2008 to 22- 124m 19-Oct-2006 to 17- 7m
Nov-2008 May-2007
31-May-2008 to 27- 28m 19-Oct-2006 to 21- 78m
Dec-2008 Jun-2007
31-May-2008 to 31- 23m 19-Oct-2006 to 26-Jul- 85m
Jan-2009 2007
05-Jul-2008 to 09- 141 m 19-Oct-2006 to 30- 14m
Aug-2008 Aug-2007
05-Jul-2008 to 13- 19-Oct-2006 to 04-
Sep-2008 329 m 0ct-2007 139m
05-Jul-2008 to 18- 08-Mar-2007 to 12-
Oct-2008 104m Apr-2007 -175m
05-Jul-2008 to 22- 08-Mar-2007 to 17-
Nov-2008 14lm May-2007 -342m
05-Jul-2008 to 27- 08-Mar-2007 to 21-
Dec-2008 238m Jun-2007 -27im
09-Aug-2008 to 13- 08-Mar-2007 to 26-
Sep-2008 188 m Jul-2007 -264m
09-Aug-2008 to 18- 08-Mar-2007 to 30-
Oct-2008 -36m Aug-2007 -363m
09-Aug-2008 to 22- 08-Mar-2007 to 04-
Nov-2008 1m Oct-2007 -210m
09-Aug-2008 to 27- 08-Mar-2007 to 08-
Dec-2008 o7m Nov-2007 -170m
09-Aug-2008 to 31- 12-Apr-2007 to 17-
Jan-2009 148 m May-2007 -167m
09-Aug-2008 to 16- am 12-Apr-2007 to 21- 96m
May-2009 Jun-2007
13-Sep-2008 to 18- i 12-Apr-2007 to 26-Jul- )
Oct-2008 225m 2007 89 m
13-Sep-2008 to 22- i 12-Apr-2007 to 30- i
Nov-2008 188 m Aug-2007 188 m
ENVISAT ENVISAT ENVISAT ENVISAT ALOS-1 ascending ALOS-1 ascending ALOS-1 descending ALOS-1 descending
ascending track 61  ascending track 61 descending track 140 descending track 140 track 133 track 133 track 474 track 474
Small baseline Perpendicular Small baseline Small baseline Perpendicular Small baseline Perpendicular
interferogrmas baseline interferograms Perpendicular baseline interferograms baseline interferograms baseline
13-Sep-2008 to 27- 91 m 12-Apr-2007 to 04- 35m
Dec-2008 Oct-2007
13-Sep-2008 to 31- 40 m 12-Apr-2007 to 08- am
Jan-2009 Nov-2007
18-Oct-2008 to 22- 12-Apr-2007 to 17-
Nov-2008 3rm Jan-2008 -201m
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18-Oct-2008 to 27-

12-Apr-2007 to 21-

Dec-2008 133m Feb-2008 -167m
18-Oct-2008 to 31- 12-Apr-2007 to 01-

Jan-2009 184m May-2008 -rom
18-Oct-2008 to 16- 33m 12-Apr-2007 to 05- 21 m

May-2009 Jun-2008
22-Nov-2008 to 27- 96 m 17-May-2007 to 21- 71 m

Dec-2008 Jun-2007

22-Nov-2008 to 31- 17-May-2007 to 26-

Jan-2009 147m Ju1-2007 8m

22-Nov-2008 to 16- am 17-May-2007 to 30- 21m
May-2009 Aug-2007
27-Dec-2008 to 31- 17-May-2007 to 04-

Jan-2009 Stm Oct-2007 132m
27-Dec-2008 to 16- 17-May-2007 to 08-

May-2009 -100m Nov-2007 trim
31-Jan-2009 to 16- 17-May-2007 to 17-

May-2009 -151m Jan-2008 -34m

31-Jan-2009 to 03- 169 m 17-May-2007 to 21- om

Oct-2009 Feb-2008
16-May-2009 to 20- 17-May-2007 to 01-

Jun-2009 -324m May-2008 88 m
16-May-2009 to 03- 21-Jun-2007 to 26-Jul-

Oct-2009 -8 m 2007 7m

16-May-2009 to 12- 21-Jun-2007 to 30-
Dec-2009 241 m Aug-2007 -9zm
16-May-2009 to 16- 2m 21-Jun-2007 to 04- 61 m
Jan-2010 Oct-2007
20-Jun-2009 to 03- 21-Jun-2007 to 08-

