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Abstract
Since the last few decades, Space-Geodetic
techniques have provided new observations
and understanding of many geodynamics
processes. They offer an accuracy in position
and spatial coverage that was not available
using classical methodologies. Even in
regions like the Azores Triple Junction, where
the tectonic plates of North America, Eurasia
and Nubia meet and that is mostly covered by
the ocean, the use of Global Navigation
Satellite Systems (GNSS) and Interferometry
Synthetic Aperture Radar (InSAR) has
undoubtfully contributed to a better under-
standing of the tectonic and volcanic pro-
cesses. This chapter focuses on the major
contributions obtained with Space-Geodesy in
the Azores through a review of results pub-
lished by different authors that have been

actively working in this region since the late
eighties. In fact, the first efforts to accurately
measure relative crustal deformations between
the different islands of the Azores Archipelago
date back to 1988, when a network of nine
markers (one per island) was observed using
the Global Positioning System (GPS). Since
then, several networks of GNSS points have
been installed and regularly reoccupied in the
islands by different research groups, in
particular in the Central Group (Graciosa,
Terceira, São Jorge, Pico, and Faial) and São
Miguel, where the geodynamic processes of
this triple junction manifest themselves
through recurrent episodes of seismic and
volcanic activity. Additionally, and starting in
1999 (Ponta Delgada), continuously operating
GNSS (cGNSS) stations have been installed in
almost all islands which permits today
permanent monitoring even if the existing
coverage is still not optimal. The initial results
provided by GNSS studies focused on the
understanding of the large-scale processes
taking place in Azores by modelling
inter-island displacements constrained by esti-
mated angular velocities of the three tectonic
plates. More recently, using the denser net-
works installed, several works have been
concentrated on intra-island deformations
due to tectonic but also volcanic activity.
We also discuss recent results published
using InSAR data. This technique has been
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successful applied worldwide for volcanic
studies and Azores is no exception. Several
works have been published providing relevant
information for the understanding of the
tectonic dynamics that are taking place at the
different islands of the Archipelago.

1 Introduction

GNSS is the most commonly used
space-geodetic technique to study geodynamic
processes since the early 1990s but it was not the
first one. Very Long Baseline Interferometry
(VLBI) was the first space-geodetic technique
that could estimate distances between stations
with sub-centimetre accuracy (e.g., Ryan and Ma
1998). Another space-geodetic technique that has
been available since the 1970s is Satellite Laser
Ranging (SLR), based on measuring the travel
time of a light pulse reflected by a satellite
(Degnan 1993).

SLR and VLBI were the first spatial-geodetic
techniques contributing to quantify the kinemat-
ics of the tectonic plates on a global scale.
Dedicated campaigns using mobile VLBI and
SLR systems were made during the 1980’s dec-
ade in some regions of the world with more
significant tectonic activity (e.g., Vermaat et al.
1998). In addition, these techniques are also
fundamental to materialize the International
Terrestrial Reference System (ITRS) since VLBI
is able to provide accurate scale and SLR has an
important role in the determination of the Earth’s
geocenter. However, both techniques lack
portability, have high costs, and they require
complex operational procedures. Consequently,
the global distribution of both techniques, VLBI
(International VLBI Service for Geodesy and
Astrometry—http://ivscc.gsfc.nasa.gov) and SLR
(International Laser Ranging Service—http://ilrs.
gsfc.nasa.gov) suffer from a bias towards the
northern hemisphere (e.g., Bastos et al. 2010).

VLBI and SLR observations were carried out
in Azores in the early 1990’s. However, the short
data-span of the observations did not permit to

obtain robust velocities for these stations and
they never have been published. The situation
might change in the near future with the instal-
lation of two VLBI 2010 stations in Santa Maria
and Flores in the framework of RAEGE project
(RAEGE 2013).

The dissemination of space-geodetic tech-
niques for geodynamic studies occurred in the
early eighties with the advent of the GNSS, in
particular GPS. The scientific community
promptly started to develop and use GPS obser-
vations in geodynamic applications since it was
able to provide similar, or even better accuracies,
as the previously mentioned techniques with a
fraction of the (financial and logistics) costs.

