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Abstract

Santorini Island is of volcanic origin and has historically faced repeated volcanic and seismic activity.
In early 2025, increased volcanism and intensified earthquake activity, similar to 2011-2012, caused
residents’ concern. This study aims to characterize ground deformation on Santorini Island during
its volcanic unrest in 2025 using InSAR observations. For this purpose, 74 synthetic aperture radar
(SAR) images of Sentinel-1A satellites in descending and ascending orbits were acquired from
early January 2024 to late March 2025. Line-Of-Sight (LOS) velocity values of the descending and
ascending orbits were decomposed to determine the east-west and vertical displacement velocities.
According to the results obtained, uplifts up to +60 mm/year velocity values were detected in the
central parts of the island called Caldera, and subsidence up to -30 mm/year velocity values were
detected in the outer regions. In addition, eastward horizontal movements reaching velocities
of +60 mm/year and westward horizontal movements reaching velocities of —-50 mm/year were also
detected throughout the island.

In the second stage of the study, a total of 4 points were selected on the islands of Thira, Thirasia,
Nea Kameni, and Palea Kameni, considering the Kameni and Kolumbo fault zones. For these points
on the island of Santorini, the displacements occurring over 15 months were analysed by time
series analysis, and the temporal behaviour of the deformation (increasing/decreasing trend) was
monitored. The analysed data indicate that the ongoing horizontal and vertical movements on the
island could be caused by volcanic rather than seismic effects, which is consistent with previous
studies. This situation shows that volcanic risk assessments in the region should be monitored for
the upcoming processes.
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1. Introduction

Santorini Volcano has experienced a total of twelve Plinian (Plinian-type) eruptions in the last 200 to 300 thousand
years, at least four of which led to caldera collapse (Pyle, 1997; Druitt et al., 2019; Antoniou et al., 2020).
Plinian eruptions are an extremely powerful and explosive type of volcanic eruption. The term is named in honour
of the Roman writer and naturalist Pliny the Younger, who described in detail the eruption of Mount Vesuvius
in 79 AD (Tekin, 2016). The island of Santorini serves as a unique natural laboratory for the study of arc-arc volcanism.
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The quiescent periods between Plinian eruptions are characterized by the formation of intracaldera structures and
low-intensity strombolian (moderately explosive) activity. These large-scale eruptions are triggered by high-flow
magma injections from deeper levels into magma chambers 4-8 km deep, starting centuries before the event
(Druitt et al., 2019).

Santorini is one of the most spectacular caldera volcanoes in the world. The caldera depression was formed after
a major eruption in which the volcanic dome collapsed as a result of the rapid discharge of the magma chamber
(Nomikou et al., 2016; Kennedy, 2024). The Minoan town of Akrotiri has been the focus of considerable scientific
and academic interest due to the large Bronze Age eruption that buried it (Druitt et al., 1999). Santorini is an
active volcano belonging to the modern Aegean Volcanic Arc. The last major eruption, also known as the Minoan
Eruption, occurred approximately 1627-1600 BC (Friedrich et al., 2006; Browning et al., 2015). Tons of ash and
volcanic material buried the prehistoric city of Akrotiri. Rapidly spreading, superheated volcanic flows caused
a tsunami, estimated to have reached a height of 30 m, which struck the coast of Crete and caused the decline
of the Minoan civilisation (Druitt et al., 1999). Due to the enormous size of the eruption, some scientists claim
that the eruption not only affected the Cyclades and the Aegean but also caused a worldwide climate change.
Since then, the Santorini volcano has erupted several more times, continuously changing the morphology
of the island (Pyle, 1997). The destruction of the central part of the island led to the formation of a caldera, resulting
in the formation of the present-day islands of Thera, Therasia, and Aspronisi, arranged in a ring around a flooded
caldera (Karatson et al., 2018). In 1950, the last lava emission and volcanic plume formation took place on Santorini
and Nea Kameni, the newest landmass in Europe (Antoniou et al., 2020).