Oct-2009 305m Nov-2007 101 m

03-Oct-2009 to 12- 21-Jun-2007 to 17-Jan-

Dec-2009 259m 2008 105 m
ENVISAT ENVISAT ENVISAT ENVISAT ALOS-1 ascending ALOS-1 ascending ALOS-1 descending ALOS-1 descending
ascending track 61  ascending track 61 descending track 140 descending track 140 track 133 track 133 track 474 track 474
Small baseline Perpendicular Small baseline Small baseline Perpendicular Small baseline Perpendicular
interferogrmas baseline interferograms Perpendicular baseline  interferograms baseline interferograms baseline

03-Oct-2009 to 16- 17 m 21-Jun-2007 to 21- 71m

Jan-2010 Feb-2008

03-Oct-2009 to 20- 146 m 21-Jun-2007 to 01- 17m
Feb-2010 May-2008

03-Oct-2009 to 27- 21 m 21-Jun-2007 to 05-Jun- 118 m
Mar-2010 2008

03-Oct-2009 to 01- 97m 21-Jun-2007 to 14- 2m
May-2010 Aug-2008
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12-Dec-2009 to 16-

26-Jul-2007 to 30-

Jan-2010 -243m Aug-2007 -100m
12-Dec-2009 to 20- 114m 26-Jul-2007 to 04-Oct- 53 m
Feb-2010 2007
12-Dec-2009 to 27- 280 m 26-Jul-2007 to 08- 93m
Mar-2010 Nov-2007
12-Dec-2009 to 01- 26-Jul-2007 to 17-Jan-
May-2010 -357m 2008 -112m
16-Jan-2010 to 20- 129m 26-Jul-2007 to 21-Feb- 78m
Feb-2010 2008
16-Jan-2010 to 27- 38 m 26-Jul-2007 to 01- 10m
Mar-2010 May-2008
16-Jan-2010 to 01- 26-Jul-2007 to 05-Jun-
May-2010 -l4m 2008 110m
20-Feb-2010 to 27- 26-Jul-2007 to 14-
Mar-2010 -167m Aug-2008 34m
20-Feb-2010 to 01- 26-Jul-2007 to 18-Sep-
May-2010 -243m 2008 -30m
27-Mar-2010 to 01- 30-Aug-2007 to 04-
May-2010 -76m Oct-2007 153 m
30-Aug-2007 to 08-
Nov-2007 193 m
30-Aug-2007 to 17-
Jan-2008 3 m
30-Aug-2007 to 21-
Feb-2008 2lm
30-Aug-2007 to 01-
May-2008 109 m
30-Aug-2007 to 05-
Jun-2008 210m
ENVISAT ENVISAT ENVISAT ENVISAT ALOS-1 ascending ALOS-1 ascending ALOS-1 descending ALOS-1 descending
ascending track 61 ascending track 61 descending track 140 descending track 140 track 133 track 133 track 474 track 474
Small baseline Perpendicular Small baseline Small baseline Perpendicular Small baseline Perpendicular
interferogrmas baseline interferograms Perpendicular baseline interferograms baseline interferograms baseline
30-Aug-2007 to 14- 134 m
Aug-2008
30-Aug-2007 to 18-
Sep-2008 om
04-Oct-2007 to 08- 40m
Nov-2007
04-Oct-2007 to 17-Jan-
2008 -166 m
04-Oct-2007 to 21-
Feb-2008 -132m
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04-Oct-2007 to 01-

May-2008 -43m
04-Oct-2007 to 05- 57 m
Jun-2008
04-Oct-2007 to 14- 19m
Aug-2008
04-0Oct-2007 to 18- 83 m
Sep-2008
04-0Oct-2007 to 23-
Oct-2008 123m
08-Nov-2007 to 17-
Jan-2008 -206m
08-Nov-2007 to 21-
Feb-2008 -Lrzm
08-Nov-2007 to 01-
May-2008 -83m
08-Nov-2007 to 05- 17m
Jun-2008
08-Nov-2007 to 14- 59m
Aug-2008
08-Nov-2007 to 18-
Sep-2008 -123m
08-Nov-2007 to 23-
Oct-2008 83m
08-Nov-2007 to 01- 15m
Jan-2009
17-Jan-2008 to 21- 34m
Feb-2008
ENVISAT ENVISAT ENVISAT ENVISAT ALOS-1 ascending ALOS-1 ascending ALOS-1 descending ALOS-1 descending
ascending track 61 ascending track 61 descending track 140 descending track 140 track 133 track 133 track 474 track 474
Small baseline Perpendicular Small baseline Small baseline Perpendicular Small baseline Perpendicular
interferogrmas baseline interferograms Perpendicular baseline interferograms baseline interferograms baseline
17-Jan-2008 to 01- 122 m
May-2008
17-Jan-2008 to 05-Jun-
2008 223 m
17-Jan-2008 to 14-
Aug-2008 147m
17-Jan-2008 to 18- 82m
Sep-2008
17-Jan-2008 to 23-Oct-
2008 289 m
17-Jan-2008 to 01-Jan- 221m

