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S U M M A R Y
Since its last eruption in 1950, Santorini volcano (Greece) remained in a dormant state. This is
also evidenced for the period 1992–2010 by the gradual deflation signal over Nea Kameni as
measured by satellite Synthetic Aperture Radar Interferometry (InSAR) with low rates of about
5–6 mm yr–1 as well as by the absence of seismic activity within the caldera. However, at the
beginning of 2011 the volcano showed signs of unrest with increased microseismic activity and
significant ground uplift, reaching 14 cm within a year (2011 March–2012 March), according
to InSAR time-series. ALOS PALSAR data indicate the onset of the phenomenon in early
2010 where an aseismic pre-unrest phase of increased subsidence (1–3 cm) preceded the uplift.
Joint inversions of SAR and GPS velocities using spherical and spheroidal magmatic source
types indicate their location offshore at about 1 km north of Nea Kameni and between 3.5 and
3.8 km depth. The estimated volume variation rate is 6 × 106 m3 yr-1 to 9 × 106 m3 yr-1. A
gradual slowing in the rate of inflation within the first quarter of 2012 is apparent by ENVISAT
data, while subsequent observations from RADARSAT-2 confirm the observed trend.
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1 I N T RO D U C T I O N

Santorini comprises the most active volcanic centre in the Aegean
Sea (Greece), and is documented to have given one of the largest
volcanic events known in historical time (Friedrich et al. 2006;
Druitt et al. 2012); the so-called Minoan eruption, which occurred
in the late 1600s BC with major catastrophic effects (McCoy &
Dunn 2002; Sigurdsson et al. 2006), entailed the establishment of
a flooded caldera up to almost 400 m depth, while the caldera walls
rising 300–400 m above sea level form a characteristic ring of is-
lands (Fig. 1). Post-Minoan volcanic activity of multiple caldera
collapses and magma depositions, was almost entirely confined
within the caldera, in the central part of which Palea and Nea Ka-
meni volcanic centres emerged (Fytikas et al. 1990; Druitt et al.
1999; Vougioukalakis & Fytikas 2005). Exception is considered the
eruption of 1650 AD associated with the submarine Columbos vol-
cano 6.5 km offshore of Thera (Fouqué 1879; Chiodini et al. 1996;
Dominey-Howes et al. 2000; Nomikou et al. 2012).

The last eruptive cycle of Santorini of four periods of explosive
volcanic activity from 1925 to 1950 in Nea Kameni (Georgalas
1962), was resumed by a repose period of fumarolic activity and
thermal venting (Chiodini et al. 1998). Seismological indications
describe the presence of two active magma chambers below Nea
Kameni and Columbos volcanoes (Delibasis et al. 1989). The lo-
cal seismicity shows high seismic activity in the surroundings of
Columbos volcano area and fairly low activity at the rest of the

complex (Bohnhoff et al. 2006; Dimitriadis et al. 2009) (Fig. 1).
However, at the beginning of 2011 the volcano showed signs of
unrest with an increase in the rate of microseismicity within the
intracaldera area (http://bbnet.gein.noa.gr). The unrest episode was
expressed in addition with substantial amounts of ground uplift,
denoting the justification of the volcanic origin of the activity (Pa-
pageorgiou et al. 2012). Still, the induced quasi-radial deformation
was imaged by a dense network of continuous and campaign GPS
stations and a volumetric expansion of 14 × 106 m3 of a spherical
source located in the northern caldera at 4 km depth, was finally
identified (Newman et al. 2012). A similar shallow source with a
volume variation of 10 × 106 m3 to 20 × 106 m3 and depth 4.4 km
is suggested by Parks et al. (2012), using Synthetic Aperture Radar
Interferometry (InSAR) data.

Magma emplacement at depth is considered to be the dominant
source of caldera unrest (Dzurisin 2003). Thus, during a paroxysmal
period, magma motion assumes the primary role and deformation
may serve as a precursor to eruptive activity. SAR Interferometry
is widely used in ground deformation monitoring with explicit effi-
cacy on applications where volcanic induced deformation is being
studied (Massonnet et al. 1995; Rosen et al. 1996; Sigmundsson
et al. 1999; Pritchard & Simons 2002; Hooper et al. 2004; Tizzani
et al. 2007).

