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Crustal deformation at Ambrym (Vanuatu) imaged with satellite
geodesy: constraints on magma storage, migration, and outgassing

by
Tara Shreve

Abstract

Basaltic caldera-rift systems provide unique opportunities to study a range of volcanic pro-
cesses, including lateral magma transport, caldera collapse, and magma replenishment. Some
of the largest basaltic calderas in the world, however, are located in dangerous or difficult-
to-access regions. In such regions, remote sensing measurements of ground deformation,
degassing, and thermal anomalies offer alternative means to assess volcanic activity.

Ambrym, an exceptionally active, basaltic volcanic island in Vanuatu has undergone
numerous episodes of ground deformation over the past 20 years. Since 2015, two eruptions
have occurred within its 12 km wide caldera. The first event, a moderate-sized eruption
in February 2015, occurred after more than 15 years of persistent degassing and lava lake
activity, punctuated by intervals of quiescence. It activated a portion of the caldera-ring
fault and drained a reservoir located ~4.1 km depth. The most recent event, which occurred
in December 2018, was significantly larger. This event drained the main craters’ lava lakes
and intruded >0.4 km?® of magma into the SE rift zone. The dike travelled more than 20 km
away from the main craters, and had an opening of >4 m at depth. Magma drainage from
a central storage region caused widespread caldera subsidence and ring-fault activation, and
resulted in the eruption of basaltic pumice offshore.

These two events confirm that Ambrym’s caldera ring-faults are active structures. Ring-
fault reactivation may contribute to continued deepening of Ambrym’s large caldera, whose
formation mechanism is contested. Some authors [Robin et al., 1993] propose that caldera
ring-faults were formed by an initial Plinian eruption and subsequent phreatomagmatic erup-
tions. Ring-fault activation detected with Interferometric Synthetic Aperture Radar (InSAR)
allows us to hypothesize that hundreds of moderate- to- large sized dike intrusions may
contribute to further deepening of the caldera by draining magma from one of Ambrym’s
numerous magma lenses.

Separate from these main eruptive events, we document two inter-eruptive episodes of
fast subsidence measured with InSAR, (2004 — 2007 and 2015 — 2017, ~10 cm year™). Neither
of these time periods are associated with recorded eruptions. Inter-eruptive subsidence is

challenging to interpret without additional constraints. Using the understanding gleaned
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from the 2015 and 2018 eruptions, we investigate possible physical mechanisms explaining
these deformation signals. We conclude that the 2004 — 2007 episode is most likely due to a
dike intrusion, accompanied by depressurization of the shallow sill hydraulically connected to
the lava lakes. This interpretation is drawn from the joint analysis of ground deformation,
SO, gas emissions, and thermal anomalies. We then hypothesize that the 2015 — 2017
subsidence episode may be due to degassing-induced depressurization of a large (>10 km?)
magmatic reservoir, using a theoretical model developed by Girona et al. [2014] to couple
degassing and reservoir depressurization.

To investigate the role played by replenishment of the system, two periods of uplift have
been identified. Variations in thermal anomalies and SO, degassing complement displace-
ment measurements, allowing for more robust interpretations of the volcanic deformation
episodes. At Ambrym, uplift during replenishment may be limited to time periods when the
system is closed, such as after lava lake drainage in 2019 — 2020 and perhaps in 2007 — 2010,
following the previously unreported diking event in 2005.

Remote sensing data has allowed us to analyse the activity of Ambrym volcano over the
past two decades. By comparing Ambrym’s unrest with that of other calderas (Kilauea,
Bardarbunga, Sierra Negra, etc.), the results obtained in this dissertation can further our
understanding of basaltic caldera-rift systems and their underlying magmatic plumbing sys-

tems.

Key words: Remote sensing; volcanism; caldera; dike intrusion; lava lake; degassing



Déformation crustale & Ambrym (Vanuatu) imagée par la
géodésie spatiale : contraintes sur le stockage, la migration de
magma et le dégazage

par
Tara Shreve

Résumé

Les systemes volcaniques rift-caldera basaltiques fournissent les conditions propices a ’étude
de plusieurs processus volcaniques, comme le transport de magma, les effondrements de
caldera et le remplissage magmatique. Certaines des plus grandes calderas dans le monde,
cependant, sont situées dans des régions isolées dont l'acces peut étre dangereux ou logis-
tiquement complexe. La télédétection des déformations du sol, du dégazage et des anomalies
thermiques, offre une alternative pour y suivre l'activité volcanique.

Ambrym, une ile volcanique du Vanuatu isolée mais tres active, a subi de nombreux
épisodes de déformation du sol au cours des 20 dernieres années. Depuis 2015, deux éruptions
ont eu lieu a l'intérieur de sa caldera de 12 km de diametre. La premiere éruption a eu lieu
apres 15 ans de dégazage passif et d’activité des lacs de lave. L’éruption la plus récente,
en décembre 2018, a vidangé les lacs de lave des crateres sommitaux, provoquant l'intrusion
d'un volume >0.4 km?® dans la zone de rift sud-est. Le dike engendré a parcouru une distance
de plus de 20 km, et s’est ouvert de plus de 4 metres en profondeur. La vidange du magma
a produit une subsidence de la caldera a grande échelle, associée a une activation des failles
bordant la caldera, et a alimenté une éruption sous-marine de ponces basaltiques. Une
éruption plus modeste a eu lieu en février 2015, activant également une portion de la caldera,
et extrayant du magma depuis une chambre située a une profondeur de ~4.1 km.

Ces deux événements confirment que les failles bordieres de la caldera d’Ambrym sont
des structures actives. L’activité de ces failles contribue a la topographie de la caldera
d’Ambrym, dont le mécanisme de formation est discuté (éruption Plinienne initiale & 2ka,
suivie d’éruptions phréatomagmatiques). La détection d’une activation des failles de caldera
par la géodésie spatiale nous permet de formuler 'hypothese que des centaines d’intrusions
de tailles modérées a grandes peuvent contribuer a un approfondissement de la caldera, en
drainant le magma stocké temporairement sous la caldera d’Ambrym.

Outre ces deux événements éruptifs majeurs, nous mettons en évidence deux épisodes
(2004 — 2007, 2015 — 2017) de subsidence rapide (~10 cm an'), mesurés par InNSAR. Aucune

de ces deux périodes n’est associée a une éruption répertoriée. A partir des informations
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glanées au cours des éruptions de 2015 et 2018 (e.g., la profondeur des zones de stockage, le
volume des intrusions, la relation entre I'activité éruptive et les lacs de lave), nous explorons
les mécanismes physiques pouvant expliquer cette subsidence inter-éruptive. L’épisode de
2004 — 2007 est probablement associé a une intrusion de dike (en I'absence d’éruption),
engendrant la dépressurisation d'un sill superficiel, hydrauliquement connecté aux lacs de
lave. A partir d’'un modele théorique proposé par Girona et al. [2014], en couplant le dégazage
passif (mesuré par spectroscopie satellitaire) et la dépressurisation du réservoir magmatique
(déduite de la géodésie spatiale), nous proposons que ’épisode de 2015 — 2017 ait pour origine
la dépressurisation d’un réservoir magmatique de grande taille (>10 km?). Par contraste,
de courtes périodes de souléevement pourraient étre limité aux périodes de temps pendant
lesquelles le systeme est fermé, par exemple en 2019 — 2020 apres 1’épisode de vidange des
lacs de lave en 2018, et potentiellement en 2007 — 2010 a la suite d’un événement d’intrusion
non répertorié en 2005.

En comparant les phases de regain d’activité d’Ambrym avec celles observées dans les
autres systemes rift-caldera basaltiques (Kilauea, Bardarbunga, Sierra Negra, etc.), les ré-
sultats obtenus dans cette dissertation permettent de mieux comprendre I'activité des lacs
de lave, le développement de la caldera, les processus de déformation induits par le dégazage,
le remplissage magmatique, et la géométrie et le fonctionnement des systemes rift-caldera

basaltiques.

Mots clés: Télédétection; volcanisme; caldera; intrusion de magma; lac de lave; dégazage
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Roadmap

“If you [are] on a road for whatever
reason, then that’s the road you should
take.”

Graham Gladwell

The road leading to the conception of this dissertation was not direct. The original ob-
jective of this PhD project was to "monitor remote equatorial and tropical volcanoes using
multi-sensor spaceborne imagery and in situ geophysical data'. 1 planned to apply inter-
ferometry synthetic aperture radar (InSAR) geodesy to several volcanically active regions—
Vanuatu, the Molucca Islands (Indonesia) and Guadeloupe. These regions had yet to be
studied in detail using InSAR geodesy, at least in part due to the inherent difficulty of
InSAR measurements in tropical regions caused by heavy vegetation.

In December 2018, a year after diving into this project, one of the volcanoes of interest—
Ambrym-— erupted. This was the largest unrest episode the volcano had experienced in nearly
a century, and the subject of the PhD quickly reoriented itself to focus on this exceptional
event. This event, which may have been the culmination of more than 15 years of volcanic
unrest, opened our eyes to the complexity— and intriguing nature — of Ambrym’s magmatic
system.

Accordingly, this dissertation begins with a chapter introducing the region of interest
(the New Hebrides arc). A regional focus is maintained to provide the reader with an ade-
quate background of the tectonic and volcanological setting of Ambrym Island. Three focus
questions are presented that will direct the discussion of the dissertation. A methods chapter
follows, summarizing the state of the art of InSAR and geodetic modelling, focusing on the
methods used throughout this dissertation. There is also a brief description of other volcano
monitoring remote sensing methods that can be qualitatively integrated with geodesy. The
next two chapters are studies on two separate eruptions at Ambrym (2018 and 2015), fol-
lowed by a discussion chapter. Here, the results from the two previous chapters are combined
to present an updated understanding of Ambrym’s magmatic system, caldera development,
and system dynamics. The final chapter— the conclusions and perspectives— reflects on the
focus questions presented in the introduction.

Before deciding to refocus this dissertation, I had the opportunity and pleasure to work on
two additional volcanoes— Ibu (Indonesia) and La Soufriere (Guadeloupe). A brief summary
of the results tracking Ibu’s growing lava dome are presented in Appendix B. I also had the
opportunity to take part in a GNSS campaign at La Soufriére in Spring 2018, during which we
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CONTENTS

felt the island’s largest volcano-tectonic (VT) earthquake in more than 40 years. The “failed
phreatic eruption” that occurred in April 2018 sparked a study led by Roberto Moretti,
presented in Appendix C. Additional field work was cancelled due to the unprecedented
events of 2020, confining billions worldwide. Nonetheless, this experience in Guadeloupe,
coupled with the near real-time analysis of Ambrym’s 2018 unrest episode, reaffirmed my
decision to apply geodetic techniques to answer the complex and challenging questions posed
by volcanic systems.
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Chapter 1

Regional introduction

The goal of this dissertation is to better understand the storage and movement of magma
beneath Ambrym volcano, a basaltic volcanic island located in the New Hebrides (NH) arc
(Vanuatu). To provide context for Ambrym’s volcanic activity, we will briefly describe the
tectonics of the arc region. The tectonic structures of the central NH subduction zone reflect
the complex stress regime which influence magma ascent through the crust, as well as magma
migration and eruption at the surface.

1.1 Tectonic setting of the New Hebrides arc

1.1.1 Subduction/collision of D’Entrecasteaux Ridge (DER) and
West Torres Massif (WTM)

The NH arc is a 1500 km-long arc where the Indo-Australian plate subducts beneath the
North Fiji Basin [Isacks et al., 1981, Collot et al., 1985, Louat et al., 1988, Lagabrielle et al.,
2003] (See Figure 1-1). In the Late Miocene, a subduction polarity reversal caused the
extinction of the north-east vergent Vitiaz Trench (See Figure 1-2) [Chase, 1971, Kroenke,
1971, Falvey, 1971, Auzende et al., 1988, 1995]. This reversal resulted in the opening of
the North Fiji back-arc basin, which rifted the active NH arc away from the extinct Vitiaz
arc. According to Greene and Collot [1994], around 2 — 3 Ma, another extinct Eocene-
Oligocene volcanic arc, the D’Entrecasteaux Ridge (DER), began colliding with the NH arc
(See Figure 1-2). Other studies propose that subduction/collision of the DER, which can be
divided further into the northern D’Entrecasteaux Ridge and the southern D’Entrecasteaux
seamount chain, began soon after the subduction polarity reversal, in the Late Miocene
[Greene et al., 1988, Meffre and Crawford, 2001]. Subsequently, as subduction proceeded to
“consume” the Indo-Australian plate, at around 0.7 Ma, a plateau called the West Torres
Massif (WTM) also enetered the trench and began subducting/colliding with the NH arc to
the north of the DER (See Figure 1-1)[Meffre and Crawford, 2001].

1



CHAPTER 1. REGIONAL INTRODUCTION

165° 166° 167° 168° 169° 170°

Figure 1-1: Tectonic framework of the central NH arc. The D’Entrecasteaux Ridge
(DER) and West Torres Massif (WTM), located on the Indo-Australian (AUS) plate, are
colliding with the New Hebrides (NH) arc (pink). Convergence rates are shown in pink.
These structures are subducting beneath the North Fiji basin, located on the Pacific (PAC)
plate. The collision results in shortening accommodated by growth of the back-arc thrust
belt (BATB). Arrows and numbers indicate relative velocities (in cm year™ from Bergeot
et al. [2009]) across the BATB (blue) and Vate trough (VT, orange). Yellow triangles are
active volcanoes, orange lines indicate volcanic rift zones, and green circles show the drilling
sites of Briqueu et al. [1994]. NAB: North Aoba Basin; Va: Vate; Ku: Kuwae; Ep: Epi; Lo:
Lopevi; Mk: Malekula; Sa: Santo; Pe: Pentegost; Mw: Maewo; Ga: Gaua; Me: Mere Lava;
Ni: Nifonea; Er: Erromango; ET: Erromango Trough. Adapted from Pelletier et al. [1998].



CHAPTER 1. REGIONAL INTRODUCTION

The collision of both the DER and WTM in the central portion of the NH arc results in
strong interplate coupling and compression along the width of the arc [Taylor et al., 1995,
Bergeot et al., 2009, Taylor et al., 2005, Collot et al., 1985], and gives rise to the central
arc’s distinct characteristics. The NH subduction zone slab dips steeply (60-70°) towards
the east. However, the subduction interface has a shallower dip in the central portion of the
arc near the DER collision, as determined using earthquake locations and focal mechanisms
from local and global catalogues (See Figure 1-3) [Baillard et al., 2015, Foix et al., 2019].
This change in dip is hypothesized to be due to the buoyant DER resisting subduction into a
denser asthenosphere [Baillard et al., 2015]. The convergence rate is also significantly slowed
in the central portion of the arc (35 mm year! versus 90 mm year to the south, Figure
1-1 [Calmant et al., 2003, Pelletier et al., 1998, Bergeot et al., 2009]). Meffre and Crawford
[2001] propose that the convergence rate began to decrease no earlier than 1 Ma; if it began
earlier, the arc would be notably offset. Therefore, the slowed convergence may be due to
the onset of collision of the West Torres Massif. In the region where the DER collides with
the NH arc, the trench is uplifted and a backthrust has developed. As a result, the backstop
is tilted, resulting in an uplift of the forearc and subsidence of the arc volcanoes [Taylor
et al., 1980, Collot et al., 1985]. This tilting can be evidenced by the topography of Santo
and Malekula Islands (See Figure 1-1). Collision-induced compression also causes uplift of
the arc-backarc transition [Calmant et al., 2003]. The uplifted regions, together with the
arc volcanoes, form three parallel island chains [Mitchell and Warden, 1971, Carney and
MacFarlane, 1982] (See Figure 1-1).

Both coseismic and nonseismic tectonic uplift have been measured using emerged coral
heads. Similar to trees, corals have annual growth bands, which record when a potion of the
coral head emerges from the water and dies [Scoffin et al., 1978, Stoddart and Scoffin, 1979].
A coherence exists between the regional topography, the regions uplifted during the Late
Quartenary (measured from coral reef terraces off the west coast of Santo, with maximum
rates of 0.6 — 0.7 cm year! [Taylor et al., 1980]) and those with coral heads emerged since
1946 [Taylor et al., 1987]. By comparing uplift rates over various lengths of time, Taylor et al.
[1987] found that the forearc is segmented into four blocks (See Figure 1-3). Each block has a
different response to the DER collision, possibly indicating differences in plate coupling based
on the locations of the topographic highs of the D’Entrecasteaux Ridge [Taylor et al., 1987].
Similar along-strike segmentation has been proposed to reflect differences in the phases of
material underplating in a context of cyclic uplift-then-subsidence in Chile [Menant et al.,
2020].

The DER collision results in permanent (inelastic) deformation and shortening (uplift
and eastward motion) of the central arc. However, on short time scales (tens to hundreds
of years), this deformation can be difficult to discriminate from surface deformation due to
mainly elastic, interseismic strain accumulation on the main thrust zone of the subduction
interface [Davies and House, 1979]. According to the back-slip model of Savage [1983], nearly
all of this elastic strain is released during coseismic events, resulting in no net deformation.
Using this model, Taylor et al. [2005] concluded that permanent deformation is instead due
to shortening induced by the motion of seamounts during coseismic events, because the plate
is “permanently” locked at depths of < 15 km (See Figure 1-4). In fact, seismic hazard may
be dominated by intermediate-to-deep earthquakes (See Figure 1-5). Lack of megathrust
earthquakes in historical data (largest shallow earthquake was M7.9 in 1903 [Centre, 2020])
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may suggest moderate potential for release of elastic strain. Instrumental seismicity since
1970 may also be interpreted as being compatible with M,,,, < 8.0 [Suckale and Grinthal,
2009]. On even shorter timescales, such as over the past 15 years, GPS measurements of
interseismic deformation south of the DER can also be explained by locking of the shallow
(< 15 km depth) portion of the subduction interface. However, the inelastic component
of interseismic deformation (i.e., from GPS measurements facing the DER) induced by the
ridge collision and back-arc thrusting has yet to be fully modelled [Bergeot et al., 2009].

From Auzende et al , 1995

Figure 1-2: Geodynamic evolution of NH arc. The geodynamic evolution of the North
Fiji Basin and New Hebrides arc over the past 12 million years. Thick solid lines (1) are
active ridge axes, double dashed lines (2) are incipient ridge axes, thin solid lines (3) are
transform faults, dashed lines (4) are flowlines, black triangles (5) are active subduction
zones, and white triangles (6) are incipient subduction zones. F: Fiji Platform; NC: New
Caledonia; NH: New Hebrides arc; VA: Vitiaz trench; DER: D’Entrecasteaux Ridge. From
Auzende et al. [1995].

1.1.2 Growth of the back-arc thrust belt (BATB)

While the forearc is being tilted and uplifted by the collision, the eastward motion of the
central segment (compared to the rest of the arc) is accommodated along the back-arc thrust
belt (BATB) [Collot et al., 1985, Louat and Pelletier, 1989, Pelletier et al., 1994, Taylor et al.,
1995, Pelletier et al., 1998, Lagabrielle et al., 2003]. The BATB is composed of three thrust
faults to the east of Pentecost and Maewo, which merge to a single thrust to the east of
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Ambrym (See Figure 1-1). Either lower amounts of shortening or a reduced sedimentary
supply may explain the transition from a series of thrusts to a single thrust in the south
[Lagabrielle et al., 2003]. Since the onset of the DER collision, the BATB is thought to
have undergone ~50 km shortening (See Figure 1-6¢) [Lagabrielle et al., 2003]. Back-arc
shortening is proposed to occur at a rate of 5.5 cm year™, such that more convergence
is accommodated at the BATB than at the trench (See Figure 1-1)[Pelletier et al., 1998,
Calmant et al., 2003, Bergeot et al., 2009]. Crustal thickening beneath Maewo, Pentecost,
and possibly Ambrym, may be due to progressive stacking of slices of the oceanic crust in
this back-arc region (See Figure 1-6¢) [Lagabrielle et al., 2003]. There is also thrusting east of
the Pentecost and Maewo islands, and the eastward propagating thrust wedge incorporates
oceanic lithosphere from the North Fiji basin.
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Figure 1-3: Subduction interface geometry. a. The subduction interface of the central
portion of the NH subduction zone in map view, manually determined by Baillard et al.
[2015] from earthquake locations. The color indicates the interface depth, the dotted lines
indicate the updip and downdip extents of the seismogenic zone, and the green contour is
the intersection with the fore-arc Moho. The blue lines are the divisions between the forearc
block segments determined by Taylor et al. [1980, 1987]. NDR: North D’Entrecasteaux ridge;
BS: Bougainville seamount. b. Cross-section of the subduction interface depth. The profile
is indicated by the corresponding colored number in a.. c. Cross-section of the subduction
interface dip along the subduction front. From Baillard et al. [2015].
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On 26 November 1999, a large thrust earthquake (M, 7.5) took place in the BATB
[Pelletier et al., 2000b, Régnier et al., 2003]. The ruptured fault is located at the southern
end of the BATB, and the epicenter was only 10 km northeast of Ambrym [Lagabrielle
et al., 2003] (See Figure 1-6a,b). The fault scarp is located only 13 km from the eastern tip
of Ambrym, and is visible in the bathymetry (See 1-6a,b)[Pelletier et al., 2000a, Lagabrielle
et al., 2003]. If one considers the offshore extension of Ambrym’s rift zone, then the fault
scarp may be less than 5 km from this volcanic structure (See 1-6b).

Using mapping and dating of raised coral and reefs on Ambrym’s SE coast, Lagabrielle
et al. [2003] estimated that progressive, accumulating uplift along the back-arc thrust belt
has been occurring at a rate of 3.5 — 4 mm yr! over the past 8000 years. This uplift rate was
calculated assuming coseismic and interseismic uplift of only tectonic or seismogenic origin.
However, we will show in Chapter 3 that volcanic deformation from a single rift zone dike
intrusion can result in more than 2 m of permanent uplift of Ambrym’s SE coast. We em-
phasize that future studies measuring long-term tectonic displacement using uplift markers
on Ambrym’s coasts should consider the contribution of volcanic deformation. Nonethe-
less, there is an indisputable line of evidence for tectonic uplift occurring in the backarc
[Lagabrielle et al., 2003, Taylor et al., 1987].

1.1.3 Stress perturbation due to DER collision

Three arc volcanoes (Ambrym, Ambae, and Gaua) are aligned N-S to the west of the BATB.
Both Ambrym and Ambae have well-defined rift zones, oriented N105°S and N55°S, respec-
tively. Some authors have posited the existence of faults cutting the volcano edifices in the
direction of the rift zones [Mallick, 1973, Greene and Collot, 1994], although the extension
of these faults into the forearc (Malekula and Espiritu Santo Islands) is disputed [Meffre and
Crawford, 2001]. Regardless of whether the existence of these faults is confirmed, the orien-
tation of the rift zones may indicate the direction of regional stress [Nakamura, 1977]. Collot
et al. [1985] determined the stress distribution in this region from the rift zone orientations,
among other geological structures, as well as from seismicity. The minimum compressive
stress (o3) is vertical and the maximum compressive stress (o) is horizontal (nearly E-W)
in the central section of the NH arc, consistent with compression parallel to the direction of

the colliding DER.
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Figure 1-4: D’Entrecasteaux ridge subduction/collision. Evolution over time of the
DER collision in the central portion of the NH arc. BG is the Bougainville Guyot of the
Southern D’Entrecasteaux seamount chain. The arrows show the uplift of the forearc as the
seamount approaches and collides with the arc. Once the feature has been fully subducted
(how this occurs is still debated), rapid subsidence occurs on timescales similar to uplift.

Adapted from Taylor et al. [2005].

By plotting the earthquake focal mechanisms from the GCMT catalogue since 1976, we
note a vertical o3 and horizontal (approx. E-W) ¢; in both the forearc and backarc of the
central NH arc (See Figure 1-7) (Raphaél Grandin, personal communication). At about the
latitude of Ambrym, o3 rotates from vertical to horizontal, oriented NE-SW. To the SE of
Ambrym island, ; remains horizontal but rotates slightly to the NW-SE. Ambrym is thus
located at the southern edge of the segment experiencing a compressive stress regime, as has
been shown by both the BATB fault scarp, as well as historical seismicity (See Figure 1-7).
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Figure 1-5: Historical earthquakes. Earthquakes with M,, > 6.0 from 1976 to 2020
in the NH arc, from the GCMT catalogue. Color indicates depth, and size of the circle
indicates the magnitude. Note the absence of shallow earthquakes in the central NH arc
and the seismically active back-arc thrust belt. The M,, 7.3 1999 BATB earthquake near
Ambrym is labeled. From R. Grandin, personal communication.

Farther to the south, a transtensional tectonic regime dominates, also thought to be
a result of the DER collision [Collot et al., 1985]. The transition between the shortening
segment and this transtensional segment is characterized by a right-lateral transverse shear
zone from west of Vate Island to the west of Epi Island (See Figure 1-1). Magma-deficient
back-arc rifting occurs in the Coriolis Troughs (which includes the Vate, Eromango, and
Futuna Troughs, whose ages of initiation are still debated, but may be ~ 5 Ma [Maillet
et al., 1995, Crawford et al., 1995]) as the New Hebrides arc rotates clockwise [Anderson
et al., 2016]. Stress heterogeneities induced by the colliding DER caused segmentation of
the arc, and may have contributed to the strong focusing of basaltic eruptions in the Vate
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Trough, to the SE of Vate Island (See Figure 1-1) [Anderson et al., 2016]. This magmatic
activity resulted in the formation of Nifonea volcano, a large shield volcano with a 5 x 8 km
summit caldera.
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Figure 1-6: Structure of the back-arc thrust belt. a. A bathymetric map based on
Pelletier et al. [1998] with contour intervals at 200 m. Mapping of emerged reef limestones
based on Mallick and Neef [1974]. b. Zoom of a March 2000 bathymetric map obtained from
the ALAUFT cruise of R/V L’Atalante [Pelletier et al., 2000a]. The contour intervals are 50
m. c. Crustal sections at the profiles a — b and ¢ — d in a. Inferred from geophysical
and bathymetry data. Collot et al. [1985] estimated 1 km of Quartenary sediments, a Moho
depth of 12 km in the Aoba basin, and the crustal root beneath Pentecost and Ambrym to
be 18 — 20 km. Figure from Lagabrielle et al. [2003]

The unique tectonic setting of the NH arc gave rise to a variety of basaltic and andesitic
volcanism starting from 6 Ma, initially in the south on the islands of Erromango, Tanna and
Anatom [Mitchell and Warden, 1971]. This includes, but is not limited to, rift zone volcanism
and lava lake activity. Studies of magma composition provide clues to link magma genesis
with the peculiarities of the tectonic setting.
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Figure 1-7: 40 years of focal mechanisms in the NH arc. The map on the left shows
GCMT focal mechanisms from 1 January 1976 to 1 April 2019 of earthquakes at depths less
than 200 km. The map on the right shows orientation of the pressure and tension axes of
the corresponding focal mechanisms. We observe that o3 rotates from vertical in the central
portion of the New Hebrides subduction zone, which is undergoing compression due to the
DER collision, to NE-SW in the vicinity of the back-arc basins to the south. Ambrym lies
on the transition between these compressional and transtensional stress regimes, as denoted
by the red and blue lines.

1.2 Volcanism in the New Hebrides arc

In the NH arc, 14 volcanoes have been active in the Holocene, 9 of which have erupted in
the past 150 years [Global Volcanism Program, 2020]. The arc-scale tectonics of the New
Hebrides has been studied in detail [e.g., Collot et al., 1985, Taylor et al., 1980, 1987, Louat
and Pelletier, 1989, Pelletier et al., 1994, 1998], and several studies have been undertaken to
investigate the relationship between tectonics and volcanism in this region. These studies
mainly address the varying magma composition along the arc [Briqueu et al., 1994, Crawford
et al., 1995, Monzier et al., 1997, Peate et al., 1997, Turner et al., 1999, Beaumais, 2013].
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Figure 1-8: MORB trace element isotopic ratios. a. Isotopic ratios of trace elements Sr
and Nd for Pacific/Atlantic MORB and Indian MORB. From Winter [2010]. b. The same
isotopic ratios for various intra-oceanic arcs, including the New Hebrides arc. The domains
NH1 and NH2 include samples from drilling sites 829, 831, 832, and 833 (See Figure 1-1).
Samples from drilling site 833 that are within the NH2 domain represent pre-DER collision
volcanics. BE represents bulk earth isotopic ratios. From Briqueu et al. [1994].

1.2.1

MORB geochemical signatures

We will first make a slight digression to review how varying magma composition at the
arc-scale relates to differing magma genesis sources. The compositions of basalts erupted at
intra-oceanic settings provide a window into magma genesis, in particular because they are
not contaminated by the continental crust, which is enriched in trace elements. Therefore,
the elemental composition of island arc basalts may reflect the mantle source [Pearce, 1983].

Ocean-ridge magmatism comprises ~75% of Earth’s volcanism [Crisp, 1984]. Mid-ocean
ridge basalts (MORBs) are found at these oceanic spreading centers, generally due to passive
mantle ascent and partial melting. The chemical reservoir from which MORBs are extracted
(the upper mantle) is generally depleted in incompatable trace elements with respect to the
bulk Earth [Turcotte and Schubert, 2014]. However, MORB compositions differ depending
on where they are erupted. In order to differentiate between levels of depletion in incompat-
ible elements, the radiogenic isotopic ratios of trace elements are measured. For example,
depleted ratios of 87Sr/80Sr, M3Nd /M4Nd,'"CHf /1""Hf indicate, over geological timescales, low
Rb/Sr, Nd/Sm, and Hf/Lu ratios [Workman and Hart, 2005].
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Figure 1-9: Asthenosphere ascent in the NH arc. Schematic illustration explaining
E-MORB asthenosphere ascent in the central portion of the NH arc. The A-A’ section (top)
and B-B’ section (bottom) cut the central and southern segments of the arc, respectively.
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Although the isotopic signatures of MORBs are fairly constant, variations in depletion
of incompatible trace elements allow for differentiating MORB sources into Pacific and At-
lantic N-MORB (depleted, “normal” source), as well as Indian E-MORB (relatively “en-
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riched” source) (See Figure 1-8a) [Winter, 2010]. The absolute level of incompatible major
elements— K, for example— can also help distinguish between N-MORB and E-MORB sources.
N-MORBES tend to have lower potassium contents, while E-MORBs have high potassium con-
tents, for a given amount of differentiation [Winter, 2010].

1.2.2 Tectonic influence on volcanism in the New Hebrides arc

Both N-MORB and E-MORB sources have been determined for magmas erupted in the
New Hebrides arc (which can be divided into the northern, southern, and central segments)
[Briqueu et al., 1994, Crawford et al., 1995, Turner et al., 1999]. Lavas erupted from arc
volcanoes in the northern and southern segments have N-MORB isotopic signatures, while
lavas erupted in the arc volcanoes in the central segment (from Gaua to Vate islands) have
E-MORB isotopic signatures (See Figure 1-8b)[Crawford et al., 1995]. Samples from an
Ocean Drilling Program in the North Aoba basin (See Figure 1-1, green circles) provide
evidence that older volcanics in the central segment (>2-3 Ma, around the time of onset of
DER collision), had isotopic compositions similar to N-MORB (See Figure 1-8b) [Briqueu
et al., 1994]. The E-MORB isotopic signatures can only be explained by a long-term (>
500 Myr) enrichment process, and the Pb and Sr isotopic signatures are not consistent with
sediments or volcanics sampled from the subducting plate [Briqueu et al., 1994, Crawford
et al., 1995]. Therefore, Crawford et al. [1995], Peate et al. [1997] hypothesize that, due to
collision with the DER, magma genesis in the arc’s central segment has shifted downward,
and 50 km eastward, intersecting with a passively upwelling asthenosphere with E-MORB
signatures (See Figure 1-9). Upwelling is thought to be due to extension of backarc troughs
in the northern and southern segments [Crawford et al., 1995]. Volcanism in the central
segment may also be related to the detatchment of the lithospheric slab, as determined by a
seismic gap from 50 — 150 km depth beneath Malakula and Vate islands [Louat et al., 1988,
Picard et al., 1995] (See Figure 1-9).

However, some studies propose that the varying isotopic signatures along the arc are not
related to the DER collision, since lavas with E-MORB affinities are found in regions cur-
rently thought to be unaffected by the DER collision (Gaua) [Monzier et al., 1997]. Monzier
et al. [1997] proposes an alternative hypothesis based on a combination of geochemical and
seismic data. They state that a strip of E-MORB asthenosphere exists beneath the North
Fiji Basin, extending upward and westward beneath Gaua and Aoba islands [Monzier et al.,
1997]. Further studies of isotopic signatures of lavas in older parts of the arc and backarc
are needed to differentiate between these hypotheses.

1.3 Current understanding of Ambrym volcano

The geochemical studies on the scale of the arc, summarized above, provide hints regarding
the genesis of New Hebrides magmas. In this dissertation, we will focus on an exceptionally
active volcano on the southern boundary of the central segment of the NH arc— Ambrym.
Using satellite geodesy (mainly from SAR satellites), we will investigate magmatic processes
at Ambrym such as magma storage in the crust and lateral migration away from the central
volcanic system. These processes, although occurring at shallow levels within the lithosphere,
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are also affected by the region’s tectonic evolution. Although this dissertation probes mag-
matic processes through the lens of geodesy, these results, in combination with geochemical
and petrological studies, will help establish a better view of the volcanism in the central NH
arc— from the mantle to surface.

1.3.1 Volcanological characteristics

We have summarized the tectonics and magma geochemistry in the NH arc, and will now
concentrate on Ambrym in particular. Ambrym is a basaltic volcanic island measuring
35x50 km, whose summit rises 1800 m above the seafloor (1270 m a.s.l.) [New Hebrides
Geological Survey, 1976, Chase and Seekins, 1988] (See Figure 1-10). An older volcanic edifice
is located in the northern sector of the island, and is made of three cones aligned N10°S—
Tuvio, Vetlam and Dalahum [Picard et al., 1995]. This edifice is constructed primarily of
pyroclastic deposits and basaltic lava flows. Neither the age of onset nor extinction of this
volcanism is known.

Volcanism then shifted ~10 km to the south, where the morphology of the island changes.
Two rift zones radiate N105°S from the center of a 12-km wide caldera for more than 20
km, both towards the SE and the NW (See Figure 1-10). Two main craters, Marum and
Benbow, are situated near the western border of the caldera. Semi-permanent lava lakes
are hosted within the vents of Benbow (unnamed vents) and Marum (Mbewelsu and Niri
Mbwelesu). These lava lakes are the sources of persistent, passive degassing [Allard et al.,
2015, Carn et al., 2017]. An intra-caldera eruption in 1988 — 1989 was fed by a vent south of
Marum, Niri Mbwelesu Taten (also called Maben Mbwelesu by locals) [Allard et al., 2015].
In addition to hosting lava lakes, these vents also produce Strombolian eruptions.

Tuff rings and vents exist in other portions of the caldera (i.e., Lewolembwi crater, See
Figure 1-11b), indicating that intra-caldera activity also manifests itself by fissure-fed lava
flows away from the main craters [Picard et al., 1995]. In addition, magma laterally migrates
away from the caldera, along the rift zone, and can erupt on or offshore, tens of kilometers
downrift (volcanic rift zones will be introduced in more detail in Chapter 3). Tuff rings
and maars along the coast reflect the potential hazards of these rift zone eruptions— they
may result in explosive phreatomagmatic eruptions when lava interacts with ocean water,
demonstrated by the eruption of 1913 [Marshall, 1915, Frater, 1917, Németh and Cronin,
2011].
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1.3.2 Historical eruptions

The most devastating historical eruption at Ambrym occurred along the NW rift zone in
1913. The eruption began with explosions in the caldera craters, and fissures migrated down-
rift, opening up every few kilometers towards the west coast [Frater, 1917]. The progression
of the fissure opening along the rift zone indicates the westward lateral propagation of a dike
intrusion. Within twelve hours, the intrusion had reached the west coast, and a fissure had
opened near the Presbyterian Mission Station hospital (See Figure 1-11b) [Frater, 1917]. Ex-
plosions of steam and pyroclasts (with varying degrees of phreatomagmatic and magmatic
fragmentation) lasted for 4 days and destroyed the hospital [Marshall, 1915, Németh and
Cronin, 2011]. A second vent opened ~1.6 km off Ambyrm’s western coast, creating a tuff
ring and extending the island’s coastline. Explosions continued for four more days [Mar-
shall, 1915]. Subsequent rift zone eruptions were recorded at Ambrym in 1915 (east coast)
and 1929 (west coast). During the course of this PhD (in December 2018), a dike intrusion
migrated towards the east coast, feeding a submarine eruption (See Chapter 3).

