
Tectonophysics 594 (2013) 38–59

Contents lists available at SciVerse ScienceDirect

Tectonophysics

j ourna l homepage: www.e lsev ie r .com/ locate / tecto
SqueeSAR™ and GPS ground deformation monitoring of Santorini Volcano
(1992–2012): Tectonic implications

E. Lagios a,⁎, V. Sakkas a, F. Novali b, F. Bellotti b, A. Ferretti b, K. Vlachou a, V. Dietrich c

a Remote Sensing Laboratory, Geophysics–Geothermics Dept., University of Athens, Panepistimiopolis-Ilissia, Athens 157 84, Greece
b Tele-Rilevamento Europa T.R.E. s.r.l., Ripa di Porta Ticinese 79, Milano 21149, Italy
c Institute for Geochemistry and Petrology, Swiss Federal Institute of Technology, CH-8092 Zurich, Switzerland
⁎ Corresponding author. Tel.: +30 2107274424; fax:
E-mail address: lagios@geol.uoa.gr (E. Lagios).

0040-1951/$ – see front matter © 2013 Published by El
http://dx.doi.org/10.1016/j.tecto.2013.03.012
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 7 October 2012
Received in revised form 5 March 2013
Accepted 8 March 2013
Available online 18 March 2013

Keywords:
Santorini Volcano
Radar interferometry
PSInSAR
SqueeSAR
GPS measurements
Ground deformation
The Santorini Volcanic Complex (SVC) has been in a dormant state for the last 60 years until January 2011
when upward influx of magma reawakened the volcano with intense radial ground deformation and
inter-caldera seismicity that lasted until January 2012 but declined afterwards. This paper aims to study
the ground deformation and the inferred tectonic implications of the SVC for the period 1992–2012 mainly
based on the SqueeSAR™ technique and DGPS campaign results of our local network which incorporates
available data on Internet from several continuous GPS stations established on the island. The spatial defor-
mation of the SVC during the quiet period 1992–2010 was deduced by joint analysis of ERS1 and 2 and
ENVISAT. It was found that the intra caldera Palaea Kammeni shield volcano was being uplifted (2–3 mm/yr)
with increasing rate, whilst the adjacent Nea Kammeni shield volcano was being subsided (up to 6 mm/yr)
with increasing rate. The rest of the SVC showed a velocityfield varying from−1 to+2 mm/yr, indicating a rath-
er linear deformation during that period. The results from the GPS network are in full agreement with the
SqueeSAR results. Based on the results of SqueeSAR analysis of 12 ENVISAT images, and DGPS/CGPS data to
end 2012, the deformation for the unrest period 2011–2012 was non-linear being characterized by strong radial
deformation in the northern part of the caldera (50–120 mm/yr), and accelerating values (>130 mm/yr2).
Combined GPS/SqueeSAR Mogi modeling indicated a source located north of Nea Kammeni at a shallow depth.
However, a progressively decreasing rate in deformation was noted at most GPS/CGPS station components
after January 2012, indicating magma settlement consistent with the constantly decreasing rate of the
inter-caldera seismicity. The faulting features seem to have a key role in the evolution of the deformation,
which continues up the end 2012, but at a very low level.

© 2013 Published by Elsevier B.V.
1. Introduction

The Santorini (Thera) Volcano is one of the most active in the
Eastern Mediterranean area. A major Plinian eruption in the middle of
the 17th century BC, causing a massive regional tsunami (Sigurdsson
et al., 2006) and resultant destruction of theMinoan civilization, formed
essentially the present caldera of the Santorini Volcanic Complex (SVC;
Bond and Sparks, 1976; Dietrich, 2004; Druitt and Francaviglia, 1992;
Druitt et al., 1989, 1999; Fytikas et al., 1984) which consists of Thera,
Therassia, Aspronissi and the Kammenis (Palaea and Nea) Islets
(Fig. 1). After that catastrophic episode, the volcano has been relatively
quiet. The last significant eruption with lava outpour occurred in 1950
(Georgalas, 1953; Georgalas and Papastamatiou, 1953; Heiken and
McCoy, 1984; Pyle and Elliott, 2006). Since early 1980, no significant
ground deformation (which was of very small amplitude and only of
a local character) has been observed or inferred on the basis of
+30 2107274787.
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microgravimetric and EDM studies (Farmer et al., 2007; Lagios, 1995;
Lagios et al., 1988, 1989; Stiros and Chassapis, 2003; Stiros et al., 2010).

No major seismic activity has also been observed in SVC since the
early 1980's. Most of the micro-earthquake activity (Magnitudes
(M) b 3) was rarely taking place inside the caldera, but to a large
extent it was associated with the Columbo submarine shallow volca-
nic vent (Fig. 2a), about 10 km NE of Thera Island, and it was mostly
of volcanic origin (e.g. Delibasis et al., 1995). However, in January
2011, a sudden unrest started taking place within the caldera and
lasted up to February 2012 with the occurrence of a shallow seismic
activity of earthquake magnitudes ranging between 1.0 b M b 3.2
(Chouliaras et al., 2012; Newman et al., 2012; Papadimitriou et al.,
2012; Papazachos et al., 2012) and which was particularly felt by
the local population of the island. At the same time, significant defor-
mation rates exceeding 100 mm/yr in the northern part of the caldera
were noticed and associated with magma influx which has been
simulated as a Mogi source about 2 km north of Nea Kammeni and
at a depth of less than 5 km (Newman et al., 2012).

After February 2012, therewas a considerable decline in the seismic-
ity rate inside the caldera, reaching almost negligible levels (Fig. 2b),
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Fig. 1. The SVC showing some geological and major tectonic features (after Druitt et al., 1999). Faulting zones are discussed in the text. Bathymetry is after Nomikou et al. (2012a);
UTM coordinates (Zone 34) in meters (Northing: Zone 34 — 3,500,000 m).
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while a decrease in the amplitude deformation rates was observed at
almost all GPS station components. Until the end of 2012, negligible
seismicity inside the caldera was observed, while decreased ground
deformation velocities were noted at the Differential GPS (DGPS) and
Continuous GPS (CGPS) stations, including also a change in the velocity
direction at some CGPS station components.

The purpose of the present paper is to (i) present a detailed spatial
and temporal ground deformation of the SVC for the period 1992 to end
2012, outlining the importance of the rate (increasing or decreasing) of
the velocity ground motion, (ii) demonstrate the role of the main
geotectonic features on the resultant kinematics, involving also those
inferred by geophysical interpretation, (iii) model the intense ground
deformation during 2011–2012, and (iv) discuss the recent state of
the Santorini Volcano.

The study of the ground deformation was based on (i) the detailed
analysis of ERS and ENVISAT radar imaging, applying the SqueeSAR™
technique (an advanced methodology of the Permanent Scatterers
(PS) SAR Interferometry — PSInSAR), (ii) the campaign results of
DGPS analysis from remeasurements of our network (that was
established in 1994) up to December 2012, and (iii) the available
data from CGPS stations established in the SVC since 2006, which
were later (2011) densed by various Institutions. The detailed outline
of the ground deformation (1992–2012) is presented in two periods
that is 1992 to 2010, during which the inter-caldera seismicity was
insignificant – hereafter called quiet period – and 2011 to 2012,
when the outbreak of the inter-caldera seismicity and the intense
deformation took place — hereafter called unrest period.

2. Brief geotectonic setting

The SVC (Fig. 1), among other Quaternary volcanoes of the Aegean
region (e.g. Fytikas et al., 1984), defines the Southern Aegean active
volcanic arc in a continental environment of extensional tectonics
(e.g. Floyd et al., 2010; Ganas and Parsons, 2009; Jackson, 1994). The ex-
tension was initiated in the area during Upper Miocene, changing sub-
sequently direction from WNW–ESE to NE–SW, while currently is N–S
to NW–SE (Mercier et al., 1989; Perissoratis, 1995). Detailed accounts
of the caldera development during the Minoan eruption have been
given by Heiken and McCoy (1984, 1990) and Druitt et al. (1999). The
composite structure of the Santorini Caldera resulted from at least
four collapsing events (Druitt and Francaviglia, 1992; Druitt et al.,
1999, 2012). Recent volcanological and geochemical studies suggest
the presence of different geochemically and mineralogically magmatic
chambers beneath its caldera and the Columbo submarine volcano



Fig. 2. (a) Earthquake epicenter distribution in the broader area of the SVC. Blue and red circles represent epicenters for the period 1990–2010 (after Papadimitriou et al., 2012), and
2011–2012 (National Observatory of Athens (NOA), Geodynamic Institute), respectively; (b) Histogram of monthly seismic events (M > 0.5) inside the Santorini Caldera for the
period 2011–2012.
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which is located a few kilometers offshore NE of Thera (Dimitriadis
et al., 2009; Nomikou et al., 2012b; Sigurdsson et al., 2006). The latter
could be an effect of depth of the different source regions of magma
reservoirs, the Columbo chain being build up by magmas possibly
derived directly from the mantle, whereas the Santorini Caldera
forming magmas originated from intermediate crustal magma
chambers and being contaminated significantly by partial crustal
melting (Francalanci et al., 2005).
A low seismic velocity, tectono-volcanic fracture zone trending
NE–SW of about 500 mwidth, called the Kammenis Line/Zone, is iden-
tified within the caldera (Fig. 1), along which most of the micro-
earthquake activity has recently taking place (Fig. 2a). Another
zone, almost parallel to the Kammenis one, is the Columbo Faulting
Zone further to the north, which probably links the Kammenis volca-
nic center and the submarine volcano at Columbo (e.g. Nomikou et al.,
2012b). Seismicity monitoring studies before 2010 (Bohnhoff et al.,

image of Fig.�2
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2004, 2006; Delibasis et al., 1995; Dimitriadis et al., 2009; Kolaitis,
2011) demonstrate that the activity was virtually limited within the
Columbo area, but almost largely absent in the caldera. However,
the recently outburst of micro-earthquake activity (Jan. 2011 to Feb.
2012), with magnitudes up to M = 3.2, was basically confined within
the Kammenis Zone (Fig. 2a).

