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Abstract

Ground deformation in the Azores, at the triple junction between the Eurasian,
Nubian, and North American plates, has been mapped with GNSS (Global Naviga-
tion Satellite System) and InSAR (Interferometric Synthetic Aperture Radar) satellite-
based geodetic measurements to improve tectonic motion estimates and for understand-
ing volcanic unrest. Time-dependent coordinates, spanning a maximum of more than
20 years (2000-2022), from more than 100 GNSS stations were computed and analyzed.
Of these GNSS stations, about 20 were operated continuously across the Azores, and
80 were operated episodically on the Sao Miguel Island. InSAR data from Sdo Miguel
Island (2017-2019) and Sao Jorge (2022) was analyzed. Results from the continuous
GNSS stations show that the Eurasian-Nubian plate boundary in the Azores behaves
as a diffuse ultra-slow oblique spreading center with focused deformation found in the
Central Group and Sao Miguel islands. The velocity field obtained from data of the
continuous GNSS stations (2000-2016) was modeled by approximating segments of
the Eurasian-Nubian plate boundary with vertical rectangular dislocations with right-
lateral motion and opening below a locking depth. Best-fit models have a deep motion
that accounts for almost half of predicted Eurasian-Nubian relative plate motion. The
velocity field obtained from data of the GNSS stations of Sao Miguel Island (2004-2016)
shows in more detail the spreading focused in the central area of the island. Inferred
ground deformation from GNSS data from Sdo Miguel Island shows transient volcanic
deformation in Fogo volcano, with periods of inflation in 2004-2006, 2011-2013, and a
deflation period in 2013-2016. The velocity field from Fogo volcano was modeled using
sources of pressure change embedded within uniform elastic half-space. The best fit

modeled sources are located near the eastern and northeastern rim of the Fogo caldera,
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and to the east of it, at depths of 3.2-3.7 km. A combined GNSS and InSAR data
analysis shows renewed inflation at Fogo volcano in 2018-2019. A combined analysis
of GNSS and InSAR data reveals that at Sao Jorge Island in 2022, after 60 years of
repose, magma reached almost the surface within a few hours of the seismicity onset
with no precursory signals. Results from analysis of geodetic data show that a sudden
diking event occurred below Sao Jorge Island, with transient deformation recorded over
two weeks and higher seismicity recorded during months after the start of the activity.
The geodetic data from Sao Jorge was modeled using a segmented vertical dyke with
multiple opening patches, with best-fit results indicating a maximum opening of more

than one meter in two different areas, at 4-6 km and 7-9 km depth.
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Resumo

A deformacao crustal nos Acores, na juncao tripla entre as placas Eurasidtica,
Africana e Norte Americana, foi mapeada através das técnicas de medicdo geodési-
cas espaciais GNSS (Global Navigation Satellite System) e InSAR (Interferometric
Synthetic Aperture Radar) para melhorar as estimativas de movimento tecténico e
a compreensdo de crises vulcanicas na regido. As posigoes de mais de 100 estagbes
GNSS, abrangendo um periodo de mais de 20 anos (2000-2022), foram calculadas e
analisadas. Das 100 estacoes, cerca de 20 foram operadas continuamente em varias
ilhas dos Acores e 80 foram operadas episodicamente em Sao Miguel. Foram também
analisados dados InSAR de Sao Miguel (2018-2019) e Sao Jorge (2022). Os resultados
das estagdes GNSS continuas localizadas nas varias ilhas mostram que a fronteira entre
as placas FEurasiatica e Africana nos Agores se comporta como um centro de expansio
obliquo, ultra-lento e difuso, com deformacao focalizada encontrada no Grupo Cen-
tral e em Sao Miguel. O campo de velocidade obtido a partir dos dados das estagbes
GNSS continuas (2000-2016) foi modelado, aproximando-se segmentos da fronteira en-
tre as placas Eurasiatica e Africana nos Acgores a deslocamentos rectangulares verticais
embutidos em profundidade com movimento de desligamento direito e abertura. Os
deslocamentos rectangulares verticais modelados que refletem deformacao a superficie
com melhor ajuste as observacoes refletem um movimento que corresponde aproxi-
madamente a metade do movimento relativo entre as placas Eurasiatica e Africana
previsto por modelos de tecténica de placas. O campo de velocidade obtido a partir
de dados GNSS das estagoes de Sao Miguel (2004-2016) mostra com maior detalhe
o movimento de expansdo centrado na ilha. O campo de velocidade mostra também

deformacgdo vulcanica transiente na zona central da ilha, com periodos de inflagdo em
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2004-2006, 2011-2013, e um periodo de deflagdo em 2013-2016. O campo de velocidade
da zona central de Sdo Miguel obtido a partir dos dados GNSS foi modelado usando
fontes de pressdo embutidas num semi-espaco eldstico uniforme. As fontes de pressao
modeladas que refletem deformacao a superficie com melhor ajuste as observagoes es-
tao localizadas perto da borda leste e nordeste da caldeira do Fogo, e a leste dela, a
profundidades na ordem de 3.2-3.7 km. A andlise combinada de dados GNSS e InSAR
mostra uma nova inflagdo no vulcdo do Fogo em 2018-2019. A andlise combinada de
dados GNSS e InSAR mostra que em Sao Jorge em 2022, apds 60 anos de repouso,
magma atingiu quase a superficie poucas horas apds o inicio da sismicidade e sem sinais
precursores. Os resultados da analise de dados geodésicos de Sao Jorge mostram que
uma intrusdo através de um dique ocorreu por baixo da ilha, com deformacdo tran-
siente registada por um periodo de duas semanas e sismicidade alta registada durante
varios meses ap6s o inicio da atividade. Os dados geodésicos de Sao Jorge foram mod-
elados usando um dique vertical segmentado com multiplos fragmentos rectangulares
com movimento de abertura. O dique segmentado modelado que reflete deformagao a
superficie com melhor ajuste as observagoes indica abertura maxima de mais de um

metro em duas areas diferentes, a 4-6 km e 7-9 km profundidade.
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Preamble

This thesis comprises a set of integrated studies in the Azores archipelago about
crustal deformation. The main focus is the study of plate spreading in the region and
volcano deformation in two areas: Sao Miguel and Sao Jorge islands. Two techniques
of space geodesy are used to study crustal deformation, the Global Navigation Satellite
System (GNSS) and the Interferometric Synthetic Aperture Radar (InSAR).

The GNSS, a ground-based technique used worldwide in most volcano observatories,
has been used in the Azores for over 20 years. The InSAR is a remote sensing technique
also used worldwide but with few applications in the Azores until recently. The lack of
applications of InSAR technique has been due to technical constraints, namely the low
number of available images of the region and high decorrelation of the images due to
dense vegetation, and challenging atmospheric conditions. When successfully applied,
the combination of GNSS and InSAR techniques allows a good tracking in time and
space of volcano deformation evolution during volcano unrest episodes.

This study of crustal deformation in the Azores addresses both the plate motion
and transient volcano deformation and the relationship between both processes. For
the first time, the combination of the GNSS and InSAR techniques to measure volcano
deformation is successfully implemented in the Azores in two case studies, in the Fogo
volcano (Sao Miguel Island) and Sao Jorge Island. The study contributes to a better
understanding of volcano deformation during recent unrest episodes in the two areas
and gives insights into magmatic processes. In addition to combined GNSS and InSAR
data results, other significant results using only the GNSS technique are obtained. It
is shown that the Eurasian-Nubian plate boundary in the Azores behaves as a diffuse

ultra-slow oblique spreading center with focused deformation in the Central Group
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islands and the central part of Sdo Miguel Island. Inflation was mapped at Fogo
volcano, Sao Miguel Island for the 2003-2006, 2011-2013, and 2018-2019 periods due

to magma intrusion or mixed magma-hydrothermal processes.

GNSS data from more than 20 years is analyzed in the study, including continuous
and episodic GNSS data from 2000 to 2022. The continuous GNSS data is from stations
installed permanently across the Azores islands, and the episodic GNSS data is from
stations observed periodically on Sdo Miguel Island. The GNSS data is used to study
the regional tectonic motion and transient volcano deformation at Sao Miguel and Sao
Jorge islands. In addition, InSAR data is analyzed and integrated with the available
GNSS data to study volcano unrest at Fogo in 2018-2019 and Sado Jorge in 2022.
Multiple methods are used in the data analysis. Velocities are computed and modeled
using analytical inversion techniques to estimate subsurface sources that explain the
deformation. Other data, such as locations of earthquakes, are also integrated into the
analysis. Information from other studies in geodesy, seismicity, petrology, and other

fields is also used.

The first chapter, General Introduction, provides a literature review of the study
area. The first section of this chapter describes the geologic setting and geodynamics of
the area, including the Azores in general in the first sub-section and, in particular, Sao
Miguel and Sao Jorge islands in the second and third sub-sections, respectively. The
second section of the first chapter presents information about historical seismic and vol-
canic activity in the Azores and, in particular, Sdo Miguel and Sao Jorge islands. The
second chapter, Methods, describes instrumentation used in each technique, data collec-
tion, and analysis. This chapter is divided into three sections, GNSS Data and Process-

ing, InSAR Data and Processing, Modeling, and Seismic Data. The GNSS Data and
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Processing section is divided into sub-sections, including Continuous GNSS Stations,
Episodic GNSS Stations, GNSS Data Processing, Time Series Analysis, and Velocity
Estimation. The InSAR Data and Processing section is divided into two sub-sections
that explain the procedures used to analyze the InSAR data using two programs,
GMTSAR and LICSAR. In the sub-section Modeling, information about modeling the
geodetic data is presented, including about plate spreading, Fogo volcano and Sao Jorge
deformation modeling. The results and interpretations are presented in three chapters,
including Furasian-Nubian Plate Spreading, Fogo Volcano Deformation, and Sao Jorge
Volcano Deformation. The Eurasian-Nubian Plate Spreading chapter presents results
from spreading in the Azores, and includes sub-chapters Azores Inter-Island Spread-
ing, Sao Miguel Intra-Island Spreading, and Discussion. The first sub-chapter Azores
Inter-Island Spreading is divided in three parts, including the presentation of velocities
in the ITRF2014 reference frame, velocities detrended from predicted tectonic motion,
and modeling results. The Fogo Volcano Deformation presents results from multiple
transient deformation episodes in the Fogo volcano, which are divided into sub-sections,
including Time-Series and Seismicity, Modeling, Velocity Field, and Discussion. The
Velocity Field sub-chapter is divided into several parts related with different periods
of activity at Fogo volcano, including 2004-2006 Inflation, 2007-2011 Stable Period,
2011-2018 Inflation, 2013-2016 Deflation, and 2018-2019 Inflation. The chapter Sdo
Jorge Volcano Deformation shows results from the 2022 deformation episode in Sao
Jorge Island. This chapter is divided into sub-chapters where results are presented,
including about Seismicity, GNSS, InSAR, and Modeling. A Discussion sub-chapter is
also included. In the last chapter Conclusions, the main findings and conclusions from

the study are presented.
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1 General Introduction

1.1 Geologic Setting and Geodynamics
1.1.1 Azores

The Azores comprises nine islands of volcanic nature located in the Atlantic Ocean be-
tween latitudes of 37-40° N and longitudes of 25-31° W (Figure 1.1). The islands are ge-
ographically distributed in three groups: the Corvo and Flores islands form the Western
Group, while Graciosa, Terceira, Sao Jorge, Faial, and Pico islands form the Central Group,
and Sao Miguel and Santa Maria form the Eastern Group. Sao Jorge Island is located in
the middle of the Central Group between latitudes 38.5-38.8° N and longitudes 28.4-27.7°
W. Sdo Miguel Island is the northern-most island of the Eastern Group located between
latitudes 37.7-37.9° N and longitudes 25.1-25.9° W. The islands emerge from the so-called
Azores platform, an area of anomalously thickened crust roughly defined by the 2000 m
isobath (Needham & Francheteau, 1974). The crustal thickness in the Azores is estimated

to be 14-17 km (Escartin et al., 2001; Spieker et al., 2018).
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Figure 1.1: Overview of the tectonic setting of the Azores Plateau roughly defined by the
2000 m isobath. MAR segments are represented by heavy black lines and the intersecting
fracture zones by narrow black lines (Luis et al., 1994). The Terceira Rift comprises, from
west to east, the West Graciosa Basin (WGB), Graciosa Island, East Graciosa Basin (EGB),
Terceira Island, Hirondelle Basin (HB), Sao Miguel Island, Povoagao Basin (PB) and Formi-
gas Through (FT). The Gloria Fault (GF) is located east of Santa Maria Island. The GF
and plate boundaries (inset) (DeMets et al., 2010) are represented by heavy black lines. The
dashed lines delimit a proposed area of the Eurasian-Nubian inter-plate deformation zone.
The bathymetric and topographic data have been derived from 30 arc seconds resolution
digital elevation model (Becker et al., 2009). The arrows in the inset show the opening rate
of 4.7+ 0.1 mm yr! in the direction of N(88.0 + 3.8)°E between EU and NU plates accord-
ing to the ITRF2014 plate motion model (Altamimi et al., 2017), calculated at the average
location of all GNSS sites to the east of MAR. Modified from D’Aratjo et al. (2022).



The Azores is located in the junction where the American, Eurasian, and Nubian tectonic
plates meet, leading to the existence of important fracture systems in the region, namely the
Mid-Atlantic Ridge and the Terceira Rift. The Mid-Atlantic Ridge (MAR) constitutes the
boundary between the North American and the other two plates, crossing the Azores between
the Western and Central Group islands. The MAR is an oceanic spreading ridge that displays

a gradual increase of the opening velocity from the southern limit of the Azores Plateau to

1 1

the northern limit, with opening velocities of 19.5 mm yr and 22.8 mm yr calculated at
38° N and 40° N points, respectively, using the MORVEL model (DeMets et al., 2010). It
comprises six segments between 37° N and 40° 30’ N, each varying in length from 50 to 60
km, and separated by transform faults of general direction E-W (Luis et al., 1994). From
lower to higher latitudes, there is a gradual change in the direction of the MAR from NE-SW
to NS.

The Central and Eastern group islands, to the east of MAR, lie in a zone of intense
seismic and volcanic activity, in an area with general WNW-ESE direction. The so-called
Terceira Rift (TR) (Machado, 1959; Searle, 1980) is an important geological structure east
of the MAR. It comprises a series of basins alternating with volcanic highs aligned NW-
SE to WNW-ESE direction. The TR extends from the west of Graciosa Island to Formigas
Through between 36°48'N/24°30’W and 39°20°’N /28°50'W. From NW to SE, the TR includes
the West Graciosa Basin, Graciosa Island, East Graciosa Basin, Terceira Island, Hirondelle
Basin, Sao Miguel Island, Povoacao Basin and Formigas Through. To the south of the
TR, other geological structures extend from the east of the MAR, including the Sao Jorge
and Faial-Pico alignments which have a general WNW-ESE direction defined by the main

orientation of the islands and their volcanic systems, and adjacent submarine volcanic ridges.
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While the boundary between the North American plate and the other two plates in the
Azores domain is well defined by the MAR, the location, spatial extension, and kinematics
of the boundary between the Eurasian and Nubian plates are still uncertain. Previous
GNSS (Global Navigation Satellite System) geodetic measurements in the Azores show that
to the east of the MAR, Graciosa and Santa Maria islands have displacements close to
predicted Eurasian and Nubian motion, respectively. In contrast, the other islands display
an intermediate motion (D’Aratjo et al., 2022; Fernandes et al., 2006). Spreading at the
Eurasian-Nubian plate boundary is accommodated in a broad area between the MAR and the
Gloria Fault, including Faial, Pico, Sao Jorge, Terceira, and Sao Miguel islands. According
to plate motion models based on geologic and geodetic data (Altamimi et al., 2017; Argus
et al., 2010; DeMets et al., 2010), the predicted plate spreading between the Eurasian and
Nubian plates in the Azores is slow compared to most active plate spreading regions, with
velocity of the Eurasian plate with respect to the Nubian plate in the range of 4.2-4.8 mm
yr'! and direction of N(73-88)°E. The plate boundary is highly oblique to this direction with
a strike ranging N(45-75)°W. The plate spreading between the Eurasian and Nubian plates
is accommodated in a complex deformation zone with right-lateral shear and extension.
Observations from morpho-tectonic analysis (Lourengo et al., 1998) and previous campaign
GNSS surveys in the Central Group islands (Fernandes et al., 2006; Marques et al., 2013),
and Sdo Miguel Island (J. Okada et al., 2015; Trota et al., 2006) show evidence that the
Eurasian-Nubian boundary is diffuse, with strain focusing in some areas accommodating

most of the spreading.



1.1.2 Sao Miguel Island

Sao Miguel is the largest island in the Azores archipelago. It has an E-W elongated
shape and is 64 km long and 8-15 km wide. The maximum elevation of 1103 m is located in
the eastern part of the island. The geology and volcanism of Sao Miguel Island have been
extensively studied (e.g. Croasdale et al., 1978; Ferreira, 2000; Guest et al., 1999; Moore,
1990; Queiroz, 1997; Wallenstein, 1999). There are three active central volcanoes on the
island, each containing a prominent caldera containing a lake: Sete Cidades, Fogo (Agua de
Pau), and Furnas (Figure 1.2). The Sete Cidades volcano is located on the western part of
Sao Miguel Island, while Fogo and Furnas volcanoes are located in the central and eastern
parts of the island, respectively (Moore, 1990). Two volcanic fissure zones link these three
active volcanoes, the Picos fissure zone between Sete Cidades and Fogo volcanoes and the
Achada das Furnas (Congro) fissure zone between Fogo and Furnas volcanoes. The inactive
Povoagao volcano is located east of Furnas volcano and is the oldest part of Sao Miguel
Island. Most faults on Sao Miguel Island are normal and strike NW or WNW, parallel to
the Terceira Rift (Carmo et al., 2015; Ferreira et al., 2015).