In addition to rift zone eruptions, historical volcanic activity over the past two centuries
(1774 — 1991) has been compiled by Eissen et al. [1991](See Figure 1-11a). Intra-caldera
eruptions, forming new fissure vents, have occurred most recently in 1986, 1988-1989, 2015,
and 2018. Lava flows originating within the caldera have breached the caldera wall and trav-
elled down Ambrym’s flanks, sometimes reaching the ocean (e.g., in 1863, 1914, and 1942).
Intense degassing at Ambrym was first recorded by Captain James Cook in 1774 [Beagle-
hole, 1961]. Activity in the main vents (including the presence of lava lakes, Strombolian
eruptions, ash fallout, and degassing) was recorded more or less continuously in the 1960’s
through the 1990’s. It is quite possible that lava lakes were present in the main craters
during earlier time periods, but were not recorded due to observation gaps. Following the
November 1999 BATB earthquake, there were no observations of the lava lakes, and their
disappearance was eventually confirmed in January 2000 [Global Volcanism Program, 2000].
Lava lake activity resumed, at the latest, in August 2000 [Global Volcanism Program, 2001].
Other reports of lava lake activity are described by Global Volcanism Program [2020], and
will be discussed further, in relationship to Ambrym’s magmatic system, in Chapter 5.
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CHAPTER 1. REGIONAL INTRODUCTION

1.3.3 Passive degassing

During periods of persistent lava lake activity, Ambrym passively degasses on such an ex-
treme scale that it was the strongest volcanic source of passively emitted SOy from 2005 —
2015 (7 kt day™, according to satellite SOy observations) [Carn et al., 2017, Fioletov et al.,
2016]. SO and BrO column densities of Ambrym’s plume were measured with Differential
Optical Absorption Spectroscopy (DOAS) using an airborne UV spectrometer in January
2005, March and July 2005, and August 2007 [Bani et al., 2009]. The total SO, flux was
15 — 24 kt day! in January 2005, with more gas emitted by Marum than Benbow [Bani
et al., 2009]. For reference, SO, flux at other lava-lake hosting volcanoes are 3.3 kt day™ at
Nyiragongo (DRC), 0.1 kt day™ at Erta ’Ale (Ethiopia), 0.06 kt day™ at Erebus (Antarctica)
[Sawyer et al., 2008, Oppenheimer et al., 2004, Sweeney et al., 2008]. A similarly high flux
was detected at Ambrym using airborne measurements in March 2005 (~32 kt day™), and
a lower flux was detected in July 2005 (~2 kt day™) and August 2007 (~4 kt day™') [Bani
et al., 2009]. Other DOAS measurements from another field campaign in October 2007 and
October 2008 measured an average SO, flux of 7.8 kt day™! [Allard et al., 2015]. Although
these values are consistent with the estimates of Carn et al. [2017], degassing flux can vary
greatly over the span of just a few months (as reported by Bani et al. [2009]), and mean
passive degassing fluxes are most insightful when compared to other long-term (years-long)
physical processes.

1.3.4 Magma composition and storage conditions

The tectonic evolution of the NH arc may have affected the ascent of mantle material,
resulting in the distinct compositional signatures of lava erupted in the central segment.
The compressive stress regime imposed by the DER and WTM collision also impacts the
location of magma ascent towards the surface and transport of magma at shallower levels
(i.e., formation and persistence of rift zone volcanic activity at Ambrym), although this
relationship has yet to be explored in depth.

The most primitive lavas (highest MgO content) at Ambrym are those in the older vol-
canic edifice to the north, which also have medium-K trends [Picard et al., 1995]. Farther
south, pre- and post-caldera samples follow medium- to high-K trends (similar to other
volcanoes in the central NH arc). These erupted lavas are either tholeiitic to calc-alkaline
basalts, or are more evolved (rhyodactic compositions) (See Figure 1-12a). Basalts are en-
riched in light rare earth elements (LREE) such as Rb, Ba, K, Sr, and P, which may indicate
a magmatic source with E-MORB affinities [Picard et al., 1995]. The evolved products are
mainly related to a postulated Plinian eruption that may have caused the onset of caldera
formation 2 ka (see Section 1.3.5). In addition, more evolved products (up to 60 wt% SiOs)
with high-K affinities have also been erupted from vents in the eastern portion of the caldera
(e.g., 1986 lava flow) [Robin et al., 1993, Picard et al., 1995]. Picard et al. [1995] concluded
that partial melting of the mantle beneath Ambrym is thought to occur at depths of 60 —
45 km for the northern volcanics and more recent products with medium-K affinities, and
45 — 30 km for more recent basalts. However, this upward migration of the mantle source
contradicts the conclusion of Crawford et al. [1995], who hypothesized that the DER colli-
sion led to an eastward and downward shift of the mantle magma source. This contradiction
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warrants a more detailed comparison of these studies.

The organization of Ambrym’s crustal magma storage system has been investigated in
various studies [Legrand et al., 2005, Allard et al., 2015, Firth et al., 2016, Sheehan, 2016,
Hamling et al., 2019, Hamling and Kilgour, 2020]. At deep levels, mineral-melt thermo-
barometry of erupted products from both intra-caldera and extra-caldera eruptions have
shown that magma stalls at depths ranging from 4 — 30 km b.s.l [Firth et al., 2016, Sheehan,
2016]. Firth et al. [2016] found no mixing in the primitive rift-zone eruptive products, and
thus proposed that rift zone eruptions are sourced from a deeper reservoir (> 6 km) than the
magma feeding the lava lakes. They also propose that during rift zone eruptions, ascending
magma bypasses the shallower reservoir. This hypothesis will be revisited in Section 5.1.3.2.

At shallow levels, magma may be stored at depths of ~2.7 — 2.9 km b.s.l, as estimated
by the locations of Very Long Period Tremors [Legrand et al.; 2005]. Legrand et al. [2005]
proposed the existence of two laterally separated sources— one source in the eastern portion
of the caldera and one in the western portion. This depth is consistent with melt inclusion
entrapment pressures found by Allard et al. [2015], corresponding to depths ranging from
2.6 km — 8.3 km b.s.l. Multiple sources at depths of < 5 km have also been modelled using
InSAR geodesy, using ground displacement measurements from the 2015 and 2018 eruptions
[Hamling et al., 2019, Hamling and Kilgour, 2020, Shreve et al., 2019, 2021].

1.3.5 Caldera formation

While Ambrym has many striking features, its large caldera— one of the largest basaltic
calderas on Earth [Pike, 1978, Wood, 1984]- may be the most controversial.

The age of the caldera was estimated by McCall et al. [1969] to be 2 ka, based on
radiocarbon dating of charcoal associated with pre-caldera deposits in two locations. The
first location was on the NE caldera rim, and the second was on the NW caldera flank
[McCall et al., 1969]. Due to these limited dating measurements, further field campaigns to
confirm the timing of pre-caldera activity would be of interest. In addition to the age of
onset, McCall et al. [1969] also estimated a minimum caldera subsidence of 600 m, assuming
a conical shape of the pre-collapse edifice, whose height was determined based on the current
edifice’s slope.

The formation mechanism of Ambrym’s caldera is a topic of debate in the literature. On
one hand, McCall et al. [1969] hypothesize that caldera formation was gradual, with the
caldera subsiding when magma drains from a central reservoir by lateral rift zone intrusions
[McCall et al., 1969, Cronin and Németh, 2005, Németh and Cronin, 2008, 2009, Sigmunds-
son, 2019]. This mechanism of formation will be discussed in more detail in Chapter 4. On
the other hand, Robin et al. [1993] propose that caldera formation began with a Plinian
eruption, which deposited dacitic ignimbrites around the island.

1.3.5.1 Evidence for Ambrym’s Plinian eruption

Robin et al. [1993] reported four primary pyroclastic deposits (which together comprise the
Ambrym Pyroclastic Series (APS)) on the flanks of the volcano and up to the caldera rim (See
Figure 1-12b). The APS includes a 60 m thick sequence of pyroclastic flow deposits which
overlay pre-caldera basaltic lava flows, located on the north coast. A fallout ash layer in the
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middle of this sequence indicates that there may have been two major pyroclastic flows, with
evidence of interaction with water during the sequence. The next sequence, hypothesized to
be between 50 — 200 m thick, is comprised of ash, quenched glass fragments and accretionary
lapilli, indicating magma-water interaction. The third sequence is mainly ash flow deposits
and is a total of 10 — 25 m thick. The final sequence is composed of basaltic Strombolian
deposits with a thicknesses of up to 200 m, thought to originate from the Woosantapaliplip
vent (near Tower Peak, See Figure 1-10). A 20 — 25 m thick basaltic-andesite lava flow
extends from within the northern portion of the caldera, where it was intersected by the
collapse, to the coast [Robin et al., 1993]. The total duration of these eruptive sequences is
not constrained, but they may have occurred over months or years.

Robin et al. [1993] concludes that the sequence deposits are most likely not reworked
because the vesiculated clasts and shards are fragile, the beds are sorted, and accretionary
lapilli are preserved. Other works have challenged this statement. Cronin and Németh
[2005], Németh and Cronin [2008], Németh et al. [2009] argue that the APS is made of altered
mafic deposits, with no evidence for dacites. The deposits are either from phreatomagmatic
eruptions or from caldera sediments that had been deposited in the valleys on the volcano’s
flank by lahars and rivers [Németh et al., 2009]. Further details of this fieldwork, however,
are unpublished.

Given the aforementioned studies, we cannot discount the possibility of an initial Plinian
eruption initiating caldera collapse. In summary, the sequence of caldera formation at Am-
brym, according to Robin et al. [1993] is as follows:

1. “Earlier caldera collapse” due to a Plinian phase, with the possibility of a pre-existing
caldera at the top of the original shield volcano edifice,

2. “Construction of the tuff cone as collapse enlarges,” and

3. “Eruptive vents on the ring fracture.”

1.4 Focus questions

Ambrym’s activity has been recorded over the past century, and the depth of magma genesis
and storage have been investigated through geochemical and petrological studies. However,
many questions regarding the activity of this volcano remain. Episodes of unrest have been
reported at Ambrym in the past, but the physical mechanisms driving these events remain
enigmatic. During the course of this PhD, a rift zone intrusion occurred, briefly opening a
window through which the mechanisms driving lateral magma transport and magma storage
could be further investigated. This window just as rapidly closed when Ambrym’s lava
lakes drained in December 2018, cutting off the magma storage system from the surface
for 2 years (at the time of writing they had yet to return). Using the information gleaned
from this noteworthy volcanic event, past volcanic activity could be investigated in further
detail. This dissertation culminates with a conceptual understanding of the magmatic system
that controls Ambrym’s eruptions, replenishment, and quiescence, and how these periods of
activity can be discriminated using data from spaceborne satellites.

Within this dissertation, we aim, through the lens of satellite volcano geodesy, to answer
the following questions:
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1.4.1 Question 1: How is Ambrym’s magmatic plumbing system
organized?

While past studies investigated deeper (e.g., > 6 km depth) levels of Ambrym’s magma
storage system, the organization of the shallower levels— for example, the reservoir(s) feeding
dike intrusions— is not yet fully understood. We will discuss 7 episodes of deformation
observed at Ambrym over the past 20 years, whose deformation source models are located
at shallower levels in the system (< 6 km depth). The deformation source models, and
possible physical mechanisms driving deformation, are discussed throughout Chapters 3, 4,
and 5.1. Two of these episodes include intra-caldera dike intrusions and eruptions, and the
physical processes driving the other 5 may include magma reservoir drainage, degassing, and
magma replenishment. One significant motivation to better understand Ambrym’s shallower
magmatic system is that changes to this system may produce deformation before volcanic
eruptions (i.e., precursors). In addition, studying Ambrym’s magmatic system can help us
determine whether the vigorous magmatic activity is a consequence of deep (magma genesis
and ascent from the asthenosphere) or shallow (middle- to- upper crust) magmatic processes,
or some combination of the two.

1.4.2 Question 2: How did Ambrym’s caldera form and develop?

The mechanism that formed and developed Ambrym’s signature 12 km wide caldera is still
debated. Although we were not able to go into the field to address the existing hypothe-
ses, using satellite geodesy (in particular, InSAR), we will discuss how Ambrym’s current
magmatic system can provide clues to determine whether the caldera formation mechanism
is explosive or gradual, or a combination of both. For example, caldera ring-fault reactiva-
tion was identified with InSAR multiple times in the past two decades. This indicates that
the caldera ring-faults are active structures that cause contemporary caldera subsidence (as
discussed in Chapters 3, 4, and 5.2). We will refine the hypotheses posited by past studies
[McCall et al., 1969, Robin et al., 1993, Cronin and Németh, 2005] using these geodetic obser-
vations. Also, we will discuss how the depths, sizes, and geometries of Ambrym’s present-day
magma reservoir(s) may have been influenced by the formation of Ambrym’s caldera. By
understanding how Ambrym’s caldera formed and developed, we can have a better idea of
whether this volcano’s present-day magmatic system could produce a similar caldera-forming
eruption in the future.

1.4.3 Question 3: What are the dynamics of Ambrym’s magmatic
system?

Past studies have not been able to provide many constraints on the timescales of activity
of Ambrym-— for example, rates of replenishment, eruption recurrence times, or dynamics of
magma transport. In Chapter 5.3, by jointly analyzing two decades of ground deformation,
gas emissions, and lava lake activity (through thermal anomaly detection), we will discuss
first-order interpretations of changes to Ambrym’s shallow magmatic system over time. We
propose physical processes that may explain changes to the observed datasets. Physical
processes within this open system due to volatile exsolution and degassing, for example,
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may produce seemingly contradictory observations at the surface. Identifying the physical
mechanisms controlling Ambrym’s activity will help discern precursors of volcanic unrest.
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Chapter 2

Methods

“Volcanology is in the midst of a
revolution, and geodesy is helping to
lead the way.”

Daniel Dzurisin

Since the early 1900’s, it was understood that geodetic techniques could measure vol-
canic deformation, providing a vision, albeit blurry, of subsurface magmatic activity. This
vision has sharpened over the past few decades, largely due to the launch of numerous Earth
Observation (EO) satellites. In particular, Synthetic Aperture Radar (SAR) satellites can
measure, from space, centimetric ground displacements over hundreds of square kilometers.
By enhancing and broadening ground displacement measurements thanks to satellites, geode-
sists are able to conduct detailed studies of volcanic deformation in remote regions of the
world. The magmatic systems of remote volcanoes can be deciphered through analytical
and numerical models which relate ground deformation to the stress and strain induced by
pressure changes in the lithosphere. This wealth of new observations push these models to
their limits.

2.1 Spaceborne SAR geodesy

In 1993, Massonnet et al. [1993] measured coseismic ground displacements of the 1992 Lan-
ders earthquake. These measurements were obtained from radar satellite observations, em-
ploying a technique called Interferometric Synthetic Aperture Radar (InSAR). Just a few
years later, in 1995, (hypothesized) volcanic deformation was observed at Etna volcano
(Italy) using InSAR [Massonnet et al., 1995]. Although a portion of this deformation was
later concluded to be an atmospheric artifact (See Section 2.1.1.3) [Beauducel et al., 2000],
these measurements sparked the interest of the volcanology community. The potential of
measuring ground deformation from space was apparent, but so was the necessity to cor-
rectly distinguish signal from noise before including this technique in volcano monitoring
and decision-making.
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Figure 2-1: Interferogram formation workflow. A typical workflow to form an interfer-
ogram from two SAR Single Look Complex (SLC) images. The workflow begins when two
SLCs are coregistered using high-precision orbits and cross-correlation. An interferogram
is formed, and the topographic fringes are removed using a digital elevation model (DEM).
Finally, the wrapped interferogram is filtered, multilooked, unwrapped, and geocoded to
obtain the final deformation map in geographical coordinates.

These landmark InSAR measurements ushered in a new era of space-bourne earth obser-
vation. Since the early 1990’s, the number of SAR satellites in orbit has increased more than
tenfold. Time between SAR image acquisitions is as little as one day using the satellite con-
stellation COSMO-SkyMed from the Italian Space Agency, and, with the European Space
Agency’s Sentinel-1 twin satellites, systematic image acquisition occurs worldwide every 6
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days. Future missions, such as the joint National Aeronautics and Space Administration
and Indian Space Research Organisation satellite NISAR, promise that the era of Earth
Observation by SAR data is only just beginning.

2.1.1 Measuring small ground displacements: differential InSAR

The technique of differential INSAR has been exhaustively explained by a number of sources
[e.g., Rosen et al., 2000, Simons and Rosen, 2007, 2015, Massonnet and Souyris, 2008], as
well as implemented in software packages, both research [e.g., Rosen et al., 2004, Rosen et al.,
2012, Doin et al., 2011, Sandwell et al., 2011, Kampes and Usai, 1999] and commercial [e.g.,
Werner et al., 2000]. Here we will briefly summarize the fundamentals of a standard InSAR
processing workflow, which includes acquiring and forming a SAR image from radar echoes,
coregistering two SAR images, the formation of the interferogram, and any post-processing
steps such as multilooking, filtering, and unwrapping (see Figure 2-1). We will also review
the various contributions to the interferometric phase.

2.1.1.1 Acquiring and forming a SAR image

The following summary of Real and Synthetic Aperture Radar has been summarized from
Massonnet and Souyris [2008] and Cumming and Wong [2005], and more advanced develop-
ments of the following concepts can be found within.

Radar systems release pulses of electromagnetic radiation in the microwave spectrum,
which bounce off scatterers at the Earth’s surface (see Figure 2-2). These echoes are received
by the sensor and ordered in a 2D coordinate system as an image. The two dimensions are
called range (across-track, perpendicular to flight path) and azimuth (along-track, parallel
to flight path).

Scattering can be either due to surface or volume effects. Both effects are influenced by
the surface or volume’s dielectric properties, in particular the water content. In addition,
the former results from the roughness of the surface on the scale of the radar wavelength
(centimeters). The radar response due to surface effects increases when either the surface
roughness or water content increases. Volume effects, on the other hand, result from the fact
that scatterers’ density and distribution depend on the media. One may imagine a forest
canopy— the scatterers include rocks, trunks, and leaves. Electromagnetic radiation interacts
with this cloud of scatterers at different vertical extents, where each scatterer class (rock,
trunk, leaf, etc.) has its own properties, such as its structure and dielectric constant.

The amplitude of the radar return depends on two main factors. On one hand, many
scatterers may exist within a single resolution element, and their scattered radiation adds
coherently to produce the final radar echo of that element. Radar images display a “speckle”
effect because constructive or destructive interference between scatterers’ contributions re-
sults in large variations in amplitude and phase between resolution neighbors. Although
speckle is due to the surface’s physical properties, it is unpredictable and therefore consid-
ered multiplicative noise. However, speckle can be reduced by averaging neighboring pixels,
otherwise known as multilooking.

On the other hand, a single scatterer may dominate the energy received from a given
resolution element, or pixel. As a result, speckle noise does not affect the pixel amplitude.
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The phase and amplitude of such a pixel remains stable over many acquisitions. These
pixels are called permanent scatterers (PSs), and the PS time series approach exploits their
stable properties to extract reliable ground displacement measurements over time [Ferretti
et al., 2001]. Typically, PSs are associated with targets with a large radar cross-section, a
characteristic of many man-made structures. Hence, PSs are densely distributed in urban
areas, and they are rare in natural terrain.

a.

Pulses sweeping
across swath

Backward squint Adapted from Simons and Rosen, 2015

Figure 2-2: Radar acquisition geometry. a. The geometry of a radar acquisition,
indicating the azimuth (radar flight path) and range directions, as well as the swath extent.
The pulse duration is 75. The average look angle, #, and the average incidence angle, [,
are both measured at the middle of the swath. b. A representation of the squint angle 6,,,

which can be directed either forward or backward. Figures adapted from Simons and Rosen
[2015].

The emitted radar pulse has a center frequency and wavelength within the microwave
portion of the electromagnetic spectrum. The most common wavelength bands are X-, C-,
and L-band, which are centered at respective wavelengths of A ~ 3.1 cm, 5.7 cm, and 24
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cm. Wavelength determines several properties of the radar pulse. It affects the penetration
depth, or how far into a medium the wave will propagate before its amplitude attenuates by
more than ie [Massonnet and Souyris, 2008]. For a given dielectric constant and dispersive
media, longer wavelengths penetrate deeper. Furthermore, shorter wavelengths scatter off
smaller features, such as leaves or branches, whose orientation, and scattering properties,
vary between two acquisitions [Zebker and Villasenor, 1992]. Consequently, in vegetated
regions, shorter wavelengths have lower coherence (Section 2.1.1.4).

A two-dimensional image can be formed by measuring a target’s distance on the Earth
from the sensor (slant range or “fast time”), and its position along the sensor flight path
(azimuth or “slow time”). The ability to resolve two different targets on the ground in the
range direction (ground range resolution) depends on the sensor incidence angle, 3, and the
duration of the emitted pulse, 7, (see Figure 2-2a). The latter may either be the true pulse
length, or obtained by frequency modulation (chirping) and matched filtering. The radar
sensor looks to the side, as opposed to vertical, to ensure an unambiguous distance between
the sensor and the targets. In Real Aperture Radar, the ability to resolve two different
targets separated by a distance z along azimuth (azimuth resolution) scales inversely with
the length of the radar antenna, L. In other words, the azimuth resolution is directly related
to the beam aperture, a3, such that «y is proportional to % Targets can be resolved when
% < %, where R is the slant range distance. Considering a satellite-based SAR sensor with
R ~ 1000 km, the antenna length would need to be unrealistically long (5 km!) to obtain a
fine azimuth resolution of tens of meters, assuming A\ &~ 5 cm.

In Synthetic Aperture Radar, the azimuth resolution is improved by imaging ground
targets with multiple pulses. The frequency of the received pulses will be “Doppler frequency
shifted”, due to the motion of the target relative to the sensor. The antenna’s aperture is
synthetically lengthened over the distance of the sensor path during which the target is
illuminated. This is the origin of the name Synthetic Aperture Radar. For any target, the
received pulses will drift over a range of frequencies, defining the target’s Doppler frequency
history. If the sensor’s point of closest approach matches with the middle of the illuminated
zone, then the targets will (in the time domain) be placed at their zero-Doppler time, and
(in the frequency domain) have a zero Doppler centroid. In practice, however, the antenna
squints either forwards or backwards (see Figure 2-2b), resulting in a shifted, or non-zero,
Doppler centroid, which can be estimated from the received data.

The total change in the frequency of a target while it is illuminated is known as its
Doppler bandwidth. The azimuth resolving power scales with the Doppler bandwidth, and
high resolution can be obtained from this frequency modulated signal using pulse compression
techniques called matched filtering. The azimuth resolution can be found to be approximately
Pa R %, if the squint angle of the satellite (see Figure 2-2b) is close to zero. Hence, with
L = 10 m, we obtain p, ~ a few meters.

Just as the signal is frequency modulated in azimuth, range resolution can also be im-
proved by frequency modulation, or a chirped signal. Shorter pulses can distinguish targets
from one another, resulting in a finer resolution. However, for a given transmission power, a
short pulse has a low signal-to-noise ratio (SNR). A more energetic pulse will have a higher
SNR, but the pulse’s energy is limited by the antenna’s peak transmitted power. A chirped
signal has a longer duration, and thus a higher SNR, and fine resolution can still be obtained
using matched filtering.
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The above discussion defines range and azimuth resolution, however, characteristics of
the signal sampling ultimately determine the pixel size on the ground. The range pixel size
on the ground, p,, depends on the range sampling frequency, f,, through the relationship
Dg = m, where 6 is the sensor look angle (Figure 2-2a) and c¢ is the speed of light in a
vacuum. If the sampling frequency f,. is not high enough (larger than the chirp bandwidth),
the radar echo will be aliased. On the other hand, the azimuth pixel size (p,) is determined
by the pulse repetition frequency, or PRF’, such that p, = 555, where v is the velocity of the
sensor platform. The PRF' is calibrated to ensure the azimuth signal is correctly sampled.
To avoid aliasing, the PRF' must be larger than the azimuth signal bandwidth, according
to the Nyquist sampling rate [Cumming and Wong, 2005].

After compression of the raw electromagnetic echos in range and azimuth, the image
format obtained is called “Single Look Complex”, or SLC. Today, most available SAR images
can be downloaded from spaces agencies directly in SLC format. Every pixel in the two-
dimensional SLC is comprised of a complex number, (z,y) = Ae . The amplitude A
indicates the amount of radiation received by the sensor, and provides information regarding
a combination of various surface properties— including roughness, topographic slope, and
dielectric properties, as mentioned previously. The phase ¢, which is cyclic from [—m, 7],
relates directly to the distance traveled from the sensor to Earth, and back.

Synthetic Aperture Radar sensors can be mounted on various moving vehicles, including
airplanes, satellites, unmanned aerial vehicles (i.e., drones), or cars. Throughout this disser-
tation, we will focus on satellite-based SAR sensors. Although aircraft-mounted SAR sen-
sors exist for Earth science applications (e.g., UAVSAR [Lundgren et al., 2011], GLISTIN-A
[Lundgren et al., 2019]), their use is currently limited within the volcano geodesy community.

2.1.1.2 Coregistering SAR images

To calculate an interferogram, two SAR images must be acquired at different times, from
the same sensor and the same orbital path. Before the phase difference can be calculated,
corresponding pixels in the SAR images must image the same targets on the ground. Any
satellite orbital seperation between acquisitions results in a distortion between SAR images.
The difference in position between the satellite on the two acquisitions is called the baseline,
B (see Figure 2-3). The perpendicular baseline, B, , can be calculated by B, = Bcos(f — «)
(where « is the angle of the baseline relative to a horizontal plane, Fig. 2-3). The component
of the baseline parallel to the primary image’s LOS is B = Bsin(f — ).
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Figure 2-3: Orbital baseline. a. A slant plane view of the satellite orbits (dotted
lines) during the primary and secondary acquisitions. The baseline between the two satellite
positions while imaging the ground point P is indicated by B. The along-track component of
the baseline is B,. We assume the satellite orbits are rectilinear and coplanar. The reference
geometry orbit’s inclination is shown to be purely north-south. Most SAR satellites have
an inclination that is slightly skewed from true north. Adapted from Sansosti et al. [2006].
b.  The side view of the satellite during the primary and secondary acquisitions. The
perpendicular baseline is B, the parallel baseline is By, the look angle and range of the
primary image are € and r, respectively, and the look angle and range of the secondary
image are 0, and rg, respectively. The angle the baseline makes with a horizontal plane is
denoted by . The difference between 6 and 6, is Af. We again assume the satellite orbits
are rectilinear and coplanar. Adapted from Sansosti et al. [2006].

Coregistration is the process of resampling one image to another so that corresponding
pixels in each image view the same target. This is typically done by first modelling the
satellite’s orbital parameters during each acquisition, in order to resolve a target’s theoretical
range and azimuth shift between the two SAR images. These theoretical shifts assume no
topography. In reality, this “flat Earth” assumption induces azimuth shift errors, Aje,,.
Assuming that the satellites are at the same height during each pass, that the azimuth pixel
spacing, A,., does not change between passes, and a small «, Aj... can be expressed by

B, 5h
Rosin(e) HOR,)

Ajerr & (2.1)
where Ry is the slant range during the first pass and dh is the topography error such that
dh = |6P|sin(f) (6P is the error of a point on the ground) [Sansosti et al., 2006]. Similarly,
the range shift error would be

B oh

A Lerr R -
! Ry sin(6) (Amnge

), (2.2)

where we assumed that the range pixel spacing, A, 4ng, does not change, as well as that
Ry > B. Using a previously acquired digital elevation model (DEM), §h is known, and
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these additional shifts can be corrected. Finally, cross-correlation can be used to adjust the
image geometries to account for a global offset, related to the acquisition start times [Sansosti
et al., 2006, Doin et al., 2011]. These steps ensure the two SAR images are coregistered with
sub-pixel accuracy, increasing interferometric phase coherence.

2.1.1.3 Calculating an interferogram

Once the two SAR acquisitions have been coregistered, each corresponding pixel should
image the same target. The complex product of the first image and the complex conjugate
of the second image results in the interferogram

Ling = I - Ty = Ay Ay %2790, (2.3)

The interferometric phase, A¢p = ¢o — ¢1, is the sum of the following contributions
A(b = A¢orb + A¢1§0po + Adeef + A(biono + AQbmfmo + A(anoise (24)

For InSAR, the term we wish to isolate is A¢gef, or the ground displacement in the
radar’s line of sight (LOS) between the two acquisitions. All other contributions that mask
this signal should ideally be removed.

The first term, A¢,.p, is a contribution originating from the orbital differences of the SAR
sensor between the two acquisitions, which manifests itself as a ramp across the image in the
range direction. The orbits of modern SAR satellites are known with high-precision, and the
orbital phase ramp can be calculated and removed. Residual orbital ramps sometimes linger
in interferograms and can be removed empirically by fitting a bilinear polynomial ramp in
the post-processing [Simons and Rosen, 2007].

The next phase contribution, Ay, is due to the presence of topography. The phase
contribution due to topography [Simons and Rosen, 2007] is

—47TBL5h

Adropo = ——r—r .
Ptopo AR sin(6)

(2.5)

If the topography is known a priori with a DEM, this phase contribution can be calculated
and removed. The DEM is projected into the radar viewing geometry, and the range dis-
tance, as well as the perpendicular baseline of the satellites during the two acquisitions, is
calculated at each pixel. Increasingly high-resolution global DEMs are available to simulate
and remove the A¢y,,, contribution. These include global DEMs acquired by the Shuttle
Radar Topography Mission (SRTM) [Farr et al., 2007] and TanDEM-X [Wessel, 2016], with
pixel postings of 30 and 12 m, respectively.

The ionosphere may also induce phase shifts, resulting in the contribution A¢;,,. Charged
particles in the ionosphere affect its refractive index and subsequently result in a phase ad-
vance of the propagating signal [Meyer, 2011]. Because the total electron content (TEC)
in the ionosphere varies with time and space, these phase shifts can induce interferometric
phase errors or even cause unpredictable curving of ray trajectories, resulting in a coher-
ence decrease [Meyer, 2011, Gomba et al., 2016]. The phase advance is dispersive, scaling
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inversely with the frequency, f, and can be expressed as

A¢iono(f) - ﬁTEC, (26)

cf

where K = 40.28 m®s? [Belcher, 2008]. Tonospheric effects are thus more prominent for low-
frequency, or long-wavelength, signals (e.g., L-band, A ~ 24 cm). Leveraging the dispersive
property of ionospheric phase advances, a “diverse-wavelength” system would be able to
empirically estimate and remove the ionospheric contribution [Simons and Rosen, 2007].
This technology will be implemented in the future NISAR mission. Some InSAR software
packages, such as InSAR Scientific Computing Environment (ISCE) [Rosen et al., 2012], now
include modules to remove ionospheric signal using both the Faraday rotation method and
the range split-spectrum method [Rosen et al., 2011, Liang et al., 2019].

The final phase contribution that can be mitigated is A¢gsmo, or the tropospheric phase
delay. The atmosphere has an inhomogeneous index of refraction which is higher than that
of free space, slowing down the propagating signal [Zebker et al., 1997]. Tropospheric phase
delays are due to spatial and temporal atmospheric variations in pressure, temperature,
and water vapor content [Zebker et al., 1997]. Atmospheric contributions may result from
the fact that pressure, temperature, and water content vary with time and with altitude,
resulting in interferometric phase delays which correlate with a region’s topography. This
“stratified” atmospheric contribution can be removed empirically, by fitting a polynomial to
the elevation versus phase delay [Beauducel et al., 2000, Remy et al., 2003, Doin et al., 2009].

Alternatively, atmospheric water content can be modeled with global weather models,
such as the High Resolution European Centre for Medium-Range Weather Forecasts (HRES-
ECMWF) numerical weather model [Yu et al., 2018], the ERA40 reanalysis [Doin et al.,
2009], or the ERA-Interim global meteorological model [Jolivet et al., 2011]. These me-
terological models use data assimilation methods to retrospectively reconstruct atmospheric
parameters, such as temperature or water vapor content, multiple times per day for various
altitudes or pressure levels [Dee et al., 2011]. The spatial resolution varies from 75 km for
ERA-Interim to less than 15 km for HRES-ECMWF. Yu et al. [2018] integrated water va-
por content measurements from GPS, acquired every 5 minutes, into the HRES-ECMWF
global meterological model, to develop the Generic Atmospheric Correction Online Service
(GACOS), which provide users wth atmospheric correction maps for interferograms. Tropo-
spheric phase delays, whose spatiotemporal variations can be more than 10 cm [Zebker et al.,
1997], are especially prominent in tropical regions [Ebmeier et al.; 2013], or in areas with
significant topographic relief [Beauducel et al., 2000]. However, the necessity of mitigating
these phase delays depends on the relative magnitude of A¢g.;. For large dike intrusions or
earthquakes, for example, the magnitude of ground displacement can be orders of magnitude
larger than that of the atmospheric noise.

The tropospheric phase delay also includes contributions from turbulent atmospheric ef-
fects, which are random in time and heterogeneous in space. They result from changes in
tropospheric conditions, due to phenomena such as wind vortices or other dynamic processes,
which change the atmosphere’s index of refraction [Hanssen, 2001]. Turbulent contributions
affect both flat and mountainous regions. They cannot be theoretically modelled or empir-
ically removed due to insufficient information on the state of the atmosphere. Nonetheless,
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because they are temporally uncorrelated, “stacking” (or averaging) multiple interferograms
reduce their effect and produce an average velocity map [Simons and Rosen, 2007]. Turbulent
atmospheric contributions are also spatially correlated, and can be taken into consideration
by estimating the error covariance in a non-deforming region of the interferogram (See Sec-
tion 2.2.1.3.2) [Sudhaus and Jénsson, 2009].

After the removal of the above four phase contributions, we are left with A¢g.; and
A@poise. The former is the signal of interest, and the latter is inherent system noise in
conjuction with any other unmodelled effects (moisture, DEM errors, etc.) that cannot
be systematically removed. Once A¢ge; has been unwrapped from a domain of [—7,7] to
[—00, 0] (See Section 2.1.1.4.2), the displacement in meters can be calculated by

_)‘Agbdef

= (2.7)

Aude =

Up to this point, the SLCs and interferograms have all been processed in radar geometry

(i.e., slant range and azimuth). In order to produce an exploitable deformation map, radar

coordinates must be transformed into geographical coordinates through a process called

geocoding. Fach pixel in the image is assigned a location on the surface of Earth using the

DEM which has been simulated into the radar geometry. This method is assuming that no
significant topographic change has occurred.

2.1.1.4 Post-processing

InSAR is especially useful due to both its sub-centimetric precision and all-weather, day-
and-night capabilities. However, it is not without limitations. These include phase shifts
due to atmospheric and ionospheric effects (See 2.1.1.3), as well as decorrelation.

Decorrelation occurs when surface properties change between two SAR acquisitions. For
example, leaves may act as scatterers, but the position and orientation of leaves change
rapidly, causing random scattering properties in two images. Surface changes are more likely
to occur when two acquisitions have a long temporal baseline. Decorrelation may also occur
when the perpendicular baseline between the satellite passes is greater than a few hundred
meters. When the viewing geometry changes, the phases of off-center scatterers of each
resolution element will change as well in a non-systematic way (random effect) [Simons and
Rosen, 2007].

The similarity between two SAR acquisitions, I; and I, can be quantified by the coher-
ence, calculated as

B SN Ly Iay
’7 - N 5 N 2a
\/21'21 |12 22550 L2l

where N is the number of pixels used to calculate the coherence, and |1, ;| is the modulus,
or amplitude, of image I; for pixel i [Simons and Rosen, 2007]. In order to improve the SNR in
densely vegetated regions, such as at tropical volcanic islands, we use the following workflow
for filtering and unwrapping. Both algorithms take into account the coherence, in order to
extract robust information from coherent regions.

(2.8)
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Figure 2-4: Coherence-based gradient filtering. a. The top left hand corner of the
figure shows the ALOS-2 swath footprint, indicating the near and far range, as well as the
first and last acquired samples, of the ascending orbit. The top right hand corner of the
figure shows the unfiltered, wrapped interferogram. The bottom right hand corner shows
the wrapped interferogram filtered using the weighted power spectrum approach with a
strength of 0.3, and the bottom left hand corner shows the wrapped interferogram filtered
using the coherence-based gradient approach. b. A visualization of the steps used to filter
the wrapped interferogram using the coherence-based gradient approach. Each colored box
represents a single phase value. The corners of the various window sizes (5 of the 8 are
shown here) are indicated with red lines. The phase gradient for each row and column is
iteratively estimated for each window size. The iterative procedure is visualized here for a
single column and row. 35
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2.1.1.4.1 Coherence-based gradient filtering

A weighted power spectrum filter is initially applied with a low-to-medium strength (~0.3 on
a filter strength scale from 0 to 1) [Goldstein and Werner, 1998]. A second coherence-based
filter further improves the SNR. This filter was already implemented in the NSBAS software
package by Marie Pierre Doin and Romain Jolivet [Doin et al., 2011]. It combines square
sliding windows of eight difference sizes (widths, w;, of 2, 3, 4, 6, 9, 12, 15, and 20). The
user provides both the complex interferogram, I, and the coherence, v, for each pixel, (7, j).
They also provide an amplitude threshold, a;pycsh-

Within a given window, each pixel’s phase is filtered with a bilinear plane that best fits
the window’s phase gradient along range and azimuth. If the pixel’s coherence is greater than
Qthresh, the filtered phase is weighted by the pixel’s coherence v;;. Otherwise, the filtered
phase is set to 0.

For each window size, the gradient is iteratively updated if the filtered phase is above
an empirical threshold. This ensures an increasingly accurate phase gradient approximation
for each window size. Taking into consideration the phase gradient, as well as a pixel’s
coherence, enables this filter to perform well when there is a high fringe gradient, as well as
when the coherence varies substantially over the scene.