Actually, although other GNSS systems are
being implemented (e.g., GLONASS), GPS is still
the most commonly used space-geodetic tech-
nique for geodynamic studies. The interested
reader has available immense literature of the
principles of the GPS technique (e.g.,
Hoffman-Wellenhof et al. 1997). Specific reviews
on the application of GPS for geodynamics, in
particular requirements, technical issues, and
developments, can also be consulted in Bastos
et al. (2010) and references listed therein.

The other technique discussed in this chapter is
the SAR interferometry. It is currently the only
geodetic system capable of mapping the defor-
mation (associated with earthquakes, volcanoes,
mass movements, or the movement of large ice
masses or glaciers.) of vast areas of the Earth’s
surface with spatial continuity and high accuracy.

The first significant result of the application of
differential SAR interferometry was the surface
deformation map associated with the 1992 Lan-
ders Earthquake presented by Massonnet et al.
(1993). It was shown for the first time that the
displacement of the surface with centimetre
accuracy could be quantified over a wide area
using pairs of SAR images and a reference terrain
model. Since then, this technique has been
applied in many regions to map the deformation
caused by major earthquakes: Landers in 1992
(Zebker et al. 1994; Price and Sandwell 1998);
Izmit in 1999 (Delouis et al. 2000; Sarti et al. 2000);
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Hector Mine in 1999 (Fialko et al. 2001; Zeng
2001) or more recently, Tohoku-Oki in 2011
(Kobayashi et al. 2011; Feng et al. 2012).

The monitoring of volcanic surface deforma-
tions using SAR interferometry also dates back
to the early stages of this technique with studies
focused on active volcanoes like Etna (Masson-
net et al. 1995) and Kilauea, Hawaii (Rosen et al.
1996). The use of SAR interferometry for vol-
canic observing has been also continuously
developed with the introduction of the new
approaches (e.g., Persistent Scatterers—Hooper
et al. 2004).

This chapter presents the current status of the
geodetic results in Azores concerning the deter-
mination of the present-day plate boundary both
at archipelago and island scales (Sect. 2). After-
wards, we discuss in detail the published results
focused on São Miguel where dedicated GNSS
networks to monitor volcanic deformation has
been installed (Sect. 3). Finally, we present the
efforts to use SAR interferometry in Azores to
detect surface displacements due to earthquake
and volcanic activities (Sect. 4).

2 Present-Day Geodynamics
of Azores Using GNSS Data

The use of precise space-geodetic techniques to
study the present-day displacement field associ-
ated with the Azores Triple Junction started in
1988 with the Trans-Atlantic Network for Geo-
dynamics and Oceanography (TANGO) project
(Bastos et al. 1998). The initial network con-
sisted of one station per island (cf. Fig. 1) that
were re-occupied with an approximate triennial
periodicity until 1997.

The TANGO network was densified with new
27 stations in 1999 and 30 stations in 2001,
distributed over the islands of the so-called
Central group (Terceira, Graciosa, São Jorge,
Pico and Faial) in the framework of three pro-
jects: Extended-TANGO (Fernandes 2004),
STAMINA (Navarro et al. 2003, 2009) and
SARAZORES (Catita et al. 2005). This network
continued to be re-observed in the framework of
several follow-up projects, in particular KARMA
(Catalão et al. 2010) and KINEMA (Fernandes
et al. 2011).

Fig. 1 Episodic GPS sites
installed in the framework of
several projects: TANGO
(black circles),
Extended-TANGO (white
triangles), STAMINA and
SARAZORES (black squares)
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Figure 1 does not depict all episodic stations
installed in Azores in the last 15 years. Mendes
et al. (2013) refer a network of 59 episodic sta-
tions installed in the islands of Faial, Pico, and
São Jorge in the framework of the DISPLAZOR
project in 2001 that were re-observed three times
until 2011.