2.1. The gravity anomaly map

An important tectonic feature that plays a significant role in the
general geodynamics and kinematics of the SVC is the Alpine base-
ment and its subsurface extent, together with possible faults associat-
ed with it. The basement outcrops at the south-eastern part of Thera
and to the Monolithos area where a small part of it emerges to the
ground surface (Fig. 1). However, its accurate spatial extent is not
well known since most of the southern part of Thera is covered by
lavas (Druitt et al., 1999). A useful tool that may help clarifying the
above issue is the gravity anomaly map (Fig. 3) compiled recently
for the SVC (Chailas et al., 2012).

Considering this map, it may qualitatively be seen that the Alpine
basement, outcropping at the southern part of Thera and extending to
the Monolithos area to the north, is associated with the gravity high
where the anomaly values are higher than about 130 mGal. Another
interesting feature is the gravity low (110 mGal) identified around
the Akrotiri area as due to the low density overburden (e.g. tuffs)
Fig. 3. Santorini gravity anomaly map referred to IGSN'71, GRF'67 and Bouguer density 2670
in meters (Northing: Zone 34 — 3,500,000 m).
and the partially met Akrotiri lavas. Additionally, two possible base-
ment faults (F1 and F2, Fig. 3) running almost N–S have been
interpreted at the southern part of Thera, marking a depression in the
broader Akrotiri area, The Akrotiri Depression. The latter is in agree-
ment with earlier Magnetotelluric analysis based on the induction
vectors by Sotiropoulos et al. (1996) and updated by Papageorgiou
et al. (2010). Another area of depression designated by a gravity low
(b110 mGal) is the marine area extending between Thera and
Therassia and to the north (Fig. 3) marking the Riva (Caldera) Depres-
sion (Fig. 1; Sakellariou et al., 2012). All the aforementioned tectonic
features seem to play an important role, and help to explain the
observed ground deformation and the kinematics of the area, as will
be demonstrated further down.

3. Ground deformation: the quiet period (1992–2010)

3.1. The SqueeSAR™ technique

Conventional Synthetic Aperture Radar (SAR) Interferometry
(InSAR) and Differential GPS (DGPS), together with tiltmeters, are
widely used techniques to measure the ground deformation in volca-
noes. However, techniques like tiltmeters and DGPS provide only
point coverage, since they are detecting changes at single points
(stations) on the ground surface. Spaceborne radar interferometry
(Hanssen, 2001; Massonnet and Feigl, 1998) has already shown its
kg/m3 (after Chailas et al., 2012); contour interval 2 mGal. Coordinates UTM (Zone 34)
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ability in mapping ground deformation on a large spatial scale with
short term data sampling rates, associated with either volcanoes
(e.g. Amelung et al., 2000; Briole et al., 1997; Lagios et al., 2005a,b),
co-seismic activity (e.g. Feng and Jónsson, 2012; Wen et al., 2012),
or landslides (e.g. Cascini et al., 2010) etc. Conventional InSAR uses
the phase difference between two SAR acquisitions to obtain the
interferograms (Hanssen, 2001), but this processing technique has
disadvantage issues relating to atmospheric noise that cannot be effi-
ciently eliminated resulting to not entirely reliable interferograms
that represent the ground deformation. This deficiency has been
overcome by a specific analysis considering phase changes in a series
of SAR images acquired at different times over the same region,
producing a series of interferograms with respect to a “master”
Table 1
SAR images used for SqueeSAR analysis (1992–2010).

Descending orbit, track: 150

id Date Satellite Bn Bt (days)

1 16/06/1992 ERS-1 0.12 −2649
2 25/08/1992 ERS-1 0.22 −2579
3 29/09/1992 ERS-1 0.33 −2544
4 03/11/1992 ERS-1 0.77 −2509
5 08/12/1992 ERS-1 0.21 −2474
6 23/03/1993 ERS-1 0.27 −2369
7 27/04/1993 ERS-1 0.74 −2334
8 06/07/1993 ERS-1 −0.56 −2264
9 20/04/1995 ERS-1 0.06 −1611
10 26/05/1995 ERS-2 −0.05 −1575
11 29/06/1995 ERS-1 −0.68 −1541
12 30/06/1995 ERS-2 −0.69 −1540
13 07/09/1995 ERS-1 −0.75 −1471
14 08/09/1995 ERS-2 −0.8 −1470
15 12/10/1995 ERS-1 0.66 −1436
16 14/06/1996 ERS-2 −0.27 −1190
17 23/08/1996 ERS-2 −0.48 −1120
18 27/09/1996 ERS-2 −0.03 −1085
19 01/11/1996 ERS-2 0.99 −1050
20 15/05/1998 ERS-2 0.54 −490
21 24/07/1998 ERS-2 −0.14 −420
22 02/10/1998 ERS-2 0.67 −350
23 11/12/1998 ERS-2 −0.71 −280
24 23/06/1999 ERS-2 −0.32 −175
25 30/04/1999 ERS-2 −0.15 −140
(M) 26 17/09/1999 ERS-2 0 0
27 22/10/1999 ERS-2 −0.04 35
28 26/11/1999 ERS-2 0.07 70
29 31/12/1999 ERS-2 0.54 105
30 10/03/2000 ERS-2 0.01 175
31 14/04/2000 ERS-2 0.18 210
32 19/05/2000 ERS-2 0.29 245
33 28/07/2000 ERS-2 −0.2 315
34 10/11/2000 ERS-2 0.31 420
35 15/12/2000 ERS-2 0.54 455
36 09/05/2003 ENVS2-V 0.6 1330
37 02/07/2004 ENVS2-V −0.44 1750
38 06/08/2004 ENVS2-V 0.06 1785
39 10/09/2004 ENVS2-V 0.65 1820
40 15/10/2004 ENVS2-V 0.43 1855
41 24/12/2004 ENVS2-V 0.03 1925
42 28/01/2005 ENVS2-V 0.01 1960
43 08/04/2005 ENVS2-V −0.07 2030
44 13/05/2005 ENVS2-V 0.44 2065
45 22/07/2005 ENVS2-V 0.51 2135
46 26/08/2005 ENVS2-V 0.47 2170
47 04/11/2005 ENVS2-V 0.52 2240
48 17/02/2006 ENVS2-V −0.13 1345
49 24/03/2006 ENVS2-V 0.25 2380
50 24/11/2006 ENVS2-V −0.13 2625
51 29/12/2006 ENVS2-V 0.35 2660
52 26/02/2010 ENVS2-V −0.2 3815

M: master image.
Bn: critical normal baseline fraction (M) master image.
Bt: days elapsed from master image acquisition.
image, where small parts of the study area (pixels) exhibiting coher-
ent phase behavior may be identified, the so-called permanent scat-
terers (PS), introducing thus the PSInSAR™ technique (Ferretti et al.,
1999, 2000, 2001).

Therefore, the above analytical procedure involving multi-
temporal radar acquisitions results in the calculation of time series of
PS displacements, which show the actual motion of each PS along the
satellite direction (line-of-sight (LOS)), now referred to as Persistent
Scatterer Interferometry (PSI) (Kampes, 2006). Generally, PSI was
widely adopted by the scientific community with applications on vari-
ous fields such as volcanoes and active tectonics (e.g. Burgmann et al.,
2006; Funning et al., 2007; Hooper et al., 2007; Lagios et al., 2011,
2012; Massironi et al., 2009; Peltier et al., 2010; Schmidt and
Ascending orbit, track: 329

id Date Satellite Bn Bt (days)

1 09/05/1993 ERS-1 −0.24 −1949
2 13/06/1993 ERS-1 −0.42 −1914
3 28/03/1995 ERS-1 −0.08 −1261
4 07/03/1995 ERS-2 −0.18 −1190
5 12/07/1995 ERS-2 0.05 −1155
6 15/08/1995 ERS-1 0.03 −1121
(M) 7 09/09/1998 ERS-2 0 0
8 18/11/1998 ERS-2 0.53 70
9 23/12/1998 ERS-2 −0.24 105
10 27/01/1999 ERS-2 −0.09 140
11 16/06/1999 ERS-2 0.7 280
12 03/11/1999 ERS-2 0.03 420
13 31/05/2000 ERS-2 −0.85 630
14 20/02/2002 ERS-2 −0.26 1260
15 12/03/2003 ENVS2-V −0.27 1645
16 30/07/2003 ENVS2-V −0.16 1785
17 03/09/2003 ENVS2-V −0.24 1820
18 17/12/2003 ENVS2-V 0.46 1925
19 25/02/2004 ENVS2-V 0.52 1995
20 31/03/2004 ENVS2-V −0.15 2030
21 14/07/2004 ENVS2-V −0.06 2135
22 27/10/2004 ENVS2-V −0.6 2240
23 05/01/2005 ENVS2-V 0.61 2310
24 25/05/2005 ENVS2-V 0.06 2450
25 08/08/2007 ENVS2-V 0.19 3255
26 18/06/2008 ENVS2-V −0.03 3570
27 23/06/2010 ENVS2-V 0.19 4305
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Burgmann, 2003; Werner et al., 2003; Zebker et al., 2007). However,
PSInSAR™ was recently advanced and replaced by the SqueeSAR™
algorithm (Ferretti et al., 2011).