An interferogram filtered using this approach, compared to the weighted power spectrum
filter, is shown in Figure 2-4. Although there may be artifacts in the phase, the coherence,
which itself was incorporated in the phase filtering, can be used to mask out these unreliable
values. Alternatively, these artifacts may be included during the unwrapping stage, after
which they can be masked out by the unwrapping iteration number (See 2.1.1.4.2).

2.1.1.4.2 Coherence-based unwrapping

After filtering, the phase is still “wrapped”, where @yrapped € [—7,7]. Typically, analytical
and numerical models of ground displacement produce outputs such that ¢,,e4e € [—00, 0].
To facilitate data and model comparison, 2k should be added to ¢; ;, where k € Z. However,
the direction in which the algorithm unwraps is non-unique, resulting in a non-unique value
of k. Various unwrapping techniques have been created to compute a continuous, smooth
Ounwrapped, Without erroneous jumps of 27 between pixels.

Two main families of unwrapping algorithms exist— branch-cut [Goldstein et al., 1988]
and statistical cost network flow [Chen and Zebker, 2001] techniques. The former introduces
“branches” between pixels that have residues with opposite signs. Residues occur when the
sum of a closed path of pixel phases is nonzero. The algorithm will not unwrap across these
branches. The latter maximizes the unwrapped solution’s conditional probability using the
wrapped phase, image amplitude, and coherence [Chen and Zebker, 2001].
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Figure 2-5: Coherence-based unwrapping. a. Unwrapping performed by the snaphu
algorithm of Chen and Zebker [2001]. Heavy dark blue lines indicate unrapping errors.
Fault surface ruptures due to caldera ring-faulting are also indicated with toothed lines.
b. Unwrapping performed by the coherence-based unwrapping algorithm of NSBAS [Doin
et al., 2011] described by Grandin et al. [2012]. User-defined bridges which connect fringes by
integer multiples of 27 are indicated with dark blue, circle-capped lines. c. A visualization of
the unwrapping algorithm and how the iteration number is determined. In the first column,
each square’s color represents the coherence, with yellow being a high coherence, and black
being a low coherence. The numbers in each square represent the wrapped phase, and each
number’s color represent its iteration count. In the second column, the iterations begin with
the seed pixel, in this case the pixel in the center, which has the highest coherence. Each
square’s color represents its iteration number, with white being the first iteration, and dark
blue being a later iteration. The black square is not unwrapped, as its coherence is below the
minimum coherence threshold. See the text for more details of this coherence-based iterative
unwrapping. d. The final unwrapped interferogram, after masking pixels above a certain
iteration count threshold. Although this masking ensures that the majority of noisy pixels
are discarded, some residual unwrapping errors remain, as noted by the red oval. These
errors can be masked out by hand.

In this dissertation, we mainly utilise a variant of the branch-cut unwrapping algorithm
that considers the coherence of a pixel (i,7) to determine the unwrapping path. The user
inputs a minimum coherence threshold 7,,;,, a seed pixel where the unwrapping begins,
(10, Jo), as well as a list of connected points that should be unwrapped manually (the integer
multiples of 27 must also be provided). This unwrapping method was implemented in
NSBAS by Marie Pierre Doin [Doin et al., 2011}, and described by Grandin et al. [2012] (see
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Figure 2-5).

This unwrapping algorithm starts at point (4o, jo) with a phase of ¢y jo.unw = Pig,j, and
an iteration number, n = 0. The user also provides a minimum coherence threshold, ¥,,in.
If a pixel, for example (i + 1, jo), in the direct vicinity of (ig, jo) has not been unwrapped,
and its coherence is above the current coherence threshold, v;,,esn, then we calculate the
unwrapped phase such that

Bigt1,josunw = Pig josunw — AT (Lig jo * Ligt1,jo), (2.9)

where IZ,] = Aiyje“z’i’f.

This procedure is repeated for all four pixels surrounding (g, jo). If no surrounding pixels
can be unwrapped during this step, a user-defined bridge may be applied. A bridge between
two points, (i1,71) and (i, j2), performs the same operation as Equation 2.9, but adds the
appropriate k integer multiples of 27, such that

(b’iz,jz,unw = (bl'l,]'l — arg ([,L'le . 71'2’]'2) — 2]{71' (210)

The algorithm performs a set number of iterations, in this case 150000. If no pixels
surrounding the current pixel can be unwrapped because their coherence is below the cur-
rent Yipresh, then Yneesn is decreased by 0.018. Once Vpresh < Vimin, N0 further pixels are
unwrapped. If 6 pixels are consecutively unwrapped without lowering Vipresn, then Yipresn
will be increased by 0.018, to direct the unwrapping path along the pixels with the highest
coherence.

The final products obtained from this unwrapping method are the final unwrapped phase,
which is added to the interferogram filtered with the weighted power spectrum. Other
products include each pixel’s iteration number and .esp, When it was unwrapped. The
iteration number map can be used to mask the final unwrapped interferogram (see Figure
2-5d), where a lower iteration number is a proxy for a more reliable unwrapped phase.
Because this algorithm unwraps along a path of the most coherent pixels, as well as includes
the option to include user-defined bridges, it performs well when interferometric coherence
varies significantly across the scene.

2.1.2 Measuring large ground displacements: additional SAR meth-
ods

To complement InSAR, other techniques to measure ground displacements include pixel
offset tracking and multiple aperture interferometry. Both of these techniques are able to
measure ground deformation in the azimuth direction, or the direction of the satellite flight
path. Due to the near-polar orbits of SAR satellites, this component is mostly sensitive to
N-S displacement.
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Figure 2-6: InSAR vs. SAR pixel offsets. The left hand hand column shows the
unwrapped LOS displacement field spanning the 2018 Ambrym dike intrusion, as measured
by ALOS-2 using InSAR. The right hand column shows the amplitude pixel offsets measured
by both ALOS-2 (top row) and COSMO-SkyMed (bottom row). Pixel offsets are able to
resolve displacement close to the dike trace, where InSAR is decorrelated. In addition,
COSMO-SkyMed pixel offsets have a higher SNR than ALOS-2 pixel offsets, most likely due
to the smaller pixel size (~2 m vs. ~4 m).

2.1.2.1 Amplitude pixel offset tracking

Large ground displacements may result in decorrelated InSAR measurements. In addition
to measuring azimuth ground displacements, amplitude pixel offset tracking (incoherent
cross-correlation) also maintains a coherent signal regardless of the magnitude of ground
displacement (see Figure 2-6). Pixel offset tracking is not restricted by the magnitude of
ground displacement because the algorithm relies on tracking amplitude features by finding
the cross-correlation peak between the amplitudes of an N x M pixel window in two SAR
images [Michel et al., 1999]. Therefore, large ground displacements can be measured as long
as the extent of the correlation search window is large enough to include the target in both
images. Typical applications of this technique include large earthquakes [Lauer et al.; 2020]
or glacier flow [Michel and Rignot, 1999]. Pixel offset tracking, however, is less accurate than
InSAR because the measurement sensitivity (10-15 cm for SAR satellites, or ~10 — 15% of
the pixel size) depends on pixel size [Simons and Rosen, 2007].

2.1.2.2 Multiple aperture interferometry

Another method used to measure azimuth displacement is to split an interferogram into one
forward- and one backward- looking interferogram, as first proposed by Bechor and Zebker
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[2006]. This can be done by processing only a portion of the antenna beamwidth, with
a squinted beam angle and a reduced beam azimuth aperture, for both the forward- and
backward-looking cases (see Figure 2-7). This processing results in two separate apertures,
hence the name multiple aperture interferometry. The difference between the forward- and
backward-looking interferograms is proportional to the azimuth displacement. Any phase
contributions from topography, non-azimuthal deformation, or atmosphere are the same in
both interferograms, due to their independence from the squint angle. These contributions
cancel out in the final multiple aperture interferogram, leaving only the azimuth displace-
ment. The accuracy of MAI is lower than LOS InSAR, due to the reduced angular aperture.
The accuracy is instead comparable to that of amplitude pixel offsets, although the phase is
used instead.

Adapted from Bechor and Zebker, 2006

Figure 2-7: Multiple aperture interferometry. In multiple aperture interferometry
(MATI), forward- and backward-looking interferograms are processed. This figure shows the
mid-beam line of sight (LOS), which is squinted by 6,,, as well as the forward-looking LOS,
squinted further by 3¢. The backward-looking LOS is squinted —f3;. The full beam width
is shown by the dotted line labelled -1 to 1. Adapted from Bechor and Zebker [2006].

2.1.3 Current SAR satellite missions

Data availability and SAR system characteristics, such as wavelength, acquisition mode,
and repeat time, dictate which techniques are most useful on a case-by-case basis. There
are currently 8 main SAR missions with constellations in orbit, operated by national or
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international (e.g., ESA) space agencies. Half of these have X-band wavelengths— TerraSAR-
X/TanDEM-X, PAZ, KOMPSAT-5, and COSMO-SkyMed. There are two current missions
for C-band wavelengths— RADARSAT-2 and Sentinel-1, and two for L-band— ALOS-2 and
SAOCOM. See Figure 2-8 for a summary of current and past SAR missions.

These SAR satellites are able to acquire images in a variety of modes, resulting in data
products with varying image footprints and spatial resolutions (see Figure 2-9). The fun-
damental SAR acquisition mode is Stripmap, where the antenna’s look and squint direction
are fixed. Stripmap pixel size of satellite-bourne SAR sensors range from ~5 — 10 m, and an
image footprint (ground swath dimensions) between 50 and 100 km wide. In SAR systems,
a compromise must be made between swath width and azimuth resolution. A larger swath
width results in a longer pulse echo, which can only be fully resolved if the PRF" is decreased.
A lower PRF results in a coarser azimuth pixel spacing [Grandin, 2019]. In other words, a
wide swath cannot have a fine azimuth resolution.

TerraSAR-X
TanDEM-X
PAZ
HRWS
KOMPSAT-5 $
KOMPSAT-6
COSMO-SkyMed
COSMO-SkyMed 2ndGen
RADARSAT Constellation I
RADARSAT-1 RADARSAT-2
_———
Sentinel-1
Envisat-ext s
ERS-2 Envisat e s
ERS-1 P
JERS-1 NISAR ©
ALOS-1 S5
ALOS-4 1
SAOCOM -
TanDEM-L
71995 2000 2005 2010 2015 2020 2025
Year

Figure 2-8: Civilian SAR missions. Past and current SAR missions, and their corre-
sponding radar wavelength. Missions that have yet to be launched at the time of writing are
shown in lighter colors.

High-resolution products (< 1 — 2 m pixel spacing) can be generated using special acqui-
sition modes, such as Staring Spotlight. Staring Spotlight mode increases azimuth resolution
by following the same spot on the Earth for an extended period. This increases a target’s
illumination time and consequently its Doppler bandwidth [Massonnet and Souyris, 2008].
In Earth science applications, high resolution SAR is particularly useful for observing am-
plitude changes or pixel tracking. However, the high resolution is obtained at the cost of
non-continuous observations when the antenna is following a point on the ground. Hence,
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images have a limited length in azimuth. The PRF' is also increased, which reduces the
swath width.

a. Stripmap mode b. Wide-swath modes c. Spotlight mode

ScanSAR

Adapted from Mittermayer et al, 1999

Adapted from Simons and Rosen, 2015

Adapted from De Zan and Guarnieri, 2006

Figure 2-9: SAR acquisition modes. a. The fundamental Stripmap mode, where 6
is the look angle and [ is the incidence angle, both measured at the center of the swath.
Adapted from Simons and Rosen [2015]. b. The Wide Swath modes ScanSAR and Terrain
Observation by Progressive Scans (TOPS), each with three radar subswaths. In ScanSAR,
the satellite’s squint angle is fixed. In TOPS, the beam angle in azimuth changes during
the satellite flight path according to ¥4, = ky7,, where 7, is the azimuth time and &, is
the antenna rotation rate. Adapted from De Zan and Guarnieri [2006]. ¢. The Spotlight
mode, which increases the illumination time of a particular target by pointing the antenna
in that direction for an extended period of time. This figure specifically displays the Staring
Spotlight mode. Adapted from Mittermayer et al. [1999].

An opposite strategy consists of using Wide Swath acquisition modes, such as ScanSAR
and Terrain Observation by Progressive Scans (TOPS), resulting in large (up to 500 km
wide) ground swaths. This allows for InNSAR studies over large geographic areas, especially
useful for regional tectonic studies. This also allows for a frequent revisit time, which is useful
for studying volcanic systems. The original Wide Swath mode was ScanSAR, where pulse
bursts consecutively image multiple subswaths (see Figure 2-9). However, a target’s Doppler
bandwidth is reduced according to the number of swaths, decreasing azimuth resolution
[Massonnet and Souyris, 2008]. ScanSAR is also susceptible to an effect called scalloping,
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where the gain of the antenna radiation pattern seen by a target varies along azimuth,
creating periodic fluctuations in the amplitude, if uncorrected. Azimuth-varying ambiguities
also occur when echos received of a target are imaged by both the antenna pattern’s main and
side lobes. TOPS, on the other hand, is an acquisition mode [De Zan and Guarnieri, 2006]
that was created to improve effects from scalloping and azimuth-varying ambiguities. In
addition to sending bursts to image subswaths, the antenna beam also rotates progressively
forward in the azimuth direction, which results in a longer burst where each target is seen by
the same antenna pattern. TOPS is currently implemented in the European Space Agency’s
Sentinel-1, which systematically acquires SAR images of the globe every 6 — 12 days.

2.1.4 Earth science applications

InSAR can obtain spatially dense ground displacement measurements regardless of weather
or time of day, making it a powerful tool in Earth sciences. Study areas in Earth science
may range from a tens of meters to hundreds of kilometers— from the growing Merapi lava
dome to the creeping San Andreas fault. Processes within the Earth’s crust also occur on all
timescales, from seconds to millennia. Now that the SAR archive extends back 30 years, these
processes can be studied on decadal timescales. In addition, commercial nanosatellite SAR
missions (e.g, ICEYE, Cappella Space), may allow for geodetic observations of deformation
processes occurring on hourly timescales. Phenomena that can be studied using ground
displacement measurements include, but are not limited to, aquifer compaction, glacier flow,
earthquakes, and volcanic unrest (see Figure 2-10).

Anthropogenic deformation may occur during ground water extraction, resulting in sub-
sidence. In regions where ground water extraction supports agricultural or urban activities,
such as Mexico and California, InSAR measures subsidence on both large and local spatial
scales [Chaussard et al., 2014]. InSAR measurements are also sensitive to aquifer response
due to modulating water extraction rates or seasonal meterological conditions [Schmidt and
Biirgmann, 2003, Murray and Lohman, 2018]. The spatially dense and extensive measure-
ments of INSAR are necessary to map the widespread effect of ground water extraction across
entire regions.

InSAR applied to glacier flow is of particular interest in the context of the changing
climate. Ice sheets move at high velocities of up to 1 m day™!, and accurate velocity mea-
surements help constrain dynamic models [Bindschadler, 1998]. InSAR is able to map ice
motion of large glaciers (in Greenland [Joughin et al., 2004], for example). There is even
potential for InSAR to map ice flow velocity for the entirety of Antarctica [Mouginot et al.,
2012]. Accurate velocity measurements help ensure accurate estimates of the mass balance
of ice sheets [Mouginot et al., 2012].

The tectonics community has also taken full advantage of the capabilities of InSAR to
measure deformation over different spatial and temporal scales. InSAR is used to study
all aspects of the earthquake cycle— including coseismic ground displacement, postseismic
deformation, and interseismic fault creep [Massonnet and Feigl, 1998]. As mentioned previ-
ously, the first coseismic interferogram measured ground displacement produced by the 1992
Landers earthquake [Massonnet et al., 1993]. Recent coseismic InSAR measurements, such
as during the 2016 Kaikoura earthquake, have resulted in the realization that fault ruptures
and segmentation are much more complex than previously thought [Hamling et al., 2017].
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Multitemporal InSAR time series allow for measurements of aseismic fault creep with sub-
centimetric accuracy across entire fault segments, such as the San Andreas [Jolivet et al.,
2015] or the North Anatolian [Rousset et al., 2016] faults.
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Figure 2-10: Ground displacement via geological processes. The rate and duration
of ground displacement for various geological phenomena. The region within the solid red
line shows the displacement that can be measured by present-day InSAR, with a revisit
time of 6 days and a sub-centimetric accuracy. The light red line indicates the capabilities
of InSAR in 1998, according to Massonnet and Feigl [1998]. The dotted red line shows
the best-case scenario for future SAR satellite capabilities (daily acquisitions, millimetric
accuracy). The top right of the figure is restricted due to phase decorrelation resulting from
large deformation gradients. Adapted from Massonnet and Feigl [1998].

The above applications are by no means exhaustive. We end this section with a focus on
the application of InSAR to volcanic unrest, which drives the bulk of the results found in
this dissertation. As SAR acquisitions become increasingly temporally dense, InNSAR can be
used to study and model the various volcanic processes driving crustal deformation. Volcanic
deformation may be due to a variety of processes which occur at depths ranging from the
surface (e.g., lava flow compaction and cooling) to the mid-to-low crust (e.g., magmatic
injection). In the late 1990’s, just as InSAR was beginning to gain attention in the tectonics
community, only 44 volcanoes were known to be deforming [Dvorak and Dzurisin, 1997]. In
2016, this number jumped to more than 220 [Biggs and Pritchard, 2017]. This surge is due to
the increasing prevalence of volcano monitoring using InSAR to complement ground-based
techniques such as Global Navigation Satellite System (GNSS) [Dzurisin, 2007, Pinel et al.,
2014]. Interferograms are now produced routinely by volcano observatories worldwide, and
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are used in conjunction with other datasets to drive decision-making during eruptions (such
as during the 2018 Kilauea rift zone eruption and caldera collapse [Neal et al., 2018]).

As SAR observational strategies improve and expand, the quantity of observed volca-
noes will increase, as will geodesists’ ability to disentangle signals from the various volcanic
processes that induce ground deformation. Analytical and numerical models of pressurized
deformation sources embedded within the Earth’s crust may fit observations at the surface
to the first order. However, they are far from representing a transcrustal magmatic system
consisting of melt and crystal-rich mush (See Section 5.1.1.3). While SAR data availability
is increasing exponentially, we must not forget that to translate these observations into a
furthered physics-based understanding of volcanic systems, we must continue to develop our
qualitative, and quantitative, understanding of the interacting constituents of a magmatic
system.

2.2 Geodetic inverse modelling

Volcanic crustal deformation is the surface manifestation of physical processes occurring
kilometers beneath the Earth’s surface. The injection or migration of magma, as well as
phase changes (e.g., volatile exsolution or crystallization), result in pressure changes in the
magmatic or hydrothermal system. The lithosphere will deform in response to the given
pressure change (imposed stress), and the resulting surface displacement depends on the
crustal properties and the shape of the cavity. Magma can also open fractures in the brittle
crust and migrate into these fractures, forming magmatic intrusions. If the crust is assumed
to be homogeneous and elastic (which is reasonable for time scales on the order of seconds to
months), its deformation can be calculated analytically for sources with various shapes and

sizes (e.g., spheres, ellipsoids, rectangular dislocations) using the theory of linear elasticity
[Mogi, 1958, Okada, 1985, McTigue, 1987, e.g.,].

These analytical formulations were developed when surface deformation was measured
using sparse GNSS, tiltmeters, or trilateration lines measurements (such datasets typically
only included tens of data points) [Segall and Harris, 1987, Harris and Segall, 1987]. InSAR
measurements, however, produce dense (nearly continuous) 2-D maps of ground displace-
ments, making it easier to identify discrepancies between models and data. For example,
complexities that are ignored in the aforementioned analytical formulations include complex
geometries of the deformation sources or interactions between multiple sources.

In this dissertation, we attempt to explain complex spatial patterns of co-eruptive surface
deformation at Ambrym by several sources with non-planar geometries (i.e., curved dikes
and caldera ring-faults). We employ various inversion techniques, both linear and nonlinear,
as well as analytical and numerical methods, depending on the data availability and the
complexity of the source(s). We will begin this section by defining and setting up a general
“inverse problem”. Then, we will discuss the mathematical formulations and numerical
methods which can be used to relate deformation source parameters to measured surface
displacements.
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2.2.1 Defining the inverse problem

Inverse problem theory can be used to estimate the source parameters necessary to explain
geodetically measured surface displacements. Solving an inverse problem consists of finding
m (the model parameters) from

d=g(m), (2.11)

where d is the observations and ¢ is an operator which relates the physical model to the
observation [Tarantola, 2005]. Equation 2.11 defines the forward problem. The forward
problem can be used, for example, to calculate InNSAR surface displacements d given the
appropriate operator g determined by linear elasticity, as well as the location and geometry
of the deformation source, described by m. The approach used to solve for m in Equation
2.11 depends on whether the inverse problem is linear or nonlinear.

2.2.1.1 Linear inverse theory

If the operator g is linear, then Equation 2.11 can be rewritten as the following
d=Gm, (2.12)

where d is the data vector, m is the model parameter vector, and G is a matrix defining
the mathematical relationship between the model parameters and the data. When modelling
surface deformation with InSAR, we often have more InSAR observations than model param-
eters, resulting in an overdetermined system of equations. In other words, our linear system
of equations, expressed by Equation 2.12, has more equations than unknowns, and hence has
no single solution that satisfies all of the observations. To solve an overdetermined linear
system of equations, the least squares criterion can be applied [Tarantola, 2005]. Under the
assumption that the priors are Gaussian, we minimize the L2 norm between the predicted
observables d,,.; and the measured observables d, which can be expressed as the misfit
function:

S(m) = 5 [(dprea — dobs) " Cy (dyrea — dope) + (M — mo)'C (m —my)|, (2.13)

where Cy is the data covariance matrix (See Section 2.2.1.3.2), C,,, is the model covariance
matrix (See Section 2.2.2.5.1), and mg represents the a priori model parameters. The solution
that minimizes S(m) can be computed by

Mest = My + CmGT(GCmGT + Cd)il(dobs — Gm0> (214)

In a broader sense, since the posterior uncertainties to the solution of a linear inverse problem
are Gaussian, we can consider m.y to be the center, or mean, of the posterior probability
density function oy, [Tarantola, 2005]. Minimizing S(m) is the same as maximizing o, (or
finding the maximum posterior likelihood).
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2.2.1.2 Nonlinear inverse theory

In many cases, the operator ¢ is nonlinear, or ¢ is linear but the priors are non-Gaussian. In
both cases, the posterior probability density function will not be Gaussian. To solve a weakly
nonlinear inverse problem, it is possible to linearize the operator around some determined
prior model myg (See Figure 2-11c). Solving this linearized problem becomes the same as
solving the linear problem [Tarantola, 2005].

When the problem cannot be linearized, but is quasilinear near m (e.g. Figure 2-11d),
iterative “steepest descent algorithms” can be used to estimate m. One such approach is
the Quasi-Newton method [Tarantola, 2005], which is implemented in this dissertation using
the code of Briole et al. [1987]. Each model parameter is given an a priori value, around
which the algorithm can explore according to the provided “step” value. A larger step value
results in the algorithm searching farther away from the a priori value, exploring a larger
parameter space, but increasing the chance that the final m estimated will represent a local,
not global, minima.

a. b. C.

p(d,m)

d=g(m)

oim)| | fowmn,

Adapted from Tarantola 2005

d=g(m

Figure 2-11: Nonlinearity in forward problems. Plots showing a variety of levels of
nonlinearity that can be encountered in the forward problem. a. The probability density
p(d, m) and marginal py;(m) which represent the a priori information on d and m. b.
The case when the forward problem is linear, and the posterior probability density oy (m)
is Gaussian. c. The forward problem is weakly nonlinear, and can be linearized around my.
d. The forward problem can be linearized around the maximum likelihood point, which can
be estimated by iterative methods. e. The forward problem cannot be linearized, and other
techniques, such as Monte Carlo approaches, are necessary. f. The nonlinearities of the
forward problem are so strong that more sophisticated techniques are necessary. Adapted
from Tarantola [2005].

When inverse problems become highly nonlinear (many local maxima in the posterior
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probability density), Monte Carlo methods have to be implemented (See Figure 2-11e).
Monte Carlo methods are extensive explorations of the model parameter space. They are
optimized to sample a multi-dimensional probability density function in a (pseudo)random,
yet efficient, manner [Tarantola, 2005]. The optimization algorithms are called sampling
methods (e.g., Gibbs Sampler, Metropolis Algorithm). The goal of the optimization is
to densely sample areas of significant probability, which are small compared to the entire
multi-dimensional parameter space [Tarantola, 2005]. By performing random walks with
probabilistic rules that reject or accept the direction of the next step, these algorithms
efficiently sample the distributions of interest [Tarantola, 2005]. The specific Monte Carlo
method that has been utilised in this dissertation— the neighborhood algorithm [Sambridge,
1999a,b]— will be discussed further in Chapter 4.

2.2.1.3 Data preparation

As discussed previously, two of the main inputs of the inverse problem are the observation
vector d (in geodetic modelling, chosen via data downsampling) and the uncertainty of this
data (incorporated via the data covariance matrix).

2.2.1.3.1 Data downsampling

InSAR displacement maps may include millions of data points. Appropriately downsampling
the data, or choosing a subset of the data points, renders the inverse problem computationally
feasible, while ensuring a representative data subset. The downsampled data should retain
the spatial structure of displacement field (even in areas where the displacement gradient is
high) and the full range of displacement values. To achieve this, data should be sampled
finely in areas of high displacement or high displacement gradient (i.e., the near-field), and
coarsely sampled in regions with low displacement (i.e., the far-field). Even measurements
in the far-field, where there is no displacement, are necessary to determine the spatial extent
of the deformation signal. In addition, the projection of 3-D surface displacements into a
radar’s line-of-sight (LOS) may result in null LOS displacement in the near-field, information
that must be included to estimate the correct model parameters [Grandin, 2009, Smittarello
et al., 2019].

Given these requirements, we can explore various downsampling schemes to establish the
most suited for our problem. The first is uniform downsampling, which averages neighboring
pixels to obtain a regular grid with fewer data points than the original dataset (See Figure 2-
12a). However, this method oversamples the far-field, which includes redundant information
that would not improve model parameter estimates.

Another downsampling method is based on distance, with increasing increments farther
away from the source (See Figure 2-12b). In other words, the data points are sampled finely,
yet uniformly, near the deformation source, and more coarsely farther away. Other methods
(“quadtree”) include subdividing quadrants of data until the variance (or displacement gra-
dient) within each quadrant is below an (often arbitrarily-chosen) threshold [Jonsson et al.,
2002]. However, this technique may undersample regions that have low LOS deformation
in the near field, due to the projection of the displacement vector into the LOS, as men-
tioned above. Additional methods consider the generalized inverse problem itself— so-called
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“resolution-based” downsampling. Data points are chosen if the diagonal of the model res-
olution matrix (GG, G = (GGT)"IGT) is greater than a chosen threshold [Lohman
and Simons, 2005]. The data values themselves do not influence the downsampling, which
may be useful when the data is noisy. However, there must be a priori knowledge on the
deformation source, which may be complicated when the data is incoherent, or the displace-
ment field is complex. In practice, since the model resolution depends strongly on distance,
a “resolution-based” downsampling will be similar to the distance-based approach.
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Figure 2-12: Downsampling methods. Example of uniform (lefthand map) and distance-
based (righthand map) downsampling with data from an eruption in 2015 at Ambrym.

2.2.1.3.2 Data covariance matrix

As mentioned in Section 2.1.1.3, atmospheric and ionospheric phase delays in the data can-
not be fully removed from an interferogram. Nonetheless, the structure of this “noise” can
be incorporated in the inversion with the data covariance matrix C,, which weights the data
according to the strength and distance of spatially correlated noise sources. Throughout
this dissertation, we account for spatially correlated noise using a data covariance matrix
populated with an empirically calculated semivariogram [Chilés and Delfiner, 1999]. A semi-
variogram is computed by taking the squared difference of a random subset of data points
in non-deforming areas. Phase changes in these regions are thought to be only affected by
noise, and noise structure is assumed to be similar in non-deforming and deforming areas
[Lohman and Simons, 2005, Sudhaus and Jénsson, 2009]. This value is then plotted against
the distance between the two points [Lohman and Simons, 2005, Fukushima et al., 2005,

Sudhaus and Jonsson, 2009] (See Figure 2-13). The semivariogram is fit by an exponential

[k F
decay of the form (C' — o3 - exp™ L ), where ||k1, ko|| is the Euclidean distance between

two subsampled pixels k1 = (21, 41) and ko = (29, ¥2), 04 is the variance, a is the correlation
distance, and C' is the horizontal asymptote.
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Figure 2-13: InSAR semivariogram. a. Semivariogram calculated from random data
points k; and ko selected from a non-deforming section of the interferogram in b. The
Euclidean distance between k; and ky is ||k, ko||. b.  An interferogram showing post-
intrusion subsidence spanning 22 December 2019 — 16 February 2020. The semivariogram is
calculated from data points randomly selected from within the dotted box.

Estimating an empirical semiriogram means that no assumptions have to be made a
priori about the error origin (atmosphere, ionosphere, but also post-processing steps like
filtering) [Lohman and Simons, 2005]. The data covariance matrix can then be populated
for each pair of pixels in the interferogram through the following

|1, Kol

a

Ca(ky, k) = 05 - exp(— ). (2.15)
[Fukushima et al., 2005]. This function makes C, positive-definite, hence always invertible
[Armstrong and Jabin, 1981].

Once the data and data covariance matrix have been prepared, they define the d vector
and Cg matrix. In order to set up the system of linear equations in Equation 2.12, we must
still choose the appropriate matrix G.

2.2.2 Choosing the appropriate analytical model

By choosing G, we are defining the appropriate mathematical operator that relates the model
parameters to the surface observations. As mentioned previously, analytical formulations
[Mogi, 1958, Okada, 1985, McTigue, 1987] have been derived to model volcanic deformation
sources. Mode I fractures represent opening (or closing) dikes or sills, while ellipsoids or
spheres represent magmatic reservoirs undergoing pressure changes. The type of analytical
solution used needs to be chosen a priori, based on the spatial pattern of surface deformation
and a conceptual understanding of the particular volcanic system. If the source geometry
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(shape, location, size, orientation) is also fixed a priori, we can use the linear least squares
criterion to estimate volume or pressure changes. However, these analytical solutions have
nonlinear relationships between source depth and surface displacements. Therefore, nonlin-
ear inversion techniques must be implemented to solve for the source geometries.
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Figure 2-14: Ground displacements due to dike inflation. The vertical and horizontal
displacements along a perpendicular cross-section at the center of an inflating point tension
crack, for various dike dips (0°,30°,60°,90°). The displacements are normalized to the
displacements of a Mogi source with an equivalent moment (indicated by the gray line).
Adapted from Lisowski [2006].

2.2.2.1 Common analytical volcanic sources

Two of the most widely used deformation sources used to model volcanic deformation are
the Mogi (spherical pressurized cavity, represents a reservoir) and Okada (rectangular dis-
location, represents a dike or sill) models. The simplest (i.e., requires the least amount of
parameters) volcanic deformation source is the Mogi model, or a spherical source embedded
in an homogeneous elastic half-space [Mogi, 1958].

The surface displacements (which are axisymmetric around the source’s center) at a point
(u,v,w) can be calculated according to the relationship

u i
1—v) (7

v :a3AP(Gy) EN (2.16)
w i
R3

such that (x,y, —d) is the cavity location, « is the radius, G is the elastic modulus, v is
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Poisson’s ratio, and R = v/x? + y? + d? or the radial distance from the source to the surface
(See Figure 2-15a). Surface displacements for a Mogi source depend only on its location, the
cavity radius «, the pressure change AP of the source, as well as properties of the host rock.
The depth —d must be much greater than the radius « for the point source approximation
to be valid.

Difficulties arise when attempting to estimate AP in Equation 2.16. The cavity size and
AP are coupled, such that a large cavity with a small pressure change may produce the
same surface displacements as a small cavity with a large pressure change. In addition, the
elastic modulus of the host rock tends to be poorly constrained, resulting in uncertainties on
AP that may reach an order of magnitude [Lisowski, 2006]. On the other hand, the source
volume change AV can be robustly estimated given the surface displacement measurements.
AV is proportional to the surface volume change AV; = 2(1—v)AV = 1.5AV when v = 0.25
[Delaney and McTigue, 1994]. The factor of 1.5 comes from the presence of the free surface,
which induces dilatation above the cavity [Lisowski, 2006]. To bypass the aforementioned
difficulties, AP can be related to AV of a point source by the relationship AV =~ %7?043
f AV

[McTigue, 1987]. Equation 2.16 is therefore often expressed as a function o instead of

a3AP

GA second commonly used model, developed by Okada [1985], is a rectangular tensile
dislocation with uniform opening embedded in a homogeneous elastic half-space. Its geo-
metrical parameters are shown in Figure 2-15b. The full analytical expressions can be found
in Okada [1985]. A shearing Okada rectangular dislocation is commonly used to describe
earthquake deformation (i.e., slip on a fault). Tensile dislocations can also approximate, in
the far-field, a fluid-filled elliptical crack, as described by Pollard and Holzhausen [1979] in
2-D [Davis, 1983]. Vertical displacements are symmetric when the plane has a dip of 0° and
90° (analogously, horizontal displacements are antisymmetric when the plane has a dip of
0° and 90°) (See Figure 2-14). Subsidence is observed directly above an opening vertically-
dipping tensile dislocation due to the dislocation’s finite length. Outside of this region of
extension, the surrounding host rock is under compression. This compression results in the
following relationship between the surface volume change and dike volume change

AV, = iAV, (2.17)

if v = 0.25 [Lisowski, 2006].
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Other analytical solutions that represent volcanic cavities allow for finite and/or non-
spherical sources, whose surface displacement depends on the axis ratios. These include the
model of McTigue [1987], who derived the approximate analytical solution for surface dis-
placements due to a pressurized finite spherical source, and of Davis [1986], who found the
point source approximation of an ellipsoid. There are also analytical solutions for prolate
spheroids and horizontally-dipping cracks [Yang et al., 1988, Fialko et al., 2001]. While these
models are useful, they also have limitations. For example, the analytical solution for the
prolate spheroid of Yang et al. [1988] is only valid as long as the source’s depth remains
greater than the upper surface’s radius of curvature. This inaccuracy arises due to the ad-
dition of image solutions to obtain the analytical formulation in a half-space, modifying the
pressure boundary conditions on the spheroid’s surface [Yang et al., 1988].

A comparison of surface displacements produced by different cavity geometries can be
found in Figure 2-16. Horizontal displacements vary depending on the cavity geometry, with
prolate ellipsoids (“pill-shaped” stock in Figure 2-16) producing the most horizontal motion.
However, if the source depth is scaled accordingly, the vertical displacements between differ-
ent cavities are similar. InSAR measurements are more sensitive to vertical than horizontal
displacements. As a result, a single interferogram may not adequately capture the horizon-
tal displacements, making discrimination between the various cavity geometries difficult. A
combination of multiple acquisition geometries with azimuth displacements can produce a
3-D displacement map, which may help to resolve a cavity’s geometry (integrating 3-D GPS
measurements would also be invaluable, if such measurements are available).
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Figure 2-16: Ground displacements of inflating cavities. Profiles of vertical and hori-
zontal surface displacements for a sphere (A), a circular sill (D), a “pill-shaped” stock (F),
and a point source computed with the finite element method, normalized to the maximum
vertical displacement. Note the horizontal scale (radial distance) is normalized according to
the source depth. Adapted from Segall [2010], Dieterich and Decker [1975].

2.2.2.2 Compound Dislocation Model

As shown in Figure 2-16, the type of volcanic source chosen to explain InNSAR observations
affects the estimated model parameters (depth, pressure/volume change). With this in
mind, a universal analytical model, which could represent both fractures and all cavity
geometries, would alleviate the need to accurately choose a single type of model a priori.
Such a universal model can be mathematically described by three orthogonal rectangular
dislocations (Compound Dislocation Model, CDM developed by Nikkhoo et al. [2017]). A
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CDM’s geometry can be fully explained by 10 parameters— three location parameters (x,
y, 7), three rotational parameters (wx,wy,wy), three shape parameters (semi-axis lengths
a,b,c), and the uniform opening of each dislocation (u) (See Figure 2-17). The surface
deformation induced by each of these 3 individual rectangular dislocations is calculated from
an improved version of Okada’s equations, to account for the fact that the upper edge of the
dislocations is not necessarily parallel to the surface [Nikkhoo et al., 2017].

Figure 2-17: CDM geometry. The Compound Dislocation Model (CDM), composed of
three orthogonal rectangular tensile dislocations, and three rotational degrees of freedom
(wx,wy,wz). Adapted from Nikkhoo et al. [2017].

2.2.2.3 Moment tensors equivalencies

In order to quantitatively demonstrate the equivalence of the CDM to the analytical models
mentioned above, their respective moment tensors can be compared. Moment tensors are
widely used in seismology because they can provide information regarding source strengths
and fault orientations and can be determined from long-wavelength teleseismic data [Aki
and Richards, 2002]. The moment tensor’s eigenvalues determine the principal axes of the
source [Jost and Herrmann, 1989]. Seismic sources (shear dislocations) can be described
with purely double-couple moment tensors that have a zero trace (sum of the eigenvalues)
[Jost and Herrmann, 1989]. If the trace is non-zero, then the moment tensor contains an
isotropic component, which provides information of the source’s volume change.