It is suggested that magma emplacement in Santorini occurred predominantly along the Kameni and Kolumbo
fault zones (Mountrakis et al., 1996; Druitt et al., 1999) and the Christiana-Santorini-Kolumbo rift zone (Nomikou
etal.,2016; Hooft et al., 2017; Heath et al., 2019). During the 2011-2012 unrest period, magma accumulation beneath
the Kameni fault zone made the presence of a seismogenic crustal fault more evident (Newman et al., 2012;
Feuillet, 2013). During this process, although the fault did not directly facilitate magma movement, some sections
of the fault showed seismic movement due to crustal stress transfer partly due to the inflating magma chamber
(Parks et al., 2012; Lagios et al., 2013; Papadimitriou et al., 2015). However, these movements did not cause rupture
of the crustal magma chamber or the formation of a dyke (Browning et al., 2015). This suggests that changes
in the local stress field can occur without dyke injection. The relationship between changes in the local stress field
and magma emplacement in Santorini is still poorly understood. In particular, how dyke and fault interactions
can leave traces in the geological record and how to evaluate them in terms of future dike propagation predictions
requires further research (Drymoni et al., 2022).

The Santorini volcanic complex consists of four islands. Thirasia and Thira are well-known tourist destinations
and form the edge of the caldera. The centres of Palea Kameni and Nea Kameni were built in the caldera. The Santorini
Caldera has been the source of numerous eruptions and tsunamis in the past, with the last seismic sequence
ending in 1950 (Druitt et al., 1999). Since then, the Santorini volcano has been in a ‘quiet’ phase with insignificant
deformations (Stiros et al., 2010; Papageorgiou et al., 2011). Seismic activity was limited to a location 10 km northeast
of Thera (Dimitriadis et al., 2009). However, this phase was interrupted in early 2011 (Papoutsis et al., 2013).
In January 2011, the Santorini volcano entered a period of unrest, i.e., the ground surface began to swell, and
the magnitude and frequency of earthquakes increased. This period lasted until April 2012, when signs of unrest
ceased (Browning et al., 2015; Newman et al., 2012).

During 2011-2012, significant ground uplift occurred, reaching up to 14 cm over Nea Kameni, emphasised
the seismo-volcanic unrest (Foumelis et al., 2013). Prolonged periods of quiescence interrupted by short periods
of non-eruptive activity are similarly observed in other caldera volcanic systems (Taal, Philippines; Rabaul,
Papua New Guinea; and other similar calderas) (Del Gaudio et al., 2010; Aiuppa et al., 2013; Wicks et al., 2006). A new
episode of unrest, similar to that of 2011-2012, began to manifest at the beginning of 2025. Thousands of large and
small earthquakes occurred in the region between January 2024 and March 2025, the largest of which was MW 5.2.
The number of events with a magnitude of MW 3.0 or greater is presented in Table 1 (http://www.geophysics.geol.
uoa.gr/stations/maps/recent.html, last access: April 18, 2025). Earthquakes with a magnitude of MW 4.0 or greater
are concentrated in the north-eastern part of the study area (Fig. 1).

Recent advances in geodetic imaging techniques and the systematic availability of SAR data are expected
to play an important role in re-evaluating the mechanisms of the deformation fields of Santorini Volcano before
and after periods of unrest. In this study, the displacement time series are analysed and interpreted in terms
of the last unrest.
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Table 1. Number of earthquake events occurring in the Sea of Islands, Santorini island, and its surroundings in
January 2024-March 2025 (http://www.geophysics.geol.uoa.gr/stations/maps/recent.html, last access: April 18,
2025).

Earthquakes (Mw)

>3.5 >4.0

20240101-20240131 2

20240201-20240229

20240301-20240331

20240401-20240430 1

20240501-20240531

20240601-20240630

20240701-20240731 2
20240801-20240831 1
20240901-20240930 5 1

20241001-20241031

20241101-20241130 2
20241201-20241231 3
20250101-20250131 2 2
20250201-20250228 1137 560 193 7
20250301-20250331 48 14 4
Total 1207 577 197 7