The SqueeSAR™ is a second generation of the PSI technique,
searching targets from a radar imaging data-set that involve in its
analysis not only identified consistent permanent scatterers (PS),
but also homogeneous spatially distributed scatterers (DS). PS usually
correspond to man-made objects (e.g. buildings, linear structures,
and open outcrops), while DS are typically identified by homoge-
neous ground surface, uncultivated, desert or debris covered areas,
and scattered outcrops. All identified PS and DS are then jointly
processed (taking into account their different statistical behavior) ap-
plying the PSInSAR algorithm. Because of the higher density of identified
measurement points (scatterers), and their wider spatial coverage,
millimeter accuracy on ground displacement values is achieved, togeth-
er with reduced standard deviation values, compared to the previous
PSInSAR™ algorithm(Ferretti et al., 2001). Therefore, an increased num-
ber of identified points on the ground results at an increased confidence
of the groundmotion, by identifying and “squeezing” all possible ground
target information relating to acceptable coherent levels for estimated
optimum phase values for the PSI analysis (Ferretti et al., 2011).

3.1.1. Application of SqueeSAR™ technique
Joint processing of 27 Ascending and 52 Descending orbital geom-

etry SAR and ASAR scenes acquired by ERS-1 and 2 and ENVISAT sat-
ellites, respectively, was finally carried out, covering the period June
1992 to June 2010 (Table 1). More than 15,000 and 7000 PS/DS in
descending (LOS angle 25.26°) and ascending (LOS angle 22.36°)
geometry, respectively, were identified within an areal extent of
about 80 km2. Fig. 4 shows the SqueeSAR product of the LOS velocity
deformation field (in mm/yr) for the quiet period.

The reference point that was chosen for the interferometric analy-
sis is also shown in Fig. 4, and is located at the pre-volcanic island area
(Heiken and McCoy, 1984) that constitutes the Alpine basement of
Triassic Limestones (Druitt et al., 1999). The selected point assures
the best quality for the processing of the radar imaging, presenting
thus a low-noise time series and consequently resulting to a noise
reduction of the data set. The point is located in the same geological
unit and very close to the local reference station of our GPS network.
As will be shown further down (Section 3.2), the area where our ref-
erence points (GPS and InSAR) are located is the most stable unit
compared to the rest of the study area.

3.1.1.1. The velocity field. It is obvious that the SqueeSAR image of the
ground velocity field from the ERS/ENVISAT descending data (Fig. 4a)
has a significantly higher number of identified points as compared to
the ascending one (Fig. 4b) because of the larger number of imaging
acquisition. More emphasis, therefore, will be given to the descending
product. Small LOS velocity values ranging from−2 to +2 mm/yr are
observed on both images of the two largest islands (Thera and
Therassia) of the SVC. However, a distinct differentiation is observed
at the southern and northern part of Thera with predominantly neg-
ative LOS velocity values, indicating a motion away from the satellite
in descending geometry, while positive LOS velocity values are evi-
dent in the ascending geometry (movement towards the satellite).
The latter is a strong indication of a prominent E–W horizontal com-
ponent. The rest of Thera Island (main central part) shows LOS veloc-
ity variation from −1 to +2 mm/yr.

The deformation study along the cliffs of the caldera is another
major and effective contribution of the SqueeSAR technique. Due to
the satellite orbital geometry associated with the ascending and
descending acquisitions, the 18-year deformation along the cliffs at
Therassia and Thera islands may be clearly “seen”, respectively. Nega-
tive velocity values up to −1 mm/yr are mostly observed at Thera
with an exception at the urban area of Fira, where positive velocity
values (up to +2 mm/yr) are measured (Fig. 4a). In Therassia, positive
velocity values are mainly observed (1–2 mm/yr), excluding its south-
ern part where negative velocity values are noted (Fig. 4b).

Considering the deformation at the center of the SVC, Palaea and
Nea Kammeni, the following issues may be outlined: (i) The same
pattern of deformation is noticed on both ascending and descending
products (Fig. 4), indicating a predominant vertical component of
motion. (ii) A clear differentiation in the vertical pattern is evident
between the two islets: Palaea Kammeni shows positive LOS velocity
values of 3–5 mm/yr, indicating a continuous uplifting type of
motion. However, Nea Kammeni shows positive velocity values at
its northern part that gradually decrease towards the center and its
southern part, reaching values smaller than −3 mm/yr, depicting a
radial pattern of deformation.

The standard deviation of the velocity field was also computed
both for the descending and ascending images (Fig. 5) presenting
values quite smaller than 1 mm/yr, not only in the Thera and
Therassia islands, but also in the Kammenis Islets. The standard devi-
ation of velocity for the ascending data (Fig. 5b) appear to have higher
values than the descending data (Fig. 5a), because of the significantly
smaller number of radar imaging used for processing (Table 1). Two
parameters are generally affecting the calculation of the standard
deviation: (i) The distance of each PS/DS point from the reference point.
In fact, the displacementmodel is estimated on the phase-difference be-
tween the point under analysis and the reference point, in order to mit-
igate the effect of the atmospheric noise, which is strongly spatially
correlated. However, moving away from the reference point, the differ-
ence between its atmospheric contribution and the atmospheric contri-
bution of the PS/DS point under analysis tends to increase producing a
larger residual after the estimation of the linearmodel. The latter is rep-
resented by the standard deviation of the corresponding estimated av-
erage velocity. Therefore, the standard deviation of velocity increases
moving away from the reference point. (ii) The deviation of motion
from the linear model. Since the standard deviation is associated with
the average rate of deformation, if a PS/DS point exhibits a strong
non-linear motion then it would result in a large residual with respect
to the linear model, and thus in a high standard deviation value. This,
therefore, allows identifying areas being affected by motion-dynamics
that are more complex than the linear model assumption, and in any
case it shows a clear deviation from a linear velocity pattern of ground
deformation.

Considering the above, it is inferred that generally an almost linear
deformation is taking place in the SVC for the period 1992–2010. A
small deviation from the above aspect may only be attributed at the
Kammenis, where slightly higher standard deviation values are
noticed, together with the half eastern part of Thera, and the half
western part of Therassia.
3.1.1.2. The acceleration field. The acceleration field of the descending
and ascending data is presented in Figs. 6 and 7, respectively. The
acceleration field was obtained by fitting a second order polynomial
to the time series of each PS/DS point. The acceleration field describes
the rate of the velocity change of the PS/DS points; therefore the sign
of the velocity (positive or negative) has to be taken into consideration.
Considering PS/DS points with positive sign of velocity (i.e. uplift),
positive acceleration is associated with an increasing rate of uplift,
whereas a negative sign with a decreasing rate. For a negative sign of
velocity (i.e. subsidence), positive acceleration is associated with a
decreasing rate of subsidence, whereas a negative sign indicates an
increasing rate. Note that the small computed values of acceleration
(−0.4 to +0.4 mm/yr2) – with an estimated standard deviation rang-
ing from 1.1 to 3.2 mm/yr2 – combined with the small values of stan-
dard deviation of velocity (b1 mm/yr) confirm the linear type of
ground deformation in the study area. Nevertheless, it is worthy
pointing out some aspects relating to the deformation rate which was
taking place and associated with the quiet period (1992–2010).



Fig. 4. LOS velocity groundmaps (mm/yr) for (a) descending, and (b) ascending orbital satellite geometry deduced from a combined analysis of ERS and ENVISAT data for the period
1992–2010. Arrows indicate satellite orbital and acquisition geometry.
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Negative velocity values, indicating ground motion away from the
satellite (i.e. subsidence) were basically observed in the SW part of
Thera characterized by a decreasing rate of motion, while increasing
rate was noticed at its NE part, in the area across the Columbo Zone.
The most significant negative velocity values though are observed in
Nea Kammeni, where a decreasing rate of subsidence is evident from
Fig. 5. Standard deviation of the LOS velocity field for (a) descen
the descending data (Fig. 6a). However, when looking at the ascend-
ing data (Fig. 7a), an increasing rate of subsidence was peripherally
noticed, while a decreasing rate was taking place at its center. Conclu-
sively, the center of Nea Kammeni subsided slower than its margins.

Positive velocity values, indicating movement towards the satel-
lite (i.e. uplift) are generally noticed almost everywhere in the SVC
ding, and (b) ascending imaging acquisition (1992–2010).

image of Fig.�4
image of Fig.�5
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(Figs. 6b and 7b), with the most evident areas the SE part of Thera,
Palaea Kammeni and Therassia. Particularly, Palaea Kammeni is
showing a predominantly increasing rate of uplift, while a decreasing
rate of motion is observed in Therassia (Fig. 6b). Generally, a decreasing
rate ofmotion is clearly exhibited at the SE part of Thera associatedwith
the extent of the Alpine basement at this part of the island.

3.1.1.3. Vertical and east–west velocity components. The advantage of
being able to process the ascending and descending radar images
from the same area and overlapping period provides the possibility
to calculate the vertical and east–west (E–W) velocity components
of the deformation field. In order to estimate those components, the
same targets are needed to be identified in both ascending and
descending orbital geometry. Since this is almost impossible as the
two geometries illuminate different objects, the ascending and
descending data sets (Table 1) need to be resampled on the same
100 m × 100 m grid. Then the “common” cells of the created grid
are used to calculate these velocity components. Analytical descrip-
tion of this procedure may be found in Bonforte et al. (2011). Consid-
ering the present data set of the SVC, about 2000 “common” points
were identified applying this process, where the E–W and vertical
components of the velocity field were extracted (Fig. 8).