In volcano geodesy, moment tensors can also be convenient to quantitatively compare
deformation from sources with various geometries [Amoruso and Crescentini, 2009, Nikkhoo
et al., 2017]. All point ellipsoidal cavities can be represented as a combination of orthogonal
dipoles with varying strengths, and thus have corresponding moment tensors. The CDM is
composed of three orthogonal tensile cracks, each of which produces far-field deformation
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that can be represented using a moment tensor of three orthogonal dipoles (i.e., force pairs
that have equal magnitudes but opposite signs). The specific moment tensor representation
for a single tensile crack in the XY plane is

A0 0
M=Mi0 N 0 |,
0 0 (A 2p)

where M4 is the dislocation potency (M4 = 4bc(u)), while A and p are the Lamé coefficients,
which define the elastic properties of the medium (A = p if v = 0.25). It follows that the
moment tensor representation of the CDM is thus

(A+2u) 0 0 A 0 0 A0 0
MEPM — 4ab(u) 0 A O +4ac(u) [0 (A+2p) 0 +4be(uw) [0 A 0
0 0 A 0 0 A 0 0 (A+2p)

The total potency, AV, of the CDM, for example, can thus be calculated from its moment
tensor, such that

MCDM
A‘/;) — kk ’

3K

where MGPM is the trace of MPM and K = A + 2p [Nikkhoo et al., 2017]. To compare
the potency and volume change of a point ellipsoid to its corresponding CDM, the following
relationship can be used

(2.18)

pV
K
where p is the uniform pressure in the cavity, V' is the cavity volume, and AV is the actual
volume change [Nikkhoo et al., 2017].

The far-field surface displacements of the CDM can be compared directly to previously
analytical formulations of spheroids or ellipsoids based on the relationship between their
moment tensors, as shown in Figure 2-18. The CDM spans a wider range of moment tensors
than the analytical solutions (which include spheres, spheroids, and ellipsoids). In other
words, not all combinations of three mutually orthogonal opening dislocations can be asso-
ciated with an inflating ellipsoidal cavity. We note that the full range of universal moment
tensors include those that have one axis expanding while another is contracting. For exam-
ple, the compensated linear vector dipole (CLVD) component of a moment tensor has two
orthogonal dipoles with the same magnitude and polarity. The third dipole has the opposity
polarity and is twice as large, so that the total volume change is zero [Julian et al.; 1998,
Shuler et al., 2013]. These types of sources are not addressed by Nikkhoo et al. [2017] in
their description of the CDM.

While the CDM is useful when the type of cavity cannot be determined a priori, one
should consider the fact that the axis ratios cannot always be well resolved, as discussed
in Amoruso and Crescentini [2009]. As discussed above, the strain of the host rock due
to a pressurizing ellipsoid (or CDM) can be described, in the far field, by an appropriate
moment tensor. If the source’s axes are aligned with the coordinate axes, the eigenvalues of
the moment tensor are proportional to the source volume multiplied by the pressure change

AV, = AV + (2.19)
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[Amoruso and Crescentini, 2009]. However, small variations in eigenvalues ratios can result
in large differences in the semi-axis ratios (See Figure 2-19). This means that, while the
volume change can be well constrained from an inversion of far-field deformation, the axis
ratios cannot always be easily inverted— for example, if the { ratio is small (< 0.4) (i.e., cav-
ities with very different shapes can produce similar surface displacements, see Figure 2-16)
[Amoruso and Crescentini, 2009]. While the CDM is useful for first-order interpretations of
source shapes, it is still important to consider additional available geophysical or geologi-
cal information that constrain the volcanic reservoir’s shape when modelling the magmatic
plumbing system.
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Figure 2-18: Ellipsoid and CDM moment tensor spectrum. Moment tensor spectrum
in a medium with 1 = X\ as a function of the moment tensor eigenvalue (Mpaz > Mine >
Mumin) Tatios. The point ellipsoid moment tensors are a subset of the CDM moment tensors.
Adapted from Nikkhoo et al. [2017].

The analytical formulations for various volcanic deformation sources, including the CDM,
Mogi and Yang, have, over the course of this PhD, been implemented in the Classic Slip
Inversion software [Jolivet et al.; 2015]. This implementation has expanded the software to
allow for deformation modelling of volcanic activity. A manual for this version of the software
is included in Appendix A, and the updated software will soon be available on github.
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From Amoruso and Crescentini, 2009
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Figure 2-19: Moment tensor spectrum vs. Ellipsoid semi-axis ratios. The semi-axis
(a, b, ¢) ratios of an ellipsoid as a function of the moment tensor eigenvalue ratios. The dots
are random eigenvalues from Gaussian distributions describing a 1970 deformation episode
at Kilauea. The medium is a Poisson solid, such that 4 = A. From Amoruso and Crescentini

2009].

2.2.2.4 System compressibility

The analytical models summarized above are often used to estimate magma volume changes
within a volcanic system. Volcanic eruptions must be fed by a source at depth, which depres-
surizes as magma is withdrawn. However, not all eruptions are accompanied by subsidence
[Rivalta and Segall, 2008]. One explanation could be that the reservoir is located deep within
the crust, and no geodetically measurable deformation is produced when the reservoir drains.
In other cases, there is a volume change imbalance between the source and the eruption due
to the compressibility of the system (the volume of erupted material may be an order of
magnitude greater than that of the source even though mass balance is satisfied [Rivalta
and Segall, 2008]). The compressibility of the system is comprised of the chamber compress-
ibility, defined as (., = %Z—; where V' is the cavity volume and P is the internal pressure,
and magma compressibility, defined as 3,, = pim‘{f—g
and Segall, 2008]. The chamber compressibility changes with chamber geometry— sills, for
example, are more compliant than spherical sources [Rivalta and Segall, 2008, Anderson and
Segall, 2011]. The volume change ratio between the erupted volume (AVj) and the source
(AV,), 2“2 =r, =1+ %—TZ, is only equal to 1 if the magma is incompressible, 3,, — 0,
or the host medium is compliant, 5. > [(,,. This is not likely the case in reality, and it
is therefore important to consider the influence of magma compressibility when estimating

volume changes with geodetic models.

where p,, is the magma density [Rivalta
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2.2.2.5 Other modelling schemes

While the analytical solutions discussed above are able to model volcanic deformation to
the first order, sometimes deformation sources— especially dikes and faults— have complex
geometries that cannot be represented by uniform opening on a single plane. There are two
general ways to address this issue:

1. “Distributed opening” models. Adjacent rectangular dislocations with uniform opening
(or closing) represent a source with varying opening (or closing) along strike and dip.
In this dissertation, the geometry of the adjacent elements is determined a priori.

2. Numerical methods, such as Boundary or Finite Elements. In this dissertation, the
Boundary Element method is applied in conjuction with a Monte Carlo inversion
scheme to estimate complex source geometries.

-2 -1 0 1 2 3 4

Opening (m)

Figure 2-20: Distributed opening models. Distributed opening along a dike and a sill
from the 2018 — 2019 Ambrym unrest episode (See Chapter 3).

2.2.2.5.1 Distributed opening models

Distributed opening models take advantage of the analytical solutions for rectangular dis-
locations discussed previously. In reality, however, dike/sill opening (or closing) may vary
along strike or dip, and a uniform rectangle dislocation can only roughly approximate this
complex opening distribution. An alternative method is to create a more complex source
opening (or closing) distribution by placing rectangular dislocations (elements) side-by-side,
and imposing a certain amount of opening or closing on each dislocation (See Figure 2-20).
In reality, the pressure within a hydraulic crack is constant (disregarding vertical lithostatic
gradients), and thus the opening is not expected to change drastically over short distances.
To create a smooth opening distribution, a constraint on spatial smoothing can be intro-
duced using two approaches— Tikhonov regularization [e.g., Segall and Harris, 1986] or, as
used in this dissertation, with a model covariance matrix. Introducing a model covariance
matrix controls the strength and distance of correlation between the opening of nearby ele-
ments [Radiguet et al., 2011]. We fix the location, orientation, size of the elements, and the
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smoothing constraint, and solve for the distributed opening using the least squares criterion.
The model covariance matrix C,,, discussed in Section 2.2.1.1, is constructed such that

o Ao\
Cn(i,5) = om (/\> e, (2.20)
where ||i, j|| is the Euclidean distance between elements ¢ and j, A is the correlation length,
Om is the a priori model parameter standard deviations, and Ag is a scaling factor [Radiguet
et al., 2011]. After fixing o,,, and )\, we empirically estimate A through an “L-curve” analysis
[Jonsson et al.; 2002]. As shown in Figure 2-21, the knee of this curve represents a compromise
between a smooth model and a model with a low misfit.

@]
94000 o
¢ A=5.0
o N
90000 - '; ®
©

88000 A ‘
o A=2.0

86000 A ®
4,

92000 -

Misfit

84000 - ‘

% o
® .
82000 A @
® o

412 4j4 4t6 4t8 5i0 5j2 5f4 5j6 5t8 \
Maximum Opening (m)

Figure 2-21: L-curve. An example of an L-curve plot, used to find the appropriate A, which
balances model smoothness (the smaller the maximum opening, the smoother the model)
and the misfit (the rougher the model, the better the model will fit the data).

One of the weaknesses of distributed opening models is the arbitrary nature of the smooth-
ing constraints, as well as the tradeoff between the number of parameters (number of ele-
ments) and the model fit to the data. For example, if our model has many small elements
and a rough opening distribution, we would be able to explain complex surface displace-
ments. However, the resulting opening distribution may be physically unrealistic. A more
realistic modelling technique is based on a constant pressure across a single fracture, and
using analytical solutions for linear elasticity to calculate the normal and parallel tractions
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(opening and shear) based on the orientation of the element. The opening distribution of
the source would therefore be determined uniquely for a given source geometry and imposed
pressure, with no required smoothing [Fukushima et al., 2005]. This approach is possible
using Boundary Element numerical methods.

2.2.2.5.2 Boundary Element method

Using a numerical method called the Boundary Element method (BEM) allows for more
realistic source geometries and boundary conditions [Crouch, 1976]. In particular, instead of
imposing uniform or distributed opening on a plane, pressure is imposed on a fracture with
an arbitrary geometry. The volume change of a cavity can also be computed, regardless of
the axes ratio.

Throughout this dissertation, we run initial geodetic nonlinear inversions based on ana-
lytical models to gain an understanding of what type of source is active (See Sections 3, 4,
5.1.1, and 5.3.1). Then, we model complex source geometries using the 3D Mixed Boundary
Element (BE) method numerical approach developed by Cayol and Cornet [1997, 1998]. 3-D
BE methods are used to uniquely solve partial differential equations explaining the physics
of region R given constraints on the, often complex, boundary conditions. A 3-D boundary
is divided into N elements with simple geometries (e.g., triangles) for which an analytical
solution to the partial differential equations exists. If the partial differential equations are
linear, the imposed boundary conditions are obtained by summing the appropriate strengths
of each analytical solution of the N boundary elements. In the case of deformation mod-
elling, the 3-D boundaries may represent pressurized dikes or cavities, shearing faults, and
traction-free topography. A mesh of triangular elements with adjoining sides can effectively
represent any source geometry, as well as the free surface (i.e., the topography). The solu-
tion is the displacement across the fractures or at the free surface, or at the boundary of the
cavity.

More formally, the 3D Mixed Boundary Element (BE) method numerical approach of
Cayol and Cornet [1997, 1998] combines two BE methods— the displacement discontinuity
method and the direct method. The former is numerically stable for fractures, while the latter
is more exact and computationally efficient for massive boundaries (such as topographies and
pressurized cavities).

In the displacement discontinuity approach, a fracture boundary is first discretized into
N elements. We can then solve the system of equations AB = P. In this sytem, P is the
vector of 3N imposed traction conditions and A is the matrix of influence coefficients relating
a unit displacement across element j to the stress on the centroid of element i according to
linear elasticity. The unknown, B, is the vector of 3N amplitudes of displacements D),
across an element (D; = uj —uj, J = (x,y, z), where uj and u; are the displacement on
the positive and negative sides of j). By solving the system of 3N linear equations with
3N unknowns, we can find the unique solution B (i.e., the distribution of slip or opening
that satisfies the imposed stress P, given A). Once the displacements D; across the planar
element are known, stresses and displacements anywhere else in the finite elastic body can
be calculated [Crouch and Starfield, 1983, Crouch, 1976].

The direct method, according to its name, solves directly for the unknown displacements
and stresses on the boundary [Lachat and Watson, 1976]. The reciprocal theorem of Sokol-
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nikoff [1956] considers reciprocity of work between the unknown boundary conditions of the
current problem and the boundary conditions of a problem with a known analytical solution
(i.e., a point load in an infinite body). Similar to above, a system of equations HU = F
can be solved for U, the vector of 3N unknown displacements on the boundary I' of a finite
elastic body €2 [Cayol and Cornet, 1997]. The matrix H is composed of the influence coeffi-
cients, computed by evaluating the boundary integral of stresses and displacements produced
on element j due to a unit load on element ¢ in an infinite medium. The known vector F
has a size 3V, including the prescribed boundary tractions. When these two approaches are
implemented together, as in Cayol and Cornet [1997, 1998], the 3-D Mixed BE method can
compute surface displacements due to a variety of volcanic sources. These sources encom-
pass geometries equivalent to the analytical formulations mentioned above, but also allow for
more complex geometries, while making it possible to model the mutual influence between
the reservoirs and cracks, as well as topographic effects.

Non-negativity constraint

The BEM solution takes into consideration the stress interaction between multiple sources.
The analytical solutions of Section 2.2.2.1 do not consider these interactions. Stress interac-
tions are particularly relevant in volcanic environments, when there may be multiple sources—
dikes, faults, and reservoirs— activated over a short period of time (i.e., a single eruption),
and all of which contribute to the deformation source [Pascal et al., 2013]. In some cases,
however, the stress interaction between nearby sources may induce geologically unrealistic
behavior of the structure, such as fracture interpenetration (i.e., closing on a fault). In order
to prevent interpenetration, a non-negativity constraint must be imposed on the system of
linear equations that solves for the displacement across the fracture, hence making the inverse
problem nonlinear (See Section 2.2.1.2). Cayol et al. [2014] uses the method of Lagrangian
multipliers to impose these non-negativity constraints.

To implement this method, the system of equations for the Mixed BE of Cayol and
Cornet [1997, 1998] can be expressed as AX = R, where A is the influence coefficient
matrix for displacements of Nj reservoir elements and displacement discontinuities of Np
fracture elements [Cayol et al., 2014]. The unknown vector X is composed of both the
displacements and displacement discontinuities, and R is the vector of imposed boundary
tractions [Cayol et al., 2014].

The aforementioned expression can be rewritten as the symmetric system ATAX =
ATR. This sytem’s solution is found by the minimization of

1
J(X) = iXTATAX —~ RTAX (2.21)
under the constraints VX < 0, where the matrix IN has Np rows and N = Np + Ny,

columns. Equation 2.21 is minimized with the augmented Lagrangian method [Fortin and
Glowinski, 1983], as described in Cayol et al. [2014].

2.3 Complementary remote sensing methods

SAR geodesy and geodetic modelling allows for studying remote volcanic activity, and is the
primary focus of this dissertation. Geodetic modelling provides estimates on the location,
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depth and organization of the subsurface volcanic system, as well as the volume of magma
moving through this system. Nonetheless, such studies face limitations— for example, the
temporal resolution (between 6 — 12 days for systematic acquisitions) limits studying a mag-
matic system’s dynamics. We will briefly discuss three additional methods that can be used
to study remote volcanoes. These methods will be incorporated at some point throughout
this dissertation to help interpret geodetic models. These methods include recording gas
emissions, thermal anomalies, and seismicity.

Gas spectroscopy can be ground-based, airborne, or spaceborne. Of particular interest
are satellite spectrometers, which can measure gas emissions from even the most remote
volcanoes. Satellite spectrometers can measure the quantity of SO, emitted from a volcano
using either ultraviolet (UV) or infrared (IR) sensors. UV sensors in operation include
the Ozone Monitoring Instrument (OMI), the Ozone Mapping and Profiler Suite (OMPS),
and the TROPospheric Ozone Monitoring Instrument (TROPOMI). These instruments are
sensitive to SO emitted down to the lower troposphere (< 2 km). This is in contrast
with IR sensors, which are mainly sensitive to gas emissions in the higher troposphere or
stratosphere (> 7 km). OMI provides daily global coverage with a 13 kmx24 km resolution,
and successfully tracked the mass of volcanic SO, emissions over the past decade [Carn
et al.,, 2017]. The feasibility of OMPS to continue these SOy measurements for volcanic
sources has been verified during moderate-sized eruptions [Carn et al., 2015]. In addition,
TROPOMI- launched by the European Space Agency in 2017— has a significantly improved
spatial resolution of 5.5 kmx3.5 km [Theys et al., 2017]. IR sensors, such as the Infrared
Atmospheric Sounding Interferometer (IASI), can also provide estimates for SO, mass, as
well as SOy column heights [Clarisse et al., 2014, Clerbaux et al., 2009].

Satellite-based thermal anomaly detection can also be used to track volcanic eruptive
activity. Algorithms to detect thermal emissions have been developed using data from the
satellite-mounted MODerate Resolution Imaging Spectroradiometer sensor (MODIS) aboard
NASA’s Aqua and Terra satellites. This sensor operates in the middle and longwave in-
frared wavelengths, and has a repeat time of twice per day, making it especially useful to
detect changes in thermal emissions during eruptions [Wright et al., 2004]. Two detection
algorithms using MODIS images are MODVOLC and Middle InfraRed Observation of Vol-
canic Activity (MIROVA), developed specifically to report thermal anomalies at volcanoes
worldwide [Wright et al., 2004, 2015, Coppola et al., 2016b]. In addition, moderate- to high-
resolution optical satellites such as LANDSAT [Oppenheimer and Francis, 1997, Harris et al.,
1998, Gray et al., 2019] and Sentinel-2 are also being utilized to detect thermal anomalies
through algorithms such as HOTSPOT [Murphy et al., 2016]. Sensors onboard of meteoro-
logical geostationary statellites, such as SEVIRI (onboard Meteosat Second Generation) or
AHI (onboard Himawari-8) allow for detecting thermal emissions and SO, emissions nearly
continuously (< 20 min intervals), albeit at reduced spatial resolution and high detection
thresholds [Prata and Kerkmann, 2007, Bonaccorso et al., 2011, Shreve et al., 2019].

Seismicity is also of particular interest for understanding the physical and dynamic pro-
cesses occurring within volcanic systems. Seismicity is not considered “remote sensing” like
the methods mentioned previously. However, teleseismic data can be used to study remote
regions which may not have well established regional seismic networks. For example, analy-
sis of global teleseismic data provided the first indications of volcanic activity near Mayotte
[Cesca et al.; 2020]). Long-period seismicity, for example, relates directly to fluid migration
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and pressure changes within a magmatic system [Chouet, 1996]. Earthquakes with large
non-double-couple components (i.e., vertical compensated linear vector dipoles) may also
occur during volcanic unrest episodes, possibly due to physical mechanisms such as caldera
ring-faulting [Shuler et al., 2013].
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Chapter 3

Magmatic architecture and dynamics
of a basaltic caldera rift-zone system
in a compressive tectonic setting

This chapter is based on a multidisciplinary study published as “From prodigious volcanic
degassing to caldera subsidence and quiescence at Ambrym (Vanuatu): the influence of re-
gional tectonics”, Scientific Report, 9, 185868 in 2019. The collaboration included researchers
from Institut de Physique du Globe de Paris, Université de Paris (Raphaél Grandin, Fran-
cisco Delgado, Martin Vallée), Laboratoire d’Optique Atmosphérique, Université de Lille
(Marie Boichu, Nicolas Henriot), Vanuatu Meteorology and Geohazards Department (Esline
Garaebiti, Sandrine Cevuard, Dan Tari), Laboratoire Magmas et Volcans, Université Cler-
mont Auvergne (Yves Moussallam), Laboratoire Littoral Environnement et Sociétés, Univer-
sité de La Rochelle (Valérie Ballu), Géoazur, Université Nice Sophia Antipolis (Frédérique
Leclerc), and Géoazur, Institut de recherche pour le développement, Nouméa (Pierre Lebel-
legard, Bernard Pelletier).

This study synthesizes various multidisciplinary datasets to conclude that Ambrym’s 2018
unrest episode included a voluminous rift zone intrusion, magma withdrawal from various lev-
els in the storage system, and a prolonged submarine eruption. The first author processed the
geodetic data, as well as performed and interpreted the geodetic modelling. The coauthors
contributed ultraviolet, infrared and optical satellite, seismic, petrological, GPS, coastal up-
lift, and bathymetric datasets. The geodetic models were essential for the main conclusion
and discussion of this paper, and comprise the bulk of the quantitative results throughout
this study. In addition to the geodetic modelling, the first author also wrote the article’s ini-
tial draft. Subsequent drafts were also reworked by the first author, with contributions from
R. Grandin, M. Boichu, and B. Pelletier. R. Grandin also coordinated the collaboration, in-
cluding the visualization of the datasets. The results found in this article were covered in an
article by National Geographic in 2020 (https://www.nationalgeographic.com/science/
2020/01/lava-lakes-drained-catastrophically-scientists-caught-action/). The
chapter begins with an introduction to diking events in various tectonic settings, followed
by a summary of the factors that influence lateral dike propagation. We then proceed with
the published article and Supplementary Information.

67


https://www.nationalgeographic.com/science/2020/01/lava-lakes-drained-catastrophically-scientists-caught-action/
https://www.nationalgeographic.com/science/2020/01/lava-lakes-drained-catastrophically-scientists-caught-action/

CHAPTER 3. MAGMATIC ARCHITECTURE AND DYNAMICS OF A BASALTIC CALDERA RIFT-ZONE
SYSTEM IN A COMPRESSIVE TECTONIC SETTING

3.1 Scientific context

3.1.1 Rift zone dike intrusions

The largest contemporary diking event on Earth occurred from September to October 2005 in
the Manda Hararo-Dabbahu rift of the central portion of the Afar triple junction (Ethiopia).
It was the first of 14 diking events, which constituted a larger rifting episode lasting from
2005 — 2010 [Wright et al., 2006]. Approximately 1 — 2 km? of magma intruded into the crust
during the initial diking event [Grandin et al., 2009]. A similar rifting episode occurred at
Krafla in Iceland from 1975 — 1984, but the cumulative intruded magma volume from the
21 dikes was only only half of the Manda Hararo-Dabbahu event [Tryggvason, 1984, Wright
et al., 2012]. Both in Afar and Iceland, magma injection accommodates extensional tectonic
stress at these divergent plate boundaries [Buck et al., 2006], yet the size of individual events
is limited by magma availability at the time of diking [Qin and Buck, 2008].

| |
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22 December 2018

~16°12"

LOS Displacement

Figure 3-1: Interferogram spanning Ambrym’s 2018 rift zone intrusion. An ALOS-2
(L-band) interferogram spanning 24 November to 22 December 2018, during which > 0.4
km? intruded into Ambrym’s SE rift zone, resulting in more than 2 meters of coastal uplift
and caldera subsidence. The caldera rim is outlined in black, the dike trace is depicted by a
dotted line, and the intra-caldera lava flow is yellow.

However, rift zones are not found only at divergent plate boundaries. Table 3.1 lists
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examples of notable diking events that took place in rift zones in the past 50 years, including
their geodynamic context, duration, and size. As noted in the table, rift zones are found in
all tectonic settings [Walker, 1999].

In some cases, these volcanic rift zones are mechanically coupled with a caldera, providing
evidence for a central magma body, and forming a caldera-rift system. Caldera-rift volcanic
systems form when magma migrates laterally in a preferred orientation, draining the central
magmatic storage area [Sigmundsson, 2019]. At the surface, the preferred intrusion orienta-
tion builds out a rift zone, or a corridor of fractures and fissures that can extend anywhere
from a few to tens of kilometers away from the central reservoir. As the reservoir drains,
its depressurization may cause the rock above the roof to sag, or, in extreme cases, collapse
under its own weight, causing the formation of surrounding caldera ring-faults (See Chapter
4).

Rift zone intrusions can travel laterally tens of kilometers away from an active volcanic
center, and are therefore significant hazards for distal populations. Hazards associated with
these events tend to take the form of lava flows, as opposed to explosive eruptions (unless
magma and water/ice interaction occurs) [Németh and Cronin, 2009, 2011]. For example, in
1977, a dike intrusion travelled more than 6 km along Piton de la Fournaise’s (La Réunion)
NE rift zone, feeding a lava flow that destroyed 21 houses and a church [Global Volcanism
Program, 1977, Kieffer et al., 1977]. This event resulted in the creation of the Volcanological
Observatory of Piton de La Fournaise. At Nyiragongo (Democratic Republic of Congo),
a dike intrusion travelled 16 km away from the volcano’s main crater along the Southern
Rift zone in 2002, destroying the homes of 120,000 people and claiming 70 — 100 victims
[Komorowski et al., 2002/2003].

Forecasting the timing and location of these events remains a challenge. The duration and
magnitude of the 2018 Kilauea rift zone eruption, which damaged more than 700 structures,
were not well constrained at the eruption onset [Neal et al., 2018, Poland and Anderson,
2020]. Table 3.1 emphasizes how widely the duration and size of diking events vary between
volcanic systems.

In order to improve forecasting of caldera-rift zone unrest episodes, a few overarching
questions should be kept in mind:

1. When is magma transported laterally as opposed to vertically?

2. How far will magma travel laterally from a volcanic center, and how is this propagation
influenced by changes within the magma reservoir?

3. Where and how is magma stored within the crust, and is there a continuous magma
supply available?

The objective of the study presented in this chapter is to better understand the interplay
between tectonics and magmatism at Ambrym volcano, which hosts two well-defined rift
zones and a broad caldera. Using observations of a rift zone intrusion and widespread caldera
subsidence that occurred in December 2018 (see Figure 3-1), we develop a conceptual model
for the persistence of Ambrym’s rift zones and the development of its caldera.
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Table 3.1: Major rift zone diking events. A summary of major diking events associated with rift zones over the past 50 years. Expanded from Table 1 in Gudmundsson et al. [2016]. Red cells with
question marks indicate that the data was not available. Data for Bardarbunga from Sigmundsson et al. [2014], Gudmundsson et al. [2016], for Fernandina from Stix and Kobayashi [2008], Simkin and
Howard [1970], Filson et al. [1973], for Kilauea from Neal et al. [2018], Lundgren et al. [2019], for Miyakejima from Stix and Kobayashi [2008], Geshi et al. [2002], Shuler et al. [2013], Kaneko et al. [2005],
Amma-Miyasaka et al. [2005], Nishimura et al. [2001], for Nyiragongo from Komorowski et al. [2002/2003], Tedesco et al. [2007], Shuler and Ekstrém [2009], Wauthier et al. [2012], for Piton de la Fournaise
from Staudacher et al. [2009], Michon et al. [2011, 2007], Fontaine et al. [2014], Di Muro et al. [2014], Fontaine et al. [2019], for Krafla from Bjérnsson et al. [1977], on [1984], for Manda Hararo

from Grandin et al. [2009], Ayele et al. [2007], Wright et al. [2006

Geodynamic context Lava comp. Year Duration (days) _ Intrusion length (km)° | Intruded volume (km>)® | Erupted volume (km>)" | Largest earthquake (M,)>  Cumul. seismic energy release (x10° J)©
Bardarbunga nic divergent boundary /hotspot Basalt 2014 - 2015 1907 48 0.5 14 5.8 25
Fernandina. Hotspot Basalt 1959 127 > 105 N/A 0.2 5.2 2
Kilauea Hotspot Basalt 2018 94% 0.08 6.9 1407
Miyakeji T i boundary Basalt 0 407 1.2 22
Nyiragongo Continental divergent boundary’ Basalt 0.5-2F 0.21 N/A
Piton de la Fournaise Hotspot Basalt 2007 2T 0.02 [ 0.3
[ Krafla® nic divergent boundary/hotspot | Basalt [ 1975 [ 570 [ [ 0.1 - 0.5 (minimum) [ 0.003 [ . N/A
[ Manda Hararo® ntal divergent boundary/hot [ cic eruption, then basalt | 2005 [ 201 [ [ 15-2 [ No basaltic eruption [ 5.5 [ 17
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3.1.2 Driving stress of a lateral dike intrusion

A conceptual understanding of a particular volcanic system— including its geological and
tectonic context— is necessary to address the three questions listed above. Magma often rises
vertically through the crust, either arresting at depth or erupting at the surface. Buoyancy
drives a dike’s vertical ascent, resulting from density differences between the magma (p,,)
and the solid host rock (p,) [Weertman, 1971]. A dike can also travel laterally for more
than ten kilometers, such as along a rift zone. Whether a dike travels laterally or vertically
depends fundamentally on the relationship between the magma pressure in the dike (P,,)
and the remote stress normal to the dike opening (o3, using the convention that positive
o3 indicates compressive stress) (see Figure 3-2) [Rubin and Pollard, 1987]. The difference
between these two values defines the driving stress, P, such that

Pd:Pm—O'g. (31)

The driving stress must be sufficiently high to allow crack propagation (i.e., overcome
the fracture toughness, k., of the host rock at the dike tip) [Broeck and Rice, 1975]. The
gradient of driving stress defines the direction of preferential propagation of the dike. Lateral
migration can occur due to either a high P,, or a low o3, as long as the horizontal gradient
of driving stress is greater than that of buoyancy [Rubin and Pollard, 1987]. On long time
scales (thousands of years) and larger spatial scales (the entire rift zone), questions such as—
Why did the rift zone develop? What are the stresses that drive its persistence? How does it
accommodate spreading due to hundreds or thousands of dike intrusions?— can be addressed
using the dependance of P; on P, and o3 in Equation 3.1.

3.1.3 Factors influencing the driving stress
3.1.3.1 Exogenous stress, o3

Various ideas have been proposed to explain the exogeneous stresses that control the lateral
distance travelled by dikes, as well as their direction. On one hand, either the overlying rock
burden, thickness of the elastic-brittle lithosphere, any crustal layering, or a combination of
these factors, is thought to control the lateral distance dikes travel. On the other hand, either
regional tectonic stresses or local gravitational stresses are thought to control the orientation
of dikes, and ultimately the orientation of the rift zone.

Lister and Kerr [1991] proposed that magma travels laterally at a depth where the crustal
density becomes lower than that of the ascending magma (“level of neutral buoyancy”). The
ability of dikes to travel long distances laterally then results at least in part from topography-
induced horizontal gradients in stress, if considering little horizontal variation in tectonic
stress [Fialko and Rubin, 1999].
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Figure 3-2: Factors influencing dike propagation. The distance travelled by the dike
is determined by the balance between the stress normal to the dike opening o3 and the
magma pressure P,,, according to Equation 3.1: P; = P,, — o3. If the horizontal gradient
in driving pressure, V P, is above a certain “breakout pressure”, and greater than buoyancy
Py, the dike will leave the reservoir and migrate laterally [Buck et al., 2006]. Structural
discontinuities, rigidity and density layering in the host rock, and the topography, can all
influence the dike’s shape and path. This illustration shows a dike propagating in a host
rock with a Young’s modulus F; and density p,;. The topography decreases ahead of the
dike’s path. There is a layer in the host rock with a lower rigidity, denoted by a Young’s
modulus Fs, where the dike width increases. The Level of Neutral Buoyancy, LN B, and the
brittle ductile transition BDT', may control at what depth and how far the dike will laterally
propagate. The tip of the dike may be filled with exsolved gases or cooling magma [Fialko
and Rubin, 1999]. The dike itself may be vesiculated due to bubble growth, resulting in a
lower magma pressure at the top of the dike [Rubin and Pollard, 1987]. The dike path in
this illustration is approximate— the top of the dike may be anywhere within the transparent
red path, and if the dike will feed an eruption when it intersects the surface.

Yet, deviatoric stresses due to tectonic plate motion play a significant role in directing
dike opening and propagation distance. Mode I crack planes orient perpendicular to the local
o3 direction, and aggregate rift zone orientations are parallel to the direction of maximum
horizontal compressive stress, o; [Nakamura, 1977]. Rift zone orientations then reflect the
regional distribution of stresses resulting from the tectonic setting. In extensional tectonic
contexts, such as mid-ocean ridges, or in Afar and Iceland, Grandin et al. [2012] proposes
that lateral dikes are emplaced near the brittle-ductile transition (BDT). The crust near the
locus of magmatic upwelling is thermally weakened, therefore the farther away from these
supply zones, the thicker the elastic-brittle lithosphere (in other words, the deeper the BDT).
This thickening of the elastic-brittle lithosphere layer may control the distance travelled by
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dikes, which is not always correlated with topography (as observed during the 2005 — 2010
rifting episode in Afar) [Grandin et al., 2012].

In addition, the orientation of rift zones may also be influenced by local stress effects due
to gravitational forces. This may be due to the edifice topography, resulting in gravitational
spreading of the volcanic edifice [Borgia, 1994]. At some volcanic islands, these gravitational
stresses result in persistent flank instability [Poland et al., 2017]. Once initiated, sliding of an
unstable flank results in extensional stress within the volcanic edifice, which accommodates
dike opening during hundreds or thousands of repetitive events, and plays a dominant role
in controlling lateral propagation direction (e.g., south flank of Kilauea) [Fiske and Jackson,
1972, Dieterich, 1988, Miinn et al., 2006]. There may be a feedback between rift zone in-
trusions and flank instability. Stress transferred by dike intrusions bring basal décollement
faults closer to failure. Fault slip can then lead to further extension (unclamping) perpendic-
ular to the rift zone, restarting the repeated process of flank sliding and rift zone intrusion
(e.g., east and south flanks of Etna) [Acocella et al., 2003, Walter et al., 2005a,b, Lundgren
et al., 2003].

Finally, differing properties of the host rock may also influence dike propagation di-
rection and distance. Such inhomogeneities include crustal rigidity differences (changes in
elastic properties and thus changes in o3), density differences, and discontinuities (faults,
joints, bedding interfaces, etc.) [Pollard, 1973, Rubin and Pollard, 1987, Gudmundsson and
Loetveit, 2005, Urbani et al., 2018].

3.1.3.2 Magma pressure, P,

As discussed above, o3 determines a rift zone’s orientation, and to some extent the distance
that the dike will travel. The magnitude of P,, may vary based on the magma reservoir
pressure or increased vesicularity from bubble growth at the top of the dike. To trap dikes
within a rift zone and cause them to migrate laterally without erupting at the surface, P,
must be greater in the downrift edge of the dike than the top and bottom. Rubin and Pollard
[1987] showed, however, that P,, will never achieve this stress distribution. Therefore, only
variations in o3, not P,,, can explain why dikes propagate laterally over long distances [Rubin
and Pollard, 1987].
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Figure 3-3: Examples of rift zone diking events. a. The schmematic cross-section
of the 2014 — 2015 Béardarbunga dike intrusion and caldera collapse. Gravity-driven pis-
ton subsidence into the reservoir is hypothesized to have prolonged the eruption. From
Gudmundsson et al. [2016].  b. Schematic magma plumbing system of Neal et al. [2018§]
summarizing the deformation sources acting during the 2018 Kilauea rift zone intrusion and
caldera collapse. The red colors indicate inflation, while the light blue colors indicate con-
traction. Flank motion is indicated by the arrows on the dark blue patch. c. Schematic
illustration of the Miyakejima dike intrusion, caldera collapse, and submarine eruption. The
unrest episode included 4 separate dikes (DK1 — DK4), whose order of emplacement is rep-
resented by the roman numerals, i — iv. From Ueda et al. [2005]. d. The schematic magma
plumbing system which fed the 2002 Nyiragongo rift zone intrusion and eruptions. The
different phases of the unrest episode are denoted by t1 — t3. From Wauthier et al. [2012].

Nevertheless, variations in P, control whether or not the dike has a sufficient gradient in
P, to continue to open and propagate [Rubin and Pollard, 1987, Rubin, 1990]. Knowledge of
the location and size of the magma reservoir feeding the dike intrusion would help determine
whether or not a magmatic system is able to initiate or sustain a far-travelling diking event.
This can be related to whether a continuous magma supply exists, which may result in
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shorter reccurrence times between diking events [Rubin, 1990]. Alternatively, if the magma
supply is limited, as is hypothesized at magma-starved oceanic spreading centers (e.g., certain
segments of the Mid Atlantic Ridge, the SW Indian Ridge), a dike’s P,, during the course
of an intrusion may decrease to a point that the driving stress is no longer sufficient for dike
propagation while the crust remains under tension [Qin and Buck, 2008, Buck et al., 2006].
In this case, once the magma chamber pressure has been sufficiently recovered— by an influx
of new magma, or other pressurization source (i.e., exsolution of volatiles)— diking events
can restart.

3.1.4 What can we learn about the mechanisms driving a rift zone
intrusion?

The magnitude of o3 and P,,, as well as the magma availability, determine the direction,
distance, frequency, and volume of dike intrusions and eruptions in rift zone settings. Decou-
pling these three factors for a specific volcano helps us answer the aforementioned questions
of— Why did the rift zone develop? What are the stresses that drives its persistence? How
does it accommodate spreading due to hundreds or thousands of dike intrusions?. Once we
know conceptually what drives a rift zone’s persistence (topography, tectonic stress, depth
of BDT, etc.), we can direct quantitative modelling efforts to reflect these understandings
(using the correct assumptions). These models may provide insights that can be used to
answer the three overarching questions posed earlier in this section.