Santorini (36° 24.264'N, 25° 23.865'E) is the southernmost volcanic centre of the Aegean island arc (Fig. 2).
It is located on approximately 25 km of continental crust within a 40 km-wide NE-SW rift zone consisting of normal
and right-lateral strike-slip faults (Durit, 2014). The regional fault systems are the NE-SW-striking Kameni and
Kolumbo Fault Zones (Papageorgiou et al., 2019). With dimensions of approximately 11 x 8 km, it hosts the world’s
largest water-filled caldera. Palea and Nea Kameni are active volcanic centres. Other islands of Santorini are Thira,
Thirasia, and Aspronisi. To the south-west are the Christiana volcanic islands, and to the north-east is the Kolumbo
submarine volcano (Antoniou et al., 2020).
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Figure 1. Seismic activity of magnitude Mw 4.0 and above in the Archipelago Sea, Santorini Island, and surrounding areas
between January 2024 and March 2025 (red dots indicate earthquake locations).
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Figure 2. Santorini volcanic centre of the Aegean island arc. The world’s largest water-filled caldera.
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2. Material and methodology
2.1 Geodetic data

The geodetic data used in this study consist of Synthetic Aperture Radar (SAR) images acquired by the Sentinel-1A
satellite in Interferometric Wide Swath (IW) mode, with a spatial resolution of 5 x 20 meters. A total of 37 ascending-
track images (orbit number 21), acquired between 12 January 2024 and 31 March 2025, and 37 descending-track
images (orbit number 109), acquired between 6 January 2024 and 25 March 2025, were processed.

Interferograms were generated using the open-source GMTSAR software, based on the Generic Mapping
Tools (GMT) (Sandwell et al., 2011; Sandwell et al., 2016), and the Small BAseline Subset (SBAS) method.
Interferogram pairs of ascending and descending orbits (69 for ascending and 67 for descending) are shown in Fig. 3,
with a maximum temporal baseline of 30 days and a maximum spatial baseline of 400 meters. GMTSAR follows
standard processing steps to generate interferometric products, including image coregistration using a 30-meter
resolution Digital Elevation Model (SRTM1) and removal of the topographic phase component. The GMTSAR
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Figure 3. Spatial and temporal distribution of the Sentinel-1A images relative to SBAS (Blue lines indicate interferogram
pairs). a) Ascending orbit (track 21; 69 pairs). b) Descending orbit (track 109; 67 pairs).
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outputs were then processed with the Stanford Method for Persistent Scatters software (StaMPS) (Hooper et al.,
2018), which was employed to estimate phase noise values for each pixel and to identify Distributed Scatter (DS)
points. Following phase correction, phase unwrapping was performed using the Statistical-Cost, Network-Flow
Algorithm for Phase Unwrapping (SNAPHU) (Chen and Zebker, 2001). Orbital errors were subsequently corrected
using precise orbit information provided by ESA, while residual topographic errors were removed with the SRTM1.
Atmospheric noise was estimated and mitigated through temporal and spatial filtering within the StaMPS framework,
which distinguishes atmospheric artefacts from tectonic deformation by exploiting their different spatio-temporal
characteristics (Hooper et al., 2007). After applying these corrections and filters, mean line-of-sight (LOS) velocities
were derived (Fig. 4).
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Figure 4. Line-of-sight (LOS) velocity and standard deviation maps (A-B: ascending orbit; C-D: descending orbit).

Using the equations given below, the velocities in the LOS direction were converted into horizontal and vertical
components using the MineSAR software developed by the researchers who are among the authors of this study
(Giil et al., 2025).

Although satellite radar data are measured in the one-dimensional line-of-sight (LOS) direction, ground surface
deformation is typically represented by three components: east, north, and vertical. Equation 1 expresses the surface
velocity vector (Vi pg) in the satellite line-of-sight direction. Vg, s, and V represent the LOS velocity, the satellite
unit vector, and the three-dimensional surface velocity vector, respectively (Giil and Poyraz, 2024). In Eq. (2),
the heading angle (aj) and the incidence angle (§) are applied for ascending and descending satellite passes
(Arikan et al., 2010; Hastaoglu, 2016; Fuhrmann and Garthwaite, 2019). In Eq. (3), the LOS velocity components
of descending and ascending satellites are transformed into eastward and vertical velocity components (Hanssen,
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2001). The northward component is neglected due to the Sentinel-1 satellite orbit configuration (Giil and Poyraz,
2024).