Considering the Vertical Velocity component field (Fig. 8a), the
most characteristic feature is the differential motion that Palaea and
Nea Kammeni exhibit. Palaea Kammeni seems to have a consistent
uplifted movement throughout the study period (1992–2010) with
an average velocity of about +2 mm/yr. However, the adjacent Nea
Kammeni seems to systematically subside. Only small fragments at
the NE and NW parts of the islet are showing a moderate uplift. The
rest gradually subsides towards the center, indicating thus a radial pat-
tern of deformation (as also previously described— Fig. 7a): starting pe-
ripherally from+1 mm/yr, changing tomoderate subsidence values of
−1 to−2 mm/yr, reaching the highest values of subsidence at its cen-
ter (−6 mm/yr). The vertical deformation in the rest of the islands does
not show any specific pattern, with ‘common’ points of positive and
Fig. 6. Acceleration field of descending acquisition for (a) neg
negative velocity values irregularly distributed, ranging between −1
to +1 mm/yr.

Significant kinematic information may be extracted from the E–W
velocity component field, where positive velocity values describe
eastward motion, while negative values correspond to westward mo-
tion (Fig. 8b). The subsidence taking place in Nea Kammeni (Fig. 8a)
has a strong influence in the E–W velocity component observed in
the islet. Since the center strongly subsides, the eastern and western
facing flanks of the islet have the tendency to ‘collapse’ toward its
center, resulting thus to a westward and eastward horizontal motion,
respectively. Palaea Kammeni although is systematically being
uplifted, it also seems to have been affected by the subsiding Nea
Kammeni, presenting thus an eastward motion, as the western flanks
of Nea Kammeni.

In Thera Island, two prominent features arise: (i) The SW part that
shows a strong westward motion (3–7 mm/yr), clearly being differ-
entiated by the Alpine basement on the east (see fault mark in
Fig. 1). (ii) The northern part west of the Columbo Zone that also
shows a distinct westward motion.

A very limited number of common points identified in Therassia
having mostly negative E–W velocity values indicate a westward
motion of this island.

3.2. The Differential GPS measurements

The GPS network in SVC was first installed in 1994 (in coop-
eration with the University of Iceland, Freysteinn Sigmundsson) and
remeasured several times up to December 2012 (Table 2). Generally,
the stations were distributed on the islands and also on the Alpine
basement. Several dual-frequency geodetic receivers (WILD type:
SR299, SR399 and AX1200Pro, Trimble, Ashtech) were used in the
GPS campaigns mounted on surveying tripods. The data were ana-
lyzed with the Bernese GPS software version 4.2 (Astronomical
Institute, University of Berne, 2001) for campaigns until 2005, and
version 5.0 (Dach et al., 2007) for the campaigns 2011 and 2012.
ative, and (b) positive LOS velocity values (1992–2010).
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Fig. 7. Acceleration field of ascending acquisition for (a) negative, and (b) positive LOS velocity values (1992–2010).
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Final IGS (International GNSS Service) products (e.g. satellite orbits
and clocks) were used to calculate daily coordinates and troposphere
parameters.
Fig. 8. Ground velocity maps of (a) the vertical, and (b) horizontal (in E–W direction) co
Each campaign was treated separately; the adopted procedure for
the data acquisition was the same in all campaign periods. For each
daily session, one station was selected as a “connecting station” in
mponents deduced by combining ascending and descending data sets (1992–2010).
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image of Fig.�8


Table 2
Occupied stations during GPS campaigns in Santorini Volcanic Complex.

GPS
station
no.

June
1994

Oct.
1995

July
1996

July
1998

Aug.
2005

Sept.
2011

June
2012

Sept.
2012

Dec.
2012

02 √ √ − √ √ √ √ √ √
04 √ √ − √ √ √ √ √ √
05 √ √ − √ − √ √ √ √
06 √ √ − √ √ √ √ √ √
07 √ √ √ √ √ √ √ √ √
10 √ √ − − − − − − −
12 √ − − − √ √ √ √ −
14 √ √ − √ √ − − − −
15 √ √ − − √ √ √ √ √
18 √ √ − − √ √ √ √ √
22 √ √ √ − √ √ √ √ √
26 √ √ − − √ √ √ √ √
27 √ √ − √ √ √ √ √ √
29 √ √ − √ √ √ √ √ √
30 √ √ − − − − − − −
33 √ √ √ √ √ √ √ √ √
43 √ √ − √ √ √ √ √ √
45 √ √ − √ √ √ √ √ √
55 − − − − − − √ √ √
56 √ √ √ √ √ √ √ √ √
57 √ − − − √ √ √ √ √
88 − − − − − − √ √ √
99 √ √ − − √ √ √ √ √
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the center of the “roving” receiver stations and was tied to the local
reference station no. 07. Each roving station was occupied at least
twice with a recording time of at least 24 h (up to 92 h) and a sam-
pling rate of 15 s. For each station, solutions for every daily session
were computed and compared to its ‘final’ solution in order to evalu-
ate the scatter of the coordinates deduced from each session. The final
station coordinates for each campaign were obtained by combining
the solutions of all daily sessions. Overall rms errors of about 1.0–
5.3 mm and 2.0–8.1 mm for the horizontal and vertical components
of displacement, respectively, were achieved for the majority of the
stations (at a 90% confidence level).

Station no. 07 was chosen as local reference station, because of its
location on the center of the Alpine basement in Thera and its antici-
pated better geological and tectonic stability compared to other parts
of the complex. The station was operating continuously during all
campaigns and tied to the ITRF2008 using the observational data
from a number of IGS Reference Frame Stations in Europe (http://
www.epncb.oma.be/), namely GRAZ (Graz, Austria), MATE (Matera,
Italy), SOFI (Sofia, Bulgaria) and WTZR (Bad Kötzting, Germany) for
the first remeasurement periods (up to 2005), and evenmore stations
for 2011 and 2012, by introducing the coordinates and velocities with
respect to ITRF2008. The analysis of the local reference station
(no. 07) at earlier epochs was made using the Bernese v.4.2, while
for the latest campaigns (2011–2012) it was performed using the
Bernese Processing Engine (BPE), v.5.0.

The variation of the absolute coordinates for station no. 07 is
presented in Fig. 9. This station has a horizontal motion to the SSE
direction with respect to ITRF2008 (VEast = 9.6 ± 0.4 mm/yr and
VNorth = −18.1 ± 0.3 mm/yr), while the vertical component seems
to be rather stable (VUp = 2.4 ± 0.3 mm/yr). The overall behavior of
station no. 07 which is consistent with the anticipated regional motion
(Hollenstein et al., 2008; Kahle et al., 1998) has to be particularly con-
sidered, since it represents the local reference point not only for the
DGPS measurements, but also for the interferometric analysis. It is
evident that the motion of this point seems to be rather constant not
only during the quiet period up to 2010, but also during the unrest peri-
od 2011–2012.

3.2.1. The DGPS results
Calculation of velocity vectors with respect to ITRF2008 were

made for all GPS stations for the period 1994–2005. A general motion
to SSE (about 154° N) and amplitude of about 20 mm/yr was evident
for all stations, describing basically the regional motion and hence
obscuring the local, an order of magnitude lower-amplitude deforma-
tion velocity. Therefore, the local deformation is more clearly
depicted when the GPS network is referred to the local reference sta-
tion no. 07 (Fig. 10; Table 3). This velocity map could also represent
the deformation field for the whole quiet period up to 2010. This is be-
cause, firstly, a linear type of deformation is deduced when considering
the time-series of the GPS stations; secondly, the interferometric
analysis has also pointed out that a linear character mostly defines
the deformation for the quiet period 1992–2010 (Section 3.1.1).

Considering Fig. 10, the resultant velocity values are relatively
small in both vertical and horizontal components ranging from −6
to +6 mm/yr and 0.5 to 3.5 mm/yr, respectively, and are similar to
the ones determined by the interferometric processing (see Fig. 4).
Most of the stations established along or close to the rim of the calde-
ra on Thera have horizontal velocity vectors that point inwards. There
is an exception though at the southern and northern part of Thera,
where a westward component is clearly observed, particularly west
of the Columbo Zone on the north, and to a lesser extent west of
the Alpine basement on the south. The latter characteristic is consis-
tent with the results of the E–W component shown by the SqueeSAR
analysis (Fig. 8b). At the same time, the vertical velocity component
at Thera varies from −2 to +3 mm/yr with some local exceptions
at a couple of stations (no. 18 and no. 27).
The observed GPS vertical deformation at the four stations on Nea
Kammeni (−1 to −6 mm/yr) shows a gradual deformation pattern,
where the stations located closer to the center exhibit larger values
of subsidence. The latter is in good agreement with the identified
InSAR vertical velocity field already discussed above (Fig. 8a), and
earlier results of conventional Differential InSAR processing (Lagios
et al., 2005a). The horizontal velocity vectors of these stations
pointing at SW direction are compatible with the expected horizontal
motion component of the subsiding islet collapsing at its center with
higher rates. Finally note that Therassia migrates towards NW with
small horizontal velocity values (1.5–2.0 mm/yr) compatible with
the westward component outlined by the present interferometric
analysis (Fig. 8b), and previous work by Stiros et al. (2010).