For example, the understanding that dikes accommodate spreading at the divergent plate
boundary in Iceland led to the quantitative models of Buck et al. [2006], which explain the
alternating direction, length of, and distance travelled by individual diking events during
the Krafla 1975 — 1984 rifting episode. The study of Heimisson et al. [2015] hindcasted
trajectories of the 2014 and 1996 dikes originating from Baroarbunga in Iceland using a
model that minimizes potential energy, and found that the 1996 dike direction was mainly
influenced by tectonic stresses, while the 2014 dike direction was directed by gravitational
stresses from varying topography. Dieterich [1988] aimed to answer the above questions
directly for the case of Hawaiian rift zones, focusing on the feedback between a sliding fault
at the edifice-seafloor interface, and rift zone spreading due to dike intrusions. The fact that
slip on this fault accommodates large amounts of spreading along the rift zone has led to
studies demonstrating the relationship between seismicity rates and crustal stress changes
[Dieterich et al., 2000, Amelung et al., 2007].

3.1.5 Magma transport in volcanic systems: additional consider-
ations

The aforementioned stress balance between o3 and P,, allows for conceptually investigating
factors that influence the distance travelled by dikes and the orientation of rift zones. Even
if datasets are sparse in time or space, Equation 3.1 is an appropriate starting point to
understand the stresses driving magma propagation at volcanoes that may not be extensively
monitored. However, additional factors also influence dike propagation. Although we did not
develop these factors in our study at Ambrym, they should be mentioned for completeness.
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The first of these considerations is the fracture criteria necessary for the crack to propa-
gate. In brittle host rock, fracturing at the dike tip (called the “process zone”) is complex,
due to inelastic deformation resulting from the large stress concentration in this zone. The
effects of inelasticity are not well constrained, and the fracture toughness, as defined previ-
ously, is instead used [Rubin, 1995].

The next consideration involves the fluid mechanical and thermodynamical aspects of dike
propagation. Lateral dikes may arrest due to the cooling of magma within a rigid-walled
channel, as explored by Fialko and Rubin [1998]. It is possible to estimate numerically
the “thermal entry” length, or the distance the dike travels before losing all its heat to
its surroundings [Fialko and Rubin, 1998]. However, these estimates merely provide upper
bounds on distance travelled, due to lack of constraints on input parameters, such as the
channel thickness and dynamic viscosity.

Up until this point, we have not considered the dynamics of lateral dike propagation. As
discussed by Segall et al. [2001], a mechanically coupled propagating dike and decompressing
magma chamber can reasonably explain dike volume histories during the course of magma
injection, as modelled using continuous GPS data. Solving these coupled nonlinear equations
can ultimately provide constraints on whether a dike will erupt or arrest at depth. Similarly,
analytical solutions to a simplified formulation of the problem were derived by Rivalta [2010]
after including magma and chamber compressibilities. Unfortunately, datasets required to
constrain such studies are rare, because they require high SNR, spatiotemporally dense
measurements from continuous GPS, tiltmeters, and /or seismometers. This approach is also
an oversimplification, as the magmatic system is certainly more complex than a dike coupled
to a single magma chamber.

Finally, dike propagation distance and volume may be modulated by pressurization of
the magma chamber during caldera collapse. In these extreme cases, the host rock above
the reservoir may collapse in a piston-like manner [Gudmundsson et al., 2016, Patrick et al.,
2019b, Neal et al., 2018]. Once a channel for lateral magma propagation opens, withdrawal
of magma from the reservoir can be prolonged by the intrusion of the overlying host rock
into the reservoir, repressurizing the system [Gudmundsson et al., 2016]. As mentioned
previously, the rift zone eruption and caldera collapse at Kilauea in 2018 is a prime example
of an eruption whose duration and magnitude were not well constrained at the onset of the
eruption. Surges in the eruptive rate, and the duration of the eruption itself, were likely
influenced by incremental piston collapses [Patrick et al., 2019b, Neal et al., 2018, Anderson
et al., 2019]. This final consideration is relevant to our study, because Ambrym’s submarine
eruption in 2018 — 2019 may have been prolonged due to a collapse of the reservoir roof at
depth.

3.2 Paper 1: “From prodigious volcanic degassing to
caldera subsidence and quiescence at Ambrym (Van-
uatu): the influence of regional tectonics”

In this article, we combine multidisciplinary dataset from 8 different earth observations
satellites, ranging from radar to UV /infrared to optical imagery, to document a rift zone
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intrusion that we conclude is strongly influenced by the regional tectonic stress field. Not
only is a rift zone eruption at Ambrym studied geodetically for the first time, but the
temporal sampling of the geodetic observations allows us to distinguish between multiple
stages of the dike intrusion, and how the location of the initial intra-caldera dike intrusion
triggered the lateral migration towards the island’s coast. In addition, inverse modelling
images a central reservoir with multiple storage levels, activated at different stages during
the eruption. At Ambrym, there is a competition between the vigorous influx of magmatic
activity in the central portion of the broad caldera (resulting in persistent magmatic activity
at the surface in the form of lava lakes), and the tectonic stresses imposed by the Back Arc
Thrust Belt (BATB) (which can lead to complete silencing the volcano’s surface activity).
The volcano-tectonic relationship thus dictates fluctuations in Ambrym’s activity on both
long (edifice formation) and short (decadal cycles of lava lake persistence) time scales.
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Eruptive activity shapes volcanic edifices. The formation of broad caldera depressions is often
associated with major collapse events, emplacing conspicuous pyroclastic deposits. However, caldera
subsidence may also proceed silently by magma withdrawal at depth, more difficult to detect. Ambrym,
a basaltic volcanicisland, hosts a 12-km wide caldera and several intensely-degassing lava lakes
confined to intra-caldera cones. Using satellite remote sensing of deformation, gas emissions and
thermal anomalies, combined with seismicity and ground observations, we show that in December
2018 an intra-caldera eruption at Ambrym preceded normal faulting with >2 m of associated uplift
along the easternrift zone and 2.5 m of caldera-wide subsidence. Deformation was caused by lateral
migration of >0.4 cubic kilometers of magma into the rift zone, extinguishing the lava lakes, and
feeding a submarine eruption in the rift edge. Recurring rifting episodes, favored by stress induced by
the D’Entrecasteaux Ridge collision against the New Hebrides arc, lead to progressive subsidence of
Ambrym’s caldera and concurrent draining of the lava lakes. Although counterintuitive, convergent
margin systems can induce rift zone volcanism and subsequent caldera subsidence.

Broad caldera formation (>10km in diameter) is often attributed to ignimbrite-forming, explosive eruptions’.
For mafic to intermediate systems, however, caldera-forming processes may also be linked to the lateral propa-
gation of dikes that arrest at depth?~>. Consequently, geological traces of associated magma discharge are often
missing. Understanding caldera-forming processes thus relies heavily on contemporaneous observations,
such as in 1968 at Fernandina and 2000 at Miyakejima®’. Ambrym, a remarkably active volcanic island in the
Vanuatu archipelago, hosts a 12-km wide caldera, making it one of the largest basaltic shield calderas on Earth®®.
Ambrym’s caldera has been previously interpreted as resulting from the collapse of a giant tuff cone resulting
from a sequence of explosive phreatomagmatic eruptions'®. Onset of caldera subsidence is dated around 2000 BP,
based on two 'C dates of charcoal embedded in debris flows on the caldera rim and flank'". However, geological
evidence for emplacement of voluminous ignimbrites coinciding with this dating is controversial'>"'4, raising
questions about the process of caldera formation.

Ambrym, in addition to its broad caldera, also hosts two well-defined straight rift zones oriented at N105°S,
radiating bilaterally'®"15-17 (Fig. 1). Ambrym’s caldera is the site of intense eruptive activity, with frequent strom-
bolian eruptions originating from at least two permanent lava lakes within or on the flanks of the cones of Marum
and Benbow as well as occasional intra-caldera lava flows, most recently in 1986, 1988 and 2015'>!%1°. Continuous
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Figure 1. Tectonic and volcanic context of Ambrym. (a) Tectonic framework of the Central Vanuatu arc
(modified after”"). Collision of the D’Entrecasteaux Ridge (DER), carried by the Australian plate (AUS) leads

to (1) along-strike variations of the convergence rate (pink arrows) of AUS w.r.t Pacific plate (PAC) across the
New Hebrides subduction (pink) and (2) deformation of the Vanuatu arc on the border of the Pacific plate,
accommodated by the back-arc thrust belt (BATB), giving rise to an uplifted bivergent thrust wedge. Arrows
indicate local relative velocities across the BATB (blue) and Vate trough (orange). Velocities in cm/yr are from’.
Yellow triangles are active volcanoes. Yellow lines indicate rift zones. Va: Vate; Ku: Kuwae; Ep: Epi; Lo: Lopevi;
Mk: Malekula; Sa: Santo; Pe: Pentecost; Mw: Maewo; Ga: Gaua; Me: Mere Lava. (b) Simplified geological map
of Ambrym (after'’ and'®). Younger volcanic formations are indicated by light shading. Locations of historical
fissure vents along the rift zones are shown by thick colored lines. Approximate locations of the 2018 intra-
caldera eruption and extra-caldera intrusion are indicated in red. Inset is a false-color Sentinel-2 image acquired
on 25 November 2018 (R: band 12; G: band 11; B: band 08), showing six thermal anomalies associated with lava
lakes and open vents. (c) Unwrapped ascending ALOS-2 interferogram spanning between 24 November 2018
and 22 December 2018. Blue (respectively red) indicates motion away from the satellite (respectively toward
the satellite). Maps were generated with GMT version 5.4.3 (http://gmt.soest.hawaii.edu) and edited in Adobe
Ilustrator version 16.0.4 (https://www.adobe.com/products/illustrator.html).

open-vent passive degassing from the lava lakes, first reported by Captain James Cook in 1774%, ranks Ambrym
first in worldwide volcanic sulfur dioxide (SO,) emissions over the past decade?' -,

Between 1820 and 1937, 10 extra-caldera rift eruptions were reported at Ambrym'®. Notably, in 1913, a phre-
atomagmatic eruption on the island’s west coast completely destroyed a large hospital®. Based on geochemical
evidence, these eruptions are believed to be fed from a central reservoir situated beneath the caldera, and magma
transported to the coast by lateral dikes?. However, the response of the caldera ring faults during these past lateral
eruptions is undetermined, due to a lack of direct observations. Hence, whether the broad caldera of Ambrym
should be interpreted as a relict structure, or should be considered an active fault system, remains an open ques-
tion. More broadly, the relationship between the evolution of Ambrym’s caldera, the rift zone’s persistence, and
the complex tectonic setting of the New Hebrides is yet to be explored.

Results

Precursory intra-caldera eruption. On 14 December 2018, a volcano-seismic crisis begins at Ambrym
when 8 M < 3 seismic events are detected inside the caldera between 13h00 and 20h00 UTC (Fig. 2b). Between
23h20 and 23h40 UTC, Himawari-8 geostationary satellite observations of thermal anomalies and SO, emissions
indicate the onset of an intra-caldera eruption (Fig. 2¢,d, Supplementary Figs. S1, S2). Field observations (Fig. 2e)
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Figure 2. Temporal evolution of eruptive activity during the December 2018 event. (a) ALOS-2 interferogram
of Fig. 1¢ (JAXA). (b) Upper panel: seismicity versus time, as a function of planimetric distance with respect to
Marum lava lake. Symbol size increases with earthquake magnitude (dark grey: M > 3.5; light grey: M < 3.5).
Green arrow highlights migration of seismicity along the east rift zone. Middle panel: cumulative seismic
moment release. Focal mechanisms are from USGS (green) and GCMT (maroon). Lower panel: Absolute value
of broadband (green) and low-passed (maroon) seismogram at SANVU Geoscope station (epicentral distance
~150km)>*!. Spikes in the low-passed seismogram indicate detection of long period (LP) events. These events
are not included in the cumulative seismic moment curve, which only includes volcano-tectonic (VT) events
reported by VMGD. See Supplementary Fig. S14 for details and station location. (c) SO, flux proxy (blue) and
thermal index of the lava lakes (yellow) and intra-caldera eruption (orange) derived from Himawari-8. (d)
Satellite images acquired during the course of the eruption. Left: Himawari-8 (multispectral, geostationary)
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(Japan Meteorological Agency). Center: ALOS-2 (ScanSAR) (JAXA). Right: Sentinel-2 (optical). (e) Ground
observations. Left: gas emissions at Lewolembwi (green star) and lava fountaining associated with vent

opening on the SE flank of Marum (blue star). Image courtesy of and copyright to John Tasso, Vanuatu Island
Experience. Right: Comparison of lava lake crater at Benbow before and in the final hours of the eruption. Maps
generated with GMT and edited in Adobe Illustrator.

reveal that the eruption initiated along a N110° pre-existing fracture at 590 meters a.s.l. at Lewolembwi tuff ring
(Supplementary Fig. S3), and was characterized by scoria deposits associated with lava fountaining. Petrological
analysis of scoria indicates an erupted magma of basaltic-trachy-andesitic composition (Supplementary
Table S4). Once the eruption begins, thermal anomalies associated with the lava lakes progressively disappear
within 12 hours, suggesting a drop in lava lake level (Fig. 2c, Supplementary Fig. S1). A helicopter flight (on
16 December 03h30 UTC) confirms both drainage of all the lava lakes and the partial collapse of Benbow and
Marum (Fig. 2e). A lava flow, accompanied by lava fountaining and producing SO, and ash-rich emissions, is
also emitted for ~24 hours from a second vent trending nearly N-S at 730 meters a.s.1. on the SE flank of Marum
(Fig. 2¢,e, Supplementary Fig. S3).

During this phase, surface deformation is measured with interferometric synthetic aperture radar (InSAR)
thanks to the serendipitous acquisition of an image by the ALOS-2 satellite at 00h24 UTC on 15 December,
about an hour after the eruption’s onset”” (Fig. 2d, Supplementary Table S1). The deformation field spanning
3 November to 15 December measures ~1.2 m of motion towards the satellite, consistent with an intra-caldera
dike dipping 40°S and a maximum opening of ~2 m, yielding a total volume of intruded magma of ~34 x 10°m?
(Supplementary Fig. S4). Until then, InSAR measures neither subsidence related to magma reservoir deflation,
nor extra-caldera displacement, particularly no motion along the rift zones.

While Sentinel-2 satellite optical images indicate that lava flows reach their full extent on 15 December 23h10
(Fig. 2d), the eruption ends on 16 December around 07h00 UTC with a disappearance of thermal anomalies and
an abrupt decrease of SO,/ash emissions (Fig. 2¢). Spaceborne imaging of SO, by Sentinel-5P TROPOMI sensor
constrains the total mass of released SO, during the eruption to at least ~50-60kt (Supplementary Fig. S10),
corresponding to a volume of degassed magma of ~13 x 10°m? (calculated assuming <5% crystal content and
0.075wt% of sulphur in the melt*). First-order agreement with the volume of erupted material derived from
mapping of the flow of ~10 x 10°m? (constrained by multiplying the spatial extent of ~1.95 x 10°m? for the lava
flow, Supplementary Fig. $3, and an estimated average lava flow thickness of ~5m extrapolated from 3D mapping
of the previous 2015 intra-caldera lava flow, Supplementary Fig. S11) suggests that the magma remaining trapped
in the dike did not contribute significantly to the observed degassing.

Triggering of extra-caldera dike injection. Following a M,, 5.6 strike-slip earthquake on 15 December
at 20h21, a sharp increase in the seismic moment release is detected, marking the beginning of magma propa-
gation into the SE rift zone (Fig. 2b). A few hours before the intra-caldera eruption’s end, the lateral propagation
of a voluminous dike is evidenced by a migration of seismicity from the caldera toward the eastern tip of the
island, reaching 30 km from the eastern caldera rim by 17 December 12h00 UTC. Sub-pixel correlation of a
Sentinel-2 optical image acquired on 15 December 23h10 UTC indicates that at that time the dike tip is leav-
ing the caldera but did not reach farther than halfway to the east coast (Supplementary Fig. S15). On 16-17
December, local inhabitants report progressive fracturing at the coastal village of Pamal (13 km from the cal-
dera border) (Fig. 3a,b). Joint inversion of SAR data (Supplementary Table S1) reveals ~3 m of opening along a
>30km long dike, extending from within the caldera to beyond the eastern coast?’ (Figs. 2a and 4b). These SAR
geodetic observations indicate the emplacement of a dike with a total volume of intruded magma between 419
and 532 x 10°m? (depending on the maximum depth and how far offshore the model extends, Supplementary
Figs. S5, S6). Surface deformation across the trace of the dike is asymmetric, with more deformation to the south
(Fig. 3a), indicating that the dike dips ~70° to the south. Due to this asymmetry, coastal uplift in excess of 2 meters
occurred along the southeastern coast of the island, as later confirmed during a field campaign in early February
and by a single GPS measurement at Ulei (Fig. 3a,c).

Submarine eruption and caldera subsidence. The extremely narrow breadth of the faulted corridor
observed above the dike at the surface, as small as 400 m along the east coast (Fig. 3b), indicates that the dike
almost reached the surface. However, magma does not erupt from on-shore fractures and only minor gas emis-
sions are detected from space until 17 December 14h00 UTC (Fig. 2c). The end of dike propagation, marked by an
abrupt decrease of seismic moment release, takes place around 17 December 16h00 UTC (Fig. 2b). InSAR-derived
models predict that maximum opening at the surface occurs offshore (Fig. 4b, Supplementary Fig. S6), suggesting
a submarine eruption. This is confirmed on 18-19 December, when basaltic pumice is collected on the beach near
Pamal and Ulei (Fig. 3¢,d), indicating that lava erupted underwater. Although the depth and exact location of the
underwater fissure are uncertain, the nature of erupted material (basaltic pumice) indicates a shallow (<100 m
b.s.l) and high-rate underwater magma supply able to sustain a protective gas-rich envelope which allows pumice
to cool before contact with sea water, preventing it from sinking?®. This transport method differs from, for exam-
ple, floating eruption products collected during basaltic eruptions in the Azores, when gas trapped in hollow
cavities caused buoyant basaltic balloons to float to the ocean surface?”. An alignment of volcanic cones visible
in the bathymetry is consistent with an offshore prolongation of the rift zone, suggesting that similar submarine
eruptions took place in the past (Fig. 3a).

In addition to the dike intrusion, we also measure >2m of subsidence at Ambrym’s summit craters, con-
sistent with deflation of a nearly symmetrical pressurized source, roughly centered on Marum at ~4.5km
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Figure 3. Faulting, coastal uplift and submarine eruption at the east coast of Ambrym. (a) Circles: coastal uplift
derived from field mapping of dead coral and red algae. Green segments: fractures mapped in the field. Dashed
green line: trace of the dike derived from SAR data. White arrow: motion of GPS Ulei site. Small black arrows
indicate the location of a submarine volcanic ridge visible in high-resolution bathymetry acquired in 2003 (see
Supplementary Methods). Pu: Pulvenu cone. Background is the wrapped ALOS-2 interferogram of Fig. 1c,
where each fringe represents 12.1 cm of motion toward or away from the satellite. DEM ©DLR 2017. Maps
generated with GMT and edited in Adobe Illustrator. (b) Normal faulting and fracturing at Pamal village. (c)
Evidence for coastal uplift from dead coral. Black deposits consist of pumice stranded along the coast at Ulei.

(d) Detail of a pumice sample.
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Figure 4. Deformation during and after the December 2018 event from InSAR. Left: data. Middle: synthetic.
Right: model. (a) ALOS-2 interferogram covering the small-volume dike intrusion emplaced on 14 December
(last image acquired on 15 December, 00h24). Dike inflation is indicated by red colors. Contraction or deflation
is indicated by blue colors. (b) ALOS-2 interferogram (top) and COSMO-SkyMed azimuth offsets (bottom)
covering the 15-18 December time interval. First inset shows local fringe discontinuities across the northern
caldera rim, evidence of normal faulting. Second inset shows a profile of horizontal displacement across the
dike. (c) ALOS-2 interferogram covering the post-intrusion caldera subsidence (first image acquired on 22
December). Inset to the left shows detail of deformation along the east coast. Inset to the right shows temporal
evolution of post-intrusion subsidence derived from Sentinel-1, ALOS-2 and CSK (See Supplementary Fig. S7).
Maps were generated with GMT version 5.4.3 (http://gmt.soest.hawaii.edu) and edited in Adobe Illustrator
version 16.0.4 (https://www.adobe.com/products/illustrator.html).

depth, with a volume change ranging between 195 and 231 x 10°m? (depending on the depth and amount of
post-eruptive deformation included in the data, Supplementary Fig. S7, Table S3) (Fig. 4c). The 2:1 volume ratio
between the dike and deflating Mogi source is in fact consistent with mass conservation assuming standard
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Figure 5. Conceptual model of the December 2018 event. Magma injection into the rift zone occurred in two
stages. First, on 14 December, a small-volume dike was emplaced in the eastern part of the caldera. The dike
breached the surface and fed an eruption lasting ~24 hours. Deflation of Ambrym’s magma plumbing system

as a result of the intra-caldera eruption induced a drop of pressure in the magma column, leading to lava lake
drainage. On 15-16-17 December, a large-volume dike injection took place along the east rift zone, likely

fed through the conduit opened by the previous intra-caldera dike. During its propagation and inflation, the
voluminous dike intrusion induced intense faulting and fissuring above its upper edge, especially at the coastal
village of Pamal, suggesting a shallow depth of emplacement. However, the dike did not produce any onshore
eruption nor any substantial degassing. From 18 December, pumice washed up on the eastern shore of Ambrym
indicating a submarine eruption. Continued subsidence of Ambrym caldera during the weeks following this
eruption, as well as continuation of localized faulting at Pamal (Fig. 3c), suggest a prolongation of the submarine
eruption without substantial additional inflation of the main dike, compatible with passive magma transport
from Ambrym’s central reservoir toward the submarine eruption site. The inset is a zoom on Ambrym’s tectonic
setting, emphasizing that Ambrymss rift zone orientation is sub-parallel to the regional maximum compressive
stress, allowing us to interpret Ambrym as a large tension fracture. The activated plane and focal mechanism of
the 1999 thrust earthquake are noted on the sketch in light blue.

magma compressibility and host-rock shear modulus®. Furthermore, SAR data indicate that caldera subsid-
ence occurred between 15 December 00h24 and 18 December 06h10, hence was coeval to the extra-caldera dike
intrusion (Fig. 4b2). There are several locations to the north of the caldera where the ascending ALOS-2 fringe
pattern is discontinuous, indicating ~0.4 m slip along the caldera faults (Fig. 4b1, Supplementary Fig. S8). Two M,
~5.6 earthquakes with vertical compensated-linear-vector-dipole (CLVD) focal mechanisms are recorded in the
migration’s final 24 hours, on 16 December 15h34 UTC and 17 December 01h49 (Fig. 2b). These events are char-
acterized by a long period (LP) content and long duration (exceeding 10s of seconds) (Fig. 2b, Supplementary
Fig. S14). At least 4 additional LP signals are recorded at station SANVU (~150km away) on 16-17 December?".
These LP events with CLVD mechanisms are consistent with caldera ring faulting or pressure drop within a
reservoir*.

In the weeks following the dike emplacement, caldera-wide subsidence, reaching ~80 cm at Marum crater
and decaying exponentially with a half-life of about 6 days, is measured using ALOS-2 and Sentinel-1 InSAR
(Fig. 4c, Supplementary Fig. S7). Exponentially decaying subsidence is consistent with elastic response to magma
outflow driven by pressure difference between the central reservoir and the eruption site’*. Modeling of this
subsidence indicates a horizontal sill at ~4.1km depth deflating with a total volume change of ~85 x 10°m?
(Fig. 4c). This sill-shaped post-intrusion deflation contrasts with the Mogi-shaped co-intrusion deflation, sug-
gesting that the central reservoir consists of several storage levels*. Low-magnitude seismicity during this phase
is shallow (<6km depth) and located within the caldera, possibly related to continued caldera faulting visible in
post-eruptive interferograms (Supplementary Figs. S12, S13).

Although no additional large-scale deformation is observed along the east rift zone after 22 December, a
localized <12 cm discontinuity is measured across the fractures mapped along the SE coast (Fig. 4c), suggesting
a continuation of the distal submarine eruption, driving the progressive drainage of the central magma reservoir,
similar to the 2014 Bararbunga or the 2018 Kilauea eruptions®>*. Field surveys confirm that the submarine
eruption may have continued past the 27 December, as more pumice was observed on 3 February 2019 than on
27 December 2018. At the time of writing (August 2019), there has been no satellite detection of sulphur dioxide
above background levels since late January 2019, contrasting starkly with the intense persistent degassing meas-
ured over the past decade?.

Discussion

The December 2018 Ambrym diking event sheds light on the stress state that prevails at the scale of Ambrym
island, while providing insight into the magma storage conditions beneath Ambrym’s caldera (Fig. 5). Joint anal-
ysis of remote sensing and seismicity demonstrates that the condition initiating the rift intrusion in December
2018 was the creation of an open fracture at Lewolembwi, connecting the caldera’s localized magma supply to the
rift zone. Once such a connection is made, a blade-like fluid-filled crack (dike) is able to travel tens of kilometers
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away from its source, neither erupting at the surface, nor degassing significantly to the atmosphere. To sustain
lateral magma propagation, pressure in the dike (P,,) must be greater than the host rock’s minimum principal
stress normal to the dike plane (o3, positive), a difference defined as the driving stress (P,) (Py=P,, — 05)*~%.
Furthermore, to travel horizontally for long distances, there must be a strong horizontal gradient of driving stress
in the direction of magma propagation’. Magmatic systems in an extensionally-loaded host rock (low o3) do not
necessarily require high magma overpressures to drive large diking events (high P,;)*!. When comparing diking
events at Icelandic and Hawaiian volcanoes, dike widths tend to be thicker in Iceland (higher P, in Iceland), but
dikes reach the surface more often in Hawaii (higher P, in Hawaii). The >3 m dike thickness at Ambrym brings
us to the conclusion that P, is high without having a large P,,*!. A similar conclusion was drawn after the dike
intrusions and lava lake drainage of the 2002 Nyiragongo flank eruption*>**. In spite of enhanced thermal activity
and increased lava lake vigor (Supplementary Figs. S16, S17), an absence of uplift in the months to years prior to
the 2018 Ambrym crisis is evidenced (Supplementary Fig. S9), consistent with this inferred lack of overpressure*.
The fact that the central magma reservoir was able to store a large volume of magma (0.4 km?) and sustain dike
propagation over large distances without prior overpressurization is consistent with vigorous supply of a relatively
volatile-poor magma®.

The thick 2018 dike-similar in width to dikes at plate boundaries in Iceland or Afar**-~and energetic earth-
quake migration indicate that lithospheric stresses primed for magma injection drove lateral magma propagation.
Assuming a minimum volume of intruded magma in the 2018 eruption (400 x 10°m?), we calculate a minimum
expansion rate along Ambrymss rift of ~2 cm/yr (assumptions: last event =81 years ago; SE rift length =25km;
height=10km). Gravitationally-induced extension can be plausibly discarded as a mechanism generating these
stresses, due to the lack of curvature of Ambrym’s rift zone* and to the fact that the 2018 rift zone intrusion led
to uplift of the entire south-eastern part of the island, hence working against gravity. On the other hand, tec-
tonic stresses induced by the proximity of regional faults involved in the convergence between the Pacific and
Australian plates may provide the stress conditions driving rift development at Ambrym. Ambrym is facing the
collision-subduction of the D’Entrecasteaux Ridge (DER) and, farther to the north, of the West Torres Massif
(WTM) (Fig. 1a). The DER and WTM perturb the Vanuatu arc, resulting in the late Quaternary uplift of the
western Santo-Malekula islands*”*® and the growth of a back-arc thrust belt (BATB), uplifting the eastern islands
of Pentecost-Maewo (Fig. 1a)*->1. Ambryms east coast is located at the southern tip of the BATB, which was last
activated in the thrusting 1999 M,, 7.5 earthquake®>*>. We note that the focal mechanisms during the 2018 dik-
ing event have P-axis orientations consistent with this regional compression (Fig. 2b). This triggered seismicity
does not appear consistent with stress change caused by the dike inflation (increased compressive stress oriented
perpendicular to the dike, i.e. N20°) but rather reflects the regional stress state (o5 oriented N110°), revealing
the dominant overprint of this background compressive stress**. In this context, Ambrym may be envisioned
as a giant tension fracture oriented sub-parallel to the local maximum compression axis o, (inset of Fig. 5). The
importance of the regional stress field’s maximum compression axis was also emphasised after the 2000 lateral
dike intrusion at Miyakejima, likewise situated in a convergent margin setting®>.

The 2018 diking event illustrates how tectonically-induced stresses drive magma transport into Ambrym’s
well-defined rift zone, efficiently siphoning magma away from the caldera in a relatively silent manner for an
observer at the surface. Similar to past events in hot-spot basaltic volcanoes of the Galapagos, especially in 1968
at Fernandina®*’, caldera subsidence was associated with non-explosive activity, thereby leaving little geological
trace at the surface. Rather, the elevated rate of Ambrym’s volcanic activity witnessed in the past decades contrasts
with the near-complete muting of degassing and thermal activities at the surface during and since the December
2018 extra-caldera dike intrusion (Supplementary Fig. S17). Modulation of volcanic activity at Ambrym’s lava
lakes over historical times'® may therefore be reinterpreted as resulting from recurrent pumping of magma into
the rift zone, leading to episodic subsidence of the caldera floor. Open-vent degassing in the years prior to the
2018 eruption may have allowed for an increasing availability of non-overpressurized magma, with lava lakes
acting as piezometers of a magma plumbing system that is well-connected to the surface. This offers a glimpse
into a system where magma ascent, lateral magma transport, and caldera formation are controlled by regional
compressive tectonics.

Methods
Himawari processing. Himawari-8 is a meteorological satellite operated by the Japan Meteorological
Agency, providing multispectral observations from a geostationary orbit at 140.7°E. The Advanced Himawari
Imager (AHI) covers 16 channels spanning visible to thermal infrared, and acquires images every 20 minutes.
Images have a resolution of ~2.3 km at the location of Ambrym.

Following®®, a raw thermal index is calculated by computing the normalized difference between
top-of-atmosphere brightness temperatures from infrared channels centered on 10.41 microns and 3.9 microns:

TI™ — BT3.9um - B’I‘IO.‘H,LM
BT3.9;Lm + B’I‘IO.‘H,LM (1)

In order to mitigate the impact of clouds and diurnal variations in brightness temperature, a background
thermal index is estimated by extracting the raw thermal index for a reference pixel situated at the border of
the caldera, that is not affected by the thermal anomaly of lava and ash emissions while sharing similar ground
properties as the intra-caldera pixels. This background thermal index is subtracted from the raw thermal index,
yielding a corrected thermal index.
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The thermal index time series of Fig. 2¢ is then estimated by calculating the thermal index averaged in two
regions corresponding to the lava lakes and lava flows. Supplementary Fig. S1 shows the same time series of
Fig. 2c on a longer time window.

The SO, flux proxy is estimated in two steps. First, following™, a SO, column amount proxy is calculated for
each pixel by differencing top-of-atmosphere brightness temperatures from infrared channels centered on 10.41
microns and 8.5 microns:

CAgo, ¢ BTyg4pm — Blgsum 2)

Then, the time series of SO, flux proxy Q so, in Fig. 2c s calculated by summing, for each acquisition, the value
of CAgp, forall pixels with a CAg,, greater than 4K within a ~50 x 35km box centered on Ambrym (dashed pol-
ygon in Supplementary Fig. $2b). 'The threshold is intended to distinguish the signal associated with the presence
of volcanic SO, from background oscillations. Supplementary Fig. S2a shows the SO, flux proxy of Fig. 3con a
longer time window, plotted both on a linear scale and a logarithmic scale.

INSAR processing. The SAR images used in this study are listed in Supplementary Table S1. Processing of
SAR data from the SLC level to wrapped, unfiltered interferograms is performed using the Interferometric SAR
scientific computing environment (ISCE)® for ALOS-2 StripMap (SM3) and Cosmo-SkyMed (CSK) StripMap
data and Generic Mapping Tool’s software GMTSAR®! for ALOS-2 wideswath (WD1) data, with additional
post-processing using the NSBAS®?. Topographic fringes are removed using DLR’s TanDEM-X 12 meter Global
(TDX) DEM (an average of DEMs acquired between 14 January 2011 and 22 November 2014)%. Interferograms
are filtered with a weighted power spectrum filter®, followed by a cascading high-pass filter, especially useful in
the areas with a high-gradient fringe rate and on the vegetated flanks®. An iterative, coherence-based unwrapping
method is then used®®, which we will call MPD, and is a module in NSBAS (see Supplementary Methods). The
final unwrapped interferograms are then geocoded.

CSK interferograms have low coherence across the island, due to vegetation, atmospheric effects, and a high
rate of deformation. Therefore, CSK descending pixel offsets, which complement the ascending ALOS-2 meas-
urements, were exploited to measure deformation during the rift zone intrusion and the post-intrusion caldera
subsidence. After unwrapping and geocoding, swaths F1 and F2 are merged for ALOS-2 WD1 interferograms.
We also merge along-track frames for ALOS-2 SM3 interferograms, to ensure that the far-field signal (Pentecost
island to the north and Lopevi, Paama, and Namuka islands to the south) is included in the inversion.

Geodetic modeling. Inversion procedure. 'We then perform the same inversion procedure for each of the
three datasets, respectively corresponding to the (a) intra-caldera dike, (b) rift zone intrusion and caldera sub-
sidence, and (c) post-intrusion caldera subsidence (Fig. 4). To focus on the first-order geometry of the pressure
sources, we mask localized, near-field signals that may bias the model misfits (i.e. masking localized deformation
within 2km of the dike trace, deformation close to the craters that may be due to conduit pressurization, or sub-
sidence due to lava flow cooling and compaction).

After downsampling the data using a distance-based averaging, we then run a non-linear inversion to find the
first order geometry of the pressure sources® (See Supplementary Table S2). The forward model includes dislo-
cations®” and Mogi sources®. We find that the intra-caldera phase (a) is best explained by a single inflating dike,
whereas the rift zone intrusion and caldera subsidence in phase (b) require an inflating dike and a deflating Mogi.
We find that post-intrusion caldera subsidence in phase (c) cannot be explained by the same deflating Mogi as in
phase (b), whereas a laterally extensive sill-like deflating source better reproduces the deformation measured in
post-eruptive interferograms.

Following this non-linear inversion, the geometry of the pressurized sources is held fixed, and we then per-
formed a constrained least squares inversion to investigate separately the distributed opening of the intra-caldera
dike, extra-caldera rift intrusion (modeling the residual deformation field after removing the synthetic deforma-
tion from the deflating Mogi), and the closing of the post-intrusion sill*>* (see Supplementary Methods).

During the rift zone intrusion, there was significant deformation offshore, limiting the model’s resolution.
Therefore, we perturb the geometry of the dike used to model the rift zone intrusion by extending the depth, as
well as the length offshore, by several kilometers. We derive four end-member models to determine a reasonable
range of volumes, taking into account uncertainties imposed by the lack of model resolution (Supplementary
Fig. S6). Final volumes range from 419 to 532 x 10°m?, with an “average” model chosen with a reasonable misfit,
which extends 6 km offshore and 6 km along depth.

Once the distributed opening along the rift-zone dike is determined, we perform a final iteration to ensure
that the initial removal of the Mogi model’s synthetic deformation does not propagate significant model errors
into the distributed opening inversion. We subtract the synthetic deformation field derived from the “average”
model from the original datasets, and rerun the nonlinear inversion to solve for the Mogi depth and volume
change. The volume and depth do not change significantly (<6% and <3%, respectively).

Temporal evolution of post-intrusion subsidence. In addition to an ALOS-2 interferogram and CSK pixel offsets
measuring deformation after the rift zone intrusion (Fig. 4c), ascending Track 81 Sentinel-1 images were also
acquired every 6 days, starting from 19 December 2018. The magnitude of deformation measured in the 6-day
pairs decreases with time, allowing us to investigate the temporal evolution of the subsidence. The full extent of
the deformation signal is not captured in some of the interferograms because coherence is limited to within the
unvegetated part of the caldera. Conversely, ALOS-2 interferograms exhibit a better coherence, which allows for
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mapping the deformation outside the caldera. However, the temporal resolution of ALOS-2 data is insufficient to
capture the temporal evolution of this transient post-intrusion subsidence signal.

In order to combine the high temporal resolution of Sentinel-1 and the high coherence of ALOS-2, we design
a specific strategy by (a) first estimating the parameters (shape, depth) of the deflating source from the deforma-
tion pattern visible in ALOS-2 data and (b) solving for the temporal evolution of the deflation source by fitting
the deformation signal projected in the line of sight (LOS) against the deformation measured in Sentinel-1 data.