In this paper advanced InSAR techniques were applied in San-
torini to reveal the deformation field before (1992–2010) and during
(2011–2012) the inflationary episode. A comprehensive analysis of
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162 M. Foumelis et al.

Figure 1. Vertical ground surface displacement rates for the period of 1992–2010 (18 yr), calculated based on ERS-ENVISAT ascending and descending data.
Local reference point (THR8, after Newman et al. 2012) is denoted as square. The star marks the inferred location of the Mogi source (see text). Triangles
indicate geodetic GPS stations from Newman et al. (2012), continuous (black) and campaign sites (transparent). The regional seismicity of the area between
2000 and 2010 (rest phase; AUTH) and the main fault systems (Perissoratis 1995) are shown (upper right corner), whereas the contemporary seismic activity
during the unrest episode (AUTH, 2011 January–2011 June and NOA, 2011 July–2012 March) is also given (lower right corner).

multisensor SAR acquisitions from ERS, ENVISAT, ALOS and
RADARSAT-2 satellite missions, is performed to monitor the long-
term deformation history of the volcanic complex, whereas the
observed ground displacements are investigated in terms of mod-
elled volcanic sources by joint inversion of SAR and GPS geodetic
data. The temporal evolution of deformation deduced by InSAR
data provided detailed insights on the deformation pattern immedi-
ately before the inflation, the onset of the phenomenon as well as
the state of the volcano during the closure of this volcanic episode.

2 S A R DATA A N D I N T E R F E RO M E T R I C
P RO C E S S I N G

The entire archives of ERS-1/-2 SAR and ENVISAT ASAR C-band
data (IS2), comprising 30 and 66 scenes in ascending (track 329) and
descending (track 150) orbits, respectively, were utilized to inves-
tigate the displacement field of Santorini during its dormant phase
covering a time span of about 18 yr (1992 June–2010 May). Ad-
ditional L-band data from ALOS PALSAR (2006 December–2010
December, 20 scenes) were used to cover the period until the be-
ginning of the unrest. The changes of ground displacements within
the unrest phase are monitored by processing independently 12 EN-
VISAT ASAR scenes (IS6) acquired between 2011 March and 2012
March in descending orbit (track 093), after the de-orbiting of the
satellite. As a complementary source of information, RADARSAT-
2 C-band acquisitions for the period of 2012 June acquired in de-
scending Fine (F23) mode were used to provide further insights
on the evolution of the volcano deformation after the loss of EN-
VISAT in 2012 April. SAR data processing was performed using
the GAMMA processing software.

Since no significant changes in the state of the volcano were ex-
pected for the quiescent period (1992–2010), the estimation of the
average displacement rates by interferometric stacking (IS) along
with a pixel-based least-squares solution for the phase time-series
were considered adequate (Figs 2 and 3). Starting from multiref-
erence spatially unwrapped differential interferograms, the single
reference time-series were obtained through the Singular Value De-
composition. In this instance, ERS and ENVISAT data were jointly
processed, yet avoiding multisensor combinations, whereas large
dispersion of spatial baselines in the PALSAR interferometric stack
dictated the exclusion of some scenes from the analysis. Processing
and compensation strategy for dealing with various error sources
followed Papageorgiou et al. (2012). Further analysis involving the
calculation of the vertical and the E–W components of motion were
performed by combining the estimated ERS-ENVISAT ascending
and descending displacement rates.

For the inflationary phase (2011–2012), the Interferometric Point
Target Analysis toolbox (Werner et al. 2003) was used, which is
GAMMA’s implementation of Persistent Scatterer Interferometric
(PSI) technique, to derive the complete displacement history, in-
cluding the non-linear motion component, on point-like targets. The
limited number of available scenes during the unrest phase imposed
the adaptation of a multireference PSI approach (Wegmüller et al.
2010), deviating from the commonly applied single master pro-
cessing schemes. Similar approaches have been proposed for the
study of complex motion fields (e.g. Berardino et al. 2002; Hooper
et al. 2004; Lanari et al. 2004). Attention was given throughout
the PSI processing as the entire volcanic complex was subjected
to intense deformation. Specifically, an inherited difficulty was the
separation between the various phase contributing terms, because
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Figure 2. Vertical displacement time-series for the rest period (1992–2010) from combination of ascending and descending SAR acquisitions at GPS sites of
Papageorgiou et al. (2010). The systematic linear motion trend at the area of the maximum observed subsidence on Nea Kammeni is evident.