4. Ground deformation: the unrest period (2011–2012)

4.1. The SqueeSAR™ data analysis

Processing of 12 descending ASAR scenes acquired almost every
month by ENVISAT satellite was carried out, covering the period
April 2011 to March 2012 (Table 4). About 12,000 PS/DS points
were identified within an areal extent of about 80 km2 (Fig. 11).
The LOS angle for this data set (that is about 39°) is noticeably larger
than the one used for the period 1992–2010. That increased value of
LOS angle has an immediate impact on the versor coordinates of the
LOS deformation vector. Analytically, the E–Wand vertical components
are now0.62 and 0.78, compared to 0.42 and 0.93 of Table 1 data set, re-
spectively, while the N–S component is very small (−0.12, positive to
north). That is a strong horizontal component is now inherent in the
LOS direction of the ground deformation of the area, and this issue has
to be taken into consideration when interpreting the data. A great
help to interpret this ground deformation image will be provided by
the DGPS observations. The reference point that was chosen for the in-
terferometric analysis is also shown in Fig. 11, at a very close distance to
the GPS network reference point; it is located at the Alpine basement,
where no significant change of ground motion seems to have taken
place even throughout of the unrest period (see Fig. 9).

Strong ground deformation of even two orders of magnitude (up
to 110 mm/yr) is now obvious as taking place (Fig. 11) compared to
the previous quiet period (Fig. 4). Non-linear type of deformation is

http://www.epncb.oma.be/
http://www.epncb.oma.be/


Fig. 9. Component displacements of the no. 07 GPS reference station with respect to ITRF2008 for the period 1994–2012.
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also confirmed considering (i) the high standard deviation values
(>6 mm/yr) of the LOS velocity field (Fig. 11b), and (ii) the very
high values (up to 150 mm/yr2) of the acceleration field (Fig. 12).

4.1.1. The velocity field
The high positive deformation values in the northern caldera

presented a pattern of almost radial character (Fig. 11a), showing ground
motion toward the satellite. A gradual radial decrease of the LOS velocity
field was clearly depicted at the northern part of Thera, where high
values were observed in the northern part of Nea Kammeni and some
parts of the western Thera rims (>60 mm/yr) (Imerovigli area) that
Fig. 10. GPS ground velocity map (mm/
gradually decrease to negative values on the East. A significant
change of the deformation pattern was observed across the
Columbo Zone, marking the important role of this feature in the
local kinematics. The smaller deformation values west of the
Columbo Zone should be attributed to a strong northward compo-
nent of motion in the northern part of Thera that cannot be
depicted by the interferometric technique in the N–S direction. In
a similar way, Therassia showed small positive (about +10 mm/yr)
and mainly negative LOS velocity values (about −10 mm/yr),
representing motion away from the satellite, consistent with a signifi-
cant westward horizontal component, confirming thus the radial
yr) for the quiet period 1994–2005.

image of Fig.�9
image of Fig.�10


Table 3
GPS velocity and amplitude deformation fields of Santorini Volcanic Complex.

GPS velocity field: 1994–2005
Referred to no. 07

Deformation field: Sept. 2011–June 2012
Referred to ITRF 2008

GPS station VEast (mm/yr) σVEast

(mm/yr)
VNorth (mm/yr) σVNorth

(mm/yr)
VUp (mm/yr) σVUp

(mm/yr)
E–W (mm) σE–W

(mm)
N–S (mm) σN–S

(mm)
Up (mm) σUp

(mm)

02 −1.47 0.55 2.93 0.51 −1.08 1.00 −3.4 3.1 −29.1 3.5 20.1 7.9
04 −0.94 0.71 1.95 0.52 1.52 0.61 3.8 3.2 −27.7 3.7 5.5 7.4
05 −1.50 0.51 −1.35 0.76 −6.46 0.53 17.2 4.1 −46.2 5.3 54.5 7.1
06 −1.32 0.78 0.73 0.81 1.51 0.71 12.2 2.9 −26.4 3.2 5.2 6.4
07 – – – – – – 25.2 0.9 −23.0 1.1 2.6 1.5
12 −1.43 – −0.33 – 2.01 – 64.5 3.1 7.1 4.3 53.1 7.9
14 −0.46 0.62 −0.12 0.62 2.11 1.12 – – – – – –

15 −1.37 0.61 −0.35 0.89 −0.73 0.51 23.1 2.3 −47.8 2.9 65.1 6.5
18 −0.41 0.82 0.55 1.10 5.75 1.61 47.2 1.7 −20.8 1.8 36.6 4.2
22 −1.14 0.71 −0.91 0.82 −1.69 1.10 19.0 2.8 −49.5 3.5 61.4 7.2
26 −1.93 0.62 0.04 0.71 2.03 1.01 17.8 2.5 41.3 3.0 25.2 6.8
27 1.11 0.85 −0.36 0.95 5.83 1.10 28.5 1.8 −18.0 2.1 12.6 4.8
29 −1.30 0.52 0.52 0.81 2.49 0.80 0.3 1.0 41.6 1.3 44.2 2.8
33 −1.57 0.64 −0.02 0.98 3.38 0.75 22.0 1.8 16.8 2.0 22.7 4.7
43 −0.72 0.54 −0.49 0.81 3.00 0.50 38.8 1.7 19.9 2.0 33.9 4.4
45 −1.01 0.57 −1.78 0.75 −5.48 1.05 15.1 2.6 −51.1 3.2 46.4 6.4
56 −0.84 0.51 1.45 0.85 0.88 0.46 −48.4 2.0 −0.7 2.5 40.9 5.7
57 −0.96 – 1.61 – 0.86 – −51.7 1.8 −4.7 2.2 44.8 4.9
99 −0.05 0.81 0.43 0.84 1.02 0.56 19.8 2.9 −16.4 3.4 4.9 6.6
SANT – – – – – – 57.2 1.5 9.4 0.9 52.6 2.1
NOMI – – – – – – 50.9 0.9 −8.5 0.6 47.2 1.8
MOZI – – – – – – 38.9 2.4 25.1 1.8 38.3 4.8
RIBA – – – – – – −33.2 1.5 15.4 1.3 25.2 4.6
KERA – – – – – – −49 1.5 −15.2 0.9 41.4 2.6
PKMN – – – – – – −2.6 0.9 −49.4 1.2 40.3 3.1

Deformation field: June–Sept. 2012
Referred to ITRF 2008

Deformation field: Sept.–Dec. 2012
Referred to ITRF 2008

GPS station E–W (mm) σE–W

(mm)
N–S (mm) σN–S

(mm)
Up (mm) σUp

(mm)
E–W (mm) σE–W

(mm)
N–S (mm) σN–S

(mm)
Up (mm) σUp

(mm)

02 −0.82 2.46 −11.51 2.82 −3.10 6.31 7.10 2.64 −1.60 3.00 −3.40 6.78
04 3.30 2.34 −9.30 2.77 8.30 6.17 4.70 2.92 −0.60 3.41 −4.81 7.63
05 2.10 3.28 −8.60 3.86 0.90 8.27 −0.50 2.14 −1.70 2.50 −9.90 5.50
06 4.00 2.41 −11.40 2.69 9.60 6.16 −2.80 2.26 −2.30 2.62 −7.80 5.87
07 1.10 1.41 −4.80 1.41 −9.09 1.41 1.90 1.41 −1.10 1.41 4.97 1.41
12 2.00 3.50 −4.73 4.69 −3.01 8.70 – – – – – –

15 5.80 1.86 −9.30 2.22 −12.20 4.80 −2.80 1.98 −0.20 2.34 −7.80 5.17
18 −1.60 1.41 −5.20 1.56 6.10 3.54 4.14 2.79 −0.73 3.20 −4.50 7.15
22 8.80 2.88 −8.50 3.41 −1.20 7.13 −3.80 2.33 −0.50 2.62 −13.10 5.87
26 1.70 1.84 −5.50 2.05 −3.39 4.61 2.70 2.00 −0.40 2.28 9.61 5.00
27 3.20 1.36 −3.20 1.64 2.60 3.72 1.00 3.49 0.40 4.03 −5.70 8.97
29 1.00 0.85 −1.50 0.99 1.10 2.12 2.60 1.25 −0.70 1.39 −3.49 3.09
33 0.10 1.75 3.20 2.02 11.60 4.58 −2.20 2.85 −1.80 3.29 −3.40 7.31
43 0.65 1.06 −1.93 1.20 −1.40 2.62 2.70 1.75 −4.60 2.06 6.90 4.53
45 2.10 1.84 −6.80 2.13 −12.00 4.74 0.80 1.91 −1.00 2.19 −0.20 4.81
55 −0.50 2.20 −8.80 2.48 −6.59 5.61 −1.50 2.46 1.70 2.82 3.39 6.26
56 −2.10 2.24 −4.70 2.59 1.60 5.46 2.89 3.25 −2.43 3.69 −1.10 8.13
57 0.20 1.61 −6.50 1.75 5.00 4.08 1.80 2.92 −2.50 3.28 6.10 7.40
88 −0.60 2.02 −4.40 2.39 −9.31 5.41 −2.70 2.20 2.50 2.48 6.50 5.69
99 −0.39 2.36 −11.40 2.72 5.29 6.14 −1.80 2.27 −2.50 2.62 −1.00 5.89
SANT 2.70 1.10 −6.10 1.10 −0.49 2.41 0.20 1.21 −1.40 1.31 6.10 2.60
NOMI 3.00 1.10 −6.50 1.10 0.70 2.41 1.50 1.32 −0.70 1.23 7.69 2.51
MOZI 2.50 0.95 −4.70 1.10 −1.28 2.35 −0.20 1.51 −0.30 1.35 7.39 2.35
RIBA 1.30 0.90 −6.30 1.01 0.80 2.50 0.00 1.41 0.60 1.38 2.10 2.51
KERA −0.40 1.10 −5.20 1.10 −1.21 2.31 0.80 1.18 −0.30 1.64 4.10 2.46
PKMN 0.90 0.90 −7.80 1.21 0.31 2.20 0.30 1.25 −0.10 1.71 4.00 1.98
MKMN 2.30 1.41 −6.80 1.35 −0.31 3.20 – – – – – –

σ: velocity and amplitude errors.
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character of the observed ground deformation in the northern part of
the caldera.