Previous studies using data from episodic GNSS measurements (Jonsson et al., 1999;
Sigmundsson et al., 1995; Trota et al., 2006) and continuous GNSS measurements (D’Aratjo
et al., 2022; J. Okada et al., 2015) show that the eastern and western parts of Sao Miguel
Island are moving away from each other, with a relatively small area in the central part of

the island accommodating spreading motion between the Eurasian and Nubian plates.
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Figure 1.2: Volcanic map of Sdo Miguel with gray areas representing the central volcanoes
(Sete Cidades, Fogo, Furnas, and Povoagao) and volcanic fissure zones (Picos and Congro)
(Moore, 1990). Dashed lines represent the main fault zones of the island (Carmo et al.,
2015). The bathymetric and topographic data have been derived from EMODnet portal

(EMODnet, 2022).




The geology of the Fogo (Agua de Pau) volcano has been extensively studied (e.g., Croas-
dale et al., 1978; Moore, 1990; Walker & Croasdale, 1971; Wallenstein, 1999). Fogo volcano
rises to almost 1 km above sea level and contains a summit caldera, partially occupied by
Fogo lake. A predominant NW-SE to NNW-SSE trending fault system crosses the volcano
(Carmo et al., 2015). This direction is particularly evident in the northern part of the vol-
cano from the volcanic alignments extending from the coast to the summit area. Several
volcanic forms exist on Fogo, including scoria and pumice cones, hydro-volcanic forms, lava
flows and domes (Wallenstein, 1999).

Geothermal fields are exploited on the north flank of Fogo volcano and supply two power
plants. The geothermal wells exploit three different aquifers that reach up to ~1.5 km
depth (Carvalho et al., 2006). According to studies based on geological, geophysical, and
geochemical data (Duffield & Muffler, 1984; Gandino et al., 1985), the deep hot water from
the hydrothermal system convects upward beneath the upper north flank of the volcano. The
hot water supplies an area of lateral outflow in the subsurface that links with the aquifers at
lower altitudes. An hydrothermal system at 1 km depth and a magma chamber at depths of
around 4 or 5 km are inferred from an anomalous low-density body observed from gravity
inversion below the Fogo caldera (Camacho et al., 1997). A study using seismic tomography
(Zandomeneghi et al., 2008) has, however, not found anomalies that can be related to magma

at shallow depth.



1.1.3 Sao Jorge Island

Sao Jorge is a particularly long and narrow island, approximately 55 km long and 7 km
wide, reaching a maximum altitude of 1053 m at Pico da Esperanca, in the central part of
the island (Figure 1.3). High and steep sea cliffs characterize Sdo Jorge Island. In some
coastline areas, there are rocky platforms locally known as “Fajas,” where the steepness of
the cliffs decreases in the direction of the sea. Some of these result from the pilling up of
lava flow reaching the sea, others from rock debris accumulation due to landslides. Most
population lives in these areas. Several geological studies (Hildenbrand et al., 2008; Marques
et al., 2018; P. Silva et al., 2012) reveal that the peculiar elongated shape of Sao Jorge Island
and the existence of high coastal cliffs is related to flank instability resulting from a large
number of dyke intrusions parallel to the trend of the island. It has been suggested that dykes
have intruded major pre-existing fractures and control the internal structure of the island,
compartmentalized by large unstable blocks assembled from the near-vertical emplacement

of the dyke intrusions (Hildenbrand et al., 2008).

Estimated velocities from episodic GNSS measurements in Sao Jorge show intra-island
deformation (Marques et al., 2013; Mendes et al., 2013). Results show that the NW sector
of the island moves at a rate of 1.1 mm/yr to N53°E relative to the SE sector (Mendes et
al., 2013), suggested to be related to local volcanic processes or seafloor spreading occurring

to the west of the island.

Based on stratigraphic studies, there are three volcanic fissure zones on Sao Jorge Island
(Forjaz & Fernandes, 1975; Madeira & da Silveira, 2003), the older Topo fissure zone in
the eastern part of the island, the Rosais fissure zone in the western part and the younger
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Figure 1.3: Volcanic map of Sdo Jorge Island with gray areas representing the volcanic
systems (Rosais, Manadas, and Topo) (Madeira & da Silveira, 2013). Dashed lines represent
the main fault zones of Picos (P), and Pico do Carvao (PC). The bathymetric and topo-
graphic data have been derived from EMODnet portal (EMODnet, 2022).

Manadas fissure zone that partially overlays the other two units.

The shape of Sao Jorge and adjacent submarine volcanic ridges display the main ori-
entation of the Eurasian-Nubian plate boundary. The main fault zones on the island also
display this orientation, namely the Picos and Pico do Carvao normal-dextral WNW-ESE
fault zones that dominate the younger western half of the island (Madeira & da Silveira,
2003). The Picos Fault Zone crosses the island in an N115°E direction. The Pico do Carvao
Fault Zone has a slightly more eastward direction compared to the Picos Fault Zone with an
N105°E direction. The Pico do Carvao Fault Zone extends from Pico do Carvao cinder cone,
where it merges with the Picos Fault Zone, to Velas and to the site of the 1964 submarine
eruption to the west (Madeira & da Silveira, 2003).
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1.2 Seismic and Volcanic Activity

1.2.1 Azores

Reports of seismic locations show that larger tectonic earthquakes in the east of the
Mid-Atlantic Ridge (M>4) have been occurring almost entirely in rift basins away from the
islands (Borges et al., 2007; Gaspar et al., 2015). On the other hand, seismic events on
the islands typically have lower magnitudes, as reported during periods of volcano unrest

(D’Aratjo et al., 2022; J. Okada et al., 2015; R. Silva et al., 2012).

Most higher magnitude tectonic earthquakes with estimated focal mechanisms are con-
sistent with normal faulting (e.g. Bezzeghoud et al., 2014; Borges et al., 2007; Buforn et al.,
1988) along WNW-ESE and NNW-SSE trends, with magnitudes in the range of 5-7 (Borges

et al., 2007; Nunes & Ribeiro, 2001).

Since the fifteenth century, at least 31 destructive earthquakes and 28 volcanic eruptions
(Figure 1.4) have been recorded in the Azores (Gaspar et al., 2015). Major earthquakes
often triggered landslides and even small tsunamis. Subaerial volcanic eruptions range from
Hawaiian to sub-Plinian types. Most seismic activity is located on the Mid-Atlantic Ridge,
the Terceira Rift, and the Faial-Pico alignment towards the Mid-Atlantic Ridge. Some areas
are more affected by seismic activity than others. For example, the central area of Sao
Miguel Island has experienced increased seismic activity during volcanic unrest (D’Araijo et
al., 2022; J. Okada et al., 2015; R. Silva et al., 2012). On the other hand, seismicity in the
last decades shows a significant seismic gap in the Sao Jorge area (Gaspar et al., 2015). In
general, recorded seismic and volcanic activity to the east of the Mid-Atlantic Ridge defines
a 100 km-wide structure extending roughly with an NW-SE trend from east of Santa Maria
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to the west of Graciosa, bending in an E-W direction (Gaspar et al., 2015).
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Figure 1.4: Historical seismic and volcanic activity in the Azores. Purple circles are
recorded earthquakes (Mp, > 3) between April 2000 and January 2017 (CIVISA database).
Yellow stars are historical earthquakes, and red triangles are historical eruptions (Gaspar
et al., 2015). The dashed lines delimit a proposed area of the Eurasian-Nubian inter-plate
deformation zone (D’Aratjo et al., 2022). The bathymetric and topographic data have been
derived from 30 arc seconds resolution digital elevation model (Becker et al., 2009).
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1.2.2 Sao Miguel Island

Most seismic activity at Sao Miguel occurs in the central part of the island, at the Fogo-
Congro area, which is one of the most seismically active regions of the Azores. In this area,
the strongest historical earthquake to affect Sao Miguel in 1522 triggered a landslide that
partially buried the capital of the island at that time, Vila Franca do Campo. In the last
century, multiple seismic swarms were recorded in the Fogo-Congro area (Nunes & Oliveira,
1999; Tryggvason et al., 1989). More recently, three unrest episodes occurred in the area,
with seismicity and crustal deformation observed, in 2003-2006 (R. Silva et al., 2012; Trota et
al., 2006), in 2011-2012 (J. Okada et al., 2015), and in 2018-2019. Different processes have
been suggested to be related to the most recent unrest episodes. The 2003-2006 episode
in the Fogo volcano is attributed to a magma intrusion (Trota, 2008) or the ascension of
hydrothermal fluids from depth to lower levels of the crust (R. Silva et al., 2012). On the
other hand, the 2011-2012 episode is attributed to increased pressure in the Fogo volcano
and subsequent lateral diffusion of fluids percolating existing fissures at the Congro area to

the east (J. Okada et al., 2015).

Some 50 eruptions occurred at Sao Miguel Island in the last 5000 years, spanning a variety
of eruptive styles, from Hawaiian to Plinian types (Croasdale et al., 1978). In historical times,
since the 15" century, the last sub-aerial eruptions on Fogo and Furnas volcanoes occurred
in 1563 and 1630, respectively (Figure 1.5). In Sete Cidades volcano, several historical
submarine eruptions occurred a few kilometers offshore, but there is no clear evidence of
sub-aerial activity. Presently, thermal manifestations occur at the surface of the volcanoes,
with hot springs on the northern flank of the Fogo volcano and inside the Furnas caldera.
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Figure 1.5: Historical eruptive activity in Sao Mguel Island. Red areas are sub-aerial erup-
tions, namely the Fogo 1563 effusive flank eruption and explosive caldera eruption (Wallen-
stein, 1999), the 1652 eruption on Picos volcanic system (Ferreira et al., 2015), and the 1439
and 1630 dome eruptions in the Furnas caldera (Cole et al., 1999). The submarine eruptions
in Sete Cidades volcano are marked by red crosses (Gaspar et al., 2015). The bathymetric
and topographic data have been derived from EMODnet portal (EMODnet, 2022).

At least six eruptions occurred in the last 5000 years at Fogo, including the 1563 eruption.
The last eruption in 1563 was associated with an initial explosive phase inside the caldera
and a second effusive phase four days later at the northern flank of the volcano (Wallenstein,
1999). Pumice deposits associated with the 1563 eruption (Walker & Croasdale, 1971) have

an estimated volume of ~0.2 km?.
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1.2.3 Sao Jorge Island

The area between Faial-Pico and Graciosa-Terceira islands, where Sao Jorge Island is
located, has been the stage of some of the strongest historical earthquakes in the Azores.
The earthquakes with higher estimated magnitudes closer to Sao Jorge Island were events
related to offshore rupture faults, namely the M = 7.4 in 1757, the M = 7.2 in 1980, and

the M = 5.8 in 1998 (Gaspar et al., 2015).

There are records of three eruptions in Sao Jorge during historical times, two on land in
1580 and 1808, and a probable submarine eruption in 1964 (Figure 1.6). The sequence of
volcanic events during the 1580 and 1808 eruptions has been analyzed by interpretation of
historical reports and analysis of samples from erupted products (Zanon & Viveiros, 2019).
The 1580 and 1808 eruptions occurred along trending fissures in the range of N100-120° that
opened for several kilometers. More evolved magma erupted in the initial stages of both
eruptions, while more primitive magma erupted in the later stages. It was inferred that
un-erupted magma from the 1580 event was stored and evolved at a minimum depth of 16

km before erupting in 1808.

An unrest episode in 1964 was the first to be monitored using instrumental seismology
(Machado & Forjaz, 1964; Zbyszewski & Rosa, 1977). The seismic crisis during this episode
lasted about ten days. Around 300 earthquakes were felt in the first two days, but afterwards,
the frequency of events dropped. In the first three days, the seismicity was located in the
central part of Sao Jorge Island, close to the previous historical eruptive vents. After that,
the seismic epicenters migrated to NW. The earthquakes in the central part of the island were
shallower at about 5 km depth, while the events in the NW were deeper, in the range of 10-20
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Figure 1.6: Historical eruptive activity in Sao Jorge Island. Red areas are sub-aerial
eruptions (Zanon & Viveiros, 2019). A red cross marks the 1964 submarine eruption (Gaspar
et al., 2015). The bathymetric and topographic data have been derived from EMODnet
portal (EMODnet, 2022).

km. The strongest recorded earthquake was a 4.8 magnitude event (Gaspar et al., 2015).
About 400 buildings were destroyed due to seismic activity, with signs of submarine eruptive
activity being reported on the 4*® day of activity (Machado & Forjaz, 1964; Zbyszewski &

Rosa, 1977).
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2 Methods

2.1 GNSS Data and Processing

GNSS refers to any combination of operational space-based navigation systems (Dzurisin,
2007) In this study, the GNSS data was from the GPS (Global Positioning System) and
GLONASS (Global Navigation Satellite System) systems. The GNSS technique allows mea-
suring 3-D positions of a station in an absolute reference frame. The positions are obtained
by processing with specialized software data recorded on the ground with special equipment
and data from an array of satellites (e.g. Dach & Walser, 2015).

A receiver and an antenna occupy each GNSS station. The GNSS satellites transmit
a signal that the receiver can decipher. The receiver is attached to the antenna, which is
fixed to the ground and tuned to the satellite signals. GNSS satellite signals include dual-
frequency phase and pseudo-range data. In order to have millimeter accuracy positioning
from GNSS data, it is necessary to process the data and resolve ambiguities in the GNSS
signals by using differencing methods. Phase ambiguity is the unknown number of whole
wavelengths in the signal between a receiver and a satellite. Double difference methods are
used to remove correlated errors and facilitate the phase ambiguity resolution. During the
data processing, baselines representing the distance between two receivers are computed to
apply differencing methods. Besides ambiguity resolution, several factors affect the quality
of observations, such as problems with receiver clock synchronization, temporary loss of
tracked signals (cycle slip), antenna phase offsets, and loading effects from ocean tides and
troposphere. These factors can be minimized during data processing.

The GNSS stations can be occupied episodically or continuously. The episodic stations
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are occupied during surveys. Each station is occupied for a limited time, usually 24-48 hours.
After that, the equipment is moved to other network stations until all stations are occupied.
The continuous stations are occupied permanently for an extended period of time. The
data from local episodic and continuous GNSS stations are processed together with data
from an array of fiducial stations, and data from satellite orbits. The fiducial stations are
international stations operating continuously, used as a reference to calculate the positions
of the local stations in a global reference frame. The time-dependent positions of the local
stations in a global reference frame can be detrended from tectonic motion estimates for the

area in order to estimate local transient deformation such as volcano deformation.

2.1.1 Continuous GNSS Stations

Data from 19 continuous GNSS stations were used in the current study (Figure 2.1 and
Table Al in Appendix A). Continuous GNSS station measurements in the Azores began in
2000 with the installation of the PDEL station in Ponta Delgada, Sao Miguel Island. In 2002
RIBI station (Figure 2.2) was installed on Sao Miguel Island, and in 2003 three additional
stations were installed: QBNT1 in Sao Miguel Island and NOV1 and SRPC on Terceira Island.
In 2005, HTN1, PCNG, and RCHA stations were installed on Sao Miguel Island. On the
same island, BVF1 was installed in 2007. A regional continuous GNSS network (REPRAA,
2021) was created by the Azores government to support users interested in precise GNSS
data. Three stations were installed in 2008: AZGR on Graciosa Island, FRNS on Sao Miguel
Island, and TERC on Terceira Island. Other three stations started operating in 2009: FLRS
on Flores Island, PIED on Pico Island, and VFDC on Sao Miguel Island. These were followed
by the PTRP (AZTP) station installed on Pico Island in 2010, QEMD station on Sao Jorge
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Island in 2012, and HORT station on Faial Island in 2013. The most recent BSRP station

was installed on Pico Island in 2018.

QBN11
PCNG FRNS

Figure 2.1: Continuous GNSS stations in Azores (Upper), Faial, Pico, Sdo Jorge and Faial
(Lower-left), and Sao Miguel (Lower-right). Red triangles are stations from the CIVISA
network and yellow triangles are stations from the REPRAA network. 4-character codes of
stations are denoted.

Most of the continuous GNSS monuments of CIVISA (Centro de Informagao e Vigilancia

Sismovulcanica dos Agores) consist of a ~1-meter high stainless steel rod screwed in a stain-
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Figure 2.2: Site of continuous GNSS station RIB1.

less steel benchmark cemented directly into a solid bedrock or a concrete platform with a
deep foundation in soil. The benchmarks were leveled during the installation, and the GNSS
antennas were fastened to the top of the rod. Choke ring antennas were used, with radomes
covering most of them. Some stations are located in public buildings, with antennas fixed at
the top, while other stations are located in remote places. Currently, most remote stations
contain solar panels, batteries, and data transmission devices. However, some stations have
been operated without data transmission devices for several years, and data were collected
intermittently. This resulted in data gaps on some stations, especially during the first years
of observation. The data files from continuous GNSS stations with data transmission were
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downloaded automatically daily via ADSL or digital radio to the CIVISA database.
Continuous GNSS data analyses allow us to discriminate well between long-term dis-
placements, such as plate motion, and local short-term displacements, such as volcano de-
formation. Compared to continuous GNSS, the data from episodic GNSS observations have
several limitations, such as lower temporal resolution, high susceptibility to severe atmo-
spheric conditions, multipath error, and bad satellite geometry, resulting in lower precision

of the estimated velocities.

2.1.2 Episodic GNSS Stations

The first episodic GNSS measurements at Sao Miguel Island were carried out in 1993-
1997, with a few GNSS benchmarks installed in the island (Jénsson et al., 1999; Sigmundsson
et al., 1995). An effort to increase the GNSS network at Sao Miguel started in 2000, with
new benchmarks installed in the following years (Trota, 2008). Most episodic GNSS stations
are stainless steel benchmarks installed directly on bedrock or on top of public buildings,
and some stations are geodetic pillars from the Portuguese Geodetic Institute (Figure 2.3).