Figure 3. Average LOS displacement rates from PALSAR over the period 2006 December–2010 December. Temporal changes of ground displacements are
shown by the deformation histories of selected locations. The location of the reference point is shown (square).

misallocation of the observed phase differences could directly lead
to an overall underestimation of ground surface motion. Helpful
to the analysis was that the perpendicular baselines were all less
than 180 m relative to a reference track. This allowed the selec-
tion of pairs of consecutive acquisitions (short temporal intervals)
instead of using an upper threshold on the maximum normal base-
line value, avoiding significant phase changes between observa-
tions. Redundancy in the differential interferometric inputs reduces
possible uncorrelated errors in the time-series, including residual

topographic phase errors and phase noise. An iterative process was
followed for a step-by-step improvement of height correction and
deformation rates estimates following Wegmüller et al. (2010).
The final PSI results include ground surface displacement rates,
as well as the detailed deformation history of each point target,
after compensating for orbital inaccuracies and atmospheric phase
screen (Fig. 4).

Because SAR phase measurements are relative to a local ref-
erence point, to which zero deformation is assigned, a GPS site
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Figure 4. (a) PSI LOS displacement rates from ENVISAT ASAR data (2011 March–2012 March) showing the radial inflation pattern caused by the volcanic
unrest, (b) perspective 3-D view of the point targets along the coastline of Santorini, (c) deformation histories of selected point targets and (d) correlation
between GPS motion rates projected into the LOS geometry and PSI results after correction of reference frame, with error bars representing the 1-sigma
confidence region.

(THR8) located at the southeastern part of Thera (Fig. 1), where
the pre-volcanic basement outcrops, was selected to serve further
exploitation of both data sets. However, an adjustment for the dif-
ferences in the reference frames between these data sets had to be
considered. Thus, the velocity of the selected GPS site was added to
the SAR data set to compensate for the motion of the SAR reference
point and to obtain the deformation relative to the GPS reference
frame.

3 S O U RC E M O D E L L I N G

The method implemented is a two-step inversion in which a global
search is firstly performed in the parameters’ space with the Neigh-
bourhood Algorithm (NA), followed by a Bayesian (NAB) inference
on the generated ensemble (Sambridge 1999a,b). This method has
been largely tested in other volcanic regions (Trasatti et al. 2008).
The volcanic sources adopted in this study are the isotropic point-
source (Mogi 1958), hereafter called Mogi, and a finite volume 3-D
spheroid arbitrary oriented in space (Yang et al. 1988), hereafter
Yang. Despite the limits of a simplified spherical point-source, the
Mogi source is still largely implemented in volcanic studies as it
provides rapid and first-order estimates. A more accurate model is
then preferred (Yang model), with additional degrees of freedom
such as the spheroid axes and orientation.

4 R E S T P E R I O D ( 1 9 9 2 – 2 0 1 0 )

Volcano breathing was preceded by a period of rather negligible
deformation. A noteworthy deformation feature observed during the
18 yr of observations is the concentric deflation pattern localized at
the southern part of Nea Kameni, indicating prevalent subsidence of
5.2 ± 0.6 mm yr–1 (Fig. 1). The rest of the complex indicates rather
low-displacement rates that do not exceed on average 1 mm yr–1. The
temporal variations of ground displacements determined through
time-series analysis at the area of maximum subsidence are shown
in Fig. 2.

To estimate the position and the annual rate of the volume change
of a Mogi deflating pressure source, we subsampled the SAR data
every 60 m. Results from the NAB inversion showed a shallow
deflating isotropic source located at 800 ± 200 m b.s.l., undergoing
a volume change rate of −14 ± 3 × 103 m3 yr–1. The source is
located below the SW side of Nea Kameni, in accordance to the
area of the maximum absolute velocity value (Fig. 1). From the
combined ascending and descending SAR orbits in the east–west
and vertical component, the source appears to be located along the
east–west zero line and below the maximum vertical deformation
(Fig. S1).