Vios = sT-v eY)

s = (—cos(ay) sin(8) sin(ay)sin(8)  cos(8))" 2)

(_ cos(@sc) Sin(Gs¢) C05(5Asc)) (VEW) _ (VLOS,ASC) 3)
—cos(apsc) sin(Spsc)  cos(8psc)/ \Vup Viospsc

In Eq. (3), the heading angles for descending and ascending orbits are shown as a4sc and apgc, and the incidence
angles are shown as &45¢c and Spgc. Vyp shows the vertical direction velocity, Vg shows the easting direction
velocity, Vios asc and Vs psc show the descending and ascending orbital velocities in the LOS direction (Giil and
Poyraz, 2024). The obtained vertical and horizontal deformation velocity maps are given in Fig. 5.
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Figure 5. Deformation velocity maps of Santorini Island for the period 12 January 2024-31 March 2025 (A: Horizontal
deformation velocities; B: Vertical deformation velocities).

In the second part of the study, a total of 4 points (a, b, ¢, and d points) were selected on the islands of Thira,
Thirasia, Nea Kameni, and Palea Kameni (Fig. 5A), taking into account the Kameni and Kolumbo fault zones
on the island of Santorini, where possible movements are most expected. Fig. 6 shows the 15-month displacement
time series at selected points on the island of Santorini obtained using MineSAR software. MineSAR computes
the median displacement value (blue dots) of the DS points (pink dots) located within a 30-meter-radius circle
centred on each selected point. This approach reduces noise from individual DS points and allows the dominant
deformation trends to be more clearly identified. The time series includes both horizontal (east-west) and vertical
(uplift-subsidence) components, enabling detailed monitoring of deformation changes before and after this period,
particularly in light of the earthquake swarm in early February 2025.
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Figure 6. Time series graphs of displacements for points determined on the island of Santorini, see Fig. 5A

3. Results

In this study, InSAR analyses were applied to Santorini Island for the period January 2024-March 2025 to reveal
the distribution of horizontal and vertical deformations associated with the new signs of unrest. Taking the peak
earthquake activity of early February 2025 as a temporal reference, the deformation behaviour before and after
this period was examined in detail.

In this context, firstly, the procedures detailed in Section 2 were carried out for the 15-month satellite SAR images
obtained. The results obtained allow us to make the following assessments:

- As a result of examining the horizontal velocities obtained by decomposing the LOS velocities, Fig. 5A shows
easterly deformation rates of +60 mm/yr and above were determined in the eastern part of Nea Kameni Island
and in the western parts of Thira and Thirasia Islands. Furthermore, westerly deformation rates of -50 mm/yr
and above were observed in the western part of Thira Island.

— When vertical velocities were examined, Fig. 5B shows uplifts of up to +60 mm per year were detected
on the islands of Palea Kameni and Nea Kameni within the caldera and on the west coast of Thira, and subsidences
of up to —-30 mm per year were detected on the island of Thirasia and on the east coast of Thira.
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In the second part of the study, considering the Kameni and Kolumbo fault zones on the island of Santorini, a total

of 4 points (a, b, ¢, and d points) were selected on the islands of Thira, Thirasia, Nea Kameni, and Palea Kameni.

The 15-month time series of deformations, before and after February 2025, when earthquakes on the island and in its

surroundings were particularly intense, was examined in terms of increasing/decreasing trends, and the following

observations were made.

— Pointa (36° 25.132'N, 25° 20.724'E, Thirasia Island, near the Kolumbo Fault Zone): The horizontal movements do
not show a periodic increasing and decreasing trend, varying between approximately -30 mm (west) and +20 mm
(east) (Fig. 6a). These movements observed before the February 2025 earthquake swarm continued similarly
in March 2025, despite the decrease in earthquake frequency and magnitude. This indicates that horizontal
movements are not directly related to the swarm. The vertical movements vary between approximately +15 mm
(uplift) and -5 mm (subsidence), both before and after the February 2025 earthquake swarm, without any obvious
increasing or decreasing trend.