Data from about 80 episodic GNSS stations was recorded at Sado Miguel Island between
September 2004 and August 2019 (Figure 2.4 and Table A2 in Appendix A). The episodic
GNSS stations were measured during annual surveys. Each annual survey lasted around four
consecutive weeks, between July and September. Each benchmark was measured between
two consecutive days, from around 4 PM on the first day until 2 PM on the following day.
Data from each day was analyzed separately. Thus, the episodic GNSS stations have, in

general, two daily position estimates per year from consecutive days.
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Figure 2.3: Sites of episodic GNSS stations installed directly on bedrock (A), on top of
public buildings (B), and on geodetic pillars (B).
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Figure 2.4: GNSS station network of Sao Miguel Island. Green triangles are episodic GNSS
stations. Green triangles with white circles are continuous GNSS stations. The continuous
GNSS station PDEL is denoted. The episodic GNSS stations PCR2, GIE2, MLOB, LAGI,
and RETO with time series shown in Figure 2.5 are also denoted.
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2.1.3 GNSS Data Processing

Dual-frequency phase and pseudo-range data at 30-second intervals were recorded at all
GNSS stations in 24-hour-long RINEX-2 files (RINEX version 2), with antenna elevation

angle limit set in the range of 5-15°, depending on the local terrain and open-sky visibility.

The daily positions of the GNSS stations were calculated with Bernese 5.2 software (Dach
& Walser, 2015) with the RINEX-2 files as input, and reprocessed precise satellite orbits
(Selmke et al., 2020) from the Center for Orbit Determination in Europe (CODE) aligned
to the ITRF2014 reference frame (Altamimi et al., 2016). Data from about 50 stations from
the International GNSS Service (IGS) was also used. The data were analyzed using the
following strategy: (1) preprocessing, including receiver clock synchronization and cycle slip
correction; (2) initial ionosphere-free analysis with computation, analysis, and removal of
residuals; (3) ambiguity resolution scheme using multiple strategies depending on the length
of the baseline: Code-Based Widelane (WL), Phase-Based Widelane (L5), Quasi-Ionosphere-
Free (QIF) and Direct L1/1.2; (4) computation and analysis of station coordinate solutions

and uncertainties.

After checking the data quality from the GNSS time series analysis performed by JPL,
fiducial stations were selected with data available for the entire study period with no signifi-
cant gaps and offsets in the time series. All the daily coordinate solutions were transformed
into the ITRF2014 reference frame with a 3-parameter Helmert solution imposed on the coor-
dinates of 20 fiducial stations from the IGS (ALGO, BOR1, BREW, DRAO, DUBO, GODE,
GODZ, JOZE, MAR6, MATE, NYAL, ONSA, STJO, THU3, WILL, WSRT, WTZR, YEBE,
YELL, and ZIMM). The processing utilizes absolute antenna phase center offset models from
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the IGS (Schmid et al., 2016), ocean tidal loading effects from FES2004 model (Lyard et
al., 2006), troposphere refraction effects from Vienna Mapping Function data (Bohm et
al., 2006), and zenith path delay corrections from the European Centre for Medium-Range

Weather Forecasts.

2.1.4 Time Series Analysis

The coordinate time series of the continuous GNSS stations resulting from data processing
in the ITRF2014 reference frame were evaluated using the FODITS program included in the
Bernese 5.2 software. FODITS allows computing functions that fit times series. The func-
tions include four elements: outliers, discontinuities, linear velocities, and periodic functions.
A statistical test, based on the defined user level of significance, terminates the analysis when
the model adequately represents the time series (Dach & Walser, 2015).

The discontinuities in the time series of continuous GNSS result from equipment changes
or ground deformation processes. Known equipment changes at the continuous GNSS sta-
tions (see Table A3 in Appendix A) were detected as discontinuities in the time series using
FODITS (see Table A4 in Appendix A). Besides these known discontinuities, there are oth-
ers of unknown origin (see Table A4 in Appendix A). These discontinuities may relate to
unreported equipment changes or ground deformation processes. Sometimes, it is impossible
to check equipment changes, especially from older data sets and the REPRAA agency sta-
tions. Unknown discontinuities were found in the time series of AZGR, PDEL, and SRPC
stations located in relatively stable areas where no significant seismic activity was recorded.
These discontinuities are sudden and classified as unreported equipment changes. Addi-
tional unknown discontinuities were found in the time series of stations located around the
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Fogo volcano. These discontinuities are more gradual and occur during the 2003-2006 and
2011-2012 unrest periods of the Fogo volcano, and were classified as ground deformation
events.

The amplitudes of the vertical component of the seasonal signals found in the time series
(see Table A5 in Appendix A) are small when compared with centimeter-level values found
at continuous GNSS stations in other regions of the world, such as Iceland, where water
and snow loading effects are large (Drouin et al., 2016). Amplitudes of seasonal signals
estimated in this study are in the range of 0.7-1.9 mm in the horizontal components and 0.5-
2.1 mm in the vertical component. Seasonal signals are more evident in the north component
than in the east and up components. The direction of horizontal annual motion is towards
direction of 136° to 170° at most stations. Estimating seasonal signals for the time series of
HORT, HTN1, NOV1, and QEMD stations was not possible because of the short period of
observations and data gaps.

Besides outliers, discontinuities, and periodic functions, FODITS was used to compute
linear velocities (see Table A6 in Appendix A). The time series of most continuous stations,
excluding the stations located at Fogo volcano, have a single linear velocity estimation show-
ing that they move at a stable rate. However, stations PDEL, FRNS, and SRPC (see Figure
2.1) have velocity changes, with a maximum rate of 4 mm/yr in the FRNS station. The
stations at Fogo volcano have higher velocity changes, in the range of 6-10 mm/yr.

Outliers, discontinuities from equipment changes, and annual seasonal signals computed
using FODITS were removed from the time series in the ITRF2014 reference frame. Other
discontinuities and velocity changes were not removed from the time series. As an example,
the time series of the PDEL station is shown in Figure 2.5 before and after removing outliers,
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discontinuities from equipment changes, and annual seasonal signals.
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Figure 2.5: Time series of the vertical component of the PDEL station for the period
between May 2000 and January 2017, relative to ITRF2014 reference frame with A) all solu-
tions from Bernese 5.2 processing before the time series analysis using FODITS program, B)
solutions with filtered-out discontinuities and outliers found from FODITS program analy-
sis, and C) filtered solutions from discontinuities, outliers and seasonal signals found from
FODITS program analysis.

25



The time series of the GNSS stations in the ITRF2014 reference frame were detrended to
visualize the local deformation signals better. This was implemented by removing ITRF2014
predicted motion (Altamimi et al., 2017) of a stable plate interior as shown in Figure 2.6.
The time series of the FLRS station is relative to predicted stable North American plate
motion, while all others are relative to predicted stable Eurasian plate motion.

A global scaling factor estimate for each coordinate uncertainty component was computed
by scaling the formal uncertainties estimated in the data processing (Geirsson et al., 2006),
using a statistical analysis of the time series of PDEL and QBN1 reference stations. First, a
scaling factor was calculated for each reference station. This was done by dividing the stan-
dard deviation of the coordinate residuals by the median value of the formal uncertainties.
The global scaling factor was calculated by averaging the scaling factors of the two reference
stations and was used to scale the formal uncertainties of the other stations.

The time series of episodic GNSS stations of Sao Miguel Island in the ITRF2014 reference
frame for the 2004-2016 period were detrended by removing the ITRF2014 predicted motion
of Eurasian plate (Altamimi et al., 2017) as shown in Figure 2.7.

The time series of the continuous GNSS stations used in the Sao Jorge data analysis in
the ITRF2014 reference frame for the 2017-2022 period were detrended by removing the
predicted plate motion estimated by the station velocities of the 2000-2016 stable period.
For the BSRP station installed in 2018, the velocity of the closest station PTRP was used
to detrend. The 2000-2016 velocities were removed from the estimated linear fit of the time
series for the period between March 2017 and the initial day of Sdo Jorge activity. The
uncertainties of the time series were calculated using the formal uncertainty values obtained

from data processing, scaled with the previously computed global scaling factor.
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Figure 2.6: Time series of the continuous GNSS stations in east, north, and up components
for the period between May 2000 and January 2017, relative to the ITRF2014 plate motion
model. The time series of the FLRS station is relative to predicted North American plate
motion, while all others are relative to predicted Eurasian plate motion. Reproduced from
D’Aradjo et al. (2022).
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Figure 2.7: Time series of the episodic GNSS stations PCR2, GIE2, MLOB, FUR4, and
POSO in east, north, and up components for the period between 2004 and 2016, relative to
ITRF2014 predicted motion of Eurasian plate (Altamimi et al., 2017). The stations from
top to bottom are located at Sdo Miguel Island from west to east (see Figure 2.4). Blue dots
represent the positions of the stations, error bars the standard deviations at the 1o level and
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red lines the linear regression estimated to compute velocities.
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2.1.5 Velocity Estimation

Velocity maps using GNSS data were computed for different areas, including the Azores
network, Sao Miguel Island network, Fogo Volcano network, and Sao Jorge Island network.
The velocities of the continuous GNSS stations from the Azores network in the ITRF2014
reference frame for the 2000-2016 period were estimated using linear fitting of the data.
Similarly to Geirsson et al. (2006), the velocity uncertainty was estimated from the variance

of residuals of the regression and the length of the time series:

o,=0/T (1)

Here, o is the standard deviation of the residuals, and T is the length of the time series
in years. A correlation factor between the horizontal velocity error components is computed
from the covariance of the residuals. The velocity field was estimated by computing the
velocities of the GNSS stations relative to the ITRF2014 predicted motion (Altamimi et al.,
2017). The velocity of the FLRS station is relative to predicted stable North American plate
motion, while all others are relative to predicted stable Eurasian plate motion.

The velocities of the episodic GNSS stations from Sao Miguel network in the ITRF2014
reference frame for the 2004-2016 period were estimated with the same strategy used for the
continuous GNSS stations.

The velocities of the GNSS stations located at Fogo volcano were not estimated together
with the other stations because of the transient disturbances in the time series. The velocities
of the GNSS stations from the Fogo volcano network in the ITRF2014 reference frame were
calculated between survey periods using the data available from the start date of a specific
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survey and the end date of another survey (see Table A7 in Appendix A). In order to have
better velocity estimates, only stations with at least two daily position estimates in every
year of the period in the analysis were used. The velocity field of the Fogo network was
estimated by computing the velocities of the GNSS stations relative to the average velocity
of PDEL and QBN1 continuous GNSS stations, used as reference. These two stations are
located in areas with no recurrent seismic activity and show stable displacements with no
transient deformation.

The velocities of the Sao Jorge network in the ITRF2014 reference frame were estimated
using two methods. For the initial period of activity, the velocity was computed by equating
the median displacement between 17-19 March and 20-22 March of 2022 over the period
between the two date intervals. For the period afterward, the velocity was estimated using
linear fitting of the data from the first 15 days of activity, between 19 March and 3 April.
The velocity field of the Sao Jorge network was estimated by computing the velocities of the
GNSS stations relative to the velocities of the stations estimated for the 2000-2016 stable
period. For the BSRP station installed in 2018, the velocity of the closest station PTRP was

used.
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2.2 InSAR Data and Processing

Interferometric synthetic aperture radar (InSAR) is a remote-sensing radar technique
that uses two or more synthetic aperture radar (SAR) images to generate maps of surface
deformation (Dzurisin, 2007). The satellite systems that collect SAR images employ a sensor
that sends out microwaves that backscatter the earth’s surface and redirects back toward the
sensor. The deformation is obtained by processing with specialized software data recorded

from satellite systems with SAR instruments (e.g. Lazecky et al., 2020; Sandwell et al., 2011).

There are several satellite systems with SAR instruments. The Sentinel-1 system, for
example, transmits C-band signals with ~5 cm wavelength. The signals are characterized
by two fundamental properties: amplitude and phase. The amplitude is related to the
reflective quality of objects on the ground, while the phase is related to the distance between
the sensor and the earth’s surface. SAR satellites travel from the north pole towards the
south pole (descending orbit) or the south pole towards the north pole (ascending orbit).

The same area is revisited along the two orbits.

The InSAR technique uses two or more SAR images of the same area to create interfero-
grams representing ground deformation during the time interval between the image acquisi-
tions. Only one dimension is measured with InSAR, along the satellite’s line-of-sight (LOS),

defined as the straight line between a SAR sensor and the ground surface.

Apart from ground deformation, an interferogram includes contributions from a variety
of factors, such as the different viewing geometries of the parent images, topography, and
tropospheric noise. The contributions from these factors can be minimized during data
processing.
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One of the initial stages of INSAR data processing is aligning one or more slave images
with the master image. The distance between two acquisition spots perpendicular to the
satellite viewing direction is known as the perpendicular baseline. Images can be selected
with the desired perpendicular baseline and timespan to minimize image alignment problems.

Phase unwrapping is one of the most critical stages of INSAR data processing, which is
needed to obtain the absolute phase change in the interferogram.

Coherence gives a quantitative measure of the amount of noise in the interferogram.
Images with much noise are said to lack coherence or be decorrelated. Troposphere noise
problems can be addressed using tropospheric delay map products. Another approach to
minimize tropospheric noise is to form a time series of deformation from a stack of images,

which averages out the noise.
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2.2.1 GMTSAR

Data from C-band synthetic aperture radar (SAR) from Sentinel 1-A satellite were used
to analyze crustal deformation at Fogo volcano from May 2017 to June 2019. Single Look
Complex (SLC) images were used, including 63 images from ascending track 104 and 64 from
descending track 111 (Figure 2.8). In addition, precise orbital information from the Alaska
Satellite Facility was used and the 1-arc-second Shuttle Radar Topography Mission digital

elevation model.

The InSAR data of Sao Miguel Island was analyzed with the GMTSAR software (Sandwell
et al., 2011). A coherence-based small baseline subset time-series technique method (SBAS)

was used with atmospheric corrections using common-point stacking to calculate InNSAR time

series (Xu et al., 2017).

It is known that C-band data from InSAR can be strongly decorrelated by several factors
such as high vegetation, land use, and bad meteorologic conditions (Morishita & Hanssen,
2014; Wei & Sandwell, 2010). The image from 17 June 2018, in the middle of the observation
period, was used as the master image to minimize the perpendicular baselines between
interferometric pairs. Interferograms with a 50-day temporal threshold and a 100-meter
perpendicular baseline threshold were used. The short temporal threshold and perpendicular
baseline were set to mitigate the decorrelation effects. In addition, a 0.15 coherence threshold

was set to mask data from areas with more decorrelation (Xu et al., 2017).

Higher coherence is found in urban areas near the coastline (Figure 2.8B). Relatively
high coherence is also found in remote areas with high altitudes in Sete Cidade, Fogo and
Povoagao volcanoes, in areas where vegetation height is lower (Elias et al., 2016). The
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Figure 2.8: A) Interferogram generated from GMTSAR by adding 61 interferograms from
ascending track images from May 2017 to June 2019 following the selection of interferometric
pairs with a 100-meter perpendicular baseline threshold and 50-day temporal threshold. B)
Average coherence of the interferogram generated.

lower density of vegetation facilitates the SAR waves to penetrate and backscatter from the
surface. In particular, Agua de Pau volcano contains an extensive natural reserve area with
low vegetation surrounding the caldera. However, large areas of the island, from low to mid

altitudes, are woodlands and pastures, with lower correlation values and higher noise signals.
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2.2.2 LICSAR

In order to extract information on crustal deformation related to the 19-20 March 2022
activity in Sao Jorge Island, processed interferograms from Sentinel-1A mission were used.
The original processing was performed using the standard LiCSAR software (Lazecky et al.,
2020). Eight interferograms were generated in temporally shortest connections between ac-
quisitions. The phase delay measurements were significantly affected by troposphere signals
and not entirely corrected by modeling with Generic Atmospheric Correction Online Service
(GACOS) products (Yu et al., 2018). Especially in the ascending satellite pass (evening
acquisitions), it was observed that the magnitude of the tropospheric signal is comparable

to the signal due to deformation.

To further decrease noise, INSAR time series were calculated from the unwrapped GACOS-
corrected interferograms from April 2019 to August 2022 in two datasets from ascending and
descending satellite passes, respectively. The time series were calculated by weighted least-
squares inversion as implemented in the LICSBAS (Morishita et al., 2020), using coherence
measure to calculate weights. The time series reflects the positions in the LOS direction, with
respect to the median values of coherent pixels around 38.607°N, 27.979°W, and temporally
with respect to the date of the event. LOS velocities were calculated by a least squares
inversion of the time series for the periods before and after the 19-20 March 2022 activity,

and the event-related deformation offset was estimated.

The estimated offset in the LOS direction was projected into vertical (plus N-S horizontal
component) and E-W horizontal components by a decomposition operation (Wright et al.,
2004).
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The color fringes from the 36-day interferogram between 13 February 2022 and 21 March
2022 (Figure 2.9) depict the amount of surface deformation. The scale represented by the
fringe is about 3 c¢m (half of Sentinel 1-A central wavelength). In this interferogram, the
spectrum of colors indicate a decrease in the LOS between the the satellite and the surface
in the north and south flanks of the island consistent with inflation in the surface. The

existence of at least two fringes indicates LOS displacement of about 6 cm.
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Figure 2.9: 36-day interferogram from ascending track 257 between 13 February 2022 and
21 March 2022.
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2.3 Modeling

2.3.1 Eurasian-Nubian Plate Spreading Modeling

Previous studies of geodetic measurements across oblique spreading plate boundaries such
as the Reykjanes Peninsula, southwest Iceland (Arnadéttir et al., 2006; Keiding et al., 2008)
have used analytical models of opening and shearing dislocation sources to fit observed
horizontal velocity fields. Following this approach, dAMODELS software (Battaglia et al.,
2013) was used for the inversion of the available GNSS data from the Azores GNSS network
(D’Aratjo et al., 2022). The Eurasian-Nubian plate boundary was approximated to segments
with infinitely long-buried vertical rectangular dislocations embedded within uniform elastic
half-space (Y. Okada, 1985). The modeling was performed for the Central Group and Sao
Miguel islands in separate runs using different dislocations. The dislocations are assumed
to have opening and right-lateral slip displacements. The dislocations have a locking depth,
considered to represent the depth of the brittle-ductile boundary in the crust. The brittle
crust is locked while the ductile part below opens and slips freely.