Similar deformation pattern is shown by ALOS PALSAR
measurements (Fig. 3), yet slightly higher subsidence (up to
6.3 ± 1.8 mm yr–1) compared to the ERS-ENVISAT rates were
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calculated for the period until the beginning of 2010. Thereafter,
an increased subsidence is observed in the deformation time-series,
reaching about 3 cm over Nea Kameni. This signal gradually be-
comes less evident away from the northern part of the caldera, while
is more apparent in the area of the modelled Mogi source. Finally,
at the end of the observation time a reversal of motion was followed
by a couple of centimetres of uplift, signifying the beginning of the
inflation episode.

5 U N R E S T P H A S E ( 2 0 1 1 – 2 0 1 2 )

A pronounced change of the deformation pattern was observed
during the period 2011–2012, related to relevant changes in the
state of the volcano (Fig. 4). A characteristic radial inflation pat-
tern is observed decreasing towards the external part of the caldera,
underlining the volcanic nature of the deformation signal. Accord-
ing to SAR observations within the general uplift trend since the
beginning of 2011, a cycling sequence of uplift and subsidence
(Fig. 4c), typical of volcanic activity, is observed with apparent
peaks during mid- and end-2011 (Fig. 5). Cumulative uplift on Nea
Kameni reached almost 9 cm at the end of the observation period,
while the maximum deformation of 14 cm was observed at Cape
Skaros NNW of Fira. The above results are consistent with those
obtained by Papageorgiou et al. (2012) over Nea Kameni until 2011
December.

A point targets density of approximately 1050 points km–2 was
obtained, quite high value with respect to the urban signatures in
Santorini, clearly attributed to the exposure of volcanic rocks due
to the absence of vegetation, especially at Palea and Nea Kameni
islands. Spatial continuity of PSI results allowed the detailed investi-
gation of the volcanic induced deformation field. As an effect of the
high-incidence angles (∼41◦) of ASAR acquisitions (IS6), a signifi-
cant portion of the horizontal motion detected by GPS (∼63 per cent
of the E–W component) is included in the SAR line-of-sight (LOS)
measurements.

The SAR data were subsampled every 200 m, obtaining a data
set of about 2400 data points. We consider also the GPS measure-
ments by Newman et al. (2012) to integrate the single orbit of the
SAR observations. In particular, we consider the campaigns of 22
GPS stations for the time interval between the beginning of 2011
and 2011 August–2011 September. The compatibility between GPS
and SAR results was checked by projecting GPS velocities into the
SAR LOS geometry and comparing at these locations the PSI rates
using linear regression. A correlation coefficient (R2) of 0.96 was
obtained, underlining the consistency between the independent re-
sults (Fig. 4d). From the signal variations of both data sets, the
displacement trend may be considered with good approximation as
linear with time. In the following we consider the whole unrest pe-
riod, from the beginning of 2011 until the last available data of 2012
March and both GPS and SAR were scaled to cover the selected

Figure 5. Spatio-temporal evolution of ground displacements during the unrest phase based on PSI time-series. The star marks the inferred horizontal position
of the modelled deformation source.
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Table 1. Parameters retrieved by the NAB inversion for the period 2011 January–2012 March, for the models considered.

Model Total misfita GPSb weight Eastingc (km) Northingc (km) Depth (km) �V (106 m3) Striked (◦) Dip (◦) ae (m) a/bf

Mogig 6.8 50 per cent 355.6 ± 0.4 4032.3 ± 0.4 3.8 ± 0.4 11.4 ± 1 – – – –
Yangg 4.8 50 per cent 355.6 ± 0.4 4032.0 ± 0.4 3.5 ± 0.5 7.5 ± 1 90 ± 10 60 ± 5 400 ± 50 4.6 ± 0.5
Mogi 4.0 0 per cent 355.6 ± 0.5 4032.7 ± 0.4 4.3 ± 0.5 11.7 ± 1 – – – –
Mogi 8.4 100 per cent 355.6 ± 0.4 4032.2 ± 0.4 4.0 ± 0.4 12.8 ± 1 – – – –
Yang 3.9 0 per cent 355.6 ± 0.7 4033.3 ± 0.7 4.2 ± 0.7 8 ± 1 100 ± 10 und. und. und.
Yang 4.9 100 per cent 355.6 ± 0.4 4033.3 ± 0.4 3.8 ± 0.5 9 ± 1 90 ± 10 52 ± 5 und. 3.9 ± 0.5

aThe misfit function is computed by summing the single GPS and SAR reduced χ2 scaled for the relative weight associated.
bPercentage weight associated to the GPS data set. The SAR percentage weight is complementary to the GPS weight.
cSource position in UTM Zone 35 North projection (datum WGS’84).
dStrike positive from north clockwise.
eSemi-major axes of the spheroid.
fSpheroid axes ratio (b is the semi-minor axis).
gModels shown in Fig. 6.

