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Abstract After less than 14 years from the previous 2011-2012 unrest, the Santorini volcano entered a new
unrest phase, involving intra-caldera deformation since July 2024 and microseismicity mainly after mid-
September 2024. We examine the first phase of this unrest, identified by GNSS and Synthetic Aperture Radar
Interferometry data as an almost radial expansion of the northern caldera by ~7 cm within 6 months (7/2024-12/
2024). The unrest also involves a seismic swarm along an 8 km X 6 km segment of the Kameni line fault, with
events up to M; 3.8. We model the inflation with a near-vertical spheroid at a depth of ~3.4 km, resulting in a 6+
million m® expansion within 6 months. While the proposed deformation source is almost identical for the two
unrests, which also show similar seismicity and deformation trends, we do not observe the significant increase
of H, emissions associated with the 2011-2012 unrest.

Plain Language Summary Nearly 14 years after 2011, when Santorini went through volcanic unrest
for 14 months, a similar phenomenon occurs since July 2024. This involves a small-magnitude earthquake swarm
within the caldera, along a fault formed by historical eruption centers (Kameni line). Moreover, we observe a
radial expansion and vertical uplift of the whole island (especially the northern Santorini caldera), identified by
GNSS stations and satellite Synthetic Aperture Radar Interferometry (InSAR) data. We model this deformation
with a magmatic body intrusion of 6+ million m> at a depth of ~3.4 km within 6 months. This body is located
within the northern Santorini caldera melt storage area, previously identified by seismic tomography, very close
to a similar body to which the 2011-2012 unrest has been attributed. Since Santorini has been slowly deflating
before 2011, as well as between the two unrests, as shown by GNSS and InSAR data, we observe a consistent
pattern involving quick inflation periods and longer intervals of slow deflation between the unrests. As caldera
eruptions are always preceded by unrest (though most unrests do not lead to an eruption), it is necessary to
maintain an improved real-time monitoring of the volcano to identify any future pre-eruptive patterns.

1. Introduction

Santorini volcano (Figure 1a) is part of the Hellenic Volcanic Arc, generated by the subduction of the eastern
Mediterranean microplate beneath the Southern Aegean. While submarine volcanic activity started ~0.65 Myr
ago, Santorini became highly explosive after ~0.3 Myr, with at least twelve Plinian or super-Plinian eruptions
with an inter-event period >20,000 years (e.g., Druit et al., 2019). Although its last Late Bronze Age eruption
dates back ~3,600 years (Pearson et al., 2018), at least nine historical eruptions occurred within the Santorini
caldera until 1950 (Georgalas, 1953), building the intra-caldera islets of Palea and Nea Kameni (Pyle &
Elliott, 2006; Vougioukalakis & Fytikas, 2005).

Early work on the Santorini caldera using Synthetic Aperture Radar Interferometry (InSAR) data suggests the
absence of noteworthy magma intrusions from 1992 to 2010 (Papageorgiou et al., 2012), except from a possible
small-scale subtle aseismic inflation in the northwest caldera section (Stiros et al., 2010). Intra-caldera seismicity
has also been very low since at least 1994 (Dimitriadis et al., 2005, 2009), when the Institute for the Study and
Monitoring of the Santorini Volcano ISMOSAV) was established, allowing the systematic monitoring of the
volcano by local networks (seismological, GNSS, etc.) and InSAR.

A significant volcano-tectonic unrest occurred between January 2011 and March 2012, with low magnitude
earthquakes (M| < 3.2) predominantly occurring along the Kameni line (Papadimitriou et al., 2015; Tassi
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et al., 2013), and changes in topography and soil gas flux and composition (e.g., Parks et al., 2013; Tassi
et al., 2013). GPS (Newman et al., 2012) and InSAR data (Foumelis et al., 2013; Parks et al., 2012, 2015)
identified a significant uplift, reaching 14 cm within a year due to a magmatic body intrusion in the northern
Santorini caldera at the depth of ~3.5-4 km (e.g., Foumelis et al., 2013; Newman et al., 2012; Parks et al., 2012,
2015; Saltogianni et al., 2014). This unrest did not lead to an eruption; geodetic and seismic data indicated that the
unrest slowed down to pre-unrest levels, with post-unrest degassing after mid-2012 (Papageorgiou et al., 2019;
Saltogianni et al., 2014).