Furthermore, the geodetic group of Instituto
de Investigação em Vulcanologia e Avaliação de
Riscos (IVAR), called CVARG before 2017, also
installed other GNSS episodic networks during
the last decade. Whenever possible, new markers
were installed on rocky stable substratum, such
as lava flows. However, due to the difficulty to
find proper locations, some of the IVAR net-
works made also use of local geodetic public
markers (Trota 2009).

Most of these stations (some were lost over
the years) have now a data-span of more than a
decade with up to 8 occupations. Fernandes et al.
(2004, 2006) analyzed the 9 initial stations
(forming the original TANGO network, cf.
Fig. 1), corresponding to the period 1993–2000
and 1993–2001, respectively. They conclude that
the islands in the Eastern and Central groups
present velocities between pure Eurasian (Gra-
ciosa) and pure Nubian (Santa Maria) behaviour.
The major result of these works was to favor a
model (cf. Fig. 2) where two major spreading

axes, an eastern one running from western edge
of Gloria fault to northwestern of Terceira,
indicated by numbers 1–4, and a western one
from Faial to the Mid-Atlantic Ridge, number 7
in Fig. 2, were defining the active Nubia-Eurasia
plate boundary. Such model was based on an
elastic half-space approach with a locking depth
of 8 km (Fernandes et al. 2006).

Concerning the present-day intra-island
deformations, despite the number of existing
stations, robust conclusions are still difficult to
draw due to the uncertainties of the used data sets
and the small amount of differential displace-
ments expected at each island. This is evident on
the velocity solutions (estimated and predicted)
shown in Fig. 3. It presents the horizontal
motions (w.r.t. ITRF2008) for the episodic sta-
tions with more than 6 years of observations (cf.
all markers shown in Fig. 1) for a transect from
Faial/Pico through São Jorge until Terceira. The
solutions presented in Fig. 3, computed using
GIPSY-OASIS software package, differ from the
solutions presented in Fernandes et al. (2006) by
using upgraded models and procedures (e.g.,
Fernandes et al. 2013) and by including addi-
tional observations for some few points carried
out in 2010.

Several plate angular velocity models are used
here in order to present the variation of predicted

Fig. 2 Horizontal
Displacement field—opening
rates (represented by the
contour lines and background
colors; in mm/yr) with respect
to the location of the fault
segments (red lines) used for
elastic modelling presented at
Fernandes et al. (2006)
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velocities for Nubia and Eurasia based on dif-
ferent models: NUVEL-1A (DeMets et al. 1994),
REVEL (Sella et al. 2002), DEOS2k (Fernandes
et al. 2003), DEOS05 (re-computation with
respect to ITRF2005 of the data used in Fer-
nandes et al. 2006), ITRF2008 (Altamimi et al.
2011), and SEGAL08 (Fernandes et al. 2013). In
this respect, it is possible to conclude that the
uncertainty of these models is nowadays of few
mm/yr for both plates in the Azores region since
the estimates given by the most recent angular
velocity plate models tends to be similar.

The analysis of Figs. 2 and 3 permits to
conclude that Graciosa appears to be situated on
the Eurasia plate while Santa Maria is on the
Nubia plate. All other stations in the Central and
East groups appear to be in the deformation
region with Faial/Pico closer to Nubia and Ter-
ceira closer to Eurasia (cf. Fig. 3).

As observed, the uncertainties of the esti-
mated velocities are still too large to compute
robust deformation models at intra-island level.
Nevertheless, several intra-island studies have
been published in recent years. The research

focused in São Miguel, mainly evaluating local
volcanic processes, are discussed in the next
section. In the Central Group, the majority of the
studies focused on kinematic models and derived
strain partition. Miranda et al. (2012) analysed 17
stations in Terceira to corroborate the initial
results presented by Navarro et al. (2003) that
point for lateral compression due to the Terceira
Rift. However, the authors were cautious since
the rate of strain field obtained after the removal
of the rigid-body motion was of the same mag-
nitude as the 95% confidence ellipses concerning
the horizontal components. More interestingly,
the estimated average rates were close to
10 mm/yr of subsidence for most of the island,
which was attributed to the volcanic processes
that shaped the Serreta Ridge, NW of Terceira. In
this respect, the results presented by Catalão et al.
(2010) based on the network installed in Faial
and Pico indicate that that some stations were
subsiding by 9 mm/yr in those islands. Trota
(2009) and Trota et al. (2010) obtained subsi-
dence rates in the order of 10 mm/yr for the
period 2000–2007 in Terceira Island and for