Figure 6. Results for the spherical source (Mogi; top) and the 3-D spheroidal source (Yang; bottom) for the period 2011 January–2012 March. (a–d) GPS
horizontal data (black) compared to mean model (red). (b–e) GPS vertical data (black) compared to the mean model (red). (c–f) Residuals between PSI data
and model. The yellow points are below data uncertainty. The yellow star indicates the source centre.

period of about 15 months. A series of inversions are computed to
find a balance between the two data sets, as there is not a standard
procedure to weight different data sets. After several attempts using
different weights, a reasonable balance using a weight of 50 per cent
for GPS and SAR for both Mogi and Yang sources were set.

The results of the inversions are reported in Table 1, including
those obtained with single data sets, which are in agreement within
error with those documented by Newman et al. (2012) and Parks
et al. (2012) using GPS and SAR, respectively. In Fig. 6 the com-

parison between data and models for Mogi and Yang is shown. Both
sources are located at about 1 km North of Nea Kameni at similar
depths (3.8 km and 3.5 km, respectively). The volume variations
of 11.4 × 106 m3 for Mogi and 7.5 × 106 m3 for Yang correspond
to an annual rate of 9.2 × 106 m3 yr–1 and 6.1 × 106 m3 yr–1,
respectively. The additional Yang parameters describe a pressur-
ized spheroid oriented east–west and dipping eastward of 60◦. The
spheroid parameters describing its shape, that is, the semi-axis a
and the axes ratio a/b, are not well determined [see Fig. 7 for the
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Figure 7. Posterior Probability Density (PPD) functions for the Mogi (red) and Yang (blue) parameters. The strike is computed from north clockwise, while a
is the semi-major axis and a/b is the axes ratio. The vertical dashed lines represent the mean parameters retrieved by the Bayesian inference (NAB).

Posterior Probability Density (PPD) functions]. The use of the com-
bined data sets improves the parameters’ constraint. If we compare
data fitting of the two different sources, the SAR-modelled data
seems very similar (Fig. S2), while greater differences may be
observed for the GPS data. The residuals between observed and
computed SAR data (Figs 6c and f) show a comparable pattern
with the exception of the central islands of Nea and Palea Kameni
where both models overestimate the data. The same happens with
the vertical GPS, overestimated in the central part of the caldera.
The Yang source improves GPS fitting by enhancing the horizon-
tal deformation and lowering the vertical GPS in Palea and Nea
Kameni. This is confirmed by the retrieved misfits: the GPS misfit
halves from 8.7 (Mogi) to 4.8 (Yang), while the SAR misfit is almost
unchanged (from 4.9 to 4.7). This is due to the 3-D mapping of the
GPS data that constrains the non-axi-symmetrical surface pattern
of the spheroid, if compared to the single orbit of SAR.

A significant decrease of the ground deformation in the first quar-
ter of 2012 is evident for the largest part of the volcanic complex,
with the only area still exhibiting uplift being in the vicinity of the
deformation source, however with decreased displacement rates.
The above-mentioned trend is confirmed by the reduction of the
number and the magnitude of the earthquakes occurring within the
caldera, as well as with RADARSAT-2 interferometric results that
show negligible deformation at the order of a few millimetres during
2012 June (Fig. 8).

6 C O N C LU S I O N S A N D D I S C U S S I O N

SAR results covering the period 1992–2010 mainly represent sub-
sidence over Nea Kameni with rates of about 5–6 mm yr–1. These
findings are in agreement with GPS data (Papageorgiou et al. 2010).
Inversion of the detected movements suggests a deflation source best
constrained in the southern part of Nea Kammeni at 800 ± 200 m
depth. In accordance with the absence of earthquakes within the
intracaldera area, the dormant behaviour of the volcano is plau-
sibly verified. From the geological point of view, the small size
and shallow deformation source could be possibly associated to hy-

drothermal activity (e.g. low temperature venting), rather than to a
deflating magma chamber.