An inversion of the data was performed to estimate the best fit values of the locking
depth, opening and right-lateral slip by determining the minimum value of the chi-square

statistic between observed velocities of the continuous GNSS sites and model predictions.
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2.3.2 Fogo Volcano Deformation Modeling

Numerous geodetic studies on active volcanoes have used analytical inverse models to fit
observed velocity fields (e.g. DeGrandpre et al., 2017; Lechner et al., 2019; Mattioli et al.,
2010; Papoutsis et al., 2013; Rodriguez-Molina et al., 2021). Following this approach, GBIS
software (Bagnardi & Hooper, 2018) based on a Bayesian method was used for the inver-
sion of the available GNSS data sets (D’Aratjo et al., 2022), allowing the characterization
of posterior probability density functions of source parameters, formulated by taking into
account uncertainties in the data. The data from the main periods of deformation was mod-
eled, namely the 2004-2006, 2011-2013, and 2018-2019 inflation periods and the 2013-2016

deflation period.

Modeling was performed to evaluate the hypothesis that deformation during each period
can be explained by a single source embedded in an isotropic elastic half-space. Three dif-
ferent sources were used, namely point-pressure (Mogi, 1958), prolate spheroid (X.-M. Yang,
Davis, & Dieterich, 1988), and penny-shaped (Fialko et al., 2001) sources. For each main
deformation period, the inversion was done using the three source types, and best-fit pa-
rameters were estimated. The Poisson’s ratio was set to 0.3 and the shear modulus to 5.4
GPa during the inversion using estimated average values obtained from laboratory studies
of volcanic rock samples from multiple areas (Heap et al., 2020). The software was set to
search randomly for the central horizontal location of the sources in a squared area with a
5 km length centered at a point between the Fogo caldera lake and the ARE1 station to
the east (see Table A2 in Appendix A). This area is the approximate location of an inferred
magma chamber. The software was also set to search randomly for the source depth in the
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1-20 km range, following crustal thickness estimates in the Azores.
Three different models for each deformation period were compared by performing statis-
tical analysis of the modeling results (e.g., Battaglia & Hill, 2009; DeGrandpre et al., 2017;

Di Vito et al., 2016). The chi-square statistic was computed as:

S 2)

The chi-square statistic was defined as the weighted sum of squared deviations between
observed (O;) and predicted (P;) full displacement vectors from modeling. For each period,
it was used data from the total number of available stations N located inside the GNSS
network. The misfit between observed and predicted velocities is given by the chi-square per

degree of freedom defined as:

=" (3)

The degrees of freedom (v) were defined as the number of data points minus the number
of parameters to be estimated. x? values much greater than one indicate poor data fitting,
while values closer to one indicate better fitting. The lowest chi-square values per degree of
freedom represent the best fit between observed and predicted values. For each period of
deformation, the point-pressure source model, which has the fewest parameters, was used as
the null hypothesis.

In order to assess if the more complex models are statistically significant, F-tests were
computed between the models and the point-pressure source model. The F statistic was
calculated as follows:
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In the previous expression, M is the Mogi model, X is the more complex model to be
compared, v the degrees of freedom, and Np is the number of source parameters. If the F
statistic is greater than the critical value of the F-distribution (F,.;) for some desired false-
rejection probability, then the smaller x? obtained with a more complex model is statistically

significant. The F-distribution was tested for false-rejection probabilities of 95% and 99%.

2.3.3 Sao Jorge Island Deformation Modeling

Similarly to the Fogo volcano modeling, the inversion of the data set from Sao Jorge Island
was performed using GBIS software using source models embedded in an isotropic elastic
half-space. The Poisson’s ratio was set to 0.3 and the shear modulus to 5.4 GPa during the
inversion using estimated average values obtained from laboratory studies of volcanic rock
samples from multiple areas (Heap et al., 2020).

A first attempt was made for the inversion of the 19-20 March deformation using a single
opening rectangular dislocation source (Y. Okada, 1985). The software was set to search
randomly for the horizontal location of the source across the island and the depth in the range
of 1-20 km. Another attempt was performed using a single opening rectangular dislocation
source constrained with the location of the seismic events in the 19-20 March period.

More complex modeling of distributed dyke opening was performed using a two-segment
dyke, divided up into 1.5x1.5 km rectangular patches with opening motion (Y. Okada, 1992).
The locations of seismic events were used to constrain the orientation of the segments.
The eastern segment is shallower, extending between 3 and 7 km depth, with an N115°E
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orientation. The western segment is deeper, extending between 7 and 13 km depth, with an
N105°E orientation.

For the post-March 19 period, the GNSS data was modeled using a single opening rect-
angular dislocation source (Y. Okada, 1985). The size and location of the dislocation were
constrained by the western segment of the two-segmented set of multiple patches modeled

previously.
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2.4 Seismic Data

Geodetic data are compared to observed seismic activity by CIVISA (Centro de Infor-
macao e Vigilancia Sismovulcanica dos Agores). The CIVISA seismic network in the Azores
(CIVISA, 2022) comprises about 50 stations of which 18 are located at Sao Miguel Island
and 7 are located at Sao Jorge Island. In the CIVISA database, there are two types of mag-
nitudes: duration magnitudes (Mp) and local magnitudes (M) (R. Silva et al., 2015). Data
from 2000 to 2022 was used in this study. The most representative magnitude type for this
study period is the Mp magnitude. The recorded seismic events are mainly volcano-tectonic
(VT), but occasionally events with volcanic characteristics (VL) occur. The VT events have
clear P and S phases, while the VL events sometimes do not have a clear P phase onset
and often lack a clear S phase. Compared with the VT events, the VL events have lower
frequencies of around 2-3 Hz. From the total recorded events for the study period, we select
the ones recorded at least in four seismic stations, with computed duration magnitudes (Mp)
of at least 2.0 and a maximum error of 0.3 s. The error corresponds to the propagation time
residual of the seismic phase given by the difference between the observed arrival time of the
signal and the predicted arrival time estimated from a local velocity model. About 10% of

the total recorded events correspond to the selection used.
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3 Eurasian-Nubian Plate Spreading

This chapter presents results from inter-island spreading in the Azores, namely in the
Central Group, and intra-island spreading on Sao Miguel Island using data from continuous
GNSS stations (see Figure 2.1) from the 2000-2016 period (D’Aratjo et al., 2022) and results
from intra-island spreading on Sao Miguel Island from a dense array of episodic GNSS
stations from the 2004-2016 period (see Figure 2.4). Velocities of the GNSS stations in
the ITFR2014 reference frame were estimated initially and detrended using plate motion
estimates (see Methods). Modeling results and discussion of results from Eurasian-Nubian

plate spreading are also presented in this chapter.

The regional deformation field was analyzed from the estimated velocities of the more
stable continuous GNSS stations. The data from the stations located around Fogo volcano
affected by transient deformation were excluded from the analysis. Most previous ground
deformation studies conducted in the Azores have relied on sparse GNSS data, mostly from
annual campaign surveys (Fernandes et al., 2006; Marques et al., 2013; Mendes et al., 2013;
Miranda et al., 2012; Trota et al., 2006). Besides lower temporal resolution, the data from
campaign observations have several limitations, such as high susceptibility to severe atmo-
spheric conditions, multipath error, and bad satellite geometry, resulting in lower precision
of the estimated velocities. The number of stations used in this study is small compared with
some previous GNSS campaign surveys. Still, the higher temporal resolution of the continu-
ous GNSS data allows for estimating velocities with higher precision. Therefore, continuous
GNSS data analyses allow discriminating better between long-term displacements, such as
plate motion, and local short-term displacements, such as volcano deformation.
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3.1 Azores Inter-Island Spreading

3.1.1 ITFR2014 Velocities

The velocities in the ITFR2014 reference frame show differential motion between the

continuous GNSS stations (Table 3.1). The FLRS station on the North American plate is

moving at a rate of 22.4 mm yr! in the direction of N23°W. In contrast, all other stations

located east of the Mid-Atlantic Ridge are moving at a rate of 20.671:2 mm yr~

in the same reference frame.

! to N(4013)°E

Table 3.1: Velocities of the more stable continuous GNSS stations in the ITRF2014 reference

frame, with 1o Uncertainties, in East, North, and Up components, and correlation factor between

horizontal components. Reproduced from D’Araijo et al. (2022).

Velocity (mm yrt)

Station Date Interval E N U Corr
AZGR 2008/07 - 2016/07 155+ 0.2 163 +£0.2 -2.7+0.6 -0.2
FLRS 2009/01 - 2017/01 -8.6 +0.6 20.7+0.3 -27+1.1 -0.2
FRNS 2008/07 - 2016/07 14.7 £0.3 16.0 £04 -1.4+09 0.0
HORT 2013/03 - 2016/03 122 +£0.6 15.1+06 -3.5+15 -0.2
HTN1 2005/05-2012/05 145+ 0.3 155+05 -1.8+1.1 0.0
NOV1 2003/02-2016/02 13.5+0.2 148+ 02 -29+04 0.1
PDEL 2000/05-2016/05 123 £0.1 163 +0.1 -1.5+04 -0.1
PIED 2009/01-2017/01 122+ 0.3 14.7+03 -22+0.7 -0.1
PTRP 2010/05-2016/05 123+ 04 152405 -29+13 0.0
(QBN1 2003/07 - 2016/07 14.6 £0.2 17.0+ 0.2 -1.3+04 0.2
QEMD 2012/11-2016/11 13.0 £05 155+ 05 -1.7+1.3 0.2
SRPC  2003/02-2016/02 14.1 £0.1 165+02 -3.7+05 0.1
TERC  2008/09 - 2016/09 13.1 £0.3 16.1 £0.3 -39+ 0.7 -0.1
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3.1.2 Detrended Velocities

Various plate motion models provide estimates of plate spreading direction and full plate
velocity across the Azores. The ITRF2014 plate motion model (Altamimi et al., 2017) was
used, which has a Eurasian-Nubian full plate velocity close to the GEODVEL2010 model
(Argus et al., 2010) (see Table A8 in Appendix A). The horizontal velocity of the FLRS
station was compared with predicted stable North American displacement, and the velocities
of the stations located in the Central Group and Sao Miguel Island were compared with both
predicted stable Eurasian and Nubian velocities.

The detrended time series of the continuous GNSS stations from the Central Group and
Sao Miguel islands are shown in Figures 3.1 and 3.2, respectively, together with seismicity
results. There are differences in the time span of the time series of the continuous GNSS
stations. The station with the longest time series is PDEL spanning almost 17 years, whereas
the station with the shortest time series is HORT, with nearly four years. There are some gaps
in the time series, mostly at remote stations operating without data transmission devices.
The time series from PDEL, HTN1, FRNS, and QBN1 stations at Sao Miguel Island and the
stations at the other islands show stable displacements. In contrast, the time series of RIB1,
RCHA, BVF1, VFDC, and PCNG stations located at Fogo volcano, in Sao Miguel Island,
show significant variations in the rate of the displacement, as a result of unrest episodes at
the volcano during the study period.

The velocity field of the continuous GNSS stations are shown Figure 3.3. The velocity
of the FLRS station is relative to predicted stable North American plate motion, while all

others are relative to predicted stable Eurasian plate motion.
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Figure 3.1: A - Location of the continuous GNSS stations AZGR, NOV1, TERC, SRPC,
QEMD, HORT, PTRP, and PIED located in the Central Group. Red circles are recorded
earthquakes (Mp > 2). Dashed lines are the surface projection of the vertical dislocation of
the CG1 and CG2 models for the area. B - Time series of horizontal displacement at the
continuous GNSS stations movement relative to predicted Eurasian motion, in the direction
of predicted Eurasian motion (N260.5°E). The times series are shifted from top to bottom
to display the continuous GNSS stations movement from the north (AZGR) to the south
(PIED). The vertical gray bars are the monthly number of earthquakes in the area (Mp >
2). Reproduced from D’Aratijo et al. (2022).
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Figure 3.2: A - Location of the continuous GNSS stations PDEL, RIB1, RCHA, BVF1,
VFDC, PCNG, FRNS, HTN1, and QBN1 located in Sao Miguel Island. Red circles are
recorded earthquakes (Mp > 2), concentrated between Fogo and Furnas volcanoes. Dashed
line is the surface projection of the vertical dislocation of the SM model for the area. B -
Time series of horizontal displacement at the continuous GNSS stations movement relative
to predicted Eurasian motion, in the direction of predicted Eurasian motion (N260.5°E).
The times series are shifted from top to bottom to display the continuous GNSS stations
movement from the west (PDEL) to the east (QBN1). The vertical gray bars are the monthly
number of earthquakes in the area (Mp > 2). Reproduced from D’Aratjo et al. (2022).
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Figure 3.3: Horizontal velocities of continuous GNSS stations located on Flores (A), Gra-
ciosa (B), Sao Miguel (C), Terceira (D), Sao Jorge (E), Faial (F) and Pico (G). In figure A,
the black arrow represents the velocity from Table 3.1 relative to predicted North American
motion. In figures from B to G, the black and white arrows represent the velocities from
Table 3.1 relative to predicted Eurasian and Nubian motions, respectively. The ellipses rep-
resent the 1o confidence level, and the green triangles are the continuous GNSS stations.
Reproduced from D’Aratjo et al. (2022).
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The results show that Flores Island has a very distinct motion compared with the other
islands, consistent with its location on the North American plate. The station on Flores
Island (FLRS) (Figure 3.3A) moves with a velocity close to predicted North American ve-
locity. The lack of significant recorded seismic activity in the area indicates that the island
is relatively stable. However, the deviation of ~3 mm yr! between estimated and predicted
motion suggests that Flores island may be subject to local deformation. This deviation may
also relate to the lack of data from this area on the eastern edge of the North American plate
used to compute global plate motion models.

Graciosa Island shows a displacement close to predicted Eurasian motion, as shown by
the station located on the island (AZGR) (Figure 3.3B). The maximum estimated Eurasian-
Nubian motion is found between this station and the PIED station located in the eastern part
of Pico Island. The AZGR station is moving at a rate of 3.7 & 0.5 mm yr! to N(64 + 9)°E
relative to the PIED station, which is ~80% of predicted spreading in the area, indicating
that the inter-plate deformation zone is broader than the area between the two stations.
Despite the displacement close to Eurasian predicted motion, the recurrent seismicity west
of Graciosa indicates that the island is located in an active deformation area.

Sao Miguel, Terceira, Sao Jorge, Faial, and Pico islands have displacements between
predicted Eurasian and Nubian motions. The stations located in the eastern part of Sao
Miguel Island (HTN1, FRNS, and QBN1) (Figure 3.3C) and Terceira Island (NOV1, TERC,
and SRPC) (Figure 3.3D) are moving close to predicted Eurasian motion, but at a lower rate
compared to station AZGR located on Graciosa Island. The small deviation of the QBN1
velocity indicates that the eastern part of Sao Miguel Island is not fully within predicted
stable Eurasian plate and is subject to some inter-plate deformation.
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On the other hand, the PDEL station on the western part of Sdo Miguel Island and the
stations located on Sao Jorge (Figure 3.3E), Faial (Figure 3.3F) and Pico (Figure 3.3G)
islands have higher displacements away from the Eurasian predicted motion and displace-
ments closer to the Nubian motion. Spreading between the western and eastern parts of Sao
Miguel Island is revealed from the differential motion between PDEL station and stations
HTN1, FRNS, and QBN1, with a maximum displacement of 2.4 4+ 0.3 mm yr! in the di-
rection of N(73 £ 8)°E and 0.17 ustrain. The station QEMD on Sao Jorge Island is moving
closer to the Eurasian motion than the stations on Faial and Pico islands. The station PIED
in the eastern part of Pico Island has the fastest displacement away from Eurasian motion
and closer to Nubian motion. The other stations, HORT on Faial and PTRP on Pico, move
with intermediate displacements relative to QEMD and PIED stations. The similar veloc-
ities found at HORT and PTRP stations located on Faial and Pico islands, respectively,
suggest that the eastern part of Faial Island and the western part of Pico Island are mov-
ing as a block as indicated from previous campaign GNSS surveys (Marques et al., 2013).
HORT and PTRP stations move about 1 mm yr! away from QEMD station located on Sao
Jorge Island. The small differential motion observed between the stations of Sao Jorge and

Faial /Pico islands constitute evidence of spreading occurring between the islands.

Compared with previous GNSS studies in the Azores, the values of the vertical velocities
in this study are well constrained, with uncertainties ranging from sub-millimeter level to a
few millimeters. The results from the more stable continuous GNSS stations show that the
Azores Islands are subsiding at an average rate of 2.7 4 0.7 mm yr'! during the study period
(see Table 3.1).
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3.1.3 Modeling Results

Before the inversion, the velocity field was corrected from a local subsidence in Terceira
Island by estimating the deformation generated by a spherical source of pressure decrease
within uniform elastic half-space (Mogi, 1958) located between Guilherme Moniz caldera and
Pico Alto volcano summit at 5 km depth, with a volume change of —2.5x 10° m? yr'!. During
the inversion, a locking depth was searched in the range of 1-20 km, following estimates of
crustal thickness in the Azores. The opening and slip motion variables were constrained
between zero (no displacement) and the maximum predicted Eurasian-Nubian relative plate

motion of 4.8 mm yr! (see Table A8 in Appendix A).

Geologic, geodetic and seismic data were used to constrain the location and direction of
the dislocations. Neotectonic studies show that the dominant morpho-tectonic structures
at Sao Miguel Island are NW-SE to WNW-ESE trending faults (Carmo et al., 2015). The
location of the boundary in the central part of Sdo Miguel Island, between Fogo and Furnas
volcanoes, is constrained from previous geodetic and seismic studies (Jonsson et al., 1999;
J. Okada et al., 2015; R. Silva et al., 2012; Trota et al., 2006). A dislocation model was used
with the N112.5°E direction (WNW-ESE), crossing the seismically active Congro fissure

zone, where the main morpho-tectonic structures have a WNW-ESE direction.

There was more uncertainty about the location of the spreading axis in the Central Group.
In this area, the dislocation model was tested with two different locations: between Faial-Pico
islands and Sao Jorge Island (CG1) and between Graciosa-Terceira islands and Sao Jorge
Island (CG2). The dislocation orientation in the Central Group was defined as N112.5°E
following the main orientation of the shape of the islands and surrounding bathymetric
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structures (Lourenco et al., 1998).