Fig. 3 Observed (black—campaign; green—permanent)
and predicted (red) motions for Faial, Pico, São Jorge and
Terceira with 95% uncertainty error bars. The predicted

motions by different models for Nubia (left) and Eurasia
(right) are relative to a point in the middle of each island
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western part of São Miguel Island, which were
independently confirmed in São Miguel by
tide-gauge data.

Finally, Mendes et al. (2013) presented results
for São Jorge Island based on the analysis of the
2001, 2004, and 2010 GNSS campaigns, which
recorded data on 17 stations. Surface velocities
estimated at 15 inland locations were interpreted
as deformation related to local sub-surficial
magmatic/volcanic processes occurring near the
island. The authors point out that the intra-island
deformation may also be related to the stress field
and seafloor spreading occurring in an area sit-
uated on the western sector of the Azores
Plateau.

cGNSS stations have several advantages when
compared with episodic networks: they are much
less prone to suffer errors related to installation
procedures (normally, only faulty equipment is
replaced) and they can sense other signals, in
particular seasonal signals, that are not detected
or modelled in episodic time-series. In fact, the
only limitation of cGNSS when compared with
episodic stations is the costs associated with
installation and maintenance. Such constraint
prevented the fast development of cGNSS net-
work in Azores. Nevertheless, the situation has
been continuously improving since the installa-
tion of the first cGNSS in Ponta Delgada in 1999.
At the time of writing this chapter, only Santa
Maria and Corvo still do not have any cGNSS
station providing public data to the community (a
new station in Santa Maria is planned). The
public network of cGNSS stations in Azores is
managed by the Regional Government
(REPRAA 2013). Although the major goal of
this network is to serve technical geo-referencing
activities, the highest requirements applied to the
monuments permit their use also for geodynamic
studies in the region. Currently two stations
(PDEL and FLRS, on São Miguel and Flores
islands, respectively) are part of the global IGS
(International GNSS Service) permanent network
(RAEGE 2013). Additionally, and with the
specific purpose of geo-hazards monitoring, in
particular volcano monitoring, several stations
were installed by CVARG. This network

presently has 10 cGNSS stations distributed at
São Miguel (5), Terceira (2), and Pico (3),
respectively.

Most of the cGNSS stations in Azores are
relatively recent (2010 onwards). Consequently,
their time-series are still too short to derive
robust velocity estimates. Until the present, few
results have been published based on these sta-
tions with the exception of Ponta Delgada station
and of two stations installed in previous TANGO
markers (FAIM and TOMA) that were opera-
tional during the last decade.

Figure 4 shows recent results published by
Miranda et al. (2015) using only cGNSS stations.
Residual velocities are plotted with respect to
stable Nubia (according to SEGAL08, Fernandes
et al. 2013). For comparison, Fig. 4 also shows
the predicted relative motions for points in the
stable Eurasia using SEGAL08 (published in
Miranda et al. 2015), GEODVEL (Argus et al.
2010) and MORVEL (DeMets et al. 2010)
models. The authors conclude, based on mag-
netic and this geodetic data, that most of the
extension takes place today within the Terceira
Rift (cf. Fig. 1) and that São Miguel Island
shows significant intra-island extension.

3 Volcanic Studies in Azores Using
Geodetic Data

During the last decades, several geodetic and
surveying techniques were used to study, moni-
tor and supervise volcanoes around the world.
Volcanologists use several observation tech-
niques from inexpensive simple tape measure-
ments on fracture openings to high precision
extensometer continuous measurements. How-
ever, due to several factors (e.g. harsh landscape,
soil use, access, political reasons, price, logistics,
precision of technique and deformation rate of
the area under study) only some of them can be
applied successfully. In Azores, studies aiming at
ground deformation due to volcanic activity
commonly use the GNSS technique.