Negative LOS velocity values (motion away from the satellite)
were observed in the E-SE part of Thera, an area that may be attribut-
ed to the underlined Alpine basement (Heiken and McCoy, 1984)
extending also to Monolithos area, as has been inferred from the
gravity anomaly map (Fig. 3). However, when adding the projected
velocity vector of the common GPS/InSAR reference station (Fig. 9)
on the LOS direction (10.5 mm/yr LOS) then the above area adjusts
close to zero level, indicating stability. Finally, it appears that the ra-
dial deformation observed in the northern part of the caldera does
not exist in the southern part, where the two inferred faults (F1 and
F2) are forming the Akrotiri depression. These two faults differentiat-
ed the deformation pattern across them (Fig. 11c).

4.1.2. The acceleration field
High acceleration values (standard deviation ranging from 1.2 to

2.5 mm/yr2) reaching locally more than 150 mm/yr2 were mainly
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computed for positive LOS velocity values in the Kammenis, and
about 70 mm/yr2 along the northern caldera cliffs (Fig. 12a). How-
ever, moving towards the eastern and southern parts of Thera, the ac-
celeration values were significantly lower (about 20–30 mm/yr2),
reaching also negative values and showing that the deformation
rate was smaller moving away from the northern caldera part. In
the southern part of Thera, in the depression zone of Akrotiri area,
negative acceleration values were observed marking in a more evi-
dent manner (compared to the LOS velocity field) the depression
zone in this area. The acceleration field for negative velocity values
(Fig. 12b) was rather limited, appearing only at some parts of
Therassia and areas associated with the Alpine basement, indicating
increasing rate of motion away from satellite. The moderate negative
acceleration values in Therassia (about −35 mm/yr2) showed an
increasing rate of motion away from satellite (westward motion).

4.1.3. The Kammenis Islets
The most substantial deformation was taking place in Palaea and

Nea Kammeni where the largest positive velocity and acceleration
values were observed (Fig. 13), meaning that an increasing rate of
motion has taken place towards the satellite (basically uplift). The
strong non-linear character of deformation was evident by the highest
standard deviation (Fig. 11b) and acceleration values (Fig. 13b). The
LOS velocity field for these two islets (Fig. 13a) showed a clear gradi-
ent pattern, with decreasing velocity values from north to south. The
highest velocity values were observed in the northern coast of Nea
Kammeni (up to almost 90 mm/yr), decreasing to about 30 mm/yr
in Palaea Kammeni. However, when considering the acceleration
field (Fig. 13b), Palaea Kammeni and the southwestern part of Nea
Kammeni have exhibited the highest positive acceleration values
(up to 210 mm/yr2), signifying the intense rate of deformation in
this part. The southeastern part of Nea Kammeni that is associated
with the latest lava effusions, as having the lowest (positive) acceler-
ation values, seemed to have been moved with the lowest rate com-
pared to the other parts of the two Kammenis.

4.2. The GPS measurements

Four campaigns were made within the unrest period that is in
Sept. 2011, June, Sept. and Dec. 2012 (Table 2). The ground deforma-
tion amplitude differences are shown in Table 3. A Continuous GPS
(CGPS) station recording at 1 Hz frequency was established in
Imerovigli (Thera) by the Geophysics Department of the University
of Athens (NKUA) in July 2011. That station (named SANT) recording
both GPS and GLONASS satellite systems (GNSS) was an additional
one to the already CGPS existing and operating stations (NOMI,
MOZI, RIBA, KERA, PKMN, and MKMN) in the SVC by the Georgia
Institute of Technology (USA) and University of Patras (GR), their
Table 4
ASAR images used for SqueeSAR analysis (2011–2012).

id Date Satellite Bn Bt (days)

1 02/04/2011 ENVS6-V 0.04 −180
2 02/05/2011 ENVS6-V 0.01 −150
3 01/07/2011 ENVS6-V 0.04 −90
4 31/07/2011 ENVS6-V 0.00 −60
5 30/08/2011 ENVS6-V 0.06 −30
(M) 6 29/09/2011 ENVS6-V 0 0
7 29/10/2011 ENVS6-V −0.07 30
8 28/11/2011 ENVS6-V −0.04 60
9 28/12/2011 ENVS6-V −0.04 90
10 27/01/2012 ENVS6-V −0.01 120
11 26/02/2012 ENVS6-V 0.05 150
12 27/03/2012 ENVS6-V 0.07 180

M: master image.
Bn: critical normal baseline fraction (M) master image.
Bt: days elapsed from master image acquisition.
data of which are provided by the UNAVCO Organization (www.
unavco.org). Processing of all available to us data is performed on a
daily basis using the BPE.

4.2.1. Period September 2011–June 2012
The GPS results that include both campaign and CGPS/GNSS data are

presented in Fig. 14 and referred to the local reference station no. 07
(Fig. 14a), and to ITRF2008 (Fig. 14b). A strong radial ground deforma-
tion is evident particularly at the northern part of the caldera with
amplitudes ranging from 30 to 60 mm, while the uplift is up to
30–65 mm, being consistent with previously published work
(Newman et al., 2012).

In the southern part of the caldera, the horizontal GPS displace-
ment vectors are of much smaller values (up to 29 mm), showing
also a differentiation from the radial pattern observed in the northern
part of the caldera. Displacement vectors ranging from 12 to 29 mm
are noticed pointing SW in the southern part of Thera, together
with the broader area underlied by the Alpine basement where the
motion is to SE, demonstrating the regional motion with respect to
ITRF2008. The strain field was calculated based on the GPS displace-
ment vectors (Pesci and Teza, 2007) from these two period cam-
paigns (Fig. 14c). The clear extensional pattern observed in both
axes of the strain field is very clear in the northern part of the caldera.

4.2.2. Period June–September 2012
For the next GPS remeasurement period June to Sept. 2012

(Fig. 15a), the overall image of the ground deformation is significantly
different from the previous one. Small displacement amplitudes that
do not exceed 12 mm were observed in both horizontal and vertical
components at almost all of the stations. The radial pattern of defor-
mation that was prevailing previously does not exist anymore in the
northern part of the caldera. The deformation amplitudes have been
reduced at the Kammenis by an order of magnitude. The horizontal
vectors have been rotated to an almost SSE direction. In south
Thera, the deformation seems to preserve the previous pattern of
motion but with decreased amplitudes.

4.2.3. Period September–December 2012
During the last campaign period Sept. to Dec. 2012 (Fig. 15b), the

observed amplitudes of deformation vectors have been further
decreased reaching values just above their error estimates. There
are though two patterns to point out. One at the NE part of Thera
across the Columbo Line where a slight uplift (about 8–10 mm) is ob-
served, and another one at Nea Kammeni where a slight subsidence
(about 8 mm) is taking place at its northern part, something that
had already been noted during the previous campaign period.

The significant decrease of the ground deformation observed at
our GPS stations during the last two campaigns (June to December
2012) is more clearly depicted by the raw time series of the CGPS
stations (Fig. 16). It is obvious that a substantial change in the ampli-
tudes and directions of the velocity vectors is detected after February
2012, when also the abrupt micro-seismicity decrease took place in
the caldera (Fig. 2). It therefore appears that the dynamic forces of
the system have been calmed, but the attained uplift (>60 mm) re-
mains without showing any signs of recovery (subsidence). Neverthe-
less, after early November 2012, a small amplitude change (uplift) in
the vertical component at the stations SANT, MOZI, and NOMI is
detected (Fig. 16), also observed at our campaign stations at the NE
part of the caldera across the Columbo Line (Fig. 15b).

4.3. The Mogi modeling

The radial type of deformation observed particularly at the north-
ern part of the caldera deduced by both the SqueeSAR analysis and
the DGPS results (period 2011 to June 2012) constitutes a typical
case of a magma influx at a certain depth producing this deformation

http://www.unavco.org
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Fig. 11. (a) Ground LOS velocity (mm/yr) map for the unrest period April 2011 to March 2012 (δ ≈ 39ο, θ ≈ 11ο); (b) Standard deviation of the LOS velocity field; (c) LOS velocity field
focusing at the southern part of Thera (different colored scale).

Fig. 12. Acceleration field for the unrest period April 2011 to March 2012 for (a) positive, and (b) negative LOS velocity values.
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Fig. 13. (a) LOS velocity field (mm/yr), and (b) Acceleration field (mm/yr2) focusing in the Kammenis for the unrest period. Triangles indicate GPS stations.
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represented by an expanding Mogi point source (Mogi, 1958). Model-
ing attempts were performed to determine if pressure changes in the
high-level magma chamber could account for the observed deforma-
tion. The “Mogi model” (Mogi, 1958) was adopted which assumes a
small volume sphere of varying pressure, considered as a point source
within an elastic half-space (where Poisson's ratio = 0.25), such that
the elastic Lame coefficients λ and μ are equal. The resultant deforma-
tion on the ground surface is radially symmetric and the horizontal
radial displacement, r, and the vertical displacement, z, are respec-
tively given by (cylindrical polar coordinates):

r ¼ C⋅r= d2 þ r2
� �3=2 ð1Þ

z ¼ C⋅d= d2 þ r2
� �3=2 ð2Þ

where d is the source depth, r the horizontal distance from the source,
and C is the so called source strength parameter (Sigmundsson, 1995)
given by:

C ¼ 3R3P=4μ ð3Þ

where P is the pressure change within the sphere, R is the radius of
the sphere, and μ is the rigidity of the crust surrounding the sphere.
Eq. (3) may also be presented as a function of volume change (V) at
depth (McTigue, 1987):

V=π ¼ R3P=μ: ð4Þ

The Mogi model was applied to calculate the displacements in GPS
stations and PS/DS points deduced from the interferometric analysis
at varying depths and locations at the northern inter-caldera part.
The potential location of the source in between Thera, Therassia and
Nea Kammeni was primarily determined by the observed pattern of
deformation in both interferometric and GPS techniques.