2009

118



21-Feb-2008 to 01-

May-2008 88 m
21-Feb-2008 to 05-

Jun-2008 189 m
21-Feb-2008 to 14-

Aug-2008 113m

21-Feb-2008 to 18- 48m
Sep-2008
21-Feb-2008 to 23-

Oct-2008 255m
21-Feb-2008 to 01-

Jan-2009 187m
01-May-2008 to 05-

Jun-2008 100 m
01-May-2008 to 14-

Aug-2008 24m
01-May-2008 to 18-

Sep-2008 -40m
01-May-2008 to 23-

Oct-2008 167m
01-May-2008 to 01-

Jan-2009 %8 m
05-Jun-2008 to 14-

Aug-2008 -76m
05-Jun-2008 to 18-

Sep-2008 -140m
ENVISAT ENVISAT ENVISAT ENVISAT ALOS-1 ascending ALOS-1 ascending ALOS-1 descending ALOS-1 descending
ascending track 61  ascending track 61 descending track 140 descending track 140 track 133 track 133 track 474 track 474
Small baseline Perpendicular Small baseline Small baseline Perpendicular Small baseline Perpendicular
interferogrmas baseline interferograms Perpendicular baseline interferograms baseline interferograms baseline

05-Jun-2008 to 23- 66m

Oct-2008

05-Jun-2008 to 01-Jan- 2m
2009
14-Aug-2008 to 18-
Sep-2008 -64m
14-Aug-2008 to 23-
Oct-2008 142m
14-Aug-2008 to 01-
Jan-2009 am
18-Sep-2008 to 23-
Oct-2008 207m
18-Sep-2008 to 01-
Jan-2009 138 m
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23-0ct-2008 to 01-Jan-

2009 -68m
01-Jan-2009 to 17- 64m
Dec-2009
01-Jan-2009 to 21-Jan-
2010 100 m
17-Dec-2009 to 21-
Jan-2010 164m
17-Dec-2009 to 25-
Feb-2010 -176m
17-Dec-2009 to 01-
Apr-2010 120m
17-Dec-2009 to 06-
May-2010 220m
21-Jan-2010 to 25-
Feb-2010 -340m
21-Jan-2010 to 01- a4m
Apr-2010
21-Jan-2010 to 06- 56 m
May-2010
25-Feb-2010 to 01-
Apr-2010 297 m
25-Feb-2010 to 06-
May-2010 396 m
ENVISAT ENVISAT ENVISAT ENVISAT ALOS-1 ascending ALOS-1 ascending ALOS-1 descending ALOS-1 descending
ascending track 61 ascending track 61 descending track 140 descending track 140 track 133 track 133 track 474 track 474
Small baseline Perpendicular Small baseline Small baseline Perpendicular Small baseline Perpendicular
interferogrmas baseline interferograms Perpendicular baseline  interferograms baseline interferograms baseline

01-Apr-2010 to 06-
May-2010

99 m
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Synthetic data
Results

Method based on wrapped phase difference
Wrapped DATA MODEL RESIDUALS

T i o S dmalta o -_“,
p- - -!— :é" "jx.. ;I‘??_ i
: & *® %‘ﬁ, : i '

-
(@3]

Y distance (km)

Y distance (km)
o

0 ) 0
d) X distance (km) e) f)

Figure S1 a and d) Simulated wrapped data. b and e) Predicted displacements for the respective
rectangular dislocation model using the MAP solutions (see Table S2). ¢ and f) Related residuals
Each fringe (full colour cycle) represents 2z radians of phase change corresponding to 2.8 cm of
range change in the LOS direction. Results in panels b-c were obtained using the method based on

the wrapped phase differences, while results in panels e-f were obtained with GBIS.
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Table S2 Results of the Bayesian analysis for the synthetic data.