The model results (Table 3.2 and Figure 3.4) for Sao Miguel Island predicts a deep motion
of 2.3 mm yr! in N82.3°E direction, with 1.2 mm yr! opening motion, and 2.0 mm yr!
right-lateral slip motion. The locking depth is about 2 km, much shallower than the crustal
thickness in the Azores. It may be underestimated because of the relatively low number of
continuous GNSS stations from Sao Miguel Island used in the modeling. For the Central
Group, the model CG1 is favored over CG2, despite the slightly higher chi-square value. The
fit quality in the stations on Terceira Island is similar in the CG1 and CG2 models. On the
other hand, the quality of fit in the stations located on Sao Jorge, Faial, and Pico islands
is better in the CG1 model. In comparison, the fit quality in the AZGR station located on
Graciosa Island is better in the CG2 model. The CG1 model predicts a deep motion of 2.5

1 at N88.7°E direction, with 1.0 mm yr! opening motion, and 2.3 mm yr! right-

mm yr-
lateral slip motion. The locking depth is at least 20 km, agreeing well with crustal thickness

estimates. The velocities obtained from modeling the data of Sdo Miguel Island and the

Central Group account for ~50% of predicted Eurasian-Nubian relative plate motion.

Table 3.2: Elastic Half-space Dislocation Model Parameter Estimates for Sdo Miguel Island (SM)

and Central Group (CG)

Velocity (mm yr!)
Model Stations Depth Open Slip Deep Motion® Azimuth® (N°E) 2

SM 4 2 1.2 20 2.3 82.3 1.3
CG1 8 20 1.0 2.3 2.5 88.7 4.5
CG2 8 20 1.5 28 3.1 85.0 4.1

“Magnitude of the vector sum of the right-lateral slip and opening.

Direction of the deep motion.
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Figure 3.4: Results of kinematic plate boundary modeling of the horizontal velocities for
Central Group islands (A) and Sdo Miguel Island (B). The colored velocity arrows show
observed corrected from Mogi source (red, 20 confidence ellipses), predicted from data in-
version using Okada dislocations (blue) and residuals (green). The black velocity arrows
show predicted deep motion displacements, and the half-arrows are predicted opening and
slip displacements from the dislocations. The dislocations CG1 (A) and SM (B) are shown
with dashed black lines. Mogi source is shown with a black star (A). Reproduced from
D’Aradjo et al. (2022).
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3.2 Sao Miguel Intra-Island Spreading

The time series of episodic GNSS stations of Sao Miguel Island in the ITRF2014 reference
frame for the 2004-2016 period, excluding the stations located in the central area of the is-
land from Fogo volcano to the Congro volcanic system, show stable motion with no episodic
transient deformation. The velocities of the episodic GNSS stations in the island relative
to predicted stable Eurasian plate motion show a differential motion between the stations
located in the western part of the island, from Sete Cidades volcano to the Picos volcanic
system and the stations located in the eastern part of the island, from Furnas volcano to
the Povoagdo volcano (Figure 3.5). The differential motion is consistent with the spread-
ing revealed previously from the differential motion between the continuous GNSS stations
located in the eastern and western parts of the island.

The GNSS velocities were interpolated in each component using a minimum curvature
spline interpolation (Sandwell, 1987) to get a better spatial overview of the deformation field
(Figure 3.6). The velocity fields were interpolated with an equidistant sampling interval of

10 arc-seconds.

o4



25°50'W 25°40'W 25°30'W 25°20'W 25°10'W

37°50'N

37°50'N

10 mm/yr = |
0 km 5 km
T T T T T
25°50'W 25°40'W 25°30'W 25°20'W 25°10'W

Figure 3.5: (Top) Horizontal velocities of GNSS stations in Sao Miguel Island relative to
predicted Eurasian motion. The ellipses represent the 1o confidence level. (Bottom) Vertical
velocities of GNSS stations from Sdo Miguel Island. GNSS stations from the central area of
Sao Miguel Island with transient volcano deformation are excluded.
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Figure 3.6: Velocity field interpolated in the north (A), east (B), and up (C) components.
Black rectangles are the GNSS stations used in the interpolation.
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The small horizontal velocity arrows of the GNSS stations located on the eastern part
of Sao Miguel Island show that this area moves close to predicted Eurasian plate motion.
On the other hand, the velocity arrows of the GNSS stations located on the western part of
Sao Miguel Island have displacements to the west direction, indicating that this area moves
away from predicted Eurasian plate motion and closer to predicted Nubian plate motion.
The interpolated velocity field shows that the spreading occurs almost entirely in the E-
W direction with nearly no displacement in the N-S component. The average differential
velocity between the eastern and western stations is 2.2 £ 0.5 mm yr! in the N(80.5)°E

direction (Figure 3.7).
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Figure 3.7: Horizontal velocities of the GNSS stations of Sao Miguel Island in the direction
N80.5°E, relative to predicted Eurasian motion. Squares are the GNSS stations. Red squares
are the continuous GNSS stations PDEL, HTN1, and QBNT1.
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The small vertical velocity arrows of the GNSS stations located on the eastern part of Sao
Miguel Island show that this area is more stable and has no inflation or deflation. On the
other hand, the vertical velocity arrows of the GNSS stations located on the western part of
Sao Miguel Island have displacements consistent with deflation, indicating that this part of
the island is subsiding. The stations on the western part of the island are subsiding at an

average rate of 3.5 & 1.5 mm yr!.

Besides spreading between the western and eastern parts of the island, the interpolated
velocity in the east component shows relatively higher velocities in the western flank of
Sete Cidades volcano to the east direction (see Figure 3.6B). These higher velocities can
be explained by the existence of a local deformation source consistent with a contraction
centered in the Sete Cidades volcano. The higher deflation in the interpolated velocity in

the up component indicates that Sete Cidades is subject to local subsidence.

3.3 Discussion

Observations from morpho-tectonic analysis (Lourengo et al., 1998) and previous cam-
paign GNSS surveys in the Central Group (Fernandes et al., 2006; Marques et al., 2013)
show evidence that the Eurasian-Nubian boundary in the Azores is diffuse. The obser-
vations from continuous GNSS data in the current study align with this assessment. The
Eurasian-Nubian motion in the Azores appears not to change gradually across the inter-plate
deformation zone. Instead, it is more focused in some areas, namely in the central area of
Sao Miguel Island and between Faial-Pico ridge and Terceira Island. In particular, a narrow
area in the central part of Sao Miguel Island accommodates at least half of predicted regional
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spreading. The existence of active plate spreading in Sao Miguel Island is suggested from
other studies using both campaign (Trota et al., 2006) and continuous GNSS data (J. Okada
et al., 2015).

The results show spatial variations of the differential motion along the Eurasian-Nubian
plate boundary in the Azores Plateau. The broader deformation zone in the Central Group
islands is consistent with volcanism distributed over a wider area, while in Sao Miguel Is-
land, the deformation is more focused. Seismic activity is also focused in some areas of
the Eurasian-Nubian boundary, with stronger earthquakes more concentrated in rift basins
between the islands and in the central area of Sao Miguel Island. From 2002 to 2010, the
central area of Sao Miguel Island experienced higher seismic activity than in the previous
decades, mainly as swarms with events of small magnitude (R. Silva et al., 2012).

There is evidence of low degrees of partial melting beneath the thick lithosphere caused
by a mantle anomaly centered under the Central Group islands (Gente et al., 2003; Moreira
et al., 1999; T. Yang et al., 2006). The existence of deep processes in the Central Group is
also suggested by the large locking depth of the preferred model dislocation in the area (see
Table 3.2) and the deep earthquake activity (see Figure 3.1B).

Analysis of geochemical data indicates that focused magmatism occurs along the Terceira
Rift below volcanic systems (Beier et al., 2008; Haase & Beier, 2003; Storch et al., 2020). The
existence of shallow processes in Sao Miguel Island is inferred from the shallow locking depth
of the modeled dislocation for the island (see Table 3.2) and the shallow earthquake activity
(see Figure 3.2B). The shallow processes may weaken the crust and cause strain localization.
Strain focusing in the central area of the island may relate to the episodic intrusions at Fogo
during volcano unrest.
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The high temporal resolution of the continuous GNSS data allows for calculating velocities
with high precision and performing an inversion of the data using simple analytical models.
On the other hand, the low spatial resolution and poor distribution of GNSS stations are
limitations to the modeling. There is no geodetic data from large submarine areas, and some
islands have no GNSS stations or only a single station. In particular, the preference for the
CG1 model for the Central Group is constrained by the higher number of GNSS stations
located in Terceira, Sao Jorge, Faial, and Pico islands, compared with the Graciosa Island
area.

The spatial variation of the crustal deformation and the seismicity distribution suggest
partitioning of strain release in rift basins with tectonic earthquakes and on the islands
with volcano unrest. The spreading in the Eurasian-Nubian plate boundary in the Azores
follows patterns similar to other ultraslow mid-ocean ridges (Sibrant et al., 2015; Storch
et al., 2020). The ultra-slow spreading axes of the Gakkel Ridge and the South Indian
Ridge comprise segments showing amagmatic extension and other segments with magmatic
extension (Cannat et al., 2019; Cochran, 2008).

It is inferred that some submarine areas of the Eurasian-Nubian plate boundary in the
Azores are presently subject to rifting, contributing to the remaining predicted plate spread-
ing not detected with current observations, such as the Povoagao basin to the east of Sao
Miguel Island, the Hirondelle basin between Sao Miguel and Terceira islands, and the area
between the Mid-Atlantic Ridge, Faial and Graciosa islands.

Previous campaign GNSS surveys show evidence of continuous subsidence of Terceira
Island (Marques et al., 2015; Miranda et al., 2012). The previous surveys show horizontal
residual velocities compatible with a deflation in the center of the island, but no confirmation

60



from the vertical component was possible. The horizontal velocities of Terceira stations from
this study show a deviation towards the center of the island, which agrees with a deflation
source located in that area. The higher subsidence rate found in TERC station in the central
part of Terceira confirms the existence of deflation in the area. The extended deformation
period and modeling results suggest that the deflation can be due to the crystallization and
degassing of an underlying magma body or the decompression of a hydrothermal system in
the center of the island. The deflation can contribute to concentrated seismicity occurring
in the center of the island.

The time series of the stations located around Fogo volcano (BVF1, RCHA, RIB1, PCNG,
and VFDC), on Sao Miguel Island, show disturbances related to unrest activity, signaling
the likely accumulation of volcanic fluids below the volcano. The deflation in Sete Cidades
volcano inferred from the episodic GNSS stations from Sdo Miguel Island is possibly due to
the crystallization and degassing of an underlying magma body or the reduced pressure in a

hydrothermal system below the volcano.
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4 Fogo Volcano Deformation

The central part of Sdo Miguel Island has been the stage of recurrent unrest in the last 20
years. Processes occurring in this area, relating to the Fogo volcano and the Congro fissure
zone, are evaluated using GNSS, InSAR, and seismic data.

In this chapter, results from seismicity and GNSS time-series for the 2000-2016 period
are initially presented. In addition, the chapter presents results from modeling and velocity
fields from multiple transient deformation episodes that occurred in the 2000-2016 period
(D’Aratjo et al., 2022), namely the 2004-2006 inflation, 2007-2011 stable period, 2011-2013
inflation, and 2013-2016 deflation. Results of the more recent 2018-2019 inflation are also
presented. The velocities of the GNSS stations (Figure 4.1) were estimated relative to
the average velocity of reference stations located in the island (see Methods). A general

discussion is presented in the end of the chapter.
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Figure 4.1: Fogo volcano GNSS network. Episodic GNSS benchmarks (green squares),
continuous GNSS (green squares and white circles), seismic stations (red triangles), and
geothermal wells (yellow diamonds) are shown. 4-character codes are shown for GNSS sta-
tions mentioned in text and with time series shown in Figures 2.6 and 2.7. Modified from

D’Aradjo et al. (2022).
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4.1 Time-Series and Seismicity

The seismic activity in Sdo Miguel is mainly concentrated in the central part of the island,
from the Fogo volcano to the Congro fissure zone. The seismic activity is characterized by
many small-magnitude events along the main fault system (Figure 4.2). Most seismic events
in the area have hypocenters above the 5 km depth level. Evidence of volcano deformation at
Fogo volcano, with both inflation and deflation, is inferred from the time series of continuous

GNSS stations RIB1, RCHA, BVF1, VFDC, and PCNG located in the area (see Figure 3.2C).
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Figure 4.2: Seismic activity in the central area of Sao Miguel. Colored circles are recorded
earthquakes (Mp > 2) between 2004 and 2016 (CIVISA database). Circles in red are from
2004-2006, light blue from 2007-2011, orange from 2011-2013, and dark blue from 2013-2016.
Dashed lines are faults and volcanic alignments (Carmo et al., 2015).
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The time series of the RIB1 continuous GNSS station for the period between 2002 and
2016 (Figure 4.3A) located on the north flank of Fogo volcano shows transient deformation
mainly in 2004-2006, 2011-2013, and 2013-2016.

For the 2002-2004 period, the time series of the RIB1 station shows differential motion
to NW direction, away from the Fogo volcano, and consistent with inflation. There is an
increment in seismicity and a relatively higher number of volcanic events during this period.

The seismic and geodetic data show that the activity in the Fogo volcano peaked in 2005.
The time series of the RIB1 station shows an increase in the displacement rate to NW during
2005, consistent with higher inflation. During that year, a maximum of ~1500 (Mp > 2)
earthquakes are recorded. May and September of 2005 show higher seismic activity, with
270 and 280 events (Mp > 2) recorded, respectively. By comparison, 560 seismic events
(Mp > 2) are recorded between September 2004 and April 2005. The largest magnitude
earthquakes recorded in the study period occurred in September 2005. These are three
events of magnitude 4.0-4.2 (M) at 2-4 km depth.

The time series of the RIB1 station shows a decrease in the displacement rate to NW in
2006-2007 and no significant deformation in 2007-2011. In general, the number of recorded
seismic events gradually decreased from 2005 to 2011, but smaller seismic swarms were
recorded in this period, namely in mid-2007 and late 2008. Besides increased seismic activity
in 2011-2013, the time series of the RIB1 station shows an increase in the displacement rate
to NW, consistent with inflation. After 2013, there was an inversion in the displacement rate
direction to SE towards the volcano, consistent with deflation. The activity was primarily
aseismic between 2013 and 2016, with only minor seismic unrest recorded in the eastern rim
of Furnas volcano in late 2014.

66



4.2 Modeling

Histograms from GBIS software showing the posterior density functions of parameters
from best fit sources are shown in Figures B1, B2, B3 and B4 in Appendix B.

For the 2004-2006 and 2011-2013 periods, the statistics shows that more complex models
have lower x2 than the point-pressure source model (Table 4.1). For the 2004-2006 period,
the spheroid source model has lower X2, and for the 2011-2013 period, the models with
a spheroid source and a penny source have lower x2. The F-test results show that the
null hypothesis is not violated with a spheroid model for the 2004-2006 period (Table 4.2),
indicating that this model does not explain the deformation field better than the point-
pressure model for this period. On the other hand, the F-test results show that the null
hypothesis is violated with a 99% chance with a spheroid model for the 2011-2013 period,
indicating that this model can better explain the deformation field than the point-pressure
model for this period.

For the 2013-2016 deflation, the x? statistics shows that a point-pressure source model is
a better fit to the GNSS data than the other models since the other models have higher x?

and higher number of parameters compared with the point-pressure source model.
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Table 4.1: Best fit model parameter results for Mogi’s point-pressure (M), Yang’s spheroid (Y),
and Fialko’s penny (F) sources () for the main periods (P) of deformation 2004-2006, 2011-2013
and 2013-2016. D is the source depth, and a represents the radius of the penny source and the
major axis of the prolate spheroid source (km). A represents the ratio between the minor and
major axis of the prolate spheroid source. ¢ and 6 denote the strike and dip of prolate spheroid
source, respectively (°). AP/u is the dimensionless excess pressure and AV the volume change for

each period (10% m3). Modified from D’Aratjo et al. (2022).

P S Lon. Lat. D a A ¢ 0 AP/u AV

M -25.432 37779 3.7 9.6

2004-2006 Y -25.421 37.775 48 05 03 8 -24 0.18

Fo-25425 37780 7.1 04 0.10

M -25.461 37.766 3.3 1.1

2011-2013 'Y -25.463 37.766 3.4 0.2 0.2 208 -52 1.10 1.6*

F-25458 37.763 6.1 0.1 0.19

M -25.452 37774 3.2 -3.6

2013-2016 'Y -25.451 3v.77r3 32 01 08 29 -7 -0.19

F'-25.456 37.773 52 04 -0.02

M -25.445 37.767 4.4 4.5

2018-2019 'Y -25.445 37770 36 04 03 -82 321 0.1 5.8

P -25.447 37767 6.6 0.3 0.16

*Yang’s spheroid AV is calculated as ﬂ%a?’/P(A% —0.7TA+ 1.37)

(Battaglia et al., 2013)
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Table 4.2: Summary of chi-square and F-test statistics for model results using Mogi’s point-

pressure (M), Yang’s spheroid (Y), and Fialko’s penny (F) sources (S5) for the main periods of

deformation 2004-2006, 2011-2013, 2013-2016 and 2018-2019. Nd is the number of data points, Np

is the number of model parameters, and v is the number of degrees of freedom. x? and x?2 are

the chi-square and chi-square per degree of freedom, respectively. The F' statistic and the critical

values Fi.;; of the F-distribution with 95% and 99% significance are also presented for the smaller

X2 obtained with more complex models. Modified from D’Aratjo et al. (2022).