Detailed SAR deformation histories for 1992–2010 (Fig. 2) im-
ply that there was no significant magma intrusion episode at least
for this time span. However, previous analysis of radial geodetic
data from repeated electronic distance measurements have shown
increased length of certain baselines (up to 10 cm) between 1994
and 2000, interpreted as small-scale aseismic inflation of the NW
part of the caldera (Stiros et al. 2010). In fact, the comparable LOS
motion rates presented herein between Nea Kameni and Therassia
along the ascending and descending SAR orbits (7.1 mm yr–1 and
6.6 mm yr–1, respectively, relative to Nea Kameni) indicate mainly
vertical component, with negligible movements in the E–W di-
rection. Thus, there should be significant N–S motion to justify
such local baseline length increase, which cannot be detected by
InSAR due to the lack of sensitivity along this direction. The pres-
ence of N–S motion, of lower magnitudes however, for almost
the same period (1994–2005) is actually confirmed by measure-
ments from a local GPS campaign network (dN = 4.1 mm yr–1,
dE = −0.3 mm yr–1, dU = 6.6 mm yr–1, relative to Nea Kameni;
Papageorgiou et al. 2010); yet, neither signal was associated with
some form of magmatic processes (emplacement). Nonetheless, the
temporal sampling of campaign GPS observations is insufficient to
provide detailed information. Parks et al. (2012) based on horizon-
tal surface displacements from triangulation and GPS data showed
no evidence for significant inflation of Santorini between 1955 and
2011, whereas if any deformation signal was subsequently reversed
it cannot be verified.

The mean SAR velocities observed between 2011 March and
2012 March showed a radial uplift of the entire volcanic complex,
reaching a maximum value of 14 cm. However, due to the sub-
merged parts of the caldera, the maximum deformation is very
likely underestimated, because the magmatic source (Mogi and
Yang) was modelled offshore in the northern part of the caldera. The
obtained results from the joint inversion modelling of space geode-
tic measurements confine a deformation source at the depth of 3.5–
3.8 km. This confirms previous geological observations placing the
post-Minoan magmatic activity at depths of 2–4 km (Barton &
Huijsmans 1986; Francalanci et al. 1995).
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Figure 8. Unwrapped RADARSAT-2 differential interferogram for 2012 June (2012 June 2–2012 June 26, 24 days), with perpendicular baseline (Bp) of −184
m, showing reduced ground surface displacements of few millimetres where significant uplift was observed during the unrest episode. The location of the
reference point is shown (square).

The recent volcanic activity was preceded, based on SAR mea-
surements, by rapid subsidence adjacent to the deformation source.
This motion occurred between 2010 February and 2010 May, and
reached 1–3 cm in the following months; still was not accompanied
by a corresponding change in seismicity. A subsequent reversal of
motion since 2010 August marks the onset of the inflation phase.
Indeed, changes in the pattern of degassing on Nea Kameni suggest
increase of soil CO2 emissions from 2010 September (Mather et al.
2012). The lack of continuous GPS recording stations in the vicin-
ity of the deformation source suggests the capture of the inflation
signal when the deformation field was expanded enough to affect
the local monitoring network. The above facts underline the early
warning capabilities and the importance for volcanic hazard moni-
toring in general, of spatially continuous observation systems such
as space-borne SARs.

The short-period subsidence observed before the uplift could
be seen as a preparatory phase of the following unrest providing
interesting insights into the mechanism of the volcano deformation.
Extraction of magma from deep reservoirs can result in compaction
of the crustal column beneath the volcano (Druitt et al. 2012).
Analogous condition is also indicated for the Minoan eruption.
Druitt et al. (2012) describe that if the foundering in the Minoan
reservoir had taken place rapidly enough, precursory uplift might
have been greatly reduced. Substantial subsidence rates beneath

growing magma reservoirs are compatible with theoretical models
(Cruden 1998; Bachmann & Bergantz 2004).