Parameters of the synthetic model

X (m) Y (m) Z (m) L (m) W (m) dip strike  Op(m) AV(km®)
-1000 1300 3300 4300 3700 4 63.6
Method based on the wrapped phase difference
X (m) Y(m) Z(m) LM W(@m) 06 dip strike Op.(m) AV (x10° m%)
Optimal -1032 1283 3296 4476 3741 0 70.05 74.66 3.84 64.3
2.50% -1069 1253 3227 4316 3534 0 69.35 74.09 3.7 62.5
97.50% -995 1323 3353 4599 3964 0 7056 7532 4.06 66.1
Lower -10000  -10000 2800 1000 1000 0 40 1 0
Upper 10000 10000 4000 6000 5000 0 85 90 5
GBIS
X (m) Y(m) Z(m) LM W(@m) 6 dip strike Op.(m) AV (x10° m°)
Optimal -992 1287 3340 4281 3828 0 69.89 74091 3.91 64.1
2.50% -1028 1253 3278 4174 3600 0 6944 7435 3.77 62.6
97.50% -965 1325 3402 4388 3993 0 7052 75.66 4.12 65.7
Lower -10000  -10000 2800 1000 1000 0 40 1 0
Upper 10000 10000 4000 6000 5000 0 85 90 5

Notes. X and Y are the coordinates of the centre of the RD. Z is the depth of the centre of the RD with
respect to the surface (positive downward). 6 is the angle between the RD upper edge and the
intersection of the RD plane with the free surface. L and W are the length and width, respectively.
Op. is the opening. A4V is the volume change calculated with the formula AV=L*W*Op.

Optimal is the MAP solution. 2.50% and 97.50% are the lower and upper bounds of the 95%
confidence interval. Prior lower and upper are the bounds of the prior distribution used for the

inversion.

& Parameter held fixed.
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Convergence (method based on the wrapped phase differences)
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I ( ? 6000 ( ?
0
4000
-1000
2000
-2000 0 :
0 1 2 3 4 5
x10° x10°

4000 6000

5000
3500
4000
3000

3000

x10° x10°
dip

5000 @ 80

4000

3000%
><1{.'r5
strike opening (m
100 : : : , opening (m)
80 o
60
40 . . . . .
4 5 0 1 2 3 4 5
x10° x10°

Figure S2 Trace plots for the model parameters (see Table S1) obtained with the method base on the
wrapped phase difference. On the horizontal axes are reported the number of samples.
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Convergence (GBIS)
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Figure S3 Trace plots for the model parameters (see Table S1) obtained with GBIS. On the horizontal
axes are reported the number of samples.
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Figure S4 a and g) Wrapped ALOS-1 phase for descending track 474. d and j) Wrapped ALOS-1
phase for the ascending track 133. b, e, h, k) Predicted displacements for the respective rectangular
dislocation model using the MAP solutions (see Table S3). c, f, i, I) Related residuals Each fringe

(full colour cycle) represents 2z radians of phase change corresponding to 11.8 cm of range change

in the LOS direction. The local origin for all panels is 91°26 W and 0°93°S.
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Figure S5 Posterior probability density distribution (PDFs) for each individual model parameter
from the jointly inversion of ALOS-1 ascending and descending data usind both the new method and

GBIS. The red and blue lines representing the MAP solutions obtained with the new method and

GBIS, respectively.
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Table S3 Results of the Bayesian analysis for the jointly inversion of ALOS-1 data.

GBIS
RD dike
X(m) Y@M Zm) L@m W(m) 0 dip strike Op.(m) AV (x10® m®)
Optimal -933 1179 3266 4197 4041 0 67.09 76.14 3.28 55.6
2.50% -991 1107 3164 4097 3717 0 6573 75.29 3.1 52.5
97.50% -894 1273 3351 4313 4240 0 6856 76.83 3.56 58.8
Lower -10000  -10000 2800 1000 1000 0 40 1 0
Upper 10000 10000 4000 6000 5200 0 85 90 5
Method based on wrapped phase difference
RD dike
X(m) Ym Zm) L@m W((m) 0 dip strike Op.(m) AV (x10°md)
Optimal -1048 1346 3307 4386 3768 0 69.24 76.04 3.64 60.1
2.50% -1088 1268 3215 4260 3474 0 6797 75.19 34 57.1
97.50% -992 1410 3402 4512 4039 0 7021 76.98 3.89 62.8
Lower -10000 -10000 2800 1000 1000 0 40 1 0
Upper 10000 10000 4000 6000 5000 0 85 90 5

Notes. X and Y are the local coordinates of the centre of the RD with respect to the local origin (see
Figure S4a and d) at 91° 26" W and 0° 93’ S. Z is the depth of the centre of the RD with respect to
the surface (positive downward). & is the angle between the RD upper edge and the intersection of
the RD plane with the free surface. L and W are the length and width, respectively. Op. is the opening.