To exploit the high coherence of the ALOS-2 interferogram, we use the same inversion procedure as men-
tioned above to invert for closing on a horizontal sill, fixed to a depth of 4.1 km, with patches 1km x 1km
(Supplementary Fig. S4). The depth was derived from an initial non-linear inversion of a closing Okada plane. We
then project the synthetic deformation field into the ascending Sentinel-1 LOS, and scale the model to fit the 15
interferograms spanning 19 December 2018 to 18 January 2019. The scaling is determined such that:

i
== >
Usnodel (3)

where k is the interferogram index, i, and ., ;,; are the average velocities of the data and model, respectively (i.e.
the displacement divided by the time span). Here, +, is the scalar for interferogram k representing the rate of
deformation in the time interval spanned by the interferogram. See Supplementary Methods for more details.

We then multiply each scalar by the total magma volume loss in the initial inversion (—85 x 10°m?), and
perform a least squares inversion to find volume loss for each acquisition (Fig. 4c)’’. An exponential is fit to the
volume loss vs. time,

—t
F(t)=A - exp[?] - C, @

such that A=0.144m’ B=9.55 days, C=0.1m?, and ¢ is the time is days since 16 December 2018, which corre-
sponds with the inferred time of onset of caldera subsidence based on seismicity. The half-life of the exponential
decay is thus ~6.6 days.

Removing post-intrusion subsidence. The datasets spanning the rift zone intrusion and main caldera subsidence
also span the beginning of the post-intrusion subsidence. We scale the post-intrusion synthetic deformation field,
using the exponential described above, to remove post-intrusion deformation from the co-intrusion ALOS-2 and
CSK data. However, after rerunning the non-linear inversion on these corrected interferograms, the RMS was not
improved-24.03 (without removal) vs. 24.74 (with removal). This may be because the source geometry does not
remain constant throughout the entire post-intrusion subsidence phase (especially in the days immediately after
the intrusive event, 18-22 December, which are not covered by the initial post-intrusion ALOS-2/CSK inversion).
We therefore decide to proceed without removing the post-intrusion deformation.
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Supplementary Methods
InSAR processing

MPD uses the interferogram’s coherence, calculated in the previous filtering step, to optimize the unwrapping path. It begins
unwrapping the phase at a seed pixel that is above a coherence threshold. MPD will slightly decrease the coherence threshold
at each iteration, and will continue the phase unwrapping with nearby pixels that have a coherence above this new threshold.
Pixels with coherence beneath a minimum threshold will not be unwrapped. Bridges defined manually are used to connect
fringes that are determined to be continuous, but which pass through incoherent regions. Unwrapping errors that could not be
corrected with bridges are shifted manually by adding integer multiples of 2. Each pixel in the unwrapped interferogram has
an iteration number, which represents a proxy for coherence and phase reliability. This value is used to mask the interferograms
after the unwrapping is completed.

Geodetic Modeling

Inversion procedure

The Classic Slip Inversion (CSI) software is used to setup the forward problem'. Before performing the least squares inversion,
the synthetic deformation from the Mogi source is removed from interferograms spanning the rift zone intrusion and caldera
subsidence, and the synthetic deformation from the non-linear inversion is used to shift the phase values of the spatially
disconnected islands by an appropriate integer multiple of 27.

Datasets are downsampled by a distance-based averaging, with a denser spacing in the region of high gradients in the
deformation field, and coarser spacing in regions with less deformation (i.e. in the far-field)!. We define a starting and minimum
block size (Sprock start A0d Spiock min), @ characteristic distance Dp,,, and an exponent ¢ (> 1), such that the block is divided
into four smaller blocks if the following condition is met:

Dblock - Dchur < Sblocka7 (1)

where Dy, is the current distance from the source and Sp;,¢x 1s the current block size. After downsampling, the size of the
decimated data vector is between 200 and 1000 points per image.

The data covariance matrix for each interferogram is created by calculating the covariogram from 5000 random samples
in a region where no deformation is measured, after removing a phase ramp. The covariogram, 7, is calculated from data
binned every 0.5 km for InSAR measurements and every 0.2 km for pixel offsets, and is fit by an exponential of the form
=" —(c2) ~exp(z—;), where x is the distance between two points. This allows for empirically estimating the values of 7y,

o, and A4. The covariance matrix, C4(i, j), is populated according to:

D
Culi,j) =07 CXP(‘TH,)’ )

where D is the distance between the elements in the matrix.

We assume the same dike geometry for both the intra-caldera dike and the extra-caldera rift intrusion, because the ALOS-2
ascending and CSK descending datasets span the emplacement of both the intra-caldera and extra-caldera dikes. Within the
caldera, the westernmost portion of the dike has a dip of 40°, and becomes progressively more vertical to the east, with a final
dip of 70° along the rift zone intrusion (See Fig. 4). The patches are 1.7 km wide along-dip and 1.17 km long along-strike.

The model covariance matrix controls the roughness of the model, and is defined as?:

2
Ao
(&

i, jll2
el ) )

where i and j are two distinct patches, o, is the correlation amplitude, Ay is a normalizing distance, A,, is the correlation
length, and |7, j||2 is the distance between patches i and j . We fix Ay to 4 km, and in order to find optimal values for the
correlation length A, and amplitude o,,, we plot an L-curve of maximum slip vs. misfit for various values of A,, and o,
(Fig. S5). The constrained least squares inversion utilizes a Sequential Least Squares Programming algorithm from the python
package SciPy to invert for opening on each of the patches. We constrain the opening along the dike to the positive, and we do
not allow for slip. A planar ramp is also fit and removed from the data.
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Temporal evolution of post-intrusion subsidence

We determine u; and u,,,4.; by finding the average velocities within a 30x30 pixel box in the southern portion of the caldera
(168.144324/168.168324/-16.284603/-16.260603). After exploring several different locations inside and outside the caldera,
the scalar calculated in this location explains the most data variance. Several Sentinel-1 interferograms and their residuals
(res = uk — (Umoder * Vi) are shown in Fig. S7. All final scalars are shown in Tab. S3.

GPS data

The GPS displacement vector in ULEI is obtained by comparison of a series of measurements conducted before (15-16 July
2018) and after (04—09 February 2019) the volcanic event. The ground marker is sealed in a concrete basement and has been
installed in 1999 following the 26 November 1999 M,,7.5 Ambrym earthquake. This point belongs to the Vanuatu geodetic
network and is remeasured periodically as part of a long-term post-seismic deformation study. Data have been collected using a
dual frequency Topcon GB1000 receiver and a Topcon PG_A1 with ground-plane antenna installed on a mast of known height
above the ground marker. We calculated daily positions in the ITRF2014 reference frame with a IPPP strategy (Precise Point
Positioning with Integer ambiguity fixing) using the processing software GINS developed at CNES/GRGS?, with GRG orbits
and clocks products and IGS igs14.atx file for antenna calibration. Wet tropospheric delays are estimated every two hours based
on VMF1 global mapping functions* and GPT2 empirical slant delay model GPT25.

Bathymetric data

Bathymetric data were acquired from 8-22 December 2003 during the Terralis cruise (PI: B. Pelletier) on board R/V Alis (IRD),
using the multibeam echo sounder (MBES) SIMRAD EM 1002 (Kongsberg). This MBES is designed to acquire high-resolution
data of coastal areas down to a depth of 1000 m, operating with a frequency of 93 kHz. Acoustic signal duration is shorter than
2 ms, inducing a vertical accuracy of the seafloor measurements <8 cm. The MBES consists of 111 beams (2° x2° beamwidth)
that are distributed over an angular coverage of 150° across track, as to acquire seafloor measurements equidistant transversally
(every 6 or 20 m for a seafloor at 100 of 300 mbsl respectively). Data were acquired at a vessel speed <8 knots inducing an
along-track inter-ping distance of a few meters at 100 m water-depth and ~ 9 m at 1000 m water-depth. The GPS system was
however able to provide position with an absolute horizontal accuracy of only 10-15 m.

Bathymetric data were processed using the CARAIBES and SONARSCOPE softwares (©IFREMER). The processing
consisted mainly in the correction of the navigation when artefacts were present, and in the automatic and manual filtering of
the bathymetric data. These data were merged into a Digital Elevation Model gridded at 25 m/pixel in a WGS84 geographic
reference system. They are represented in Figure 3a.
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Figure S1. Time series of thermal index at Ambrym from geostationary Himawari-8 imagery. Upper panel: time
series of the normalized thermal index® retrieved for Himawari-8 pixels corresponding to the lava lakes (yellow) and the 2018
intra-caldera lava flows (orange). Map in the inset shows the pixels used for the definition of these two locations. Color circles
represent the thermal index with respect to a reference background pixel (shown in black in inset) derived from individual
images acquired every 20 minutes. Thick color lines represent the smoothed time series after applying a median filter over 10
points (i.e. filter width: 200 minutes). Lower panel: maps of normalized thermal index at three different times corresponding to
(a) lava lake activity prior to the 2018 eruption, (b) onset of the eruption and (c) lack of thermal anomaly after the end of the
eruption. Himawari-8 imagery provided by AERIS/ICARE Data and Service Center and Japan Meteorological Agency. Maps
were generated with GMT version 5.4.3 (http://gmt.soest.hawaii.edu) and edited in Adobe Illustrator version 16.0.4
(https://www.adobe.com/products/illustrator.html).
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Figure S2. a. Upper panel: time series of SO, flux proxy at Ambrym from geostationary Himawari-8 imagery. Blue dots
show the SO, flux proxy calculated from each acquisition, at 20 minutes interval. Thick blue curve is the filtered time series.
Y-axis scaling is linear. Lower panel: same as upper panel, with a logarithmic scaling on the Y-axis. b. Comparison of SO,

maps derived from Himawari-8 (this study) and Sentinel-5P TROPOMI acquired at approximately the same time. A: 15
December 2018, 03h00 UTC (Himawari-8), 02h49 (TROPOMI). B: 16 December, 02h20 UTC (Himawari-8), 02h30
(TROPOMI). Grey dashed box shows the area used for calculating the SO, flux proxy. Himawari-8 imagery provided by

AERIS/ICARE Data and Service Center and Japan Meteorological Agency.
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Figure S3. Planet Labs optical image, acquired on January 31, 2019. The full extent of the intra-caldera lava flow is
outlined in red. The blue and green stars correspond, respectively, to the sources of lava fountaining and degassing visible in
Fig. 2e in the text. Yellow stars mark the location of thermal anomalies noticed in the Sentinel-2 image acquired at 23h10 on 15
December (Fig. 2d), possibly indicating the secondary vents. Optical imagery obtained from Planet Labs
(https://api.planet.com)’. Map created with ENVI Classic version 5.5.1 (https://www.harris.com/solution/envi).
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Figure S4. Wrapped data, model, and residuals. The first three columns correspond, respectively, to the data, model, and
residual of interferograms displayed in Fig. 4 in the text, wrapped such that one fringe = 12.12 cm (ALOS-2 fringe rate). For all
three rows, the model is derived from a distributed opening constrained least square’s inversion, as outlined in the
supplementary text. The opening distribution is shown in the fourth column. First row: data, model, and residual for a single
interferogram used to invert for opening of the initial, intra-caldera dike intrusion feeding the effusive eruptions. We fix the
dike geometry (See Fig. 4 in text) to be the same for both this inversion and the rift zone intrusion. Second row: data, model,
and residual for the most coherent of the four datasets used to invert for the rift zone intrusion and caldera subsidence (see
Table S1). Remaining residuals may be related to oversimplified geometry of the decompressing source (Mogi, fixed at a depth
of 4.5 km), as well as the fact that the near field (<2 km) signal along the dike was masked, and therefore not fit by the
inversion. Third row: data, model, and residual for one of three datasets (see Table S1) used to invert for exponentially
decaying subsidence lasting more than 2 months after the rift zone intrusion. The horizontal sill is fixed at a depth of 4.1 km.
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Figure S5. L-curve analysis for model smoothing parameters. To find the optimal amplitude of correlation (o) and
correlation distance (1) for the model smoothing parameters, we iterate through a range of 6 and A values, and plot the model
misfit vs. maximum opening. The maximum opening acts as a proxy for the model roughness, with a larger opening
corresponding to a rougher model (smaller A or larger o). We initially run the iteration of ¢ with a fixed value of A (2 for the
dike intrusions, 0.8 for the sill), and then subsequently iterate for A given the optimal values for 6. To remain consistent
between the intra-caldera dike and rift zone intrusion, we choose the same o and A for both of these inversions.
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Figure S6. End-member distributed opening models. Four end-member models, resulting from the constrained least
square’s inversion of distribution opening, showing the uncertainty of volume estimates, ranging from 419 to 532x 10° m?.
Total volume depends on the final model depth and extent offshore. Based on the misfit of these end-members, a compromise is
found with the dike extending offshore ~6 km and to a depth of ~6 km.
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Figure S7. Temporal evolution of post-intrusion subsidence from Sentinel-1 interferograms. Synthetic deformation of
a sill model, derived from the inversion of CSK pixel offsets and an ALOS-2 interferogram (22 Dec 2018 — 16 Feb 2019) that is
coherent across the entire island, is scaled to fit the displacement field in Sentinel-1 6-day interferometric pairs, in order to
investigate the temporal evolution of post-intrusion caldera subsidence. The lack of coherence in the S1 interferograms
precluded a standard time series inversion. Instead, a scaling constant is determined for all 15 interferograms spanning 19 Dec —
18 Jan 2019 (assuming the source geometry has not changed), and the sill model volume (85x 10® m?) is scaled accordingly for
each interferogram. Refer to the supplementary text for more detail.
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Figure S8. Caldera ring faulting. We model the dip-slip component of caldera ring faulting using the distributed opening
constrained least squares inversion described in the supplementary text. The strike of these faults was obtained by mapping
fringe discontinuities in the 24 Nov — 22 Dec 2018 ALOS-2 ascending interferogram. Vertical fault patches extend to 2 km
depth and have a length of 1.04 km along-strike for the outer caldera fault, and 1.17 km along-strike for the inner caldera fault.
The model finds a maximum dip-slip (normal faulting) of —0.4 m along the inner caldera fault in the NE portion of the caldera.
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Figure S9. Absence of pre-eruptive uplift. Top panel: A temporal series analysis, calculated using Sentinel-1
interferograms and NSBAS (Doin, et al. 2011), measures very little (if any) pre-eruptive deformation (at most 3 cm uplift
centered to the south of Marum). Bottom panel: In the years prior to the 2018 event, subsidence within the caldera dominated
during the time period 2015-2017, following the 2015 February eruption, at a rate of approximately —1 cm/month, elongated
in the direction of the rift zone.
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Figure S10. SO; emissions from Sentinel-SP TROPOMI Daily SO, total vertical column density from Sentinel-5P
TROPOMI, processed at Level 2. Left: broad-scale view over SW Pacific. Right: detailed view over Ambrym. SO, column
amount (CA) is estimated assuming a SO, plume at 7 km altitude w.r.t. the sea level. Plume altitude is approximately
constrained by HYSPLIT simulations of plume dispersal. DU: Dobson Unit. Total burden of SO is estimated by computing a
surface integral in the area outlined by the grey dashed rectangles.
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Figure S11. Difference between DEM’s pre- and post- February 2015. A DEM difference that measures the extent of the
lava flows from the February 2015 eruption®. The post-eruption DEM is calculated using Micmac software
(https://micmac.ensg.eu)’ derived from Pleiades optical images. By measuring the lava flow thickness from
historical eruptions, we can estimate the volume of lava emitted during the 2018 eruption. The total volume from the 2015 lava
flow is calculated to be 12.41x 10% m?, with an average lava flow thickness of ~5.17 m. In control areas A, B, and C, where no
lava was emplaced, the mean elevation of the DEM difference is 1.11 m, —0.341 m, and 0.239 m, with standard deviations of
1.4 m, 1.64 m, and 1.87 m, respectively. Pre-eruption DEM (©)DLR 2017, post-erupton DEM (©CNES 2018, Distribution
AIRBUS DS. Map was generated with GMT version 5.4.3 (http://gmt.soest.hawaii.edu) and edited in Adobe Illustrator version
16.0.4 (https://www.adobe.com/products/illustrator.html)
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Figure S12. Seismicity during eruption. Details of seismicity reported by Vanuatu Meteorology and Geohazard
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Department (VMGD). Time span covered by these plots is from 14 December 2018 00:00 UTC to 19 December 2018 23:59
UTC. Only earthquakes with M>2 and depth<60 km are shown. Top left: earthquake count by magnitude. Bin size is 3 hours.
Top center: cumulative earthquake count. Dashed pink lines correspong to occurrence of two earthquakes with a P-vertical
CLVD mechanism, associated with caldera collapse (Fig. 2b). Top right: cumulative seismic moment release. Middle left:
seismicity map with earthquakes colored by depth. Middle center: seismicity map with earthquakes colored by magnitude.
Middle right: seismicity map with earthquakes colored by elapsed time from a reference time of 14 December 2018 00:00 UTC.
Bottom left: evolution of seismicity as a function of distance from Marum, with earthquakes colored by depth. Bottom center:
evolution of seismicity as a function of magnitude, with earthquakes colored by date. Bottom right: evolution of seismicity as a
function of distance from Marum, with earthquakes colored by date.
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Figure S13. Seismicity during eruption and after event. Same as Fig. S12, but for the time interval from 10 December
2018 00:00 UTC to 31 January 2019 23:59 UTC, for earthquakes with M>3.5.
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Figure S14. Broadband and low frequency seismograms. a Comparison between broadband (green) and low frequency
(red) velocity seismograms at Geoscope station SANVU'?. The raw record has first been corrected for instrument response and
high-pass filtered at 0.004 Hz (250 seconds). The broadband and low frequency seismograms have then been obtained after a
lowpass filter at 3Hz and 0.02Hz (0.3 seconds and 50 seconds), respectively. Green and red focal mechanisms of the largest
events are from USGS and Global CMT, respectively, as in Fig. 2. Note the different vertical scales for the broadband and
filtered seismograms. Peaks in the broadband (green) seismograms indicate events with a high frequency content
(volcano-tectonic events, VT) associated with the Ambrym seismic crisis. Black arrows indicate events with a ratio of
low-frequency-to-high-frequency exceeding significantly the average inferred from VT (red spikes), indicating a low frequency
content (long-period events, LP). Station location is shown in inset. b Same as a., but keeping an identical vertical scale. Here,
two events with contrasting low-frequency-to-high-frequency ratios are compared. The first event (1) is the main VT event of
15 December 2018 (Mw5.4, 15 December 2018, 20:22). The second event (2) is the first LP event of 16 December 2018 with a
P-vertical CLVD mechanism reported by Global CMT (MwS5.7 16 December 2018, 15:34). The LP event produces a much
smaller signature in the broadband seismogram (left). In contrast, after low-pass filtering, both events show a similar amplitude
(right). In addition, the clear differential signal duration between both events is a direct evidence of a long source process (at
least several tens of seconds) for the Mw5.7 LP event.
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Figure S15. Sentinel-2 optical image correlation. Sub-pixel correlation of Sentinel-2 optical images covering the eastern
rift zone of Ambrym with mild cloud cover. Images are acquired on (a) 30 November 2018, (b) 15 December 2018, 23:09 UTC,
and (c) 9 January 2019. Upper row shows a preview of images for band 8 (near-infrared, 767-908 pm) which is characterized
by a high reflectivity in vegetated area. Image resolution is 10 meters. Central row is the result of pair-wise sub-pixel
correlation, processed with MicMac software’ (https://micmac.ensg.eu). Lower row shows swath profiles in the
boxes indicated by the rectangles in the central row. Grey points show raw results in a box spanning +/-1 km from a reference
profile. The location of the box is shown in b. The colored curves are computed by applying a 0.2 km-wide median filter to the
raw data. Negative (blue): motion toward the south. Positive (red): motion toward the north.
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Figure S16. 10-year MODIS thermal activity. Time-series of excess thermal radiation and total radiated power from 2009
to 2019, derived from MODIS (Wright et al., 2016). Upper panel shows the spatial distribution of thermal anomalies. Middle
graph shows the total power over the whole Ambrym caldera as a function of time. Lower graph shows excess radiation as a
function of time, colored according to the location of the radiation (green: Benbow; blue: Marum; pink: 2015 eruption; red:
2018 eruption). Circles in the upper panel indicate the spatial regions corresponding to each of the 4 locations. Processed data
is from the MODVOLC service (http://modis.higp.hawaii.edu/algorithm.html)®.
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Figure S17. 1-year MODIS thermal activity. Same as Fig. S16a for the period between 1 January 2018 and 28 February
2019. Note that no anomaly was detected after the last detection of 17 December 2018 14:05 UTC.
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Table S3. Sentinel-1 acquisition dates and scalars.

Master date  Slave date  Scalar
2018/12/19  2018/12/25 0.55
2018/12/19  2018/12/31 0.87
2018/12/19  2019/01/06 1.03
2018/12/19  2019/01/12 1.04
2018/12/19  2019/01/18 1.09
2018/12/25  2018/12/31 0.29
2018/12/25  2019/01/06  0.41
2018/12/25  2019/01/12  0.47
2018/12/25  2019/01/18 0.52
2018/12/31  2019/01/06  0.11
2018/12/31  2019/01/12  0.17
2018/12/31  2019/01/18 0.23
2019/01/06  2019/01/12  0.06
2019/01/06  2019/01/18 0.12
2019/01/12  2019/01/18 0.06
2018/12/22  2019/01/15 1.00%
2018/12/22  2019/02/16 1.00%

1 reference (fixed).
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Chapter 4

Mechanical models of caldera
ring-fault reactivation at a broad and
shallow basaltic magmatic system

This chapter is based on the study submitted as “What triggers caldera ring-fault subsidence
at Ambrym volcano? Insights from the 2015 dike intrusion and eruption” to Journal of
Geophysical Research: Solid Farth. In this study, the first author processed the primary
geodetic datasets, performed and interpreted the geodetic numerical modelling, and wrote
the initial draft. R. Grandin contributed to interpretations of the geodetic data and models,
D. Smittarello and V. Cayol helped adapt the numerical model for use in this study, V. Pinel
contributed to the interpretation of the geodetic models, M. Boichu contributed the IASI
SO, data analysis, and Y. Morishita processed the ScanSAR-to-stripmap interferogram. All
authors commented on the final draft.

In this chapter, we will first provide a summary of the factors affecting caldera ring-
fault formation and reactivation. The former occurs during caldera collapse. Ring-fault
reactivation can occur either during a subsequent collapse event, or during episodes of mod-
erate subsidence or uplift. Finally, we will present the submitted article and Supplementary
Information, which discuss an episode of caldera ring-fault reactivation at Ambrym volcano.

4.1 Scientific context

4.1.1 Caldera collapse

Before discussing caldera ring-fault reactivation, it is important to understand the mecha-
nisms of caldera formation. Calderas are created during an initial collapse that forms the
caldera ring-faults. Caldera collapse styles have been divided into five main endmembers—
piston, piecemeal, trap-door, downsag, and funnel (See Figure 4-1a) [Lipman, 1997, Cole
et al., 2005, Acocella, 2007]. Acocella [2007] developed an additional classification of the
caldera’s stage of development based on the amount of caldera subsidence (See Figure 4-1b).
However, this characterization may be difficult to apply when the collapse structure observed
at the surface results from repeated collapse events.
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Figure 4-1: Caldera collapse styles and stages. a.  The five end-member caldera

collapse styles, as defined by Lipman [1997]. b.  The evolution of caldera development
with increasing subsidence, compared to the collapse styles of Lipman [1997]. From Acocella
[2007].

Two types of volcanic activity can cause caldera collapse— either explosive eruptions or the
lateral injection of magma into rift zones (possibly leading to effusive eruptions) [Acocella,
2007, Sigmundsson, 2019]. In both cases, a large volume of material is withdrawn from the
magma storage system, which induces an underpressure in the central reservoir, resulting
in collapse of the caldera roof under its own weight. Once the collapse has initiated along
the caldera ring-faults, the weight of the subsiding caldera roof may continue to push the
magma out of the reservoir, such as during the 2014 — 2015 Bardarbunga caldera collapse
[Marti and Gudmundsson, 2000, Sigmundsson, 2019].
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Figure 4-2: Caldera collapse at a caldera-rift system. A schematic illustration of the

steps leading up to, and following, a caldera collapse caused by propagation of magma into
a rift zone. From Sigmundsson [2019].
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Plinian or ultra-Plinian eruptions are common triggers for caldera collapse at silicic mag-
matic systems. Such eruptions may expel hundreds to thousands of cubic kilometers of
erupted material in a single event, and it is this rapid removal of material that induces
caldera collapse. Evidence of such caldera-forming eruptions has been recorded at the largest
calderas in the world, such as at Yellowstone (40 x 65 km), Toba (100 x 30 km), and Long
Valley (29 x 15 km) [Christiansen, 1984, Chesner and Rose, 1991, Carle, 1988]. In Chapters
1.3.5 and 5.2, we discuss the possibility of a Plinian eruption occurring at Ambrym volcano
2000 ka. This eruption may have produced tens of cubic kilometers of pyroclastic material,
and initiated the formation of the caldera’s ring-faults. However, as discussed in Chapter 3,
we also observe caldera ring-fault reactivation during lateral rift zone intrusions. This leads
us to the next possible driver of caldera collapse.

In the past 20 years, five caldera collapse events at basaltic cadera-rift systems (Fernand-
ina, Miyakejima, Piton de la Fournaise, Bardarbunga, and Kilauea) have led to an increased
understanding of the role of lateral magma injections in caldera formation [Sigmundsson
et al., 2020]. During these events, magma drains from the central reservoir and travels
kilometers into the rift zone (as discussed in Chapter 3). Although lava may erupt at the
surface, there are cases when large dike intrusions may not be associated with significant
subaerial eruptions, because magma is either erupted underwater or arrested at depth (e.g.,
Manda Hararo-Dabbahu, Miyakejima, Fernandina, etc.). Once enough magma has drained
the reservoir, it becomes significantly underpressurized, and the caldera roof collapses.

The lateral propagation of magma may continue for days to weeks, resulting in periodic
collapses as magma is gradually removed from the central reservoir [Sigmundsson, 2019,
Anderson et al., 2019, Segall et al., 2019]. Each individual collapse can repressurize the
reservoir, causing it to sustain the weight of the caldera roof. Once enough magma has been
removed due to the ongoing lateral magma migration, another collapse occurs [Kumagai
et al., 2001, Anderson et al., 2019, Segall et al., 2019]. Many of the large dike intrusions
mentioned in Table 3.1 resulted in caldera collapses, emphasizing the mechanical coupling
between these two phenomena.

4.1.2 Caldera ring-fault activation

Regardless of the formation mechanism, the collapse of a caldera roof occurs along caldera-
ring faults, which can be either inward or outward dipping. After these caldera ring-faults
have formed, they can be reactivated during subsequent collapse events which may deepen
the caldera floor by hundreds of meters. Repetitive caldera collapse events occur at both
silicic and mafic systems, with shorter time intervals at mafic systems (tens [Delaney and
McTigue, 1994, Anderson et al., 2019] to thousands [Tsukui and Suzuki, 1998] of years).

4.1.2.1 Fault geometry and collapse style

Conceptual models of caldera formation are based primarily on results from analogue mod-
elling [Marti et al., 1994, Roche et al., 2000, Acocella et al., 2000, Geyer and Marti, 2010].
Analogue models of caldera collapse are performed by embedding a magma analogue (air,
water, or silicone) in a brittle crust analogue (sand, flour, or clay) and causing it to subside
[Acocella, 2007]. Regardless of the analogue crust’s strength or the magma analogue’s viscos-
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ity, nearly all models produced outward dipping reverse faults, propagating from the top of
the chamber towards the surface. At early stages of fault propagation, and thus early stages
of collapse, diffuse deformation around the fault tip results in crustal downsag (See Figure
4-4), until eventually the deformation is fully localized at the fault scarp [Acocella, 2007].
If enough slip occurs on the reverse faults, inward dipping normal faults also propagate
upwards, surrounding the reverse faults [Acocella, 2007] (See Figure 4-4).
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Figure 4-3: Caldera collapse comparisons. The left-hand plot shows the total caldera
subsided volume versus the total magma volume intruded and erupted at various caldera
collapses observed in the past two decades. The size of the circle is the caldera diameter,
and the color is the roof aspect ratio. The righthand plot uses the same dataset, but displays
the intruded magma volume versus the erupted magma volume. Data from Gudmundsson
et al. [2016], Neal et al. [2018], Anderson et al. [2019], Geshi et al. [2002], Fontaine et al.
[2014].

The analogue modelling of Roche et al. [2000] also revealed that the structural develop-
ment of the caldera depends on the roof aspect ratio, which is defined as R, = %, where h is
the depth of the magmatic reservoir and d is the caldera diameter. On one hand, calderas
that overlay shallow and broad magmatic reservoirs have low roof aspect ratios (R, < 1),
and tend to host a single set of reverse faults surrounded by a single set of normal faults (See
Figure 4-1). This fault geometry favors an initial flexural downsag, followed by coherent
or asymmetrical subsidence [Roche et al.; 2000]. On the other hand, deeper and smaller
magmatic systems result in calderas with high aspect ratios. Higher aspect ratios tend to
form multiple outward dipping reverse faults. This often results in piecemeal collapse, since
faults intersect at depth before reaching the surface [Roche et al., 2000].

Concentric reverse and normal ring-faults have been observed in nature. For exam-
ple, seismicity was concentrated on subvertical normal faults during the caldera collapse of
Bardarbunga [Agustsdéttir et al., 2019], as well on outward dipping reverse faults during
the eruptions of Pinatubo and Mt. St. Helens (although no fault activation was observed at
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the surface) [Scandon and Malone, 1985, Mori et al., 1996]. Both outward dipping reverse
faults and inward dipping normal faults were also observed during the early stages of the
Miyakejima caldera collapse [Geshi et al., 2002].
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Figure 4-4: Analogue modelling of caldera collapse. Caldera ring-fault structural
development inferred from analogue models at the beginning of collapse (top row) and later
in the collapse (bottom row). Results based on roof aspect ratios a. R, < 1 and b.
R, = 1. Figure adapted from Branney and Acocella [2015], Roche et al. [2000].

Adapted from Branney et al, 2015

4.1.2.2 Fault activation thresholds

The roof aspect ratio plays a role not only in determining the collapse style, but also the
timing of fault activation. Geyer et al. [2006] performed analogue modelling where water
is gradually emptied from a ballon buried in sand. They recorded the volume fraction, f,
of water removed from the balloon at the onset of fault formation. They categorize fault
formation into two separate families— the formation of fractures at the surface, and the
appearance of reverse faults at the surface (See Figure 4-5). As shown in Figure 4-5, a lower
roof aspect ratio R, results in a lower f threshold.
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From Geyer et al, 2006
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Figure 4-5: Caldera ring-fault formation thresholds. a. The progression of fracture
and fault formation as a function of volume fraction removed from the reservoir, f, and roof
aspect ratio R,. b. The empirical relationship between the roof aspect R, and the volume
fraction f for surface fracturing initiating (lefthand figure) or for the arrival of the reverse
faults at the surface (righthand figure). Adapted from Geyer et al. [2006].

Analytical models have also been used to investigate the timing of caldera collapse onset.
Geshi et al. [2014] derived an analytical expression to estimate the critical volume fraction,
ferit, needed to exceed the maximum static friction on a vertical cylindrical ring-fault with a
Mohr Coulomb behavior [Geshi et al., 2014]. They obtain a lower bound on f,.; as follows

2
fcrit = @ tan ¢7 (41)
rK
where p is the host rock density, h is the depth of the magma chamber, r is the radius of
the subsiding block, x is the magma bulk modulus, and ¢ is the host rock’s angle of internal
friction. Similar to the findings from Roche et al. [2000], Geyer et al. [2006], f..; is lower for
smaller R, (See Figure 4-6). This is related to the fact that, provided a fixed caldera radius,
shallower reservoirs have a smaller fault surface area, and hence a lower value of maximum
static friction.
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Adapted from Geshi et al, 2014
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Figure 4-6: Critical volume fraction for caldera collapse. The analytical relationship
between the roof aspect ratio R, and the volume fraction of magma extracted from the
reservoir at the onset of caldera collapse f..; (See Equation 4.1). The magma bulk modulus
k plays a role in Equation 4.1, and is a function of the bubble fraction in the magma. Here
ferie is calculated using bubble fractions x = 0.2,0.1, and 0.05. Adapted from Geshi et al.
[2014].

4.1.3 What can we learn about the threshold for caldera ring-fault
reactivation?

Both analogue and analytical studies emphasize that the lower the roof aspect ratio R,,
the lower the f threshold for caldera ring-fault activation. Up until this point, we have
addressed the mechanisms and conditions under which caldera ring-faults form, but not
specifically their reactivation. Because caldera ring-faults are pre-existing weaknesses, the
reactivation threshold f is likely lower than that necessary to form the faults, due to a
lower frictional resistance, but quantification of this threshold is lacking [Sibson, 1985]. If
this threshold could be calculated, and the typical eruption volume and recurrence time are
known, it may be possible to calculate the amount of long-term subsidence due to ring-fault
reactivation (taking into account the amount of uplift due to magma replenishment). This
value could be compared to the total caldera subsidence, in order to calculate the amount
of initial ring-fault subsidence during the caldera formation. Unfortunately, aside from a
few geophysical studies regarding seismicity or ground deformation [Scandon and Malone,
1985, Mori et al., 1996, Cesca et al., 2020, Liu et al., 2019, and references within], caldera
ring-fault reactivation has been rarely been observed in nature.
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4.2 Paper 2: “What triggers caldera ring-fault sub-
stdence at Ambrym wvolcano? Insights from the
2015 dike intrusion and eruption”

In the presented study, we analyse an episode of caldera ring-fault reactivation at Ambrym
caldera during a moderate-sized eruption (VEI 2/3). A different portion of the ring-fault
was also reactivated during the much larger rift zone intrusion in 2018, as discussed in Chap-
ter 3. The rich InSAR dataset available during the 2015 event allows us to investigate the
conditions necessary to reactivate caldera ring-faults, a phenomenon that is rarely observed
by geophysical methods. Through geodetic modelling of both an inflating dike, a draining
magma reservoir, and a slipping ring-fault, this study infers an upper-bound of the vol-
ume fraction f necessary to reactivate pre-existing caldera ring-faults (taking into account
magma compressibility), an upper-bound of the pressure change AP, and a lower bound
for the volume of the tapped reservoir. In accordance with the ideas introduced above, our
study discusses the influence of Ambrym’s roof aspect ratio on the caldera fault reactivation
threshold, as well as its influence on the long-term development of Ambrym’s caldera.
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Abstract

Surface deformation accompanying dike intrusions is dominated by uplift and horizon-

tal motion directly related to the intrusions and may include subsidence due to associ-
ated magma reservoir deflation. When reservoir deflation is large enough, it can form,

or activate pre-existing, caldera ring-faults, sometimes resulting in full-scale caldera col-
lapse. Ring-fault activation, however, is rarely observed during moderate-sized eruptions.
On February 21st, 2015 at Ambrym volcano (Vanuatu), a basaltic dike intrusion pro-
duced more than 1 meter of co-eruptive uplift, as measured by InSAR, SAR correlation,
and Multiple Aperture Interferometry (MAI). Here we show that up to 30 cm of sub-
sidence occurred on a normal caldera ring-fault during this moderate-sized event, which
intruded a volume of ~30x10% m3 and erupted ~12x10% m?® of lava. We explore the stress
change imposed by the opening dike and the decompressing reservoir on a passive, fric-
tionless fracture (fault). Normal fault slip, at the surface and at depth, is promoted when
stress is transferred from a decompressing reservoir beneath one of Ambrym’s main craters.
After estimating magma compressibility, we provide an upper-bound on the critical frac-
tion (f = 1.9 - 5.8%) of material extracted from the reservoir needed to trigger fault slip.
We infer that broad basaltic calderas may form in part by hundreds of subsidence episodes
no greater than a few meters, due to magma extraction from the reservoir during moderate-

sized dike intrusions.

Plain Language Summary

Many volcanoes feature large depressions, called calderas. Calderas form when enough
magma leaves a deep reservoir, and the solid rock lid above this reservoir can no longer
support its own weight. Caldera faults, or cracks surrounding the reservoir which extend
kilometers from the reservoir to Earth’s surface, form as the lid collapses. Ground sink-
ing at wide calderas along caldera faults has been attributed to large, explosive eruptions.
Ambrym volcano (Vanuatu) has a 12-km wide caldera, and researchers propose it formed
during an explosive eruption 2000 years ago. However, in 2018, Ambrym’s caldera sunk
along caldera faults during a non-explosive eruption, questioning the aforementioned con-
clusion. Furthermore, in February 2015, an eruption 10 times smaller than in 2018 also
caused the ground to sink along caldera faults. Utilizing ground motion data obtained
from satellite radar systems to model magma reservoir outflow and fault displacement,
we conclude that, in 2015, the ground sank along caldera faults because a small amount
of magma was removed from the reservoir. We therefore propose that Ambrym’s wide
caldera may have formed as a result of many frequently occurring medium-sized erup-
tions. This challenges the thought that wide calderas mainly form as a result of large

eruptions.