Since mid-summer 2024, Santorini has experienced a complex and unprecedented volcano-tectonic unrest,
consisting of two phenomena: (a) a new, low-seismicity intra-caldera unrest since early July 2024, and (b) an
intense volcano-tectonic seismic sequence, mainly occurring in the broader Anydros islet area, ~30 km to the
northeast of Santorini since late January 2025. Both phenomena were still evolving when this manuscript was
compiled. We employed information from the permanent monitoring seismic and GNSS networks (Figure 1a), as
well as InSAR and in-situ soil gas data to constrain the intra-caldera unrest until the end of January 2025, since the
ensuing Anydros sequence almost completely masked the intra-caldera phenomenon. We also discuss the sim-
ilarities of the current unrest with the 2011-2012 event, as well as its significance for a possible future eruption.

2. Data and Methodology
2.1. Intra-Caldera Seismicity

Seismicity is monitored by the local seismic network (Figure 1a), jointly operated by ISMOSAYV and Aristotle
Univ. Thessaloniki (AUTh), with additional stations from the Hellenic Unified Seismological Network (HUSN).
We relocated local seismicity hypocenters until the end of January 2025 with Hypoinverse (Klein, 2002), using a
1D model based on available 3D local (Dimitriadis et al., 2010; Heath et el., 2019) and regional models (C. B.
Papazachos and Nolet, 1997). Local magnitudes (M;) were estimated using regional calibrations (Scordilis
et al., 2016). Although the relocated intra-caldera events were well-constrained (location errors <1 km for events
with M; > 1), we improved hypocentral parameters by double-difference relocation (HypoDD, Waldhauser &
Ellsworth, 2000), resulting in formal hypocentral errors <100 m. While this estimate is optimistic, considering the
strong local 3D velocity variations (Hooft et al., 2019), it confirms the high-quality of the final hypocenters
(Figure 1).

The relocated seismicity (Figures 1b and 1c) suggests that the activated Kameni line fault segment is sub-vertical
(dipping to the north), located at the depth of 3-9 km, with a total activated length of ~8 km, slightly longer than
the segment activated in 2011-2012 (Papadimitriou et al., 2015; Tassi et al., 2013; Vougioukalakis et al., 2016). A
seismicity cluster is identified off-fault (toward Thirasia), while minor seismicity also occurred at shallow depths
on the main Santorini island. The on-fault sequence shows two clusters beneath the Kameni islands and the main
Santorini urban centers (Fira-Imerovigli-Firostefani), similar to the first 4 months of the 2011-2012 unrest. The
largest events were strongly felt on the island, with the M;3.8 earthquake near Thirasia (dotted ellipse in
Figures 1d and 1e) being the most significant.

2.2. GNSS and InSAR Data Processing

We obtained precise daily positions for the available GNSS data for the period 01/2023-01/2025, using the
GAMIT-GLOBK software (Herring et al., 2015) in a two-step approach (Bitharis et al., 2024). Initially, we
estimate the daily loosely constrained GNSS position solutions for 15 stations. Five are located on Santorini
(ISMOSAYV GNSS network and Hellenic POsitioning System, HEPOS). The remaining ten correspond to well-
distributed stations from the International GNSS Service and EUREF Network (EPN, Bruyninx et al., 2019), used
as a reference frame to stabilized the loosely-constrained GNSS solution within the ITRF2014 coordinate system
(Altamimi et al., 2016). To retrieve the intra-caldera Santorini deformation, we removed the mean ITRF2014
velocity (tectonic signal) between January 2023 and May 2024 (pre-unrest period) from the daily topocentric
coordinates of the whole study period.

We processed the entire Sentinel-1 archive (S1A and S1B satellites) from the European Space Agency and
performed interferometric analysis spanning nearly ten years (04/2015-12/2024), securing a dense temporal
stack, with ~465 acquisitions per orbital track (ascending-A029 and descending-D109 orbits). Early-phase
interferometric processing with the SNAPPING PSI service (Foumelis et al., 2022) on the Geohazards
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Figure 1. (a) The Santorini volcanic complex: The two main volcano-tectonic lines (Kameni and Koloumbo) and urban centers are depicted with dashed lines and yellow
circles, respectively. Squares and blue circles correspond to seismological and GNSS stations, respectively, while the diamond depicts the synthetic aperture radar
interferometry reference site (b, ¢) Santorini seismicity in 2023 and 2024. (d) Intra-caldera seismicity for 2024, after double-difference relocation. (e, f) Seismicity
distribution on the strike-normal (A1-A2) and along-strike (B1-B2) profiles depicted in (d), showing the activated sub-vertical Kameni fault. The fault dimensions and
dip are delineated with dashed lines in (e) and (f), while the Thirasia off-fault cluster is depicted with a dotted ellipse in (d) and (e).