The first application of the GNSS technique
devoted to volcanic deformation studies was
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used at Furnas volcano (in the scope of the
European Laboratory Volcanoes, International
Decade for Natural Disaster Reduction) on São
Miguel. During this experiment, other geodetic
techniques were also applied as precise optical
levelling (lake, dry tilt, and profile levelling;
Sigmundsson et al. 1995; Jónsson et al. 1999).
Based on a network of 16 sites, distributed
mainly at Furnas volcano and some at Fogo
volcano, and three additional surveys carried out
in 1993, 1994, and 1997, Jónsson et al. (1999)
were able to measure slowly progressing ground
deformation of Furnas volcano. Despite the small
time interval for the data set and the low defor-
mation rate the authors hypothesized that a
source of inflation was located northwest of
Furnas caldera or, alternatively, that a combina-
tion of two processes is responsible for the
observed deformation pattern; i.e. plate diver-
gence between the Eurasian and African plates
together with a deflation of the Furnas caldera.
Most of the markers used in this study were later
on used in other GNSS surveys (e.g., Trota et al.
2006).

From 1999 on, the network installed in the
framework of the Furnas Project were augmented
to cover all São Miguel Island, and densified in

some zones, e.g., in the Fogo Congro area in
central São Miguel Island (Trota 2003). Most
markers were installed as episodic stations
although some are capable (in terms of ancillary
systems and security) to be converted into
cGNSS stations.

Based on a GNSS data set obtained from 1999
to 2007 an important and complex deformation
period was determined in the Fogo Congro area
(Trota 2009). The observed deformation (cf.
Fig. 5) is now being interpreted as consequence
of a basaltic magma intrusion episode, updating
the results presented by Trota (2009), who con-
sidered them a possible consequence of trachytic
magma injection or siliceous magma body
intrusion. This new conclusion is based on an
updated inversion of the GNSS data for
spherical-like and prolate spheroid pressure
sources along with reinterpretation of geological,
seismic and geochemical results (Trota et al.
2015). The volcanic unrest that took place
between 2000 and 2007 in the northeast flank of
Fogo stratovolcano was characterized by three
different main deformation phases of inflation
and deflation process. The maximum surface
ground deformation, which was recorded in
September 2005, was concomitant with the

Fig. 4 Velocities relative to
stable Nubia. cGNSS stations
(red vectors) and predicted
velocities for stable Eurasia
points as given by MORVEL
(violet), GEODVEL (yellow),
and SEGAL08 (green)
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maximum seismic energy released. The new
inversion of GNSS data is showing a
north-eastward moving source from Fogo lake to
São Brás lagune. The pressure source migrated
from an initial depth around 3.9 to 2.3 km and
then inward moving to 6.1 km, provides indica-
tion of a moving pressure source along a prob-
able fault zone trending SW–NE. This trend
coincides with local old volcanic vent alignments
(craters and cones). The pressure source model
volume change was estimated as 0.018 km3. This
volume, estimated for the Phase III of the event
(Trota 2009) is one order of magnitude lower
than the products emitted by the AD 1563
eruption in Fogo volcano, explaining why the
basaltic mass flow intrusion did not turn into an
eruption (Trota et al. 2015).

The data obtained in campaign style markers
networks installed in one of the most active
volcanic systems in Azores along with the
cGNSS stations are allowing for a comprehen-
sive investigation of the active volcanoes in
Azores and are contributing to a better under-
standing of the interplay between tectonics and
volcanic activity. The large region to monitor,

the type of intrusions and eruption styles, and the
observed low deformation rates creates addi-
tional challenges to the geodetic observations in
Azores but will contribute to a better under-
standing of volcanic processes in this region and
finally worldwide.