Period Nd S Np v x* x.2 F  F,ul9%] F.u[99%]
M 4 18 562 3.1

2004-2006 22 Y 8 14 408 29 1.3 3.8 7.0
F 5 17 71.3 4.2
M 4 18 63.6 3.5

2011-2013 20 Y &8 14 11.8 0.8 153 3.8 7.0
F 5 17 50.7 3.0 1.5 4.5 8.4
M 4 18 30.0 1.5

2013-2016 22 Y 8 14 289 1.8
F 5 17 57.0 3.0
M 4 18 53.0 29

2018-2019 25 Y 8 14 244 1.7 4.2 3.8 7.0
F 5 17 114.0 6.7
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Figure 4.3: A - Time series of the horizontal component of station RIB1 in the N45°W (NW)
direction between 2002 and 2016. B - Monthly number of earthquakes (Mp > 2), including
volcano-tectonic events (blue) and volcanic events (red). The black line is the cumulative
number of earthquakes. C - Depth of earthquakes. D - Magnitude of earthquakes. The grey
panels represent the three main episodes of volcano deformation (2004-2006, 2011-2013, and
2013-2016). Reproduced from D’Aratjo et al. (2022).
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4.3 Velocity Field
4.3.1 2004-2006 Inflation

The 2004-2006 velocity field (Figure 4.4) is consistent with inflation and expansion cen-
tered in an area east of Fogo caldera. In the 2004-2006 period, a maximum uplift of 4.3 +
3.5 cm yr! was recorded at MLOB station, located to the northeast of Fogo caldera. More
than 600 earthquakes (Mp > 2) were recorded in this period.

The low inflation rate between 2002 and 2004 inferred from the time series of the RIB1
continuous GNSS station indicates that the inflation started before 2004, as suggested (Trota,
2008) previously. Many low-frequency volcanic events, which can be associated with the
movement of fluids such as magma or hydrothermal water inside cracks (Cusano et al., 2008;
Kumagai et al., 2002; Shapiro et al., 2017), occurred in late 2002, suggesting that volcanic
fluids were accumulated below Fogo volcano before 2004.

During the 2004-2006 period, the seismic activity was dispersed over a broad radial area,
with most events located between the Fogo caldera and the Congro fissure zone. The center
of this area is where the best fit point-pressure modeled source is located (see Table 4.1). At
the 95% confidence level, the 2004-2006 best fit point-pressure source model result gives a
volume increase in the range of 8.8 — 10.4 x 10° m? at a depth of 3.4-4.1 km to the east of
Fogo caldera. The 2004-2006 unrest can be explained by the intrusion of volcanic fluids in

the Monte Escuro area to the east of Fogo caldera.
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Figure 4.4: A - 2004-2006 horizontal displacements, observed (blue) and modeled (red).
B - Horizontal residuals. C - Vertical displacements, observed (blue) and modeled (red). D
- Vertical residuals. Colored circles are recorded earthquakes (Mp > 2). Yellow triangle is
the episodic GNSS station MLOB located close to Monte Escuro. White squares are the
continuous GNSS stations.

72



4.3.2 2007-2011 Stable Period

The 2007-2011 period was relatively quiet, with much less earthquake activity than the
other periods and no significant deformation recorded (Figure 4.5). In this period, there
was, however, a minor displacement in the time series of the PCNG continuous GNSS sta-
tion located in the Congro fissure zone. In late 2008, there was a sudden displacement at
the PCNG station towards north (Figure 4.6) as reported earlier (J. Okada et al., 2015)
previously. However, the other continuous GNSS stations to the west, closer to the Fogo
volcano, do not show significant displacements. The lack of significant displacement in other
stations suggests that the deformation was localized in the Congro volcanic system, which
can relate to readjustments in the area and faulting activity after the 2004-2006 unrest. The
three episodic GNSS stations closer to the Fogo caldera show minor subsidence, but the lack
of deformation in other stations does not support the existence of a general deflation of the
Fogo volcano edifice in the 2007-2011 period.

During this period, the small seismic activity was focused in two main areas, the Monte
Escuro area to the northeast of Fogo caldera, where the 2004-2006 best fit modeled source

is located, and at the western rim of Furnas caldera.

73



-25.5 -25.3°

A — Horizontal Observations

37.8°

37.8°

20 mm/yr

0 km 5 km

-25.5° -25.3°

Figure 4.5: A - 2007-2011 horizontal observations. B - Vertical observations. Colored
circles are recorded earthquakes (Mp > 2).
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Figure 4.6: Time series of displacement (east, north and up components from top to
bottom) at the continuous GNSS station PCNG located in the Congro fissure zone, relative
to predicted Eurasian motion. The vertical dashed lines mark the sudden displacement
at the station in late 2008, as reported earlier (J. Okada et al., 2015). Yellow triangle is
the episodic GNSS station MLOB located close to Monte Escuro. White squares are the
continuous GNSS stations.
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4.3.3 2011-2013 Inflation

The 2011-2013 velocity field (Figure 4.7) is consistent with inflation and expansion cen-
tered in an area east of Fogo caldera. The magnitude of the 2011-2013 inflation is smaller
than the 2004-2006 inflation. In the 2011-2013 period, an uplift of 1.8 £ 0.6 cm yr! was
recorded at MLOB station. Around 70 earthquakes (Mp > 2) were recorded in this period.

The GNSS and seismic data show that the 2011-2013 activity was much lower compared
to the 2004-2006 period. At the 95% confidence level, the 2011-2013 best fit point-pressure
source model result gives a volume increase in the range of 0.7 — 5.4 x 10° m? at a depth of
2.4-4.9 at the eastern rim of Fogo caldera (see Table 2.2). Statistical analysis of the modeling
results shows that a spheroid source can better explain the 2011-2013 deformation field (see
Table 2.3). The 2011-2013 spheroid source is elongated in the direction NNE-SSW to NE-
SW, dipping 52° vertically. The lower activity and differences in source location and shape
in the 2011-2013 period compared to the 2004-2006 period suggest that the two periods of

activity are related to different processes.
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Figure 4.7: A - 2011-2013 horizontal displacements, observed (blue) and modeled (red).
B - Horizontal residuals. C - Vertical displacements, observed (blue) and modeled (red). D
- Vertical residuals. Colored circles are recorded earthquakes (Mp > 2). Yellow triangle is
the episodic GNSS station MLOB located close to Monte Escuro. White squares are the
continuous GNSS stations. Modified from D’Aratjo et al. (2022).
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4.3.4 2013-2016 Deflation

The 2013-2016 velocity field (Figure 4.8) is consistent with deflation and contraction
centered in an area east of Fogo caldera. In this period, subsidence of 1.7 4= 1.0 cm yr™! was
recorded at MLOB station and around 80 earthquakes (Mp > 2) were recorded.

In contrast to the 2004-2006 and 2011-2013 inflation episodes, the 2013-2016 deflation is
mostly aseismic. The deformation field of this period could be explained by the contraction
of a volume centered in the Vale das Lombadas area, in the northeastern rim of Fogo caldera,
between the two inflation centers. At the 95% confidence level, the 2013-2016 best fit point-
pressure source model result gives a volume decrease in the range of 3.1 — 4.4 x 10° m? at a
depth of 3.0-3.8 km at the northeastern rim of Fogo caldera.

During the 2013-2016 period, a seismic swarm occurred in the western rim of Furnas

caldera, in the same area where seismicity was more active during the 2007-2011 period.
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Figure 4.8: A - 2013-2016 horizontal displacements, observed (blue) and modeled (red).
B - Horizontal residuals. C - Vertical displacements, observed (blue) and modeled (red). D
- Vertical residuals. Colored circles are recorded earthquakes (Mp > 2). Yellow triangle is
the episodic GNSS station MLOB located close to Monte Escuro. White squares are the
continuous GNSS stations. Modified from D’Aratjo et al. (2022).
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4.3.5 2018-2019 Inflation

The 2018-2019 velocity field (Figure 4.9) is consistent with inflation and expansion cen-
tered east of the Fogo caldera. A maximum uplift of 2.6 & 1.6 cm yr!' was recorded at
MLOB station in this period. The seismic activity in the 2018-2019 period was distributed
over a broad area, with most events located between the Fogo caldera and the central part
of the Congro fissure zone.

The LOS velocity map from InSAR data analysis between May 2017 and February 2018
(Figure 4.10A) shows an extended area to the east of Fogo caldera with displacement away
from the satellite, consistent with deflation. In contrast, the velocity map between February
2018 and November 2018 (Figure 4.10B) shows an extended area in the Fogo caldera with
displacement towards the satellite, consistent with inflation.

The time series of the north component of continuous GPS station BVF1 (Figure 4.11),
located in the south flank of Fogo volcano, shows a relatively stable displacement before
February 2018. The time series of a pixel with high coherence from InSAR data analysis
located in the eastern rim of Fogo caldera shows a displacement away from the satellite,
consistent with deflation. The start of the seismic activity in early 2018 was abrupt, with
most seismic events occurring in a single day, on 12 February 2018.

After the seismic activity in 12 February 2018, the time series of the BVF1 station and
the InSAR pixel changed direction towards the south and the satellite, respectively. The

displacement direction change is consistent with inflation, which continued until mid-2019.
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Figure 4.10: LOS velocity map derived from 61 interferograms (see Figure 2.8). A 0.15
coherence threshold was used to mask the data projected (gray areas). Red colors represent
surface displacement towards the satellite (inflation). Blue colors represent displacement
away from the satellite (deflation).
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Figure 4.11: Time series of the north component of BVF1 continuous GNSS station relative
to predicted Eurasian plate motion from June 2017 to June 2019 (red) and time series of LOS
displacement of Sentinel-1 ascending track from a point located at Fogo volcano (-25.426°W;
37.765°N). The vertical black bars are the daily number of best-located earthquakes, and
the grey area is the cumulative number of earthquakes. Yellow triangle is the episodic GNSS
station MLOB located close to Monte Escuro. White squares are the continuous GNSS
stations.
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4.4 Discussion

In 2004-2016, most seismic events in the central part of Sdo Miguel Island were recorded
at shallow depths in the range of 0-5 km, the level where the best fit modeled sources are
located (3.2-3.7 km). Besides deep processes below the Fogo volcano, other shallow processes
may also have contributed to the activity, namely the activation of fissures at less depths.
During the 2004-2006 period, surface fissures were observed in the study area (Trota, 2008).

At the 95% confidence level, the 2004-2006 best fit point-pressure source model result
gives a volume increase in the range of 8.8 — 10.4 x 10° m? at a depth of 3.4-4.1 km to the
east of Fogo caldera (Figure 4.12). For the 2011-2013 case, the best fit point-pressure source
model gives a total volume increase in the range of 0.7 — 5.4 x 10° m? at a depth of 2.4-4.9
at the eastern rim of Fogo caldera. For the 2013-2016 case, the best fit point-pressure source
model gives a total volume decrease in the range of 3.1 —4.4 x 10¢ m? at a depth of 3.0-3.8 km
at the northeastern rim of Fogo caldera. For the 2018-2019 case, the best fit point-pressure
source model gives a total volume increase in the range of 3.8 — 5.4 x 10° m? at a depth of

4.0-5.1 km at the northeastern rim of Fogo caldera.
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Figure 4.12: Horizontal location (top) and E-W depth profile (bottom) showing the best fit
location of center of modeled sources, and their 95% confidence intervals, for the main periods
of deformation. Red circle is the 2004-2006 best-fit point-pressure source (inflation). Orange
ellipse is the 2011-2013 best-fit prolate spheroid (inflation). Blue circle is the 2013-2016
best-fit point-pressure (deflation). Yellow ellipse is the 2018-2019 best-fit prolate spheroid
(inflation). Shape of best-fit sources is indicative, but does not represent their size. Color
map represents anomalous density contrast in the area obtained from gravimetric inversion
for the horizontal section at 4 km depth (top) and vertical E-W depth profile at latitude
37.76° (Camacho et al., 1997). Dashed lines are faults and volcanic alignments (Carmo et

al., 2015). Pink circles are recorded earthquakes during the modeled periods of deformation.
(Mp > 2). Modified from D’Aradjo et al. (2022).

85



The eruptive activity of Fogo in the last thousands of years has been characterized by
basaltic flank eruptions and trachytic explosive activity in the summit area (Moore, 1990;
Walker & Croasdale, 1971; Wallenstein, 1999). Petrological analysis of rock samples from
field deposits of previous eruptions at Fogo volcano suggests that a single magma chamber
has been the source of the most recent trachytic volcanism (Storey, 1982; Widom et al.,
1992). However, details about the location and depth of a trachytic magma chamber below
the Fogo volcano still need to be better understood.

The 2004-2006 best-fit source is located close to the Monte Escuro cinder cone (see Fig-
ure 4.12), in an important fault system at depths of about 4 km. The location is about 3
km northeast of the Fogo caldera. The slow displacement of the RIB1 station and relatively
higher number of volcanic seismic events in the 2002-2004 period suggest the accumulation of
magma before the 2004-2006 inflation. The lack of significant subsidence after the 2004-2006
inflation can be explained by the permanence of a newly intruded magma body. The sug-
gested spreading in the area (D’Aradjo et al., 2022) can facilitate the gradual ascension of
magma below the Fogo volcano.

The 95% confidence intervals of the locations of the 2011-2013 and 2013-2016 best-fit
sources overlap. These sources are located in an area comprising the eastern and northeastern
rim of the Fogo caldera (see Figure 4.12) at depths of 3.2-3.5 km. The 95% confidence
intervals for the volume change from the 2011-2013 and 2013-2016 best-fit sources also
overlap. The location and volume estimates of the 2011-2013 and 2013-2016 best-fit sources
suggest that the two changes in volume are related to the same body at depth. The inflation-
deflation reversal from 2011-2013 to 2013-2016 may relate to differences in properties of the
20112013 pressure increase compared with the 2004-2006 episode, such as higher content
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of gas and differences in the rock medium surrounding the center of inflation, such as higher
permeability. The location of the 2011-2013 and 20132016 best-fit sources, in an area with a
low-density minimum below Fogo caldera (Camacho et al., 1997), suggest that the 2011-2013
pressure increase may have been in the magma chamber or hydrothermal system of the Fogo
volcano. The 2013-2016 deflation can be explained by a similar process as described by
J. Okada et al. (2015), of lateral diffusion of fluids percolating through existing fissures
re-activated from local spreading and previous volcanic unrest in 2004-2006 and 2011-2013.

The 95% confidence intervals of the location of the 2018-2019 best-fit source overlap with
the location of the 2011-2013 and 2013-2016 sources (see Figure 4.12), suggesting that the
2018-2019 source is related to the same body at depth. The abrupt seismic activity on
12 February 2022 may have marked the opening of a pathway for fluids, influencing the
pressure in magma bodies or the hydrothermal system. The pressure increase after that
day was mostly aseismic due to the likely accumulation of fluids at 4.5 km depth. The
LOS velocity field from InSAR data shows that from early 2017 to February 2018, the Fogo
volcano was still subject to deflation after the 2013-2016 period. The LOS velocity field also
shows that after February 2018, inflation occurred in the Fogo caldera, where the 2011-2013
and 2013-2016 centers of pressure change estimates are located.

Only GNSS data was used to model the 2018-2019 inflation. A combined analysis of
current GNSS and InSAR datasets could be tried in future analysis to test the hypothesis
that the InSAR displacements reproduce an identical deformation field compared to the
GNSS displacements in the same time span, allowing a joint inversion of the data.

There are numerous cases of unrest in other volcanoes with no recent eruptive activity.
Campi Flegrei caldera in Italy, for example, has experienced several episodes of unrest with
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ground uplift in the last decades without eruption (e.g., Battaglia et al., 2006; De Natale et
al., 1991; D’Auria et al., 2015; Troise et al., 2019). Discriminating the relative contributions
of hydrothermal effects and shallow magma intrusions during unrest episodes is critical at
volcanoes such as Campi Flegrei and Fogo. Three main lines of interpretation try to explain
the origin of the unrest episodes at Campi Flegrei in the last decades (Troise et al., 2019).
These lines of interpretation state that the unrest episodes can be explained by magma
intrusions at shallow depths, hydrothermal effects without the direct contribution of magma
intrusions, or mixed magmatic-hydrothermal processes. Similar minor inflation episodes
with rapid inflation-deflation recovery have been identified in Campi Flegrei. After the peak
uplift rate of about one meter per year in 1983-1984 at Campi Flegrei, there were minor
episodes of centimeter-level uplift with the duration of a few months and followed by fast
recovery of the uplift, suggested to be related to the periodic increase of fluid injection in
the hydrothermal system (Troise et al., 2019).

The detailed cause of ground deformation at Fogo volcano is uncertain, despite the
ability to fit crustal deformation observations to models. A conceptual mixed magmatic-
hydrothermal process at Fogo volcano in 2004-2019 is summarized in Figure 4.13, proposed
in an attempt to explain the physical processes involved. After an inferred shallow 2004-
2006 intrusion of a new magma body, likely originating from a deeper magma reservoir,
the conditions for activity in the trachytic magma chamber and the hydrothermal system
might be present, in relation to interaction with the 2004-2006 hot intrusion body. This
interaction may have resulted in the accumulation of highly pressurized and self-contained
magma-derived fluids in the magma chamber. After failure conditions between the fluid
body and the host rock have been reached, fluids may have be injected into other parts of
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the chamber or the hydrothermal system during the 2011-2013 and 2018-2019 intrusions. The
dipping angle of the best fit elongated ellipsoid models of 2011-2013 and 2018-2019 can rep-
resent the direction of injection of fluids. The deflation in 2013-2016 indicates that the area
is highly permeable. The deflation can be explained by lateral diffusion of magma-derived
volatiles and hydrothermal fluids to the lower parts of the volcano, as previously suggested
(J. Okada et al., 2015), facilitated by the low viscosity of the fluids and the existence of
recently activated fissures during the 2004-2006 and 2011-2013 unrest.