1 Introduction

Although all calderas host collapse structures, instrumentally recorded caldera ring-
fault activation is rare. A handful of extreme cases of caldera ring-fault activation— catas-

trophic caldera collapse— have been observed historically (Neal et al., 2018; Gudmunds-



son et al., 2016; Peltier et al., 2009; Geshi et al., 2002). The majority of these spectac-
ular events were characterized by noncoherent, or piecemeal, collapse, where upwards
propagating faults break up the collapsing piston (Agtstsdottir et al., 2019; Neal et al.,
2018; Peltier et al., 2009). On the other hand, volcanoes that host shallow and broad mag-
matic chambers tend to collapse in a coherent fashion, and the central portion of the col-
lapsing piston stays intact (Roche et al., 2000). Walker (1984) hypothesized that silicic
calderas may form incrementally by downsagging, which can be accompanied by caldera
ring-faulting. The fraction of material removed from a magma reservoir needed to ac-
tivate caldera ring-faults does not depend strongly on eruptive style. Incremental caldera
ring-fault activation may also occur during frequent eruptions at broad, shallow basaltic
calderas. Notably, at Sierra Negra, which hosts the largest caldera in the Galapagos (9
km maximum diameter), there is no evidence of catastrophic caldera collapse, despite

voluminous historical eruptions (Reynolds et al., 1995; Munro & Rowland, 1996).

Confirming that incremental subsidence is an important driver of caldera develop-
ment at broad, shallow basaltic systems is challenging. Any significant subsidence would
only accumulate over timescales of hundreds of years. Little geological trace would be
left at the surface, especially if lateral intrusions, which may arrest at depth, were the
dominant mechanism of magma withdrawal from a central magmatic plumbing system.
Nonetheless, accurately reconstructing the historical timeline of caldera formation is im-
portant, as it plays a role in determining which volcanoes are candidates to produce VEI
7 eruptions in the future (Newhall et al., 2018). Increased space-geodetic monitoring of
volcanoes worldwide improve the chances of measuring caldera subsidence and ring-fault

activation during moderate-sized eruptions (VEI<3)(Pinel et al., 2014).

Caldera ring-faults are activated due to an underpressure within a reservoir as ma-
terial is extracted from the central magmatic plumbing system. At basaltic caldera-rift
systems, this extraction occurs primarily through lateral dike intrusions (Sigmundsson,
2019). However, in some cases of dike propagation, regardless of whether or not ring-faults
have been activated, surface displacements associated with a decompressing reservoir are
not observed geodetically. This can either be due to a masking of the subsidence signal
by the large displacements related to the dike intrusion (Grandin et al., 2009), or other
factors such as host rock or magma compressibility (Rivalta & Segall, 2008). Account-
ing for mechanical source interactions allows additional constraints to help identify a de-

compressing source.

In February 2015, a dike intrusion fed an eruption at Ambrym volcano and pro-
duced more than 1 meter of asymmetrical uplift to the SW of the fissure, as measured
by synthetic aperture radar (SAR) data. To understand the process of dike intrusions
leading to caldera subsidence and ring-fault activation, we combine Boundary Element
Method calculations with a neighborhood inversion algorithm to determine the defor-
mation sources contributing to the surface displacement. We then calculate the static
stress change on the fault to investigate the possible contribution of the dike opening and
reservoir depletion on caldera ring-fault activation, as well as determine bounds on the

pressure and volume change of the magma reservoir needed to trigger caldera ring-faulting.



1.1 Volcanological and Tectonic Setting

Ambrym volcano is a basaltic volcanic island located in the central portion of the
New Hebrides subduction zone in Vanuatu. The island hosts two rift zones oriented N105°8S,
which radiate bilaterally from the island’s central 12-km wide caldera (McCall, G.J.H.
and Lemaitre, R.W. and Malahoff, A. and Robinson, G.P. and Stephenson, P.J., 1969).
The caldera has been previously interpreted as resulting from the collapse of a giant tuff
cone during a sequence of explosive phreatomagmatic eruptions (Robin et al., 1993). This
view was later challenged by Cronin and Németh (2005). In December 2018, the first geode-
tically monitored rift zone intrusion occurred, with >0.4 km?® of magma travelling more
than 20 km into the SE rift zone, resulting in a submarine eruption that emitted basaltic
pumice onto the nearby shoreline (Shreve et al., 2019). Coeval with the 2018 rift zone
intrusion, the caldera floor subsided by more than 2 meters. The caldera ring-faults also
activated, most notably in the northern half of the caldera. The decompressing defor-
mation source was modelled to be between 1 - 5 km beneath the summit, depending on

how many sources were included (Hamling et al., 2019; Shreve et al., 2019).

This event confirms that the caldera-ring faults are part of an active fault system,
not solely relict structures resulting from a major collapse 2000 years ago (Robin et al.,
1993). Due to these observations of meter-scale caldera subsidence, in conjunction with
historical documentation of reoccurring rift zone intrusions, recent studies (Hamling et
al., 2019; Shreve et al., 2019) have invoked the hypothesis that Ambrym’s caldera de-
veloped as a result of hundreds of similar rift zone intrusions, building out the elonga-
tion of the island, while simultaneously causing the gradual, incremental subsidence of
the caldera floor. The rift zone intrusion in 2018 provided an example of caldera ring-
fault activation at Ambrym, but did not provide minimum constraints on the thresholds
necessary to activate these faults. More frequently-occuring moderate-sized eruptions,

such as a fissure eruption that occurred in 2015, provide additional constraints.

1.2 Gas and thermal remote sensing during the February 2015 eruption

Ambrym’s volcanic activity over the past decades includes lava lakes and Strom-
bolian explosions within the nested pit craters located in the two main volcanic cones,
Marum and Benbow, near the western caldera rim (see Figure 1)(Németh & Cronin, 2008).
In addition to lava lake activity, occasional intra-caldera fissure eruptions have occurred,
most notably in 1986 and 1988—89 (Eissen et al., 1991). The former took place in the
eastern portion of the caldera, and erupted lava with a slightly elevated SiOy content (60
wt% SiO3), compared to eruptive products from the main cones (~50.5 wt% SiO3) (Fig.
1c). This suggests various degrees of melt differentiation within the magmatic system
(Robin et al., 1993; Eissen et al., 1991).

In February 2015, another fissure eruption occurred, with a main fissure located
~3 km SE of Marum (Fig. 1d) (Coppola, Laiolo, & Cigolini, 2016; Hamling & Kilgour,
2020). This event was preceded by a 6.4 M,, earthquake on 19 February 2015 at 13:18
UTC with a hypocenter 30 km southeast of Ambyrm’s craters and a depth of ~5 km (Fig.
la, 16.50°S, 168.28°E, according to the location from the Oceania Regional Seismic NET-



work (ORSNET), event ID ird2015dmnz). The earthquake had a reverse focal mech-
anism and moment tensor solution that included only 61% double couple component (Fig.
la). According to thermal anomalies detected by the Middle Infrared Observation of Vol-
canic Activity (MIROVA) system (Coppola, Laiolo, Cigolini, Delle Donne, & Ripepe, 2016),
the eruption lasted for ~44 hours, initiating sometime between 20 February 14:30 UTC

and 21 February 2:40 UTC, and ending, at the latest, on 22 February 11:10 UTC (Coppola,
Laiolo, & Cigolini, 2016) (see Supporting Information Text S1 for confirmation of this
onset time using Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYS-
PLIT) (Stein et al., 2015; Crawford et al., 2016) and the Infrared Atmospheric Sound-

ing Interferometer (IASI) (Clarisse et al., 2014)). Coppola, Laiolo, and Cigolini (2016)
estimates the maximum effusion rate was 64 (£32) m®s™!, emitting a total of 4.8 (£2.4)x

105 m? of lava from the main fissure oriented ~N135°S, travelling ~3 km.

To directly constrain the lava flow volume, we calculate a digital elevation model
(DEM) using MicMac software (Rupnik et al., 2018) and post-eruption Pléiades opti-
cal satellite images with no cloud cover over the lava flow. We estimate an improved lava
flow volume of ~12.4 (£0.08) x 10° m?® (see Supporting Information Text S2 and Ta-
ble S1), with an average flow thickness of ~5 m (Fig. S1). Uncertainties were calculated
using the methods of Bagnardi et al. (2016) and Favalli et al. (2010). We also note that
in addition to the main fissure to the SE of Marum, a secondary fissure opened closer
to Marum, ~200 m south of Niri Mbwelesu Taten (see Figure 1d), oriented N133°S, which
fed a 900 m-long lava flow.

We use the Ozone Mapping and Profiler Suite (OMPS) products to conservatively
estimate ~40 kt of sulfur dioxide (SO2) emitted during the eruption (see Text S3 and
Figure 1le). Calibration was done for SOy column density estimates of plumes with a cen-
ter of mass altitude (CMA) between 5 to 10 km (Li et al., 2017). An SO2 mass estimate
of ~40 kt is consistent with degassing of a lava volume corresponding to the ~12.4x 106
m? lava flow (see Supporting Information Text S3). After 25 February, SOz degassing
returned to passive background levels (~7 kt/day, according to Carn et al. (2017)). These
estimates of erupted lava volumes and emitted gas will be compared with volume changes
at depth, as constrained by geodesy. This comparison will provide constraints on the bal-
ance between the erupted and intruded masses, and the overall size of the magma reser-

voirs at depth.

2 Geodetic Data

In this study, we exploit multiple synthetic aperture radar (SAR) datasets to mea-
sure the co-eruptive ground displacement (Table S2). A joint analysis of differential In-
SAR and Multiple Aperture Interferometry from ALOS-2, and pixel offset tracking from
CosmoSky-Med (CSK) allows to decompose the 3D co-eruptive displacement field.



2.1 Differential InSAR

The Japan Aerospace Exploration Agency’s L-band SAR satellite ALOS-2 acquired
images before and after the eruption, in both ascending (stripmap) and descending or-
bit geometries (stripmap and ScanSAR). With a wavelength of 24 cm, interferograms
produced using data acquired from IL-band SAR satellites maintain coherence in vege-
tated regions, such as tropical volcanic islands. We process interferograms from ascend-
ing stripmap mode (SM3) images spanning 24 January to 21 March 2015 with the In-
terferometric SAR scientific computing environment (ISCE) (Rosen et al., 2012). Fil-
tering and unwrapping are performed with NSBAS modules (Doin et al., 2011; Rosen
et al., 2004; Grandin et al., 2012). Supporting Information Text S4 describes in detail

the processing steps.

Before the eruption, the ALOS-2 descending archive consists of only ScanSAR (in-
terferometric wide-swath mode, WD1) acquisitions. Coherent ScanSAR-to-ScanSAR in-
terferograms can only be calculated with images acquired after 8 February 2015, due to
inadequate (less than 50%) burst synchronization on the ground for acquisitions before
this date (Lindsey et al., 2015; Natsuaki et al., 2016). This was due to an issue with ALOS-
2’s navigation system, which was fixed on 8 February 2015 (Lindsey et al., 2015). As a
result, standard ScanSAR-to-ScanSAR processing is replaced by ScanSAR-to-stripmap
processing for descending images spanning 17 January 2015 to 14 March 2015 (Ortiz et
al., 2007; Natsuaki et al., 2016; Kobayashi et al., 2015). This is implemented with the
GSISAR software developed by the Geospatial Information Authority of Japan (Kobayashi
et al., 2015; Tobita, 2003). A 30-m mesh Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) Global Digital Elevation Model (GDEM) was used to
remove the topographic fringes (Tachikawa et al., 2011). The post-interferogram forma-
tion steps (multilooking, filtering, unwrapping and geocoding) are performed with NS-
BAS modules, as described in the Supporting Information Text S4. The descending in-

terferogram is multilooked 1 time in range and 8 times in azimuth.

2.2 Multiple aperture interferometry

In addition to differential InSAR, which measures satellite LOS displacements, we
also process a multiple aperture interferogram (MAI) (Bechor & Zebker, 2006; Liang &
Fielding, 2017), in order to derive the along-track, or azimuth, displacement using as-
cending SM3 images spanning 24 January to 4 April 2015. Azimuth common-band fil-
tering with a normalized squint of 0.66 generates sub-aperture single-look-complex (SLC)
pairs which are used to calculate forward and backward looking interferograms with a
multilook factor of 8 and 16 in range and azimuth, respectively. The difference between
these interferograms provides the along-track displacement, albeit with a lower accuracy
than differential InSAR. The postprocessing steps include filtering (Goldstein & Werner,
1998), unwrapping, and geocoding with a pixel spacing of ~85 m x 70 m.



2.3 Pixel offset tracking

Sub-pixel offset tracking measures surface displacement by finding the cross-correlation
peak of two SAR image amplitudes (Michel et al., 1999). Pixel offsets are less accurate
than InSAR (Michel et al., 1999), yet complementary as they measure both LOS and
azimuth displacement, as well as provide measurements in areas where phase is not co-

herent or surface displacements are large.

We obtained CSK descending acquisitions spanning 13 to 25 February 2015. Pixel
offsets in both range and azimuth are calculated using ISCE. Pixel offsets from the ALOS-
2 ascending pair spanning 24 January to 21 March are also calculated. All of our pixel
offset calculations are run using ISCE with a window size of 64, a skip width of 32, and
a search width of 20. Images are then geocoded, and post-processing includes scaling by
pixel size (3.6 m/pixel for ALOS-2 azimuth, 1.1 m/pixel for CSK range and 2.1 m/pixel
for CSK azimuth), referencing to the median of a 15x15 pixel box to the northwest of
the caldera (near 168.05°E, 16.24°S), clipping unreasonable displacement values, filter-
ing, masking based on SNR, and masking densely vegetated areas outside the caldera
(Table S3).

2.4 3D decomposition

Following the method of T. J. Wright et al. (2004), we invert for the 3D co-eruptive
displacement field using the InSAR LOS measurements, pixel offsets and MAI measure-
ments. This results in the inversion of an overdetermined system of equations, and we
can solve for the horizontal (N-S and E-W) and vertical components of deformation. Given
the measured displacement and the satellites’ LOS vectors, we perform a least squares
inversion and decompose the 3D displacement field (see Figure 2). Each dataset was weighted
equally in the inversion, which assumes similar accuracy for all measurements. InSAR
has a higher accuracy than the other datasets, but the equal weighting ensures that con-
tributions from the pixel offsets and MAI, such as displacement along the satellite az-

imuth, are not under-prioritized in the 3D decomposition (Grandin et al., 2018).

2.5 Co-eruptive displacement field description

The ascending and descending interferograms measure, respectively, up to 1.5 and
1 meters of line-of-sight (LOS) shortening (movement towards the satellite). This dis-
crepancy indicates that horizontal displacements contribute to the LOS measurements.
The cross-sections in Figure 2 display the ratio of vertical to horizontal motion. In ad-
dition to horizontal motion, we emphasize three notable characteristics of the co-eruptive
3D displacement field:

1. There exists a N-S asymmetry and discontinuity across the eruptive fissures in all
components (see Figure 2, Profile A-A’). The maximum LOS shortening is located
just to the south of the main fissure, and this signal is most likely associated with
the dike intrusion feeding the eruption. The ratio of subsidence to the north of

the fissures compared to uplift to the south implies a dike dipping towards the SW.



2. There is also an E-W asymmetry in the western portion of the caldera, across a
region that follows the caldera rim, and is incoherent and discontinuous in the in-
terferograms (see Figure 2, Profile B-B’). This asymmetry is observed in all com-
ponents. The ratio of horizontal to vertical displacement indicates that this sig-
nal may be attributed to normal slip on a portion of the caldera ring-fault. As mea-
sured by CSK pixel offsets, this displacement occurred before 6:00 UTC on 21 Febru-
ary, during the onset of the eruption (Fig. S3).

3. The 3D displacement field also estimates >20 cm of subsidence in the coherent
region to the NW of the dike, beneath Marum crater (see 3D Decomposition, Fig-
ure 2). The ascending interferogram shows ~24 cm (2 fringes) of LOS lengthen-
ing in the northern portion of the caldera, following the northeastern caldera rim.
However, this vegetated portion of the caldera is incoherent in the descending in-
terferogram, limiting the ability to exploit two independent measurements to con-
firm whether these fringes are attributed to ground displacement or atmospheric
effects. This signal, confined to within the caldera, is reminiscent of deformation
which occurred in the month following the 2018 rift zone intrusion. The 2018-2019
deformation was modelled by a shallow (4-5 km depth) decompressing sill (Shreve
et al., 2019).

3 Inversion of Deformation Sources

The displacement field’s complexity hints at contributions from multiple sources.
Geodetic modelling of volcanic deformation often capitalizes on computationally efficient
analytical solutions to describe displacement due to pressure sources (Mogi, 1958), as

well as shear or tensile dislocations (Okada, 1985). When multiple sources are involved,

the displacement fields produced by each of these sources in an elastic, homogeneous medium

are added linearly. Any mechanical interaction, or stress transfer, between the sources

is implicitly neglected.

Given the hypothesis that multiple sources are at play during this eruption, and
the geological complexity of caldera systems (pre-existing weaknesses and faults due to
caldera collapse (Acocella, 2007)), we choose to proceed with a numerical method, the
Mixed Boundary Element Method (BEM) (Cayol & Cornet, 1997, 1998). This method
calculates the surface displacement due to pressure changes within massive boundaries
or within fractures with complex geometries (curvature, dip, etc.), as well as calculates
the mechanical interaction between all modelled sources, which influence the final sur-
face displacements. By combining the Mixed BEM forward models with a non-linear in-
version, we are able to estimate the sources’ geometries, while simultaneously inverting

for a uniform stress change on the structures (i.e. pressure or shear stress changes).

3.1 Data subsampling and covariance matrix

To compare modelled and measured surface displacements, measurements must first
be subsampled to include a reasonable number of datapoints in the inversion, while still

retaining enough information to robustly estimate the relevant model parameters. We



include and subsample both the ascending and descending InSAR measurements in the
inversion. SAR pixel offsets are not included due to their low signal-to-noise ratio, how-
ever, we project modelled surface displacements into the LOS for all available datasets

a posteriori (Fig. S4). The data is subsampled using an adaptive quadtree decomposi-
tion algorithm (Walstead, 1999; Jonsson et al., 2002), as described in the Supporting In-
formation Text S5, Table S4 and Figure S5.

Displacement values at subsampled points may be spatially correlated due to phase
contributions from atmospheric, ionospheric, or other noise sources (Sudhaus & Jéns-
son, 2009). To account for this spatially-correlated noise in the interferometric phase,
the correlation distance and data variance are used to populate a data covariance ma-

trix, according to Cy(k1,k2) = o3 - eXp(—M)

, where Ufl is the variance, a is the

correlation length, and ||k1, ko|| is the Euclidian distance between two subsampled pix-
els k1 = (z1,41), and ko = (22, y2) (Tarantola, 1987). The data covariance matrix thus
weights the data in the inversion, taking into account the correlated noise between two
pixels that may be spatially correlated over wavelengths of up to 5a (Smittarello et al.,
2019). According to Fukushima et al. (2005), reasonable values for 0% = 3 x 107* m?

and a = 330 m. Similarly to these authors, we found that varying these values did not

result in significant changes to the inversion results (Fig. S6).

3.2 Mixed Boundary Element Method

As previously mentioned, we estimate the geometry and stress change of multiple
pressure sources with a 3D Mixed BEM numerical approach (Cayol & Cornet, 1997, 1998).
In the Mixed BEM forward calculation, boundary conditions are the traction-free topog-
raphy and uniform pressure changes on either surfaces (tensile cracks or shear fractures)
or massive boundaries (reservoirs or the ground surface). Triangular elements are used
to discretize all boundaries. The surface topography is derived from a 12 m resolution
TanDEM-X DEM (Fig. S7a) (Wessel, 2016). Stress changes can either be imposed on
the meshed triangular elements of the fractures or massive boundaries, or result from

stress transfer from nearby sources, or both.

The Mixed BEM combines the displacement discontinuity and direct displacement
methods (Lachat & Watson, 1976; Sokolnikoff, 1956; Crouch, 1976). A description of these
methods can be found in the Supporting Information Text S6. Nine parameters control
the fracture geometry (Fig. S8) (Fukushima et al., 2010). The fractures are connected
to the topography mesh by user-defined echelons at the surface. While the location of
the echelon has a degree of uncertainty, we use high-resolution optical satellite imagery
from the Pléiades constellation to map the fissures that opened during the eruption (see
Figure 1d). For the caldera ring-fault, the surface trace is determined using the SAR pixel

offsets, in conjunction with identifying the incoherent regions in the InSAR measurements.

Displacements and stresses are discretized and interpolated on the boundaries. Thus,
the more refined the mesh, the more precise the solutions. There is a tradeoff between
accuracy and computational efficiency of the forward model, controlled by the number

of meshed elements used to represent the topography (see Figure S7b for a plot of model



run duration versus accuracy). In order to have a reasonable accuracy versus precision
balance, the mesh is finer close to the echelons, where displacement is largest, and coarser
in the far-field, where little-to-no displacement is measured (Fig. S7a). A Young’s mod-
ulus of 5 GPa and a Poisson’s ratio of 0.25 are chosen, consistent with in-situ measure-
ments and depth of the inverted structures (Cayol & Cornet, 1998) and confirmed by

laboratory measurements (Heap et al., 2019).

3.3 Non-linear inversion: Neighborhood algorithm

The stress change and geometry of the fractures or reservoirs are inverted using a
neighborhood algorithm (Sambridge, 1999b; Fukushima et al., 2005). An initial explo-
ration of the parameter space picks N S; random combinations of the inverted param-
eters (Sambridge, 1998; Tridon et al., 2016). According to Tridon et al. (2016), N.S; is
determined based on an exponential function which corresponds to the number of nat-
ural neighbors (Sambridge, 1998), which is a function of the number of inverted param-
eters, k, such that N.S; = 9.775-e0457"*  Each subsequent iteration picks NSy combi-
nations of parameters, searching within the multi-dimensional Voronoi cells (nearest neigh-
bor regions) with the lowest misfit in the previous iteration. Assuming the algorithm con-
verges, a large NS, results in a more explorative search, while a small NS5 results in a
more exploitative search. Typically, NS5 is taken to be 48, because it was found to be

a reasonable compromise by Fukushima et al. (2005).

The misfit is defined as x2(m) = (up—um)T C; ' (uo—um), where u, is the data,
Uy, is the modelled displacements, and Cy is the data covariance matrix, as defined in
Section 3.1. This iterative procedure continues until a threshold criterion, onrsT, based
on the standard deviation of the misfit values from the last NLST forward calculations
(we set NLST = NS5) is reached. Alternatively, the search can be terminated based
on a pre-defined total number of iterations NIT. We terminate Inversion 3 after 1500
iterations. Even though the standard deviation threshold has not been reached, the es-
timated parameters are well-constrained (Fig. 4a). To calculate posterior probability den-
sity functions (PPD’s), marginal PPD’s, mean model parameters, and model uncertain-
ties, we follow the bayesian inference framework (Tarantola, 1987) described in Sambridge
(1999a) and implemented by Fukushima et al. (2005) (Supporting Information Text S7).

The inversion procedure inverts for a phase constant, but does not invert for ramp
parameters in the InSAR data that may be due to residual orbital errors (Zebker et al.,
1994). However, this does not effect the final geometry of the source, although it does
slightly bias the estimated volume change. Figure S9 shows the results of an inversion
with a deramped ascending interferogram (the only dataset with a far-field large enough
to estimate the orbital ramp), to demonstrate the source geometry’s insensitivity to this

parameter.

3.4 Final inversions

Using the inversion scheme outlined in Section 3.3, we run three inversions of in-

creasing complexity to test the necessity of adding multiple deformation sources. The
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number of non-linearly inverted free parameters and number of forward models for each
inversion are listed in Table 1. In order to justify increasing complexity (i.e. adding a
new source), we can calculate the Akaike Information Criterion for each inversion, de-
fined as AIC = 2k +x% +log |Cy|+ N x log(27), where k is the number of inverted pa-
rameters, x2 is the misfit, |Cy| is the determinant of the data covariance matrix, and N
is the number of data points (Akaike, 1974). The most likely models correspond to the
lowest AIC. In each inversion, we use the same subsampled datasets and data covariance
matrix from Section 3.1. Therefore, to compare the AIC of inversions, we can simply com-
pare AIC = 2k 4+ x2. Changing the values of 02 and A for the C; creation will change
the value of x2? and the relative influence of the number of parameters in the final AIC
value, but does not change the dike geometry or volume significantly (Fig. S6). In our
case, when increasing the number of parameters, the decrease of the misfit largely coun-

terbalances this increase, resulting in the AIC being equivalent to the misfit.

3.4.1 Dike (Inversion 1)

According to (1) in Section 2.5, the N-S asymmetry across the eruptive fissure im-
plies a dike dipping towards the SW. The first inversion inverts non-linearly for the 9 dike
geometry parameters and for the pressure change. The echelons are fixed at the surface,
using mapping of eruptive fissures from optical satellite imagery, as described previously.
To avoid inverting for pressure as a linear parameter, the modelled surface displacements
are scaled by a constant to find the pressure change that best fits the data. The best-
fit model, as well as data, synthetics and residuals, are shown in Figure 3. The mean model,
with 95% uncertainty intervals, are listed in the Supporting Information for all inver-
sions (Table S5). The best-fit model dike is submitted to a scaled pressure change of AP =
2.9 MPa and the total scaled volume change is AV = 3.0 x 107 m®. When the ramp
is removed from the ascending interferogram, AP = 2.2 MPa and AV = 2.7x 10" m?

(Fig. 89).

8.4.2 Dike and fault (Inversion 2)

The residuals from Inversion 1 reflect more than 20 cm of unexplained displacement
in the western portion of the caldera, corresponding to the signal discussed in (2) in Sec-
tion 2.5. The second inversion includes both a dike, as well as a frictionless fault, whose
top edge is predefined and intersects the topography mesh. We invert for 3 additional
parameters— the dip, bottom edge depth, and uniform shear stress change (normal fault
motion) on the fault plane. To reduce the number of non-linearly inverted parameters,
and ensure computational feasibility, we do not invert the angle of the bottom edge of
the fault, the twist, shear, or any curvature (see Fukushima et al. (2010) for a descrip-
tion of these parameters). We justify this simplification because analogue and numer-
ical models have found caldera ring-faults to be straight at depth (Beauducel et al., 2004;
Gudmundsson et al., 2016; Liu et al., 2019). We only include the portion of the fault that

we hypothesize was activated in 2015.
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Because the fault and dike orientations are perpendicular, pressurization of the dike
results in closing (fracture wall interpenetration) on some sections of the fault plane (Fig.
S10). We impose a nonnegativity constraint to avoid fracture wall interpenetration and
thus ensuring a geologically realistic model. This nonnegativity constraint is enforced
in the Mixed BEM through Lagrange multipliers, as described in Cayol et al. (2014) (from
hereon we call this constraint “preventing interpenetration”). Inversions have also been
run without imposing this nonnegativity constraint, and the comparison between the re-
sulting misfits and inversion durations is shown in Figure 3b. We remark that the mis-

fit improves when the nonnegativity constraint is imposed.

The best-fit model, along with the dike opening and fault shear distributions, is
shown in Figure S11. The dike’s scaled pressure change is 2.4 MPa, the dike’s total scaled
volume change is AV = 2.6x107 m3, the fault’s shear stress change is -0.26 MPa, and

the fault’s average slip is 0.5 m.

3.4.3 Dike, fault and reservoir (Inversion 3)

The misfit is significantly improved in Inversion 2 compared to Inversion 1 (Table
1 and Figure 3b). However, there remain long-wavelength residuals postulated to result
from reservoir decompression, with a similar spatial footprint to the caldera floor sub-
sidence measured after the Ambrym 2018 rift zone intrusion (see (3) in Section 2.5). There-
fore, a final inversion includes a reservoir approximating a thin (semi-minor axis of 2.5
m), horizontal, oblate spheroid structure, whose location (beneath Marum crater, at 168.12°E,
16.25°S) and depth (4.1 km b.s.l) are fixed according to the post-intrusion deflation source
estimated in Shreve et al. (2019). Again, we invert for normal and shear stress changes
on the dike and fault as non-linear parameters. We approximate the reservoir as a thin
oblate spheroid as opposed to a horizontal fracture because the nonnegativity constraint
restricts closing on all fractures in the inversion. Instead of closing of a horizontal frac-
ture, we impose an internal negative pressure change within a massive boundary. The
reservoir volume V' and change in pressure AP are inversely proportional (Amoruso &
Crescentini, 2009), resulting in the high AP obtained by the inversion given the thin reser-
voir. After running Mixed BEM computations for spheroids with various thicknesses,
we find that the difference in both the surface displacement and the source volume change
are negligible as long as the spheroid remains “thin” (with a ratio of semi-minor ¢ to semi-

major axis a = b, < < 0.05).

We invert for the same parameters as Inversion 2, as well as the reservoir radius
(assuming it is axisymmetric) and internal pressure change. The best-fit model of In-
version 3 is shown in Figure 3, the marginal PPD’s are shown in Figure 4a, and the slip
and opening distribution of the sources is shown in Figure 4b. Pressure change (scaled)
of the best-fit model dike is 2.9 MPa, the total scaled volume change of the dike is AV =
2.9 x 107 m3, the total scaled volume change of the reservoir is AV = —1.3 x 107 m?,
and the average closing on the reservoir is -1.5 m. The fault’s shear stress change is -0.13
MPa and the average slip on the fault is 0.6 m. Fault slip reaches one meter at depth,

close to the reservoir.
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3.4.4 Inversion comparisons

We note that the final dike geometries diverge primarily at depth (Fig. 3), due at
least in part to the lack of sensitivity of the surface displacement to pressure changes from
deep sources (Du et al., 1992). The misfit (and AIC), however, improves when adding
additional sources, emphasizing that the surface displacements may result from the com-

bination of these three sources.

The mean fault dip estimated in both Inversion 2 and 3 are within a few degrees,
however, the dip tends towards a shallower value. We decide to constrain the minimum
dip to 65° based on numerical and analogue modelling, as well as geological observations,
of steep, inward-dipping normal caldera-ring faults for calderas with low aspect ratios
(ratio of chamber depth to width of caldera surface expression) (Roche et al. (2001) and
references within). In extreme cases, caldera sagging can result in material slumping along
shallowly-dipping normal detachments formed within the footwall of steeper normal faults
(Holohan et al., 2011), but whether or not this case is relevant for Ambrym is not con-

strained in this study and would need to be investigated further.

The depth of the fault’s bottom edge also reaches the limits of the parameter search
space. However, we fix the maximum depth at 4 km b.s.I to ensure that there is no in-
teraction between intersecting elements of the fault plane and the reservoir. We acknowl-
edge that the similarities between the fault dip and depth for Inversions 2 and 3 may be

artificially imposed by the parameter limits.

The total volume change in the dike varies between 2.6 and 3.0 x 107 m? for the
three inversions. All estimates and uncertainties for pressure changes, shear stress changes,
total volume changes, and maximum and average slip values can be found in the Table
S5 and Table S6.

4 Discussion
4.1 Reservoir decompression— not diking— induces faulting

In Section 3.4, we note that Inversion 3 has the lowest misfit (or AIC), indicating
that it is the most likely source configuration. We conclude that contributions from three
sources— a dike intrusion, caldera ring-fault, and reservoir— best fit the data. However,
the misfit value relies solely on the data fit and data covariance matrix, without incor-
porating information about stress interactions between the various sources. In order to
provide a complementary justification of our choice of the best-fit model, we now dis-

cuss whether this configuration of three deformation sources is mechanically consistent.

In Inversion 2, we invert for shear stress change on the caldera ring-fault in order
to fit the surface displacements. In reality, an external stress perturbation must gener-
ate this shear stress change. Static stress transfer from the dike is the most obvious source
of perturbation. In the context of rifting events, for example, stress transfer from an in-
flating dike has been invoked as the mechanism that explains normal faulting and graben

subsidence, with normal faults slipping either above the dike or ahead of the dike’s prop-
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agation path, as these are the locations that do not undergo dike-induced compression
(Rubin & Pollard, 1988; Grandin et al., 2009). In the context of a caldera, to test if stress
perturbations due to dike opening promote normal caldera ring-faulting, we calculate the
Coulomb stress change on the fault plane (King et al., 1994; Lin & Stein, 2004). The Coulomb
stress change is calculated by 7csc = 7+ u'o, where 7 is the shear stress change, o is

the normal stress change (positive is unclamping), and p’ is the effective friction coef-
ficient, where p/ = u(1 — B). B is Skemptons coefficient, which relates pore pressure

to confining stress, and we set u/ = 0.4, approximated from laboratory values (Nostro

et al., 1998). A positive Tog¢ indicates that the stress perturbation promotes fault fail-
ure. Because we have no information regarding the initial stress state, Coulomb stress
change calculations can only be used to estimate if the fault has been brought closer to

failure, not if the yield strength has been reached.

We calculate the Coulomb stress change in 3D, having a direction of shear stress
consistent with families of normal dip-slip faults, parallel to those estimated in the in-
versions. The source geometries are fixed based on the results of Inversions 2 and 3. The
normal and shear stress changes due to a pressurized dike are computed using the Mixed
BEM. For each fault mesh element 4, the strike, dip, normal and shear stress change are
used to calculate 7cgc ;. The first row in Figure 5 shows the Coulomb stress change on
each element of the fault from Inversion 2. We find that the dike opening prohibits nor-
mal dip-slip at the fault’s southern end, where surface displacements are dominated by
compression perpendicular to the dike plane (Rubin & Pollard, 1988). Normal dip-slip
is also prohibited at depth. The Coulomb stress change calculation from Inversion 2 has
a slight increase in the northern portion of the fault, where InSAR measures more than
20 cm of surface displacement. We then calculate the Coulomb stress change from In-
version 3, when the stress perturbation results from a combination of a pressurized dike
and a decompressing reservoir. There is a positive Coulomb stress change at the fault’s

north end, both at the surface and at depth, which promotes normal fault failure.

Numerical modelling has shown that the stress field of a caldera is complex, influ-
enced by the combination of regional tectonic stresses, edifice loading, unloading due to
caldera formation, and other sources of local stresses (Buck et al., 2006; Pinel & Jau-
part, 2000; Corbi et al., 2015). Given the unknown initial stress state of the caldera, we
cannot discount the possibility that the fault was brought closer to failure due to stress
transfer from only the dike intrusion, given the slight CSC increase. However, the Coulomb
stress change calculations indicate that it is more likely that fault activation was caused
by the reservoir’s decompression as it fed the dike intrusion and fissure eruption, rather

than by stress transfer from the dike intrusion itself.

Nevertheless, stress transfer from the decompressing reservoir alone is not sufficient
to explain the magnitude of fault slip resulting in the measured surface displacements.
The stress transfer reaches a maximum value of 0.5 MPa on the fault (Fig. 5). In Inver-
sion 3, we accordingly invert for an additional shear stress change on the fault. This ini-
tial shear stress change may result from the accumulation of previous reservoir decom-
pression events, and the stress transfer from the dike and reservoir during the 2015 erup-

tion brought the fault to its failure threshold. The fault’s inverted mean shear stress change
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decreases from -0.26 MPa in Inversion 2 to -0.13 MPa in Inversion 3, a change of 50%
(see Figure 5). In other words, in Inversion 3, less initial stress is required to produce
the observed slip on the caldera fault, due to the stress transfer from the decompress-

ing reservoir.

In Inversion 3, the initial shear stress is -0.13 MPa, which is equivalent to the shear
stress transferred by the reservoir. We hypothesize that each fissure eruption and reser-
voir decompression event of this size may induce ~ —0.13 MPa of shear stress on the
fault. If this were the case, a second fissure eruption of similar size, such as the eruption
that occurred in 1988-1989 (Fig. 1c), may have sufficed to generate the stress accumu-

lation necessary to prime fault slip during the 2015 eruption.

4.2 Critical threshold for ring-fault activation
4.2.1 The influence of caldera roof aspect ratio

Caldera ring-faults are formed during caldera collapse. In basaltic systems, calderas
develop due to lateral magma propagation which drains a central plumbing system, ac-
tivating caldera ring-faults and resulting in gradual collapse of the caldera (Sigmundsson,
2019). The plumbing system’s geometry influences the critical fraction of magma needed

to trigger collapse (defined as fo.ip = _%.qf , where Agqy is the magma extraction vol-

ume and V is the reservoir volume). Analytical, analogue, and numerical models con-
clude that thresholds are lower for shallower, broader calderas (low roof aspect ratios,

R, = %7 where h is reservoir depth and r is the reservoir radius) (Roche et al., 2000;
Geshi et al., 2014; Holohan et al., 2011). Studies of caldera collapse events at Kilauea,
Piton de la Fournaise, Fernandina, Miyakejima, and Bardarbunga conclude that f.,.;; cal-
culated from observations is smaller than estimated from analogue modelling. Recent
studies concerning the best-documented basaltic caldera collapse, the Kilauea caldera
collapse in 2018, emphasize the importance of moving beyond f..;;. Because the initial
stress state is unknown, it is important to estimate reservoir pressure change before col-
lapse in order to physically explain the caldera roof failure due to stresses imparted upon

it (K. R. Anderson et al., 2019).

The caldera ring-faulting event at Ambrym, although not a full-scale caldera col-
lapse event, allows us to draw bounds on the minimum reservoir depressurization needed
to trigger caldera ring-faulting at a broad, shallow basaltic caldera. Ambrym has an es-
pecially low roof aspect ratio, estimated by comparing the depth of the main decompress-
ing deformation source in 2018 and the width of the caldera surface expression. Based
on estimates from Shreve et al. (2019); Hamling et al. (2019), R, at Ambrym may be

lower than 0.4.