4 InSAR in Azores

Differential SAR interferometry (DInSAR) was
used in 1998 Faial (Azores) earthquake to vali-
date the GPS estimated co-seismic fault rupture
model parameters (Fernandes et al. 2002; Catita
et al. 2005) and used to discriminate between the
sinistral NNW–SSE and the dextral ENE–WSW
fault rupture, along with other complementary
data (Marques et al. 2013). The displacement
associated with a seismic event provides the
limits of the co-seismic fault rupture model and
can reveal the relations in the adjacent fault
system imposing constraints on its model
parameters. Examples are the 1992 Landers and
1999 Hector Mine earthquakes in the south of
California and 1999 Izmit, Turkey in which
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Fig. 5 Representation of the horizontal velocity field
(red arrows) for the period 1999–2007 for the Fogo/São
Brás/Congro area, São Miguel Island, interpreted as
probable basaltic magma intrusion (Trota et al. 2015).
The map also shows all the seismic events for the

analyzed period, along with plot of location of the
modelled deformation centre. The map shows a strong
concentration of events plots enclosing the deformation
centre (extracted from Trota 2009)
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DInSAR has revealed the interaction between the
fault rupture and adjacent fault systems.

In the case of the 1998 Faial (Azores) earth-
quake (Senos et al. 1998), the epicentre was
offshore, preventing the imaging of the fault
rupture with INSAR or GPS measurements.
However, the seismic waves were strongly felt in
the northeast Faial causing 8 casualties. Catita
et al. (2005) applied the differential InSAR
technique to ERS data, acquired between 1992
and 2000, to analyse surface deformation pro-
duced by the 9 July 1998 earthquake. Twelve
co-seismic interferograms were produced from a
small set of 17 ERS images in descending mode,
evenly distributed in time (only four SAR images
after the earthquake). Even under such limited
conditions (temporal and geometric decorrela-
tion) the authors managed to achieve fringe pat-
terns with approximately 3 cm of range change
between 1992 and 1998. Although correlation
decreases in most areas, the fringe pattern is
legible on the NW part of Pico Island.

The fringe pattern detected on the NW of Pico
is closely related to the synthetic model com-
puted from the fault parameters of Fernandes
et al. (2002), and the authors concluded that the
observed interferometric fringes generally agree
with the synthetic models and, therefore, are
coherent with the available seismological and
GPS data. However, it was not possible to decide
which fault was responsible for the earthquake
mainly due to unfavourable geometric relation
between the line of sight and the displacement
directions (perpendicular). Besides, Faial is
covered with dense vegetation and forest which
cause decorrelation with ERS SAR wavelength
(5.2 cm).

The study by Catita et al. (2005) was the first
attempt to apply differential InSAR to the eval-
uation of ground displacement in the Azores
archipelago. Results obtained are limited if
compared with similar studies developed for
most of the well-known volcanic systems. For
active volcanoes, InSAR has revealed unex-
pected phenomena such as the magma movement
in Isabela and Fernandina Islands in Galápagos
(Amelung et al. 2000; Hooper et al. 2007) or
the deflation movements in the Etna, Italy

(Massonnet et al. 1995). Early detection based on
the InSAR technique of the deformation caused
by volcanoes can provide a warning indicator of
imminent eruptions reducing the loss of lives and
mitigating impacts on properties/assets.

The applications of differential interferometry
are limited due to geometrical and temporal
decorrelation. The first is due to the different
acquisition geometries in repeated track inter-
ferometry and the second due to variation in the
backscattering in the time interval between
acquisitions. In the case of Azores, where most
of the islands are highly vegetated and with very
variable weather conditions, InSAR is limited by
several sources of decorrelation (water vapour
variability or changes of backscatter characteris-
tics with time, etc.). To overcome these limita-
tions, Ferretti et al. (2001) propose a new
technique, the Permanent Scatterers technique,
PS, (registered trademark). The technique allows
the analysis of time series of interferograms of a
set of points (pixels) with phase stability in time.
The technique was applied in the Azores by
Catalão et al. (2010) and Cong et al. (2010) to
measure the internal deformation of Faial and
Pico Islands and São Miguel Islands, respec-
tively. In the case of São Miguel, the authors
have complemented the set of PS with two corner
reflectors (CR) installed on Lagoa do Fogo, the
summit lake of Fogo volcano. The CRs ensure
stability of the signal over a long period of time.
A set of SAR stripmap images from TerraSAR-X
satellite was used in this study. The authors
pointed out the difficulties in the use of CR in
Azores, mostly due to extreme weather condi-
tions causing damage or orientation change on
the CR.