It was not possible to detect an inferred deeper magma reservoir in this study due to the
existence of multiple sources of pressure at shallower depths that would likely disturb the

deformation field induced from a possible deeper source.
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Figure 4.13: Schematic (depth-longitude profile) of suggested deep processes that occurred
bellow Fogo volcano during the study period, including the 2004-2006, 2011-2013 and 2018-
2019 intrusions. Red circle is the 2004-2006 best-fit point-pressure source (inflation). Orange
ellipse is the 2011-2013 best-fit prolate spheroid (inflation). Blue circle is the 2013-2016
best-fit point-pressure (deflation). Yellow ellipse is the 2018-2019 best-fit prolate spheroid
(inflation). Shape of best-fit sources is indicative, but does not represent their size. Large
light blue area is the hydrothermal system. A shalow magma chamber is represented by a
large red area where the 2011-2013, 2013-2016, and 2018-2019 best-fit sources are located. A
possible deeper magma reservoir may exist at deeper levels, which may have fed the 2004-2006
intrusion. Black vectors represent diffusion of magma-derived volatiles and hydrothermal
fluids to the lower parts of the volcano. Dashed black lines represent fissures. Gray circles
are recorded earthquakes during the modeled periods of deformation. (Mp > 2).
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Mapping of soil CO5 degassing in Fogo volcano during the 2004-2006 unrest activity shows
no significant changes (Viveiros et al., 2008). The main seismogenic areas during the activity
coincide with an almost complete absence of soil diffuse degassing, eventually due to a buffer
structure in depth that does not allow the gas to arise all the way to the surface.

In this study, the high spatial resolution of the GNSS data allows geodetic inversion with
simple analytical models. However, the low temporal resolution of the episodic GNSS data
is a limitation in calculating velocities with higher precision. In particular, the sparse data
from continuous GNSS in the 2004-2006 period does not allow a detailed understanding
of the deformation change in that period, whether it was gradual or sudden. The two
periods with peak seismic activity in May and September of 2005 suggest the latter, with
the possible occurrence of two intrusions during these months or activity related to conduit or
cracks formation allowing fluid flow. The relatively higher x? of the 2004-2006 best fit model
compared to the other periods indicates that the 2004-2006 deformation field may result from
multiple intrusions or was affected by other processes such as ground cracking, as mentioned
previously. In addition to temporal resolution constraints, the uniform material properties
assumed in the models may not adequately represent the study area due to heterogeneities
and fracturing of the surface. Different rheologies, such as contrasts in shear modulus, can
result in tilted ellipsoidal sources (Silverii et al., 2021), which can explain the best fit ellipsoid

models of 2011-2013 and 2018-2019, which are elongated and tilted vertically.
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5 Sao Jorge Volcano Deformation

Sao Jorge Island has been one of the most seismically quiet areas in the Azores in the past
decades. Processes occurring on the island during the 2022 sudden unrest are here evaluated

using GNSS, InSAR, and seismic data.

5.1 Seismicity

The seismic activity was mainly concentrated in the central area of Sao Jorge Island, in
the Manadas volcanic system (Figure 5.1), and was characterized by a large number of small
magnitude events (Mp < 4) along the main fault zones. Most seismic events in the area
have hypocenters in the range of 3-12 km depth.

Analysis of seismic locations reveals two main stages of seismic activity during the Sao
Jorge unrest. An initial activity occurred on March 19 with shallower events to the east, and
a second activity occurred afterward with deeper events to the west (see Figure 5.1). The
seismicity started on March 19, at around 6 PM, without precursory activity in the weeks
before (Figure 5.2). During this day, most events were located to the east, between Pico do
Carvao and Pico da Esperanca, at shallow levels up to 6 km depth. The seismic activity
shifted to NW after March 19, from the area between Pico do Carvao and Velas to deeper
levels in the 7-12 km range. The two stages of seismic activity show events with a distinct
set of epicenters and lining up on planes with different strikes. In the initial stage, seismic
events show a distribution with an N115°E direction consistent with their location in the
Picos Fault Zone. Events afterward show a distribution with an N105°E direction consistent
with their location in the Pico do Carvao Fault Zone with a more eastward direction. The
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seismicity along the N105-115°E direction follows the orientation of the main WNW-ESE
fault zones on Sao Jorge, indicating the fault zones provided some form of control on the

activity.
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Figure 5.1: Upper - Horizontal location of best-located earthquakes during the first two
months of activity between 19 March and 18 May color-coded according to their occurrence.
Pink dots are earthquakes from the initial day of activity, March 19. Lower - Cross-section of
best-located earthquakes during the first two months along longitude. Strongest earthquakes
with magnitudes and recorded time from the four seismic clusters on March 19 related to
dyke propagation are marked.
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Figure 5.2: Upper - The vertical black bars are the daily number of the best-located
earthquakes, and the grey area is the cumulative number of earthquakes. Lower - Maximum
daily recorded magnitude (My,). The vertical dashed lines represents 19 March.
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5.2 GNSS

The sudden seismic activity during the onset of the unrest on 19 March coincides with
change in position of continuous GNSS stations operating at Sao Jorge and neighboring
islands. Deviations from their long-term behaviour occurred between 19 and 20 March
(Figure 5.3). The crustal deformation associated with the event reached a distance of at
least 45 km away from Sao Jorge. Evidence of dyke opening below Sao Jorge Island is
inferred from the velocity field of station QEMD located at the island, and AZGR, BSRP,
AZTP, and HORT stations located at the nearby islands Graciosa, Pico, and Faial. The
highest displacement occurred at the BSRP station located in the north part of Pico Island,
with a displacement of about 2 cm away from Sao Jorge Island. The displacements in the
continuous GNSS stations are sudden, with most deformation occurring in the first days of
activity and sharply decreasing after that. Small rate displacements in the GNSS stations

continue for about two weeks and halt after that (Figure 5.4).

95



-28.8° -28.4° -28°
AZGR ® A

38.8"

38.4°1 AzTP ® 0 10

- 700

- 600

&9
- 500

- 400

Displacement (mm)
N° Earthquakes

- 300

- 200

AZTP N22.5°E - 100

—-60-

07 08 09 10 11 12 ol 02 03 04 05 0607
2021 2022
Date

Figure 5.3: A - Location of the GNSS stations on Graciosa (AZGR), Sao Jorge (QEMD),
Faial (HORT), and Pico (BSRP and AZTP) islands. B - Time series of the GNSS stations
daily movement relative to predicted plate motion (D’Araijo et al., 2022), transformed onto
the direction perpendicular to the dyke direction (N22.5°E) for stations AZGR, HORT,
BSRP and AZTP, and parallel to the dyke direction (N112.5°E) for station QEMD. The
times series are shifted from top to bottom to display the station movements from the north
(AZGR) to the south (AZTP). The vertical dashed line represents 19 March. The vertical
black bars are the daily number of the best-located earthquakes, and the grey area is the
cumulative number of earthquakes.

96



-28°40' -28°20' -28°00'

39°00

38°40'

38°20'

39°00

38°40'

38°20'

-28°40' -28°20' -28°00'

Figure 5.4: A - Horizontal velocity map of GNSS stations for the 19-20 March period. B
- Horizontal velocity map of GNSS stations for the 20 March - 3 April period. Blue vectors
are displacements observed and red vectors are displacements modeled.
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5.3 InSAR

InSAR data was used to measure ground deformation at Sao Jorge with more spatial
detail. The results were obtained in collaboration with researchers from Institute of Geo-
physics and Tectonics (University of Leeds). Despite covering two weeks, most deformation
observed from InSAR dataset is from the initial 19-20 March activity.

The LOS deformation related with the 19-20 March activity (Figure 5.5), projected into
vertical (plus N-S horizontal) and E-W horizontal components (see Methods), reveal uplift
of up to 55 mm and a longitudinal horizontal deformation stretching through 60 mm in the

northern part of Sao Jorge Island.
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Figure 5.5: Deformation of the vertical (plus N-S horizontal) component retrieved from
InSAR data analysis.

98



5.4 Modeling

The best fit results for the inversion of the 19-20 March deformation using a single opening
rectangular dislocation (see Methods) were obtained for a near vertical 8 km long dyke placed
at 3-10 km depth in the Manadas area with an opening of 0.5 m, indicating an intrusion of
about 2.5 — 5 x 10" m3. The dyke location agrees well with the distribution of the seismic
events. The second attempt using a single opening rectangular dislocation constrained with
the location of seismic events in 19-20 March gives similar opening and volume estimates
(see Figures C2, C3, and C4 in Appendix C).

The combined analysis of GNSS and InSAR data allows using a complex source model
for inversion of the 19-20 March data (Figure 5.6). The model consists of two 8 km length
segments with different orientations and depths, each comprising multiple smaller rectangular
dislocation patches. The distribution of opening inferred from the modeling reveals the
intrusion of magma on both dyke segments, each with a separate locus of maximum opening,
namely a maximum opening of 1.7 m at 4-6 km depth in the eastern segment and a maximum

opening of 1.8 m at 7-9 km depth in the western segment.
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Figure 5.6: Upper - Horizontal profile of the segmented dyke for 19-20 March (red line).
Lower - Best fit modeling results of opening along the two segmented dyke for 19-20 March.
Black dots represent the best-located earthquakes during the first two months of activity.
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5.5 Discussion

The geodetic and seismic data is consistent with a dyke intrusion along the central area of
Sao Jorge, where previous historical sub-aerial eruptions occurred, with the seismicity lying
within the axial fault zone orientation. The existence of two dyke segments with slightly
different orientations is inferred from the seismicity, with an eastern segment fitting the initial
seismic activity on 19 March and a western segment fitting the activity afterward. Far-field
GNSS stations located north on Graciosa Island and south on Pico Island, perpendicular
to the axial dyke orientation, show horizontal displacements away from Sao Jorge Island

consistent with a dyke intrusion.

During the activity, seismicity therefore propagated westward, with the emplacement of
a two-segmented dyke system. Analysis of the temporal distribution of seismic clusters
suggests that it propagated faster in the eastern dyke segment and slower in the western
segment. The eastern segment was the first to start propagating, as revealed by a cluster
of My, 2.4-2.9 earthquakes on 19 March between 18:19 and 18:24, located at the bottom
eastern part of the dyke segment at depths of 4.8-6.6 km. The dyke propagated laterally to
the west about 4 km, as revealed by a cluster of My, 2.2-2.7 earthquakes between 18:55 and
19:00, located at the bottom western part of the segment at depths of 4.3-5.2 km. This can
be taken as an indication of a dyke propagation speed of about 1.8 m/s at the start of the

intrusion in the eastern shallow dyke segment.

After the initial dyke propagation and eventual relaxation of stored tectonic stress at
shallow levels, the next most energetically favorable location for dyke propagation appears
to have been deeper. Seismicity migrated to the west and deeper levels and slowly decayed
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in frequency and magnitude. In addition, the speed of the dyke propagation decreased.
Initiation of the western dyke propagation occurred between 19:04 and 19:52 with an inferred
rate of about 0.5 m/s rate, as revealed by a cluster of My, 2.2-3.3 earthquakes at depths of 5.9-
6.6 km in the area connecting the two dyke segments. The slower rate of dyke propagation
and the strong My, 3.3 earthquake can be explained by the structural discontinuity of the area
where the Picos and Pico do Carvao fault zones meet, which likely increased the resistance
to magma flow. After that, seismicity continued migrating further west to deeper levels at
a rate of 0.2 m/s, as revealed from a cluster of My, 1.7-2.4 earthquakes between 23:17 and
00:37, located at the top central part of the western segment at depths of 7.5-7.7 km.

While the propagation rates calculated for the western dyke segment are consistent with
reported values of 0.2-0.8 m/s for non-erupting dykes, e.g. at the Afar region (Belachew
et al., 2011), the initial rate calculated for the eastern dyke segment is higher. There were
intermittent shallower earthquakes located from the surface to 2 km depth that likely orig-
inated from faulting due to the accumulated strain released from the pressure of the dyke
emplacement below, as indicated for episodic dyking episodes in other regions (Wright et al.,
2012).

The analysis of the geodetic data shows that there were at least two main stages of
deformation. The first period was a rapid episode that lasted less than 24 hours between
19 and 20 March, with a higher deformation rate. During this period, the station AZGR
located on Graciosa Island, moved to the north, while stations BSRP and AZTP, located on
Pico Island, moved to the south (see Figure 5.4A). On the other hand, the station QEMD
located on Sao Jorge moved towards the island’s center. In addition, offsets from InSAR
data analysis for the 19-20 March period are consistent with uplift and opening on the lateral
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areas off-axis, perpendicular to the dyke segments in the central area of Sao Jorge Island.

Seismicity concentrates around the locus of maximum opening in the eastern segment
stopped after 19 March, indicating that magma injection may have halted there. On the
other hand, seismicity continued in the western segment after 19 March, indicating that
injection of magma may have continued there. After 20 March, seismicity decreased in
frequency and magnitude, and opening continued to the west to deeper levels, suggesting a
slower, more gradual injection of magma in that period.

The second period of deformation was an episode with a more gradual and lower defor-
mation rate that occurred in the two weeks following the 19-20 March episode. During this
period of 15 days, a maximum horizontal displacement of 0.9 mm/day was recorded on the
BSRP station (see Figure 5.4B). InSAR data show no significant LOS changes at Sao Jorge
Island during this period. A simple modeling source is used during the inversion of the data
for this period since only GNSS data is available. It is assumed that the opening and injec-
tion of magma only occurred at deeper levels in the western dyke segment after 20 March,
as suggested by the lack of seismic activity in the eastern segment and lack of deformation
at Sao Jorge Island from the InSAR data. A single rectangular dislocation is used with the
dimension and location of the western dyke segment. The modeling results are consistent
with an opening of 0.5 m in the western dyke between 19 March and 3 April.

The lack of seismic activity prior to the start of the activity suggests that magma was
already present in the magmatic system. The most likely location of a magma reservoir
is below the eastern dyke segment. Magma accumulation and crystallization have been
suggested for previous eruptions, with the extrusion of more evolved magma in the initial
stages of the 1580 and 1808 eruptions (Zanon & Viveiros, 2019). The lack of seismicity in
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the area may relate to eventual ductile nature of the possible magma reservoir.

Initially, the most favorable location for magma intrusion was at shallow levels, likely
due to triggered failure conditions between the magma body and the host rock. The end of
activity in the shallow dyke segment may eventually be explained by the depressurization
after the emplacement of the dyke to the west. The abrupt dyke propagation and injection of
magma at shallow levels appears to have triggered the continuation of the dyke propagation
to the west and to deeper levels. The dyke propagation to the west may reflect the least
resistance pathway for magma, as the extension is accommodated across the existing main
fault zones in the area.

The InSAR data allows a detailed coverage of the deformation in Sao Jorge, but the
small size and shape of the island, which is very elongated and narrow, limits the spatial
resolution. Far-field data points perpendicular to the dyke axis are essential for estimating
the model parameters. It was found that using more distant GNSS stations is critical to
measure the ground deformation in small adjacent islands, as subaereal land is limited in

the area affected by the dyke intrusion.
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6 Conclusions

Analysis of continuous GNSS data from the Azores shows the importance of estimating
high precision velocities from long time series for accurately measuring oblique ultra-slow
spreading in the region. The results show that Flores and Graciosa islands have displace-
ments close to predicted North American and Eurasian motions, respectively. In contrast,
Sao Miguel, Terceira, Sao Jorge, Faial, and Pico islands have displacements intermediate
between predicted Eurasian and Nubian motions. The spreading in the Eurasian-Nubian
plate boundary in the Azores occurs in a wide area between the Mid-Atlantic Ridge and
southeast of Sao Miguel Island. The GNSS observations indicate that the inter-plate motion
does not change gradually across the whole boundary. Rather, it appears to be focused in
some areas, including the central area of Sao Miguel Island and between Faial-Pico ridge
and Terceira Island. Modeling, using a freely sliding dislocation below a locking depth in a
uniform elastic half-space, predicts a deep motion in the range of 2.3-2.5 mm yr* directed
N(82.3-88.7)°E in the Central Group islands and on the Sao Miguel Island. This motion
accounts for about half of the predicted Eurasian-Nubian relative plate motion. The results
suggest that spreading in the Central Group islands is dominated by deep processes while
in Sao Miguel Island is dominated by shallow processes. Due to unrest activity, transient
deformation occurs at Fogo volcano, Sao Miguel Island. Local subsidence occurs on Terceira

Island, explained by a continuous deflation source centered on the island.

Spreading at Sao Miguel Island is revealed in more detail from the velocities of episodic
GNSS stations in the island relative to the predicted ITRF2014 plate motion model for the
2004-2016 period. The velocities show that the western and eastern parts of the island are

105



spreading apart at an average rate of 2.2 + 0.5 mm yr'! in the N(80.5)°E direction. As a
result of spreading, strain accumulates in the central part of the island from the Fogo volcano
to the Congro fissure zone, and is eventually released during unrest periods.

Analysis of GNSS and seismic data show that the central part of Sao Miguel Island was
very active during the study period of 2004-2019, with three periods of inflation in 2004-2006,
2011-2013, and 2018-2019, and a deflation period in 2013-2016. The best-fit modeled sources
are located east of the Fogo volcano caldera at depths of 3.2-4.4 km. Best-fit point-pressure
source models indicate volume increases in the range of 8.8 — 10.4 x 10° m? in 2004-2006,
1.1 — 3.8 x 105 m? in 2011-2013 and 3.8 — 5.4 x 10° m? in 2018-2019, and volume decrease
in the range of 3.1 — 4.4 x 10° m3 in 2013-2016. The results suggest that mixed magmatic-
hydrothermal processes may explain the activity in the area during the study period.

The 2004-2006 best-fit source, located in an important fault system 3 km east of Fogo
caldera, and the lack of significant subsidence after the 2004—2006 inflation can be explained
by the permanence of a newly intruded magma body below Fogo volcano.

The overlap of the locations of the 2011-2013, 2013-2016, and 2018-2019 best-fit sources
(95% confidence) in an area comprising the eastern and northeastern rim of Fogo caldera
suggests that the volume changes during these three periods of deformation are related to the
same body at depth. The location of the three best-fit sources, in an area with a low-density
minimum below Fogo caldera (Camacho et al., 1997), suggests that the activity during these
periods may have been in the magma chamber or hydrothermal system of the Fogo volcano.
The inflation-deflation reversal from 2011-2013 to 2013-2016 may relate to differences in the
nature of the 2011-2013 pressure increase compared with the 2004-2006 episode, such as
higher content of gas and differences in the rock medium surrounding the center of inflation,
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such as higher permeability. The 2013-2016 deflation can be explained by a similar process
as described by J. Okada et al. (2015), of lateral diffusion of fluids percolating through
existing fissures re-activated from local spreading and previous volcanic unrest in 2004-2006
and 2011-2013.