The GPS remeasurement period Sept. 2011 to June 2012 was cho-
sen for the modeling with respect to no. 07 station (Fig. 17). The Mogi
model was applied to calculate the absolute displacements of our
control (GPS) points for the hypothetical point source at varying
depths and locations in the northern inter-caldera part. Applying
the same methodology as Sigmundsson (1995), the residuals of the
observed and predicted absolute displacements (vertical and horizon-
tal) were determined by least-squares minimization at varying values
of depth and radius of the sphere associated with the source strength
parameter. An area of 4 km × 4 km just north of Nea Kammeni was
divided in cells, sized 200 m × 200 m, and a grid search method
was applied to define the best location for the Mogi source. For each
grid location the residuals of the observed and calculated displace-
ments were determined on the basis of minimummisfits between ob-
served and predicted (theoretical) displacements. The best fit depth
and radius values were then used to repeat the grid search on a dens-
er grid of 100 m × 100 m to better improve the horizontal location of
the best fit source, and for this improved location a new set of depth
and radius values was finally determined. It was found that the best
fit of the offshore source is located at coordinates [25° 23′ 19.774″
E, 36° 25′ 33.352″ N] in WGS'84 datum, at a depth of 4900−500

+500 m,
and V = 8.2−1.0

+2.9 × 106 m3 shown in Fig. 17 and with respect to
ITRF2008. Generally, a fairly good match was achieved for most of
the stations, particularly for the horizontal component, even though
the calculated vertical components seem to be higher than the ob-
served ones.

The algorithmof Feigl andDupre (1999) based on the formulation of
dislocation along a fault (Okada, 1985) was used for the interferometric
modeling taking into consideration the LOS direction and deter-
mining its unit vector (normalized to unit length) ŝ (N: −0.12249,
E: 0.61775, H: 0.77677). In our case, only the tensile component U3

(>0) of the slip vector U = [U1, U2, U3] was considered, representing
an extension of a dyke that has equal dimensions in both directions
(length along strike taken clock-wise from north, that is 0°; and width
along dip from horizontal that is also 0°), acting thus as a homogenous
expanding point source producing a radial type of deformation similar
to a Mogi source.

The LOS deformation (Fig. 18a) for the period of the interferomet-
ric processing (April 2011–March 2012) was used for the modeling.
The same procedure as in the GPS data previously described was ap-
plied to define the best fit parameters for the deformation source. It
was found that the offshore magma source was located at coordinates
[25° 23′ 43.1″ E, 36° 25′ 34.4″ N] in WGS'84 datum, at a depth of
4500−500

+1700 m and a volume V = 9.2−1.0
+3.2 × 106 m3 (Fig. 18b). The

residuals between the observed and calculated values, as well as the
histogram showing their distribution is also shown (Fig. 18c).
Fig. 18d shows the variation between the effective magma volume
and depth for the best-fit location. A fairly good fit was observed at
only the northern part of the caldera. The largest residual values
were met at the southeastern and southern part of Thera associated
with the areal extent of the Alpine basement, and the depression
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Fig. 14. GPS ground displacement maps (mm) for the period Sept. 2011 to June 2012, referred to (a) no. 07 local reference station; (b) ITRF2008; (c) Strain field (μstrain) deduced
from the DGPS measurements; (d) Diagram showing comparison between GPS vectors projected on the LOS direction and the corresponding PS/DS vectors (rms = 7.3 mm).
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zone in Akrotiri area. The latter possibly indicates that these parts of
Thera might have not been largely affected by the exerting pressure of
the magma chamber (as happens on the northern part of the caldera),
and the observed deformation deduced by the InSAR analysis (Fig. 18a)
should rather be attributed to the local tectonic characteristics.

It was found that the location of the InSAR modeled source is
about 600 m east of the one determined by the DGPS modeling, but
within the error area defined by the normalized χ2 contour (at a
90% confidence level; Fig. 17a, red contour line). The former could
mostly be attributed to the SAR satellite acquisition geometry,
resulting in the loss of a realistic estimation of the N–S deformation
component and the resultant elongation of the estimated error area
along the E–W axis (Fig. 18b). A small discrepancy was also found
in the values of depth (400 m) and volume (1 × 106 m3) of the two
modeled sources; these should be attributed to different time periods
that the DGPS (Sept. 2011 to June 2012) and interferometric (April
2011 to March 2012) data-sets cover.

The above modeling results are consistent with previously pub-
lished models by Newman et al. (2012) based on GPS results, and
Parks et al. (2012) using interferometric data. All these models
(including ours) fall within an area of less than 1 km diameter just
north of Nea Kammeni. Discrepancies in depth and volume calcula-
tions between these models should be attributed to different type of
data (GPS/InSAR), and different spanning periods of the used
data-sets. However, comparing our interferometric modeling with
a similar one by Papoutsis et al. (2012), larger discrepancies in the
Mogi source parameters are noted, especially in their volume
(24.2 × 106 m3) determination. The latter may be explained as due
to the different implemented approach on the interferometric analy-
sis relating to the choice of the reference point located at the
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Fig. 15. (a) GPS ground deformation map for the period June to Sept. 2012 (ITRF2008); (b) GPS ground deformation map for the period Sept. to Dec. 2012 (ITRF2008).
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northern part of the caldera (Mozi, Fig. 14), an area exhibiting strong
non-linear deformation (84.1 mm/yr LOS after Papoutsis et al.,
2012), and thus causing an overestimation of the observed LOS ve-
locity values. Our reference point is located in the most stable area
of the SVC, showing a linearmotion even throughout the unrest peri-
od (10.5 mm/yr projected in LOS direction, Fig. 9), and leading to a
more realistic LOS velocity field. Finally, Papageorgiou et al. (2012),
dealing with InSAR for the short period March to December 2011
without presenting any model, are mainly focusing on the deforma-
tion in Nea Kammeni. They also calculate a subsidence of 5 mm/yr in
Nea Kammeni before the unrest period, 1992–2010.

5. Discussion–Conclusions

The present study tries to present an integrated ground deformation
picture applying state-of-the-art methodologies for the past twenty
years. One of themain tasks of this effort is to demonstrate and compre-
hend the particular ways that SVC is deforming during a long ob-
servational period of quiescence from which important tectonic
implications may be derived associatedwith its main characteristic fea-
tures (e.g. Kammenis, Columbo and Kammenis zones). Therefore, the
detailed ground deformation study on a millimeter-accuracy level
may be proved very useful in identifying patterns of consistent behavior
thatmay be correlated and/or explained by known or unknown tecton-
ic features (e.g. faults, Alpine basement extent) determined also by
geophysical studies.

It was possible to determine the deformation amplitude along
the caldera rims of Thera and Therassia (Fig. 4) with a millimeter-
accuracy. Some of these areas have decreasing or increasing rates of
deformation (Figs. 6 and 7). These deformation parameters are of par-
ticular importance in the study of the long-term stability of the cliffs
along the Santorini Caldera. They may be probably related to landslides
and rock falls in these areas, andmay contribute to the understanding in
associated geotechnical hazard assessment.

5.1. The period 1992–2010

During the dormant period up to January 2011, small deformation
velocity values deduced by GPS and interferometric analysis were
observed, which are of a linear character, as determined by the very
low values of SqueeSAR standard deviation and acceleration fields.
However, several important tectonic issues should be pointed out
relating to this period 1992–2010.

Palaea and Nea Kammeni show a clear differentiation in the verti-
cal pattern: Palaea Kammeni presents a continuous uplift (2 mm/yr)
of increasing rate (Figs. 6b and 8a); the adjacent Nea Kammeni to
its great extent basically subsides (up to −6 mm/yr) with its center
subsiding slower than its margins (Figs. 4, 8a and 10). The subsidence
taking place in Nea Kammeni (Fig. 8a) has a strong E–Wkinematic in-
fluence observed in the islet (Fig. 8b), as has been described analyti-
cally and also shown by the DGPS results (Table 3; Fig. 10).

The opposite vertical motion between the Palaea and Nea Kammeni
(Figs. 4 and 8a) may indicate a possible surface kinematic boundary/
fault (?) in between these islets (see broken line in Fig. 1), constituting
possible extension of the NW–SE trending fault east of Therassia. This
boundary may extend further to the SE, crossing the Akrotiri area,
marking thus the western part of the SVC. The latter may also be sup-
ported on the basis of:

(i) the direction of our GPS velocity vectors in Therassia and
Akrotiri area (Table 3; Fig. 10) uniformly pointing to NW,

(ii) the deeper Audio-Magnetotelluric (AMT) induction vectors (0.1–
0.5 Hz) resulted from an older geothermal study in the broader
area of Akrotiri (Papageorgiou et al., 2010; Sotiropoulos et al.,
1996), where a fault is inferred, and

(iii) the eastern limit of the gravity low (110 mGal), shown on the
Santorini gravity anomalymap (Fig. 3), associatedwith a possible
location of a faulting feature in the underlying basement (F1;
Fig. 1), verifying the above AMT interpretation.