4.2.2 Pressure change bounds and minimum reservoir volume

Using the Mixed BEM, we adjust the reservoir dimensions to establish bounds on
V and AP, after fixing the shear modulus p (here we have y = 2 GPa). These bounds
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will allow us to estimate magma compressibility and constrain f, which we here define

as the critical fraction of magma needed to trigger fault slip.

Given the tradeoff between AP and V', we set the semi-minor axis of the reservoir
geometry found in Inversion 3 to values that range between 2.5 m and 750 m. We then
adjust AP to ensure the forward Mixed BEM calculation results in a surface displace-
ment that is within 2% error of the displacement field from Inversion 3 (Fig. S12). As
the reservoir becomes more spherical (¢ — a), the ratio of vertical to horizontal displace-
ments decreases (Lisowski, 2006), inconsistent with the best-fit model’s displacement field.
A sill-like reservoir (a > ¢) is consistent with caldera floor subsidence measured after
Ambrym’s 2018 rift zone intrusion (Shreve et al., 2019). This 2018 post-intrusion sig-
nal was modelled by a rectangular tensile dislocation (Okada, 1985), as opposed to a spher-
ical point source (Mogi, 1958).

To obtain pressures within the tensile strength of the rock (conservative estimates
being ~1 - 50 MPa based on Sparks (1997); K. Anderson and Segall (2013); Delgado et
al. (2019)), ¢ has to range from 50 to 750 m, resulting in AP ranging between —11.1 and
—16.8 MPa, and the corresponding V ranging from 0.2 to 3 km?. Given this AP range,
AV varies by less than 7%, from —1.18 to —1.25x107 m3. Although the estimated V
ranges over one order of magnitude, from 0.2 to 3 km?3, we note that Allard et al. (2015)
estimates Ambrym’s minimum reservoir volume to be 0.5 km3. Allard et al. (2015) es-
timates this volume by first calculating a magma residence time 7 of 240 days, using a
model similar to Gauthier et al. (2000) based on measurements of radionuclide 2!°Po,
210Bi, and 2'°Pb fluxes and activity ratios. This model assumes that radionuclides are
in radioactive equilibrium when they are dissolved in melt stored in the deeper magma
reservoir, and remain in radioactive equilibrium until the melt is degassed. This degassed
melt is then either recycled, intruded or erupted. Then, Allard et al. (2015) multiples
the magma residence time by the estimated magma influx ®q of 2.2x10° m?® day™! into
the shallow magma reservoir, which sustains the measured SO5 flux. The minimum shal-

low magma reservoir size is thus V = 7 - &, = 0.5 km?>.

This value is a minimum estimate of the total magma stored in Ambrym’s plumb-
ing system. If magma is not intruded or erupted during its residence in the shallow magma
chamber, according to Allard et al. (2015); Gauthier et al. (2000), it must be recycled
into a deeper magmatic system. To find a maximum estimate of V' based on passive de-
gassing estimates from Carn et al. (2017), we neglect magma recycling into a deeper mag-
matic system, and assume the entire magmatic system contributes to degassing over a
period of ~10 years, the time period of the Carn et al. (2017) study. Given 7 kt day™!
of SO2 degassing, if we perform the same calculation as in Section 1.2, we obtain a vol-
ume of degassed magma of V =~ 6 km?, without taking into account the effects of magma
compressibility. Therefore, the independent bounds obtained from SO, flux, radioactive
equilibria, and geodetic modelling have significant overlap. In addition, estimates for the
reservoir volume change during the 2018 rift zone intrusion lie between 0.3 and 0.7 km?
(Shreve et al., 2019; Hamling et al., 2019). If we assume that the reservoir volume change

was 0.7 km? in 2018 and that the entire reservoir did not drained, we conclude that the
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shallowest compartment of Ambrym’s reservoir (i.e. the portion that contributes to feed-

ing lava lake activity and degassing) has a minimum size of 1 — 3 km?3.

More than 0.4 km® of magma migrated into the rift zone in 2018, emphasizing the
large size of the entire magmatic system, but this intrusion was most likely fed from mul-
tiple storage zones beneath the caldera. We hypothesize that the reservoir tapped dur-
ing the 2015 dike intrusion is a liquid lens within a trans-crustal magmatic system, which
hosts both magma lenses and regions of uneruptible crustal-rich mush (Edmonds et al.,
2019). The bounds on V should therefore be taken as a minimum of the total amount

of magma stored within Ambrym’s plumbing system.

4.2.3 Magma compressibility estimate

By comparing the ratio of reservoir volume change to the volume of intruded ma-
terial, r,, we can estimate to the first-order the magma compressibility (Rivalta & Segall,
2008; Rivalta, 2010). Magma compressibility is one factor that contributes to the dis-
crepancy between estimates of reservoir volume change and the amount of magma ex-
tracted from the reservoir (Johnson et al., 2000). Rivalta and Segall (2008); Rivalta (2010)
derived the generic formula for r, based on chamber compressibility 8. and magma com-

pressibility 5,,, such that

AV B
v AV, + Be’ (1)
where AV, and AV, are the volume change in the sink (dike) and reservoir, respectively.

B expresses how the host rock responds elastically to pressure change, 8. = %%, while

Bm defines the relationship between magmatic pressure change and density change, (,, =
19p
pOp”
voir shapes (penny-shaped sills (a = b > ¢), spheres (a = b = ¢), and vertical pipes

(a > b = ¢))(Amoruso & Crescentini, 2009), and K. Anderson and Segall (2011) in-

terpolated these estimations using finite element calculations for intermediate aspect ra-

The relationship in Equation 1 can be expressed analytically for end-member reser-

tios.

The reservoir that drained during the 2015 Ambrym eruption has an aspect ratio
2 that ranges from 0.05-0.75 when imposing reasonable bounds on AP. We calculate
chamber compressibility using analytical expressions (Amoruso & Crescentini, 2009), ex-
trapolations of these expressions using finite element calculations (K. Anderson & Segall,
2011), and the Boundary Element Method. We confirm that the chamber compressibil-
ity ranges derived from these methods are comparable. Using the analytical expressions
derived in Amoruso and Crescentini (2009), when a = b > ¢, the following equation

can be used to calculate chamber compressibility

5c3<a11>_ 2)

Although Equation 2 fails for shallow penny-shaped sills (K. Anderson & Segall, 2011),
the “medium” depth (4-5 km b.s.1) of Ambrym’s reservoir allows us to reasonably approx-
imate . using this expression for the aspect ratio lower-bounds. For the upper-bounds,
chamber compressibility can, when aspect ratios range between ~0.6 - 10, be approx-

imated as for a sphere (3, = %) within 25% error, as shown in K. Anderson and Segall
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(2011). Using Equation 2, it follows that 3. ranges from 3.8 x 10710 —4.5x 1079 Pal.
The lower-bounds are based on a spheroidal geometry, and the upper-bounds are based
on an assumption of a penny shaped sill with an aspect ratio of 0.05. We confirm these
analytical approximations by calculating S. using the Boundary Element Method. .

in this case ranges from 3.9 x 1071 —3.1 x 10~°. The differences between the analyti-

cal and the computational values are consistent with K. Anderson and Segall (2011), and

we will proceed with the discussion using the latter range of values.

As mentioned in Section 2.5, the reservoir deflation and caldera ring-fault activa-
tion occurred before the end of the eruption, so the propagating dike had a larger vol-
ume than the modelled intrusion volume AV arrested at depth. Wauthier et al. (2015)
derived an equation to include both erupted and intruded volumes in estimates of 7,
and concluded that, in the case when the erupted volume V, accounts for 90% of the to-
tal volume, the erupted volume only contributes to 5% of the total r, value. However,
during the Ambrym 2015 eruption, V. accounts for <40% of the total magma volume.

Therefore, we choose to neglect the emitted lava.

Our estimate of r, will be an underestimate, as it does not include the erupted vol-
ume. From Equation 1, given the modelled value of r, =~ 2.2 (implying 8,, ~ f.) from
Inversion 3, we obtain a magma compressibility that ranges from 4.7 x 10710 — 3.7 x
1079 Pa!. Although spanning one order of magnitude, we can conclude that this value
is higher than that for degassed basalts (Rivalta & Segall, 2008). This magma compress-
ibility estimate is consistent with recent studies of the Ambrym 2015 eruption, which hy-
pothesize that Ambrym’s shallow reservoir was pressurized due to bubble nucleation and
growth (Hamling & Kilgour, 2020). The existence of gas bubbles within the chamber may

explain the relatively high magma compressibility.

Estimates of magma compressibility at Kilauea during the 2018 lava lake drainage
and rift zone eruption ranged from 2 x 1071 =9 x 10710 Pa’!, also higher than values
estimated assuming gas-poor basalt (K. R. Anderson et al., 2019). K. R. Anderson et
al. (2019) concludes that this may indicate the presence of bubbles in the reservoir, even
though the value of §,, relies strongly on prior estimates of the shear modulus 4 and R =
%—’:. Similarly, at Erta Ale, another volcano which hosts a lava lake, no significant cu-
mulative post-intrusion subsidence was measured after the 2017 intrusion, indicating ei-
ther highly compressible magma or magma fed from a deep source (Moore et al., 2019).
The observations listed above regarding high compressibility magma at Ambrym, Ki-
lauea, and Erta Ale need to be investigated in more detail before further conclusions can

be drawn regarding magma compressibility at volcanoes hosting active lava lakes.

An alternative explanation for the discrepancy between the AV, and AV, is magma
recharge of the plumbing system. However, even after the 2018 eruption, no post-eruptive
uplift related to magmatic recharge was measured, despite SAR acquisitions every 6 days
(Shreve et al., 2019). In addition, the caldera floor subsided in the months following the
2015 eruption, as measured with both ALOS-2 and Sentinel-1 (Fig. S13).
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4.2.4 Minimum depressurization and critical fractions for caldera ring-

fault activation

Given the estimated 8., V, AP, and AV, we determine the critical volume frac-
tion needed to trigger caldera ring faulting. Only the western portion of the caldera ring-
fault is activated, because the drained reservoir during the February 2015 event is located
beneath the active vents and lava lakes, and this is thus where the largest stress trans-
fer occurred onto the ring-fault. In the 2018 rift zone intrusion and reservoir drainage
event, the northern portion of the caldera ring-fault was activated, possibly due to with-
drawal of a larger quantity of magma from a more central storage area within Ambrym’s
magmatic system (Shreve et al., 2019; Hamling et al., 2019). We hypothesize, given the
conclusion drawn in Section 4, that a reservoir drainage events (1988-1989) occurred be-
fore the caldera ring fault was activated in 2015. We will therefore assume that the es-
timated AV and AP values need to be doubled in order to account for this event, and
the event in 2015. We further assume that magma compressibility does not vary with
time, which may not be the case due to possible changes in magma volatile content over

the past few decades.

We assume a volume of reservoir change —AV = 2.6 x 107 m3, a volume of ex-
tracted material —Aq = 5.8 x 107 m3, a AP from -22.2 to -33.6 MPa, and a reason-
able range of reservoir volumes from 1—3 km3. The critical fraction Vi.;; = _e—v thus
ranges from 0.9—2.6%, and after taking into account the compressibility of the system,
the critical fraction f = _TAQ ranges from 1.9 — 5.8%. This range of values is consis-
tent with the fraction of extracted material found in analogue models f.;, for the on-
set of fracture formation at the surface. Geyer et al. (2006) estimates that f.;, may be
as low as 2% for calderas with the same roof aspect ratio as Ambrym (r ~ 0.4). This
estimate for f, however, is an upper-bound, considering the total volume of stored magma
at Ambrym may be significantly larger than the assumed reservoir volume range (see Sec-

tion 4.2.2).

4.3 Co-eruptive gas emission

The magma compressibility estimate at Ambrym from Section 4.2.3 implies that
the reservoir feeding the eruption was not fully degassed. Magma may instead be degassed
at shallow levels through persistent lava lake activity. This is consistent with Allard et
al. (2015), who concludes that Ambrym’s degassing occurs in a “closed system” (Edmonds,
2008). Bubbles and melt coexist in equilibrium in the reservoir and conduit until magma
vesiculation has reached a threshold of 50%. Bubbles can then percolate and rise through
the magma column independent of the speed of the rising melt. In the case of Ambrym,
this threshold is reached when dissolved water has exsolved, causing degassing to occur
at very shallow levels (~10 MPa, or <0.5 km depth). This was concluded by Allard et
al. (2015) from the HyO-CO; evolution pattern at decreasing pressure steps. In addi-
tion, the CO5 and H2O mass degassed by the lava lakes is remarkably consistent with
the difference between the HoO and COs wt % in the primitive magma and that of the

degassed basalt. Any exsolved gas was in chemical equilibrium with the melt as it rose
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from deeper levels to the surface. This degassing scheme— closed-system degassing at depth
within the conduit, followed by open-system degassing at shallow levels— is also supported
by observations at another lava lake-hosting volcano, Nyiragongo (Sawyer et al., 2008).
Their conclusion is based on stable proportions of gases that exsolve at depth (COg, SOa,
and CO) on timescales ranging from seconds to months. On the other hand, SO,-HCIl-

HF compositions (HCl and HF are more soluble gases and exsolve at shallower depths)

fluctuate on time scales of seconds to minutes (Sawyer et al., 2008).

“Closed system” degassing at Ambrym is consistent with the mass balance between
the degassing during the eruption and the volume of erupted material. If the melt de-
gasses at very shallow levels, we could assume that there would be no significant degassing
through the dike. When comparing the degassed SO5 mass, conservatively 40 kt, which
is equivalent to a degassing of 9.5 x 106 m? of lava, we indeed notice this is the same
order of magnitude as the volume of erupted lava (see Section 1.2). Therefore, we con-
clude that none of the degassing during this eruption was related to degassing from deeper
within the magmatic system, whether from the dike intrusion or the reservoir. This bal-
ance between the degassed sulfur mass and erupted lava volume has already been doc-
umented at other effusive volcanic eruptions (Barnie et al., 2016), yet this is not neces-
sarily the case in explosive eruptions, as emphasized by the “excess” sulfur problem (Wallace,
2001; Kilbride et al., 2016).

4.4 Implications for basaltic caldera formation

The 2015 eruption at Ambrym is an example of caldera ring-fault activation dur-
ing a moderate-sized eruption. It is possible that localized caldera subsidence may oc-
cur during moderate-sized eruptions, which occur on decadal time scales at Ambrym.
Caldera-wide subsidence events, on the other hand, occur during rift zone intrusions, be-
cause they typically involve a greater volume of magma withdrawal (Shreve et al., 2019).
According to Eissen et al. (1991), more than 10 rift zone eruptions have occurred at Am-
brym in the past 120 years. Assuming fault slip values similar to the the amount mea-
sured during the 2018 rift zone intrusion, ~0.4 meters, this results in ~4 meters of fault
slip in a little over 100 years. Assuming the time frame estimated by Robin et al. (1993)
since caldera formation (~2000 years ago) and stability of Ambrym’s activity, we cal-
culate almost 80 meters of fault slip related to reservoir drainage due to rift zone intru-
sions and eruptions. The largest subsidence events at Ambrym, which occur during rift
zone intrusions, contribute the most to caldera development. As observed in 2018, a more
laterally extensive and slightly deeper magma lens may be tapped during these events
than the moderate-sized eruption in 2015. Better constraining the scaling relations be-
tween (1) intrusion size and frequency, and between (2) intrusion size and fault slip mag-
nitude, would allow for determing whether incremental caldera subsidence is dominated

by larger, rarer events, or by numerous, repeated, moderate events.

The cumulative subsidence due to these discrete subsidence events is non-negligible
for a caldera of this diameter. This subsidence is comparable with the magnitude of the

Baroarbunga caldera collapse in 2014-2015, where the caldera floor deepened by ~65 me-
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ters over the course of 6 months (Gudmundsson et al., 2016). However, the dynamics
of these two collapse styles contrast, caused by differences in the stress change on the

ring-faults during reservoir drainage events.

Ambrym and Bardarbunga host two of the largest basaltic calderas on the planet,
with 12 and 8 km diameters, respectively. The difference in their caldera collapse dy-
namics may be derived from the difference in the depth of the magmatic reservoir feed-
ing lateral dike intrusions, ~4 km depth at Ambrym (Shreve et al., 2019) and >6 km
depth at Bardarbunga (Agustsdottir et al., 2019). This results in respective roof aspect
ratios of <0.4 for Ambrym and ranging from 0.75—1.38 for Bardarbunga. The thresh-
old on pressure change or critical volume fraction activating caldera ring faults is smaller
at Ambrym than at calderas with larger roof-aspect ratios. The lower the roof aspect
ratio, the smaller the fault surface area, and the lower the reservoir depressurization needed

for caldera ring-fault activation.

This may be further supported by deformation at Galapagos volcanoes that have
broad and shallow systems, such as at Sierra Negra (Munro & Rowland, 1996). Previ-
ous studies have concluded that Sierra Negra’s reservoir may be a thin ellipsoid 0.4 km
tall and 7 km wide at ~3 km depth, resulting in a roof aspect ratio of ~0.4, similar to
Ambrym (Amelung et al., 2000; S. Yun et al., 2006). Much attention has been given to
the uplift episodes that cumulate in trap-door faulting along the intra-caldera sinuous
ridge-fault system in the southwestern portion of the caldera. Little is known, however,
about the caldera formation itself, which has been classified as a coherent “piston-type”
collapse (Jonsson, 2009). Sierra Negra has hosted meter-scale co-eruptive subsidence events
in both 2005 and 2018 (Geist et al., 2008; Abe et al., 2019). The magnitude of recent
co-eruptive subsidence events— 5 and 8 meters, respectively— makes them difficult to study
with InSAR (S. H. Yun et al., 2007; Casu et al., 2011), and there has been no modelling
attempts to determine whether or not caldera ring-faults were activated during subsi-

dence, separately from trap-door faulting along the sinuous ridge.

Future studies concerning subsidence during moderate-sized eruptions at broad mafic
calderas, for example, in the Galapagos, Hawaii, or Iceland are needed to understand the
role played by the depth, geometry, and size of the underlying magmatic plumbing sys-
tem. An outstanding question is whether or not cumulative deformation over geologi-
cally significant time scales is net negative or positive. At Ambrym, over the short pe-
riod of study (20 years), subsidence dominates caldera floor motion (cumulative max-
imum subsidence of >4 meters, including subsidence in 2018-2019 and post-eruptive sub-
sidence in 2015, Fig. S13). In addition, geodetic measurements have observed only nor-
mal caldera ring-faulting associated with subsidence. However, many other volcanoes,
such as those in the Galapagos, have cycles of pre-eruptive inflation and co-eruptive de-
flation, which may result in net uplift or no net displacement over longer periods of time
(La Femina et al., 2019). It is possible that Ambrym may be an exceptional case where
cumulative subsidence results in caldera deepening over hundreds of events, however, more
extensive monitoring will be needed to confirm this hypothesis. Furthermore, little is known

regarding the history of the construction of Ambrym’s shield volcano prior to the on-
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set of caldera formation. Such knowledge is essential in order to compare Ambrym’s vol-

canic activity on geological (millennial) and geodetic (decadal) timescales.

5 Conclusion

The February 2015 dike intrusion, which resulted in more than 1 meter of surface
uplift, was concomitant with the partial activation of Ambrym’s caldera ring-faults, in-
ducing localized subsidence along the caldera rim. Using the Boundary Element Method,
we conclude that the stress transfer from a decompressing reservoir most likely promoted
ring-faulting. This hypothesis would have been challenging to address using inversions
that do not take into consideration mechanical source interactions. By comparing the
volume change in the dike and the reservoir, we estimate a magma compressibility at Am-
brym that ranges from 4.7x 10710 —3.7x107° Pal. The critical fraction of extracted
material to activate ring faults at Ambrym has an upper-bound ranging from f = 1.9—
5.8%, and a pressure change upper-bound ranging from AP = —22.2 to —33.6 MPa,
for a reservoir with a minimum volume ranging from V = 1—3 km?®. It is possible that
the value of f may be much lower, if we consider that the reservoir volume estimates do
not take into consideration the complexity of an extensive, trans-crustal magmatic sys-
tem. Continued geodetic monitoring of Ambrym, in conjunction with widespread obser-
vations at basaltic calderas around the world, will allow us to further constrain how moderate-

sized eruptions contribute to basaltic caldera development.
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Figure 1. a. Tectonic setting of Ambrym volcano, located in the central portion of the New
Hebrides subduction zone (pink). AUS is the Australian plate, PAC is the Pacific plate, and
DER is the colliding D’Entrecasteaux Ridge. Yellow triangles are active volcanoes, and yellow
lines indicate rift zones. The green star indicates the location of the 6.4 M,, earthquake that
preceded the 2015 Ambrym eruption. Adapted from Shreve et al. (2019). b. Ambrym island,
showing both the caldera and the rift zones. Dates of extra-caldera lava flows associated with
rift-zone intrusions and eruptions are labelled. Adapted from Allard et al. (2015). ¢. Zoom of
Ambrym’s caldera, including the volcanic cones of Marum and Benbow, caldera rim, historical
volcanic vents, and dates corresponding to historical lava flows. Lighter shades of gray indicate
older volcanic deposits, and the lava flow from the February 2015 is shown in orange. d. Dif-
ference between a pre-eruptive TanDEM-X DEM and a post-eruptive Pléiades DEM (Fig. S1).
Newly opened fissures are denoted by dotted lines. e. The cumulative seismic moment and daily
SO2 mass (as measured by the Ozone Mapping and Profiler Suite, OMPS) emitted throughout
the duration of the eruption. The 6.4 M,, earthquake on 19 February is plotted, alongside the
earthquake’s focal mechanism. The cumulative seismic moment, as recorded by the ORSNET
catalogue, is calculated from earthquakes with depths of less than 50 km. It is important to
consider that SO, measurements on two consecutive days may measure the same parcel of SOq,
and we should not simply sum each day’s SO2 mass measurements during the entire eruption.
The bounds on the SOz mass estimate (shown in light blue) are determined by changing the
Dobson Unit (DU) threshold from 2 DU for the lower-bounds, 1 DU for the solid blue line, and
0.8 DU for the upper-bounds. Only pixels above each of these thresholds are included in the
daily mass calculation (see Fig. S2, which also includes a MODVOLC thermal anomaly time
series (R. Wright et al., 2004; R. Wright, 2016)). On 21 February, the OMPS satellite was in
Zoom Mode, and the Level 2 middle tropospheric (TRM) data products were not accessible. The
SOz mass for this day was estimated using NASA’s website (https://so2.gsfc.nasa.gov/pix/
daily/ixxxza/loopall_omps.php?yr=15&mo=02&dy=21&bn=vanuatu).
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pixel offsets. The bottom right panel shows the 3D decomposition, with the arrows representing
horizontal displacement and the blue-red colormap representing vertical displacement. The arrow
in the upper right hand corner of the figure represents 1 meters of eastward displacement. The
average and standard deviation of vertical, east-west and north-south displacement within two
1-km wide swath profiles, Profiles A-A’ and B-B’, are shown in the lower left hand corner of the
figure. Positive displacement values indicate uplift, eastward, and northward ground movement.

The caldera is outlined with a thick black line, and Marum and Benbow craters are outlined with
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Measurements spanning the February 2015 eruption, including InSAR, MAI, and
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Introduction

This Supporting Information document includes seven additional text sections. They
discuss in detail the eruption onset and timing constrained by satellite remote sensing,
the processing and uncertainty of the Pléiades digital elevation model (DEM), the mass
of co-eruptive gas emission as measured by satellite remote sensing, INSAR data process-
ing, data preparation for the inversion, the mixed boundary element method, and the
appraisal step of the non-linear inversion. It also includes thirteen supporting figures,
which supplement the manuscript’s main text and figures. Finally, six tables record the
DEM uncertainties, SAR datasets, post-processing parameters, and final parameter es-

timates from the inversions.
Text S1 - Eruption Onset and Timing

To further constrain the eruption onset, we use National Oceanic and Atmospheric
Administration (NOAA) Air Resources Laboratory’s (ARL) Hybrid Single-Particle La-
grangian Integrated Trajectory model (HYSPLIT) (https://www.ready.noaa.gov/HYSPLIT
_traj.php) to find the back-trajectory of SOy parcels in the leading edge of the erup-
tion’s volcanic plume (Stein et al., 2015; Crawford et al., 2016). The initialization pa-
rameters were set to a plume altitude of 8 km, as measured using height retrieval algo-
rithms developed for observations from the Infrared Atmospheric Sounding Interferom-
eter (IASI) (Clarisse et al., 2014). The forefront of the plume is located near 159.1°E,
17.53°S at 10:30 AM UTC 21 February (see Figure 2b). Using the Global Data Assim-

*Currently at the European Center for Geodynamics and Seismology, 19 rue Josy Welter, L-7256 Walfer-
dange, Gd Duchy of Luxembourg



ilation System (GDAS) 1° global meteorological model, HYSPLIT estimates that the
SO, parcels were emitted from Ambrym between 15:00 and 16:00 UTC 20 February at
an altitude of ~8800 m above ground level, consistent with the time-frame established
by MIROVA for the onset of the eruption.

At the end of the eruption, MODVOLC, a volcanic thermal alert detection system
(see Figure 2d), did not detect any thermal anomalies between 22 and 28 February. Ac-
cording to Coppola, Laiolo, and Cigolini (2016), using MIROVA, two thermal anoma-
lies were still present in Marum, with no thermal anomalies present in Benbow. Although
both MODVOLC and MIROVA detection algorithms use observations from the mod-
erate resolution imaging spectro-radiometer (MODIS) sensors mounted on NASA’s satel-
lite Terra and Aqua (Figure 2¢), MODVOLC detects and classifies thermal anomalies
based on a normalized difference between radiance in the long-wave infrared (LWIR, 12.02
pm) and middle infrared (MIR, 3.959 pum) spectrums, and a pixel is considered a ther-
mal anomaly if this normalized difference is greater than an empirically-established thresh-
old (Wright et al., 2004; Wright, 2016). MIROVA, on the other hand, uses a normalized
and enhanced thermal index, as well as including a spatial analysis, resulting in more
sensibility to local hotspot detection, explaining the discrepancy between these two sys-

tems (Coppola, Laiolo, Cigolini, Delle Donne, & Ripepe, 2016).
Text S2 - Lava Flow Digital Elevation Model

In addition to ground displacement measurements, we also used MicMac software
and Pléiades satellite imagery to construct a Digital Elevation Model (DEM) of the lava
flow, to calculate the total emplaced lava flow volume (Rupnik et al., 2018)(http://logiciels
.ign.fr/7Micmac). We calculated the DEM from two 50 cm spatial resolution Pléiades
panchromatic images acquired after the eruption (one on 20 March 2015 at 23:15 UTC
and another on 30 September 2017 at 23:00 UTC).

The DEM was downsampled to 12 m, the resolution of the TanDEM-X (TDX) DEM.
Due to the spatial extent of the lava flow (>2.5 km?), a coarser resolution should not
bias the lava flow volume calculation. We then subtracted this downsampled DEM from
the TDX DEM. There was an elevation ramp visible across this DEM difference, which
could possibly be due to the lack of absolute calibration of the Pléiades DEM with Ground
Control Points, or due to topography-related height errors. We masked the lava flow, fit
a Gaussian to the binned elevation values, after removing unreasonable values between
-15.5 m and 15.5 m. We calculated and removed the mean, p = 1.4268 m, the best-fitting
plane, and the unreasonable values from the original Pléiades DEM. The difference be-
tween this final Pléiades DEM, and the TDX DEM is shown in Figure la. The total vol-
ume of the lava flows was estimated to be ~12.4x10° m3, with an average height of ~5

m.
Uncertainty Estimates

To estimate the uncertainty of the lava flow volume, we follow the method of Bagnardi
et al. (2016) and Favalli et al. (2010). These estimations include calculating the stan-

dard deviation of the variance propagation associated with both spatially correlated and



uncorrelated errors. We fit ¢ and X of an exponential, C, = o2 exp(=-), where r is the
distance between two pixels, to the covariograms of three control areas (see Figure 1 and
Table 1). The equation for uncertainties given variance propagation when all errors are

spatially correlated is the following
0'(2/ = A2 E E Cija (1)
iog

where A is a pixel’s surface area and Cj; is the covariance between the height error of

pixels i and j.

Given the covariances shown in Figure 1b, we note that pixels separated by less than
~60 m are spatially correlated for all control areas (pixel size of 12.1x12.1 m). We can

therefore simplify Equation 1 to

n

ot = A’N(o% + > Cy), (2)
r=1

where o is the uncorrelated elevation standard deviation in each control area (see Ta-
ble 1), N is the number of pixels, and n = 5 when pixels are correlated within ~60 m.
Given the estimates of o and A for the three control areas, oy for N = 18721, the size

of the lava flow, are 0.048, 0.041, and 0.035 x10°% m3. The average oy is 0.041x10° m?3.
We conclude that the lava flow volume estimate, including an error of two standard de-
viations from the mean, is 12.4 (£0.08) x10° m?. If we assume an average vesiculation

of basaltic a’a lava flows to be 25%, similar to Bagnardi et al. (2016), we obtain an ad-
justed volume of 9.3 (+0.08) x10° m*® DRE.

Even within the caldera, which is relatively flat, we still observe elevation errors
that correlate with topographic relief and errors due to the presence of vegetation. A tri-
stereo Pléiades acquisition would decrease the uncertainty due to topography. Nonethe-

less, the error on the total volume is less than 2%.
Text S3 - SO, Mass Calculation

Near the eruptive vent, IASI measures that the volcanic plume has an altitude of
~5 km on 21 February ~10:30 UTC. HYSPLIT trajectories show that, if parcels initi-
ate at 5 km altitude at 3h00 21 February (approximate time of UV spectrometer Ozone
Mapping and Profiler Suite (OMPS) Zoom acquisition (Li et al., 2017)), they travel first
to the west, then circulate counter-clockwise back eastwards towards Ambrym, finally
travelling to the southeast on 24 February (see Fig. 2a). The parcels’ altitudes range be-
tweeen 5 - 7 km. We assume that any SOs measured after the end of the eruption is due
to the recirculation of SOs parcels in the region. The SO, measured is overestimated,
as the same SOy parcels are likely measured on two consecutive dates. We resample the
OMPS products using Delaunay triangulation to a regular grid, and apply a threshold
of between 0.8 - 2 Dobson Units (DU, where 1 DU = 2.69x10'® molecules/cm?) before

calculating the total SO5 mass.

As mentioned in the main text, we conservatively estimate ~40 kt of SO, emitted

during the eruption. Given the small crystal fraction (<5 wt%) and 0.075 wt% of sul-



phur in the melt (Allard et al., 2015; Shreve et al., 2019), this corresponds to 9.5x10°

m? of degassed lava, consistent with the erupted volume.
Text S4 - Geodetic Data Processing
Ascending stripmap-to-stripmap interferograms

The coregistration, topographic and orbital fringe removal, interferogram forma-
tion, multilooking, and geocoding steps are performed using the Interferometric SAR sci-
entific computing environment (ISCE)(Rosen et al., 2012), while filtering and unwrap-
ping are performed with NSBAS modules (Doin et al., 2011). Topographic fringes are
removed with DLR’s TanDEM-X 12 meter global DEM (an average of DEM’s acquired
before November 2014) (Wessel, 2016).

The phase is most coherent in regions with little vegetation, such as in the west-
ern portion of Ambrym’s caldera. The interferogram near-field (areas which show more
than 1 m of surface displacement, SW of the eruptive fissure) is multilooked 2 times in
range and 4 times in azimuth, while the far-field is multilooked 8 times in range and 16
times in azimuth. Higher multilooking in the densely vegetated far-field increases coher-

ence, while preserving the broad, long-wavelength signature of the signal.
Filtering and unwrapping

The filtering and unwrapping procedure followed for both the ascending and de-
scending interferograms is outlined as follows. The interferometric phase is smoothed us-
ing a weighted power spectrum filter (Rosen et al., 2004), followed by a cascading high-
pass filter (Grandin et al., 2012). Due to the high gradient of interferometric fringes near
the fissure, we unwrap the interferograms using an iterative, coherence-based method called
MPD, which is a module in NSBAS (Grandin et al., 2012). This method uses the inter-
ferogram’s coherence to optimize the unwrapping path. Unwrapping begins at a chosen
seed pixel that is above a certain coherence threshold. At each iteration, MPD slightly
decreases the coherence threshold, and unwraps the nearby pixels above the new thresh-
old. Pixels below the minimum coherence threshold, v;,;,, will not be unwrapped. For
the ascending interferogram, the seed pixel is located southwest of the main fissure in
the near-field interferogram and northwest of Benbow in the far-field interferogram. For
both the near- and far-fields of the ascending interferogram, ¥min,qsc = 0.05, given a

maximum coherence of 1.0. For the descending interferogram, vp,in, desc = 0.1.

MPD is advantageous because the iteration number depends on the pixel coher-
ence, and can be used to mask the final, unwrapped interferogram, acting as a proxy for
confidence in the unwrapped phase value. For the ascending interferogram, we mask the
near-field and the far-field with a threshold of 25000 and 15000 iterations, respectively.
The descending interferogram is masked at 14000 unwrapping iterations. These filtered,
unwrapped interferograms are then geocoded with ISCE. The far-field of the ascending
interferogram is then oversampled to the near-field resolution, resulting in a pixel post-
ing of ~14 m x 14 m after geocoding. The descending interferogram has a pixel post-

ing of ~30 m x 20 m after geocoding. Finally, we mask the 2015 lava flow, as well as in-



coherent regions near the fissure and caldera rim. We also apply a water mask to the is-
land.

Bridges connect fringes that are determined, by eye, to be continuous, but which
pass through incoherent regions. Without bridges, MPD would not unwrap correctly across
the incoherent regions, resulting in unwrapping errors. Remaining unwrapping errors are
masked by hand. Interferograms are then referenced to the median of a box to the north-
west of the caldera, near 168.07°E, 16.23°S. Due to more than 1 m of line of sight (LOS)
motion, the phase contribution from atmospheric effects (which can be more than 10 cm

in tropical regions) was negligible, and no atmospheric corrections were applied.
Text S5 - Data subsampling

The data is subsampled using an adaptive quadtree decomposition algorithm, which
finely samples areas characterised by mean displacements or displacement gradients above
empirically-derived thresholds (Table S4 and Fig. S5) (Walstead, 1999; Jonsson et al.,
2002). The algorithm first divides the image into four equal-sized blocks, and within each
block, the average deformation value, d, and the deformation gradient, Ad = dyae —
dmin, are calculated. Each block is further divided into four equal-sized blocks if either
Ad or d are above a given threshold, until the block size reaches a minimum size. The
displacement value at the center of each block is then used as an input for the non-linear
inversion. Respectively, 1329 and 1229 data points are included in the inversion for the

ascending and descending interferograms (see Fig. S5).
Text S6 - Displacement discontinuity and direct boundary element methods

The displacement discontinuity method approximates a boundary as N elements,
and solves the system of equations AB = P, where P is the vector of 3N imposed trac-
tion conditions, A is the matrix of influence coefficients which relates a unit displace-
ment across element j to the stress on the centroid of element i according to linear elas-
ticity. Finally, B is the vector of 3N amplitudes of displacements D, across an element
(D; = u;" —u;,j = (z,y, 2), where uj' and u; are the displacement on the positive
and negative sides of j). B is the only unknown, and can be found by solving the sys-
tem of 3V linear equations with 3N unknowns. After inverting for D;, stresses and dis-
placements anywhere within the finite elastic body can be calculated using the sum of

known analytical solutions of displacement across a planar element (Crouch, 1976).

The direct method, on the other hand, solves for unknown displacements and stresses

on the boundary, as opposed to first solving for the amplitude of displacements (Lachat

& Watson, 1976). This is done by leveraging the reciprocal theorem (Sokolnikoff, 1956),
considering reciprocity of work between the unknown boundary conditions of the cur-

rent problem and the boundary conditions of a problem with a known analytical solu-
tion. In this case, the latter is a point load in an infinite body. We can then set up and
solve a system of equations HU = F. H is the matrix of influence coefficients com-
puted by evaluating the boundary integral of stresses produced on element j by a unit
load on element ¢ in an infinite medium, and the integrals of displacements produced on

element j by a unit load on element i. F' is a known vector of size 3V, including the pre-



scribed boundary tractions, and U is the vector of 3N unknowns corresponding to the
displacement on the boundary I" of a finite elastic body © (Cayol & Cornet, 1997). Be-
tween these two methods, the former is numerically stable for fractures, while the lat-
ter is more exact and computationally efficient for massive boundaries (such as topogra-

phies and pressurized magmatic reservoirs).
Text S7 - Neighborhood Algorithm Appraisal

The appraisal problem is essentially an interpolation of the multidimensional pa-
rameter space, constructing an approximate PPD using 10000 resampled points through
a random walk (Gibb’s sampling) of the Voronoi cells of the forward models calculated
in Section 3.3 of the main text. No further forward models need to be calculated, as the
PPD of each Voronoi cell is considered uniform. The only calculations, for each step, in-
clude that of the intersection between Voronoi cells along each axis ¢ in the parameter
space, as well as the direction in which the next step will occur. This will always be in

the direction of higher probability density (lower misfit).
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Figure 1. a. The elevation difference between DEMaAZs pre- and post- February 2015, as
explained in Text S2. The main and secondary flows are outlined with dotted lines, new fissures
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