Results from GNSS and InSAR show that a shallow dyke intrusion occurred at Sao Jorge
Island started in 19 March 2022, with magma reaching almost the surface in a few hours
with no precursory signals. The geodetic and seismic data is consistent with a dyke intrusion
along the central area of Sdo Jorge, where previous historical sub-aerial eruptions occurred.
Modeling results show a maximum opening in the range of 1.7-1.8 m at 4-9 km depth in the
19-20 March period. Elastic strain accumulated from regional spreading was released by a
sudden, episodic dyking event. The lack of seismic activity prior to the start of the activity
suggests that magma was already present in the Manadas volcanic system at Sao Jorge Island.
Initially, the most favorable location for dyke intrusion was at shallow levels. After that,
dyke propagation continued to the west and to deeper levels. The dyke propagation to the
west may reflect the least resistance pathway for magma, as the extension is accommodated
across the existing main fault zones in the area. The InSAR data allows a detailed coverage
of the deformation in Sao Jorge, but the small size and shape of the island limit the spatial
resolution. The analysis of the geodetic data from Sao Jorge Island in 2022 shows that using
far-field data points from GNSS stations perpendicular to the dyke axis is critical to measure

the ground deformation in small adjacent islands.

107



7 Appendix A

Here are presented auxiliary Tables from chapter Methods.
This includes information about continuous and episodic GNSS

stations, results from FODITS program analysis, GNSS surveys, and

predicted Eurasian-Nubian displacements from plate motion models.
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Table A1l: Location and Initial Date of Continuous GNSS Stations.

Station Longitude (°) Latitude (°)  Height (m)  Initial Date
AZGR -28.023 39.088 91 2008-July
BSRP -28.321 38.525 97 2018-August
BVF1 -25.446 37.717 114 2007-July
FLRS -31.126 39.454 80 2008-April
FRNS -25.000 37.769 275 2008-April
HORT -28.626 38.531 67 2013-March
HTN1 -25.315 37.773 273 2006-February
NOV1 -27.149 38.776 156 2004-February
PCNG -25.396 37.768 644 2009-January
PDEL -25.663 37.748 111 2000-January
PIED -28.032 38.414 72 2009-January
PTRP -28.386 38.420 78 2010-May
QBN1 -25.146 37.835 204 2003-February
QEMD -28.194 38.672 86 2012-November
RIB1  -25.499 37.837 117 2002-May
SRPC -27.205 38.663 169 2003-February
TERC -27.153 38.719 407 2008-September
VFDC -25.436 37.715 103 2009-July
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Table A2: Location and Initial Date of Episodic GNSS Stations.

Station Longitude (°) Latitude (°)  Height (m)  Initial Date

ARE1 -25.426 37.765 654 2004-September
ARE2 -25.319 37.743 529 2004-September
ARR1 -25.704 37.778 288 2004-September
BARR -25.492 37.758 977 2004-September
BPCO -25.507 37.786 332 2004-September
CALH -25.493 37.805 239 2004-September
CAVE -25.496 37.779 612 2004-September
CED1 -25.359 37.757 765 2004-September
CIN1  -25.487 37.839 224 2004-September
CMT1 -25.567 37.814 95 2004-September
COMT -25.471 37.816 298 2004-September
COVA -25.489 37.772 759 2004-September
CPR1 -25.722 37.844 460 2004-September
CRZ1 -25.440 37.751 741 2004-September
EGU1 -25.755 37.827 931 2004-September
ESC1  -25.834 37.870 394 2004-September
FOG3 -25.489 37.769 778 2004-September
FOG4 -25.505 37.766 781 2004-September
FRE1 -25.507 37.820 244 2004-September
FUR4 -25.372 37.793 566 2004-September
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FURbH

GAF1

GAF2

GAR2

GAS2

GIE2

GIN1

GTE1

HMP1

KATA

LAG1

LAG2

LOF1

LOFA

LOM1

LPI1

MAA1

MAF1

MAR1

MCR1

MLF1

MLOB

-25.364

-25.318

-25.315

-25.360

-25.314

-25.606

-25.844

-25.495

-25.794

-25.267

-25.297
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-25.460

-25.171

-25.350

-25.763

-25.414

-25.804

-25.658

-25.741

-25.481

-25.465

37.774

37.790
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37.758
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37.872
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37.826
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37.785

111

630
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422
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272

703
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455

489
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624

278
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669
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29

752
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718

2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
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2004-September
2004-September
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2004-September
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2004-September
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MLV1

MOE2

MOE3

MOE4

MRH1

MRNI1

MST2

MUL2

NOR2

NOR2

PBR1

PCA1

PCR2

PEN1

PF01

PGA1

PIMA

PIV1

PIV2

PIVA

PJFE

POC1

-25.813

-25.438

-25.429

-25.426

-25.736

-25.524

-25.822

-25.704

-25.157

-25.218

-25.513

-25.739

-25.758

-25.644

-25.426

-25.509

-25.402

-25.509

-25.506

-25.562

-25.527

-25.308

37.872

37.785

37.791

37.781

37.870

37.745

37.899

37.813

37.826

37.750

37.764

37.822

37.848

37.807

37.807

37.708

37.796

37.795

37.800

37.802

37.760

37.737

112

482

863

766

795

468

477

73

372

358

469

638

871

903
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411

29

634
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210
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469

2004-September
2005-August

2005-August

2005-August

2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
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POSO
POV1
PPRA
PRO2
PVR1
QBP1
QUEI
REM1
RETO
RST1
S001
S002
S003
SALA
SAN1
SBAR
SCAV
SEB1
SET?2
SET3
SOG1

SOG2

-25.149

-25.574

-25.538

-25.644

-25.749

-25.233

-25.543
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-25.638
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-25.224
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-25.287
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-25.807
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37.778

37.820
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37.746

37.785

37.865
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37.756

37.759

37.778

37.789

37.860

37.801

37.786

37.797

37.843

37.892

37.779

37.782

113

427

242

72

256

323

243

426

719

366

82

427

290

415

835

101

177

821

986

285

363

283

245

2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September
2004-September

2004-September



VELO -25.460 37.784 722 2004-September

VGI1T  -25.655 37.831 90 2004-September
VIG2  -25.764 37.790 379 2004-September
VTI1  -25.523 37.779 357 2004-September
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Table A3: Equipment Changes in continuous GNSS Stations.

Station Date Receiver Type Antenna Type Heigh
(m)

AZGR 2008/07/26 TRIMBLE NETR5 TRM55971.00 0.000
NONE

2012/04/31 TRIMBLE NETR9 TRM55971.00 0.000
NONE

BVF1 2007/07/18 TRIMBLE NETRS TRM29659.00 0.498
NONE

FLRS 2009/01/01 LEICA GRX1200GGPRO LEIAT504GG 0.498
NONE

FRNS 2008/04/16 LEICA GX1230GG LETAX1202GG 0.498
NONE

HORT 2013/01/01 LEICA GX1230GG LEIAR25 NONE 0.000

HTN1 2005/05/23 LEICA RS500 LEIAT504 NONE  0.861

2006/02/15 TRIMBLE NETRS TRM29659.00 0.571
NONE

2007/07/18 LEICA GRX1200 LEIAT504 NONE  0.571

NOV1 2003/02/23 LEICA RS500 LEIAT504 LEIS 0.483

2013/07/29 LEICA SR520 LEIAT504 LEIS 0.483

2014/07/29 LEICA GR25 LEIAT504 LEIS 0.483

PCNG 2005/07/11 LEICA RS500 LEIAT504 NONE  0.485
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2012/08/01 LEICA GRX1200 LEIAT504 NONE  0.485
2013/02/15 LEICA RS500 LEIAT504 NONE  0.485
2014/07/23 LEICA GR25 LEIAT504 NONE  0.485
PDEL 2001/11/06 LEICA CRS1000 LEIAT504 NONE  0.000
2002/12/19 LEICA RS500 LEIAT504 NONE  0.000
2008/04/06 LEICA GRX1200GGPRO LEIAT504GG 0.000
NONE
PTRP 2010/05/19 LEICA GRX1200GGPRO LEIAT504GG 0.000
LEIS
QBN1 2003/02/21 TRIMBLE 5700 TRM29659.00 0.485
TCWD
QEMD 2012 11 01 LEICA GRX1200GGPRO LEIAT504 LEIS 0.000
RCHA 2005/02/01 ASHTECH Z-X ASH701975.01A 0.932
NONE
2005/12/14 TRIMBLE NETRS TRM29659.00 0.932
NONE
RIB1  2002/05/07 LEICA RS500 LEIAT504 LEIS 0.485
2015/06/12 LEICA GR25 LEIAT504 LEIS 0.485
SRPC  2003/02/25 LEICA RS500 LEIAT504 LEIS 0.485
2014/10/29 LEICA GR25 LEIAT504 LEIS 0.485
TERC 2008/09/18 LEICA GRX1200GGPRO LEIAT504GG 0.000
LEIS
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VFDC 2009/07/14 LEICA GRX1200+GNSS LEIAX12034+GNSS 0.000

NONE
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Table A4: Discontinuities of the continuous GNSS time series in East, North, and Up Components.

a

standard deviation.

is unreported equipment change.

b

is possible influence from volcano deformation.

[

is global

Station Date Event N(mm) E(mm) U(mm) SD¢(mm)
AZGR 2009/05/30 Equipment® 2.3 2.6 8.1 0.3
2013/11/17 Equipment® 1.0 -1.0 4.1 0.2
2015/06/25 Equipment® 0.0 -1.5 134 0.2
BVF1 2011/11/20 Deformation -5.7 -0.3 2.6 0.3
PDEL 2006/12/13 Equipment® 6.0 1.5 1.3 0.2
2008/04/06 Equipment 2.3 -0.4 11.5 0.3
2012/10/17 Equipment®  -4.3 -1.2 -3.6 0.2
PCNG 2007/01/10 Deformation -1.7 -1.1 7.4 0.4
2007/09/08 Deformation -6.5 -5.3 -0.3 0.4
2008/11/04 Deformation 6.4 1.7 2.3 0.4
2014/07/23 Equipment® 1.6 -2.8 -6.1 0.4
RCHA 2005/12/14 Equipment®  -21.9  -4.2 1.7 0.7
2006/11/12 Equipment®  -8.4 -6.1 6.0 0.5
2011/10/03 Deformation -5.3 -3.0 4.3 0.3
RIB1 2005/06/05 Deformation 10.7 -9.2 -7.8 0.5
2011/09/28 Deformation 5.1 -3.1 0.9 0.3
2015/07/08 Deformation -4.1 3.0 -3.2 0.2
SRPC 2013/01/24 Equipment®  -0.3 -5.0 -0.6 0.3
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HTN1 2006/02/15 Equipment -5.1 10.2 296.9 0.9

AZGR 2009/05/30 Equipment® 2.3 2.6 8.1 0.3

AZGR 2009/05/30 Equipment® 2.3 2.6 8.1 0.3
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Table A5: Annual Amplitudes and Phases of the continuous GNSS time series in East, North,

and Up Components

Amplitude (mm) Phase (°)

Station N E U N E U

AZGR 1.5 0.7 1.3 157.6  20.8 -158.6
BVF1 13 0.7 1.2 170.1 16.5 -177.7
FLRS 13 19 2.0 157.5 -28.5 -67.9
FRNS 16 0.8 1.8 168.3 -14.9 179.2
PDEL 16 08 2.1 158.2 -18.4 179.6
PIED 18 0.9 0.6 1534 -9.5 -949
PCNG 16 1.0 0.9 138.1 21.8 -150.8
PTRP 18 08 1.9 135.9 474 147.1
®@BN1 16 1.0 1.3 151.2 178 -169.9
RCHA 1.8 0.7 1.0 160.4 48.5 146.9
RIB1 1.2 0.9 1.2 159.0 179 167.2
SRPC 1.7 0.7 1.9 141.8 63.5 166.7
TERC 19 0.9 1.5 137.1 -19.1 -99.5

VFDC 1.7 09 0.5 156.4 384 176.0
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Table A6: Velocity Changes of the continuous GNSS Stations in East, North, and Up Components

Velocity (mm yr!)

Station Date North East Up SD ¢

PDEL 2008-01-05 0.4 1.1 -0.3 0.1

BVF1 2013-08-24 6.9 -09 -35 0.2

FRNS 2012-08-31 06 -28 -2.8 0.2

PCNG 2014-09-08 0.5 -75 -63 0.2

RCHA 2007-12-22 6.6 5.1 -4.3 0.3

RCHA 2013-10-19 6.0 1.8 -1.9 0.2

RIB1  2006-12-22  -4.3 3.1 -29 0.2

RIB1  2014-09-30 -4.6 3.1 -3.0 0.2

SRPC 2008-02-23 0.0 05 -03 0.1

VFDC 2013-08-18 9.2 -1.5 29 0.2

¢ Global Standard Deviation.
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Table A7: Date interval of episodic GNSS campaign surveys in Sao Miguel Island

Campaign Initial Date Final Date
2004 2004-September-06  2004-September-30
2005 2005-July-11 2005-August-06
2006 2006-September-04  2006-September-23
2007 2007-September-03  2007-September-18
2008 2008-September-03  2008-September-21
2009 2009-August-18  2009-September-04
2010 2010-September-02  2010-September-20
2011 2011-August-02  2011-September-12
2012 2012-July-28 2012-August-26
2013 2013-August-19 2013-September-17
2014 2014-August-23  2014-September-20
2015 2015-August-07 2015-August-14
2016 2016-July-30 2016-August-20
2018 2018-July-04 2018-July-19
2019 2019-August-05 2019-August-22
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Table A8: Eurasian-Nubian Plate Motion for Plate Motion Models ITRF2014, GEODVEL2010

and MORVEL2010

Full Plate Velocities (mm yr)

Model East  North Speed Azimuth (°)
ITRF2014  4.8t91 0.5%93 47408 88.019%
GEODVEL 4.8%3% 0.5%93 4.8+01 83.5+97
MORVEL  4.0%93 12197 4.2+04 72747

Plate motion is calculated at the average location of all continuous

GNSS stations located to east of MAR (-26.556°E 38.187°N).
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8 Appendix B

Here are included auxiliary figures from chapter Sao Miguel Vol-

cano Deformation.
This includes histograms showing the posterior density functions

for source parameters of 2004-2006, 2011-2013, 2013-2016, and 2018-
2019 best fit models.
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Figure B1: Histograms showing the posterior density functions for all source parameters of
2004-2006 best fit point-pressure model (blue bars) A - east local coordinate (m), B - north
local coordinate (m), C - depth (m), and D - volume change (m?). Red lines are the optimal
values of the parameters.
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Figure B2: Histograms showing the posterior density functions for all source parameters of
2011-2013 best fit prolate spheroid model (blue bars) A - east local coordinate (m), B - north
local coordinate (m), C - depth (m), D - length of major semi-axis (m), E - dimensionless
aspect ratio between minor and major semi-axes, F - strike angle of major semi-axis with
respect to north (°), G - inclination angle of major semi-axis with respect to horizontal (°),
and H - dimensionless excess pressure (pressure change/shear modulus). Red lines are the
optimal values of the parameters.
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Figure B3: Histograms showing the posterior density functions for all source parameters of
2013-2016 best fit point-pressure model (blue bars) A - east local coordinate (m), B - north
local coordinate (m), C - depth (m), and D - volume change (m?). Red lines are the optimal
values of the parameters.
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Figure B4: Histograms showing the posterior density functions for all source parameters of
2018-2019 best fit prolate spheroid model (blue bars) A - east local coordinate (m), B - north
local coordinate (m), C - depth (m), D - length of major semi-axis (m), E - dimensionless
aspect ratio between minor and major semi-axes, F - strike angle of major semi-axis with
respect to north (°), G - inclination angle of major semi-axis with respect to horizontal (°),
and H - dimensionless excess pressure (pressure change/shear modulus). Red lines are the
optimal values of the parameters.
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9 Appendix C

Here are included auxiliary figures from chapter Sao Jorge Volcano

Deformation.

This includes LOS displacement of Sao Jorge Island and best-fit
results from modeling using a single opening rectangular dislocation

source.
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36 day interferogram till 21 March
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Figure C1: LOS displacement of Sao Jorge from 36 day interferogram (13 February 2022
- 21 March 2022)
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Figure C2: Vertical-Strike profile of best-fit model of Sao Jorge 19-20 March deformation
using a single opening rectangular dislocation source constrained from location of seismic
events.
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Figure C3: Vertical-Side profile of best-fit model of Sao Jorge 19-20 March deformation
using a single opening rectangular dislocation source constrained from location of seismic
events.

132



Wrapped InSAR Data: DATA Wrapped InSAR Data: MODEL Wrapped InSAR Data: RESIDUAL

6000
4000
2000

-2000
-4000
-6000

-8000

Y distance from local origin (m)
Y distance from local origin (m)
Y distance from local origin (m)

-5000 0 5000 10000
X distance from local origin (m) X distance from local origin (m) X distance from local origin (m)

-5000 0 5000 10000

-5000 0 5000 10000

Unwrapped InSAR Data: DATA Unwrapped InSAR Data: MODEL

0.05

nwrapped INSAR Data: RESIDUAL ¢

0.05

0.05
5000

<
-

-5000

5000 5000

o

°
°©

M
h;,
-5000 - -5000

-0.05 -0.05 -0.05

Line-of-sight displacement m
Y distance from local origin (m)

-5000 0 5000 10000
X distance from local origin (m)

-5000 0 5000 10000
X distance from local origin (m)

-5000 0 5000 10000
X distance from local origin (m)

Y distance from local origin (m)
Line-of-sight displacement m
Y distance from local origin (@

°
Line-of-sight displacement

Figure C4: Results of modeling the Sao Jorge 19-20 March deformation using a single
opening rectangular dislocation source constrained from location of seismic events.
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