Exploitation Platform (GEP) successfully detected (see Supporting Information S1) the onset of the unrest (Figure
S1 in Supporting Information S1). We then employed a Multi-Temporal InSAR approach (Wegmiiller
et al., 2015; Werner et al., 2003), which involves multi-reference pairs of interferograms, allowing for improved
error compensation and tracking of higher motion gradients. We constrained the temporal baselines of the
interferometric pairs between 90 and 270 days, using geometric baselines up to 30 m to reduce phase unwrapping
and uncompensated topographic effects errors. This excluded a few acquisitions from further analysis, not
affecting the time-series continuity. We selected Vlychada, located at southernmost Alpine basement outcrop (see
Figure 1), as local reference for phase unwrapping. To avoid motion underestimation from this local reference, we
adjusted all measurements using the velocity of GNSS station SANT projected onto the Line-of-Sight (LoS)
geometries.

We mapped the displacement field change from the unrest onset in July 2024 (Figure S2 in Supporting Infor-
mation S1) by splitting observations before and during the unrest, recalculating the corresponding LoS motion
rates. Very low uncertainties (1-3 mm/yr) were estimated for both ascending and descending tracks (Figure S3 in
Supporting Information S1). Solutions from independent geometries not only served as a verification mechanism
but also allowed the LoS motion decomposition into vertical and E-W components (Figure S4 in Supporting
Information S1). We considered the Nearest Neighbor Vector approach for this decomposition (Foumelis, 2016),
instead of pixel-based analysis, which underestimates motions due to spatial averaging.
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Figure 2. Displacement time series of GNSS stations AFAL, SANT, SAWI, MANO, and 048A for their East (a), North (b) and Up (c) component from 01/2023 to 01/
2025. (d, e) Projection of the SANT GNSS 3D components along the ascending and descending satellite LoS directions (blue circles), respectively, with multi-temporal
InSAR displacements from 04/2015 to 12/2024 (red lines). (f) Time-variation of the cumulative number of M| > 1 intra-caldera events. (g) H, emissions at Nea Kameni
fumaroles (NK1, NK3, and NKS5) and hot springs (AN). Dashed lines in all subplots mark the unrest onset and low-level seismicity increase (July 2024); the second
dashed line in (f) depicts the initiation of high seismicity rate release since mid-September 2025.

3. Results

Figures 2a—2c show the 5 Santorini GNSS time series describing Santorini's internal deformation between 01/
2023 and 01/2025. Despite some data gaps, all stations clearly depict a significant uplift since July 2024, with
rates between ~24 and ~69 mm/yr for a total uplift between ~13 and ~38 mm, continuing at a steady rate until
late January 2025. The same pattern is observed for the horizontal velocities, with values between ~40 and
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~70 mm/yr and a total radial deformation between ~26 and ~54 mm (Figure 2). Average ITRF2014 horizontal
velocities also increased to 56—74 mm/yr for the 5 stations (Table S1 in Supporting Information S1).

The 10-year availability of Sentinel-1 data allowed us to retrieve detailed information on the temporal motion
variability, with a distinct changes recognized for the last semester of 2024 in both acquisition geometries (Figure
S5 in Supporting Information S1). Specifically, while a downward motion (or motion away from the satellite) is
dominant at Nea Kameni until early July 2024, the subsequent period exhibits uplift (or motion toward the
satellite). This is also evident from the displacement of GNSS station SANT between 04/2015 and 12/2024 along
the ascending and descending satellite LoS directions (Figures 2d and 2e). This motion inversion (Figure 2e)
persists over multiple acquisitions (~7 months) at a practically constant rate, consistent with the projected GNSS
data. The pattern varies within the Santorini caldera: while the relatively flat topography of Nea Kameni appears
to be uplifting in both geometries (Figure S2 in Supporting Information S1), uplift at the western caldera walls
(Thirasia) is observed only for the ascending geometry, underlining the important contribution of E-W motion on
InSAR results.

A similar variation is observed for the cumulative number of intra-caldera earthquakes with M; > 1
(completeness threshold), showing a small increase in early July 2024, and a significant one after mid-September
2024, with ~1-1.5 events/day until the end of January 2025 (Figure 2f), similar to the 2011-2012 unrest. This
later initiation of higher-rate seismicity (2-3 months after the deformation start) is different from the 2011-2012
unrest, where both phenomena started mostly at the same time (January 2011). While H, emissions measured in
Nea Kameni fumaroles and hot springs increased by almost two orders of magnitude in 2011, they have been at an
all-time low level in mid-November 2024, 4.5 months after defomation initiated (Figure 2g).