The episodic stations installed in the frame-
work of several projects in Faial and Pico (cf.
Fig. 1), in particular the markers installed by the
SARAZORES project (Catita et al. 2005), were
used to study the vertical deformation on these
islands. Most of the geodetic marks were sur-
veyed 4 times since 2001 until 2013 (Marques
et al. 2014). The results point to a time consistent
and spatial coherent deformation rate between
most of the points. Nonetheless, the GPS net-
work is only the expression of a spatial sampling
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of the surface deformation and better spatial
coverage is required. For that, a set of ASAR
(Advanced SAR, on board of the ENVISAT
satellite) images (ascending and descending
passes), acquired between 2006 and 2009,
were interferometrically processed and the
line-of-sight deformation was derived using the
Persistent Scatterers approach (Hooper et al.
2004). Because of different geometry acquisi-
tions, ascending and descending passes produce
different sets of Persistent Scatterers, with com-
plementary spatial coverage, and different
line-of-sight velocities. Besides, the estimated
velocities are relative to the master image (dif-
ferent from ascending and descending) and must
be referred to an absolute velocity (in the sense
of referred to a geodetic reference frame). The
strategy proposed by the authors to overcome
aforementioned problems was based on the
combination of sparse GPS 3D-velocities with
two sets of Persistent Scatterers determined from
ascending and descending passes.

The result of the integration of both ascending
and descending persistent scatterers with GPS
velocity data, is shown in Fig. 6 (Catalão et al.
2011). A large subsiding area on the west of Pico
in the Madalena area can be identified, corre-
sponding mostly to creep movement and the
subsidence of the summit crater of Pico Island.
On the west of Faial, on the flank of Capelinhos
eruption, a large continuous area of subsidence is

observed. The integrated geodetic approach, by
merging GPS and PS-InSAR velocities, allowed
the authors to draw several conclusions: (a) Faial,
as a whole, behaves like a rigid body whose
absolute motion is similar to Nubia motion
(Marques et al. 2013); (b) intra-island deforma-
tion, given by the estimated strain rates, reveals
north-south areal contraction at the western part
of the island (Catita 2005); (c) the north-western
flank of western Faial is subsiding, with a max-
imum subsidence rate of 89 mm/yr (Catalão et al.
2010); (d) The subsidence of the north west Faial
or related with Capelinhos eruption, due to
magma cooling and migration at depth and may
be precursor of large-scale mass wasting events
(Catalão et al. 2006).

Large scale mass wasting has been reported by
Hildenbrand et al. (2012) for Pico Island. Due to its
steep topography, Pico is particularly sensitive to
flank instability. The southern flank of the ridge
close to Lajes village shows several curved struc-
tures concave toward the ocean, previously inter-
preted as reflecting early caldera development,
faulting or ancient lateral collapse(s). Hildenbrand
et al. (2012) show from high-resolution digital
elevation model (DEM), fieldwork, GPS and
InSAR data that part of the flank in the analysed
period (2001–2006) displacing toward the ocean,
accommodated by the motion of large blocks that
may eventually detach and have catastrophic
consequences.

Fig. 6 Vertical velocity map resulting from the integration of ascending and descending PS and GPS data. The
velocity is shown in mm/yr (Catalão et al. 2010)
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SAR interferometry has shown great potential
in measuring surface deformation with ability to
map natural (tectonic, volcanic) and anthro-
pogenic processes with particular focus on
uplift/subsidence, due to its acquisition geome-
try. As already mentioned, this technique is
strongly limited in the Azores by the density of
vegetation with severe effects on the coherence
of interferograms and the consequent reduction
of the precision of the measurement phase.
Nevertheless, the evolution of SAR sensors with
higher spatial resolution, continuous SAR imag-
ing of the earth surface by the new ESA
Sentinel-1, JAXA ALOS2 and NASA DESDynI
missions, as well as the ongoing evolution of
algorithms for image processing are foreseen to
improve the reliability and accuracy of the
InSAR results even in such in such highly veg-
etated place as the Azores.
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