AV is the volume change calculated with the formula AV=L*W*Op.

Optimal is the MAP solution. 2.50% and 97.50% are the lower and upper bounds of the 95%
confidence interval. Prior lower and upper are the bounds of the prior distribution used for the

inversion.

a Parameter held fixed.
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Supplementary Materials for Chapter 4

Figure S1 shows an attempt at including the very limited data from deeper (>4-6 km) magma
reservoirs, at Fernandina and Hudson. Figure S1 includes also data for Axial Seamount excluded
from Figure 1c, as Nooner and Chadwick, (2016) recently related its uplift to the inflation of a vertical
magma conduit and no more to that of a shallow reservoir . Our results highlight an overall consistent
behaviour with that of the shallower reservoirs of Figure 1c. In addition, the high rates promoting the
unrest-triggered dike in <1 year are consistent with the sin-eruptive rates of Kilauea in the last 40
years (usually Q >9 x102 km?®/yr; purple line on y axis in Figure S1), which provided an almost

constant migration of magma from the shallow reservoir to the Eastern Rift (Poland et al., 2014).

Mafic calderas (including deeper systems)

10’ 10"
|
10°F 100
]
1071 T —
g e ] 5102
<] : ] -
> 3 L ¥ , —
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i1 { 11 : L
1073 1 * 1 10°
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10-4 Il 1 1 1 1 10'4
a) © 2 4 6 8 10 12b)024681012
Time (yr) Frequency
Legend Legend
¥ Plain unrest Unrest triggered Axial Seamount | | ®Plain unrest
dike (>1yr) = Unrest triggered sill
3 Unrest triggered ¢ Unrest triggered Unrest triggered Unrest triggered dike (>1 yr)
sill dike (<1yr) (eruption) ™ dike (>1 yr) m Unrest triggereed dike (<1yr)

Figure S1 a) Duration of unrest and the corresponding injection rates (Q). We included also the data
from the deeper system of Fernandina, Hudson (marked with a dotted grey ellipse) and data from
Axial Seamount. The dotted grey area and lines have the same meaning than those in Figure 1a and
c. The purple line on the y axis marks the sin-eruptive rates of Kilauea in the last 40 years. b)

Histogram of frequency of the rates associated with the unrest episodes.
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Table S1 Geodetic data from the deeper systems of Fernandina and Huston and from Axial Seamount.

Q Qe :
V(km Co Depth Time
Start End 3) (kr;:)/ye (km:)/yea de  (km) (yn) References
. — G
Fernandin 181012 20/0402 0005 o005 00022 ST 46 227 (Chadwicketal., 2011)
Fernandin 08982 07112 0002 00025 J002 3 46 125 (Chadwicketal. 2011)
Fernandin 28/09/2 26/04/2 0.015 0.01- 3@ (Bagnardi & Amelung,
a 007 o008 4 0026 g3 ) 46 0578 5400
0.007- 3@
Hudson 2004 2010 0.014 0.02 y 912 (Delgado et al., 2014)
. i @ (Chadwick et al., 2006;
paal 1999 2011 0000 PO 5T 354 12 Nooner & Chadwick
' 2009; 2016)
Axial 0.028- 3@ (Nooner & Chadwick,
Seamount 2011 2015 0.033 0.040 ) 3.5-4 4 2016)

Start and end are the dates of the onset and the end of the unrest. Time is the duration of the unrest.
V and Q are respectively the volume and the rates estimated from the inversion of geodetic data. Qe
is the interval of confidence of the rates. Code is referred to the outcome of the unrest (O=non-
eruptive; 1=Unrest-triggered sill; 2= unrest-triggered dike >1 year; 3=unrest-triggered dike <1
year). Depth is the depth of the modelled source (with respect to the surface).

& The dike fed an eruption.

b The eruption occurred 1 year after the end of this inflation. For this reason, we classified this
inflation as unrest triggered dike >1 year ( see point5 in the Method section).

¢ Chadwick et al., (2006) estimated rates of about 1.4 x102 km*/year from 2000 to 2004. Then, rates
decrease to a values of about 7.5 x10° km®/year (Nooner & Chadwick, 2009; 2016).
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