Mogi and Yang magmatic sources were calculated using GPS
and SAR separately and joined (Table 1). In all the optimizations
the parameters and error (half width of the PPD function) were
constrained. The results presented in Table 1 are comparable with
those of Parks et al. (2012) and Newman et al. (2012) as is shown
in the third and fourth line of Table 1, respectively. Newman et al.
(2012) use GPS data and an isotropic (Mogi style but finite volume)
source, obtaining an annual rate of 10.6 × 106 m3 yr–1, similar to
our 10.4 ± 1 × 106 m3 yr–1. Also the depths are equal, 4 km in
both cases. Parks et al. (2012) invert a Mogi source with partially
independent SAR data set at depth of 4.4 km, although in the same
conditions we obtain a depth of 4.3 ± 0.5 km. It is evident that
SAR data alone constrain a deeper source with respect to GPS data.
Furthermore, their estimate for the total volume variation (2011
January–2010 April) of 15 + 7–3 × 106 m3 yr–1 is compatible
within uncertainties with our finding of 12 ± 1 × 106 m3 yr–1. It
should be noted that the horizontal position of the source centre is
very well constrained as the difference is lower than 200 m and the
associated error is 400 m.

The combined use of SAR and GPS for both models leads to
slightly shallower sources and slightly lower volume variations
than single data sets, but compatible within the associated errors,
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evidencing a consistency between the displacements detected by
both techniques. Using both data sets, we estimated volume varia-
tions of 11.4 × 106 m3 and 7.5 × 106 m3 for the Mogi and Yang
sources, respectively, values which are outside the associated error
(1 × 106 m3). A reliable point-source approximation is however
expected as we retrieve a semi-major axis a = 400 m, which is
much lower of depth d = 3500 m, and it is confirmed by the bad
constraining of a itself (Fig. 7). The discrepancy between the two-
source volume changes may be attributed to the lower internal pres-
sure required by non-isotropic source models such as spheroids and
sills if compared to Mogi, to obtain the same surface deformation
(Davis 1986). The nature of the pressurized source causing the ob-
served deformation cannot be though defined, because integration
with additional geophysical data (mainly gravity and chemical) is
required to discern between its hydrothermal and magmatic origin.

The obtained spheroid, oriented along the east–west direction,
is partly aligned to the Kameni volcano-tectonic system that con-
trolled a major portion of the historic volcanic activity of Santorini
(Druitt et al. 1989; Fytikas et al. 1990; Pyle & Elliott 2006) and
was identified by soil gas surveys (Barberi & Carapezza 1994)
among the most probable sites for future volcanic activity. There
is a partial compatibility with the seismicity trend as well (Fig. 1),
showing a strike of N50◦–N70◦. Although a correlation between
the deformation source and the observed seismicity is not straight-
forward, the hypothesis of the impact of the local fault systems on
volcanic processes cannot be ruled out. The presence of conductive
zones collocated with existent fault zones were actually revealed by
magnetotelluric surveys (Papageorgiou et al. 2010).

The rapid magma supply from depth and the significant frac-
tion of volume intruded since early 2011 as compared to previous
eruptions denote a possibility of an eruption in the future (Hooper
2012). Given the nearly present state of the volcano, as depicted by
the evolution in time of both ground displacements during this in-
flationary episode (2011–2012) and RADARSAT-2 data during its
termination, the recession of the phenomenon is apparently proved.
However, further monitoring will show whether this episodic in-
flation is part of a longer term cyclic sequence of inflation and
deflation episodes that might lead to an eruption or not, ensuring
the preparedness in terms of hazard and risk assessment.
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Additional Supporting Information may be found in the online ver-
sion of this article:

Figure S1. Results of the modelling of the 1992–2010 ERS-
ENVISAT ascending and descending data. The two orbits are trans-
formed into (a) east–west and (b) vertical data. Modelled (c) east–
west and (d) vertical components are shown. The isotropic source
(Mogi) is located at the east–west zero line and at the centre of the
maximum vertical deformation (yellow star).
Figure S2. SAR-modelled data for (a) Mogi and (b) Yang
models. The yellow star indicates the source centre (http://gji.
oxfordjournals.org/lookup/supp1/doi:10.1093/gji/ggs135/-/DC1).
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