- Point b (36° 28.020'N, 25° 24.936'E, Thira Island, near the Kolumbo Fault Zone): Similar to point a, no clear
increasing or decreasing trend is observed in the horizontal and vertical deformations. Horizontal movements
vary between approximately —10 mm (west) and +10 mm (east), while vertical movements vary between
approximately +5 mm (uplift) and - 10 mm (subsidence) (Fig. 6b). These patterns remain consistent before and
after the February 2025 earthquake swarm.

— Point ¢ (36° 24.600'N, 25° 24.456'E, Nea Kameni Island, near the Kameni Fault Zone): Horizontal movements
exhibit periodic increasing/decreasing trends (approximately —20 mm (west) to +15 mm (east) before October
2024), but they continued with an increasing trend starting from September 2024, including the period after
the February 2025 earthquake swarm (+20 mm east). In vertical movements, there is a displacement in the form
of a total uplift of approximately 60 mm, from -20 mm to +40 mm, with a clear increasing trend starting from
May 2024 (Fig. 6¢).

— Point d (36° 23.730'N, 25° 23.028'E, Palea Kameni Island, near the Kameni Fault Zone): Horizontal movements
have exhibited an increasing trend in the west direction since April 2024, continuing after the February 2025
earthquake swarm (+20 mm to —20 mm, a total displacement of 40 mm). Vertical displacements, in the form
of uplift (-10 mm to +20 mm), amount to a total of 30 mm since February 2024, and still show a tendency
to increase (Fig. 6d).

4. Discussion

When the horizontal and vertical deformations observed on Santorini Island are considered as a whole, it becomes
evident that the island has entered a new phase of unrest similar to the 2011-2012 period (Briole et al., 2025;
Papazachos et al., 2025). Although the deformation in the region, especially in the form of uplift, existed before
the earthquakes, it continues despite the significant decrease in the magnitude and number of earthquakes. These
uplifts, which are concentrated in the Caldera region where points c and d are located, are interpreted as the result
of magma chamber inflation. The fact that uplift deformation persisted even after the decline in seismicity indicates
that crustal stress transfer within the magma chamber continues, suggesting that new seismic events could be
triggered in the future.

The scientific meaning of these findings is that the deformation observed on Santorini is not merely a short-
term response to past seismicity, but rather reflects the active state of the magmatic system beneath the caldera.
This highlights the critical importance of continuous geodetic monitoring (e.g., InNSAR and GNSS), as detecting
stress accumulation may provide early warning of possible volcanic or seismic hazards. These results are consistent
with previous studies (Browning et al., 2015; Newman et al., 2012; Foumelis et al., 2013; Briole et al., 2025;
Papazachos et al., 2025), but also extend them by emphasizing that the current unrest is likely driven by magma-
induced stress, which requires careful long-term observation.

5. Conclusions and reccomendations

This study aims to present the InSAR processing results for Santorini Island for the period January 2024-March
2025, focusing on the characterization of horizontal and vertical deformation patterns associated with the new
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signs of unrest. After the seismic activity that increased in the region in February 2025, horizontal and vertical
deformation analyses were performed on the island, which has attracted attention again, using satellite-derived SAR
images covering 15 months. As a result of the observations, significant horizontal and vertical ground movements
were detected, especially on the islands of Nea Kameni and Palea Kameni, on the western coast of Santorini, and
the island of Thirasia. The findings indicate that, in addition to the east-west horizontal displacements observed
in different parts of the island, there were also vertical displacements on the island’s surface, including both uplift
and subsidence.

The long-term InSAR assessments applied in this study provide important geophysical indicators of the existence
of volcanic activity-induced unrest in the region, whether it increases or decreases over time or whether it has begun
to end. Even if these results are not signs of intense seismic activity or are evaluated together with earthquake data,
it is possible to reveal volcanic-induced crustal deformations.

In future studies, modelling approaches based on longer InSAR time series and/or integrated with complementary
observation techniques (e.g., GNSS, seismic data) may provide a more comprehensive understanding of the magmatic
and tectonic mechanisms that could trigger such deformations.
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