The above invoked kinematic boundary may be resolved by a
more accurate gravity anomaly map of the area with denser offshore/
inter-caldera spatial gravity station coverage.

Another significant outcome of the east–west component of the
SqueeSAR image (Fig. 8b) is the profound kinematics resulted across
the Columbo fracture zone, where its western part encompassing all
the northern part of Thera shows a clear westward motion resulted
also by the DGPS (Fig. 10). Assuming that the Columbo Zone is part
of the major regional NE–SW trending Anhydros Basin Fault System
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Fig. 16. Raw Time Series of the three components for four selected CGPS stations for the period July 2011 to end December 2012.
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(i.e. Dimitriadis et al., 2009; Nomikou et al., 2012b; Sakellariou et al.,
2010) NE of Thera, it therefore constitutes not only a weak zone that
most probably extends in the caldera, but also a significant faulting
feature at the northern part of Thera that seems to control the defor-
mation across its sides.

Another issue relating to the tectonics of the SVC is the outcrop-
ping Alpine basement at Monolithos (Fig. 1) which is not an isolated
limestone block, but it seems to constitute a continuous part of
the Thera basement, as it is indicated by the gravity anomaly map
(Fig. 3), and also supported by the GPS and interferometric results
showing similar kinematic characteristics as the southerly main out-
crop basement unit.

Generally, the ground deformation during the period 1992 to 2010
was of linear character associated with small velocity and acceleration
values without any indication of a magmatic activity. Previous work
though by Stiros et al. (2010) and Saltogianni and Stiros (2012) has
invoked a “partial caldera inflation that was assigned to a slow
magma intrusion” based on the increased length (≈100 mm) of the
EDM base-lines in the northern part of the caldera, for the period
1994–2000. However, the latter is not fully supported from our data
(Figs. 8 and 10): It is observed that Nea Kammeni (where the EDM ref-
erence station was located) was continuously subsiding by about
6 mm/yr (moving to SW) with respect to station no. 07, and about
8 mm/yr with respect to ITRF. Therassia was moving (away from the
Kammenis) to NW by about 2 mm/yr and about 1 mm/yr of vertical
velocity (Figs. 8 and 10), indicating thus a lengthening of the EDM
base-lines and a clear extension of the region between these two islets
by an estimated amplitude of about 43 mm for a six-year period. There-
fore, it is not clear whether the extension between Nea Kammeni and
Therassia disputes the interpretational approach of the invoked
small-scale inflation event; nevertheless it certainly decreases its mag-
nitude. Considering also our PS/DS time series in Therassia and Nea
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Fig. 17.Mogi modeling of the observed (black arrows) and calculated (red arrows) of the GPS displacements for the period Sept. 2011 to June 2012 for (a) Horizontal and (b) Vertical
components. Red dot indicates the location of the best-fit Mogi source. (c) Diagram between depth and volume variation for the best fit location. Normalized χ2 error contours are
also shown; red contour line indicates the 90% confidence level for the location estimate, and 95% confidence level for the Volume vs Depth estimates.

56 E. Lagios et al. / Tectonophysics 594 (2013) 38–59
Kammeni for the period 1994–2000, there is not any certain indication
or evidence of an irregular deformation.

It is evident that during the quiet period (1992–2010), all seismic
energy release was taking place around the Columbo area with negli-
gible inter-caldera activity (Fig. 2a), while the unrest period initiated
with the occurrence of small magnitude earthquakes inside the calde-
ra and increasing number of events (Fig. 2b).
5.2. The period 2011–June 2012

During the unrest period between January 2011 and January 2012,
the strong ground deformation was mainly of high amplitude at the
northern part of the caldera. The gradual deformation with increasing
rate in Nea Kammeni (Fig. 13) as determined by the SqueeSAR
analysis is clearly verified here considering our four GPS stations in
the islet, where the Up component gradually decreases from north
to south; that is from ≈65 mm (no. 15) to ≈46 mm (no. 45) —

(Table 3; Fig. 14). The horizontal vectors are of almost N–S direction.
This type of motion can hardly be detected by the interferometric
technique (due to satellite trajectory), the deformation therefore
depicted in Nea Kammeni by SqueeSAR (Fig. 13) should mostly be
attributed to the vertical component. Palaea Kammeni shows a
south-westward motion (≈50 mm) having thus a significant west
component (Fig. 14). The latter may explain the reduced LOS velocity
values observed in Palaea Kammeni when compared to Nea Kammeni
(Fig. 13a), since a westward-negative component (motion away from
satellite) is now added to the prevailing strong upward-positive com-
ponent (motion towards the satellite).

A strong northward motion based on GPS is observed in the north-
ern part of Thera and to the west of the Columbo Zone, ranging from
28 mm (no. 33) to 42 mm (no. 29), while north-eastward to eastward
motions prevail east of that zone (43–57 mm) — Fig. 14. Because of
the orientation of these vectors, lower LOS velocity values are observed
in the SqueeSAR image (Fig. 11) in the northern part of Thera, while
higher LOS velocity values are observed east of the Columbo zone,
where the motion is toward the satellite (positive values).

W-NW ground displacements are observed in Therassia with am-
plitudes up to 60 mm (Fig. 14; Table 3). Therefore, because of that
westward ground motion shown on the GPS displacement map, the
negative LOS velocity values (motion away from satellite) in the
SqueeSAR image can easily be explained.

A belt area encompassing Monolithos and the main basement out-
crop to the south is described by negative LOS velocity values
(Fig. 11). A similar pattern is also observed from the GPS results
(Fig. 14a) for the same area. However, the increased negative LOS ve-
locity values (red circles in Fig. 11) associated mainly with the cliffs of
the outcrops is difficult to be interpreted taking into consideration
that small LOS velocity values (−1 to +1 mm/yr) were measured
for the previous quiet period (Fig. 4a).

The results of the source modeling parameters deduced indepen-
dently by GPS and interferometric data are within the error limits of
both modeling procedures. Their joint interpretation defines an area,
depth and volume of amagma sourcewhich is consistent with previous
works, as analytically has been described above. The deviations be-
tween observed and calculated deformation values noticed mainly at
the southern part of Thera (Figs. 17 and 18) should rather be attributed
to the local geological/tectonic characteristics of this area. It appears
that the deformation taking place at the northern inter-caldera area
due to the magma influx at depth does not equally affect the SE part
of Thera, where the Alpine basementmay be acting as an effective resis-
tive boundary to the exerting radial source strengthfield. The lattermay
be recognized at Fig. 14c, where the NW–SE trending axis (coinciding
with the radial type of deformation due to Mogi source) is becoming
significantly smaller toward the south.

5.3. The period June–December 2012

Regarding the latest state of the SVC, it is evident that the bulging
associated with an intense radial deformation that started at the
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Fig. 18. SqueeSAR Mogi modeling for the period April 2011 to March 2012. (a) Observed LOS deformation field (mm); (b) Calculated LOS deformation field showing also the loca-
tion (red dot) of the best-fit source, together with the normalized χ2 error contour lines; (c) Map of residuals (in mm) between observed and calculated values, together with their
histogram distribution; (d) Diagram between depth and volume variation for the best fit location. Red contour lines indicate the 90% confidence level.
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northern part of the caldera in early 2011 continued up to February
2012; afterwards its rate declined, and after late May to end 2012
it seemed to have stopped (Fig. 16). At the same period, the
inter-caldera seismicity had dramatically increased, dying out after
February 2012 (Fig. 2b). A drastic change was also observed on the
horizontal deformation vectors after February 2012, as deduced by
CGPS data (Fig. 16) and campaign data (Fig. 15) with a major alter-
ation in both amplitude and direction, not presenting a radial defor-
mation pattern any longer. The latter therefore is suggesting that
the upward intruded magma from a deeper reservoir (Hooper,
2012; Parks et al., 2012) that took place mainly in 2011 has rather
settled in some ways; the exerted pressure has declined, reducing
thus the deformation vectors observed at DGPS/CGPS stations. The
identified faults (Fig. 1), as constituting weak zones in the upper
crust, may play an important role in the horizontally magma
settlement (in the form of dykes/sills) that could reduce the pressure
in the shallower magma chamber. The slight change with a tendency
to uplift observed in the northern part of the caldera during the most
recent GPS remeasurement period (Sept. to Dec. 2012) needs more
time and attention to see how it evolves in the future. This was also
recorded at CGPS stations since early November 2012 (Figs. 15b and
16), without any noticeable change in the seismic activity (Fig. 2b).
The correlation between the recorded micro-seismicity and observed
deformation, as well as the role of the major and minor tectonic fea-
tures requires precise investigation for the better understanding of
the behavior of the SVC during unrest periods.

If an eruption might take place during the next few years, it is es-
timated that it should be rather a similar one as the 1925–1928 or
1953 eruption (Georgalas, 1953; Ktenas, 1927; Pyle and Elliott,
2006; Reck, 1936) with emissions of ash and gas plumes, including
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the ejections of ballistics. However, any upward influx of magma into a
shallow magma chamber, which depends on unforeseen dynamics at
the deeper crustal magma reservoir and the tectonic environment
(e.g. stress field at time), will occur sporadically and uncontrolled
(Hooper, 2012). Therefore, the continuation of the multi-disciplinary
surveillance of the Santorini Volcano is imperative with concentrat-
ed application of all state-of-the-art geological and geophysical
methodologies.
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