To further exploit InSAR, we decomposed LoS measurements into vertical and horizontal (E-W) components
(Figure 3). The E-W component suggests a convergence toward the northern caldera between 2015 and July 2024,
accompanied by deflation of Nea Kameni, not exceeding —8 mm/yr (Figures 3a and 3c), consistent with pre-
viously reported post-2011 unrest deflation (Papageorgiou et al., 2019). This pattern changes after July 2024 to
extension, with the highest motion rates for the E-W component derived from InSAR data reaching ~120 mm/yr
(Skaros cape in the East, northeastern Thirasia in the West). The InSAR findings, together with the observed
motion shift to uplift after July 2024, clearly indicate an inflation of the northern Santorini caldera. Moreover,
these patterns and rates agree with the GNSS vectors which show a radial extension (Figure 3b), very similar to
the 2011-2012 unrest (e.g., Newman et al., 2012). A similar agreement is observed for the InSAR uplift signal,
with the highest values found in the northern part of Nea Kameni and Skaros Cape (~120 mm/yr). This uplift is
also verified by GNSS estimates, showing uplift rates between 24 and 69 mm/yr.

4. Magma Source Modeling

InSAR and GNSS velocities during the 2024 unrest (07/2024-12/2024) were employed in a non-linear inversion
to obtain the deformation source's parameters, using the open-source Python tool VSM (Volcanic and Seismic
source Modeling, Trasatti, 2022). This tool combines multi-technique geodetic data sets and sets up a forward
model using the most common analytical deformation sources. As a first step, the InNSAR data sets were sub-
sampled with an increasing spatial step of 150, 300, and 600 m with respect to a centroid located north of the
Kameni islets, resulting in roughly 1,500 data points for each orbit. INSAR and GNSS data misfits were scaled
with weights 0.8 and 0.2, respectively, balancing the larger number of SAR data against GNSS benchmarks and
the lower GNSS data uncertainty with respect to InSAR (e.g., Trasatti, 2022).

Considering the similarity of the 2024 InSAR and GNSS data (Figure 3) with the 2011-2012 unrest (Foumelis
etal., 2013; Newman et al., 2012; Parks et al., 2012, 2015), we employed a prolate spheroidal deformation source
(Yang et al., 1988). We generated 80,000 models for the VSM inversion, using a Poisson coefficient of 0.25 and a
shear modulus of 10 GPa for the medium following Parks et al. (2015) and Papageorgiou et al. (2019). Pre-
liminary tests with an isotropic point-source and a sill-like source resulted in higher misfits, hence both models
were excluded from further analysis. The resulting sub-vertical prolate spheroid (major axis 930 m, aspect ratio
0.4) is located north-west of Kameni islets, at a depth of 3,350 £ 300 m b.s.I (Table S2 in Supporting Infor-
mation S1). Following the empirical model of Battaglia et al. (2013), we estimated a volume variation rate of 12.5
(#4) x 10° m*/yr, corresponding to more than 6 million m> for the 6-month period considered. Figure S7 in
Supporting Information S1 reports the 1D and 2D marginal distributions of the obtained model parameters,
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Figure 3. Sentinel-1 multi-temporal InSAR vertical (a, b) and E-W (c, d) motion rates before (04/2015-07/2024, a, and c) and
during the unrest (07/2024—12/2024, b, and d). The E-W motion for points with higher rates is also depicted using vectors to
highlight locations of major change. Vectors and colored circles at the GNSS station locations show horizontal and vertical
velocities, respectively, before (01/2023-07/2024) (a) and during (07/2024—-12/2024) (b) the 2024 unrest.

showing relatively narrow 1D distributions peaked on optimal values, without evident trade-offs in the 2D
distributions.

Figure 4 presents a comparison between observed and model GNSS and InSAR data, as well the source position
and its uncertainty. We observe a generally good model fit (Figures 4c and 4f), without extended trends of under-
or over-estimation. Negative residuals can be observed in the northern part of Santorini for the descending orbit,
while positive residuals areas are localized in Thirasia. The model also reproduces (within GNSS uncertainties)
the horizontal and vertical deformation at SANT. Small deviations, compared to GNSS errors, are seen in the
modeled deformation at SAWI and AFAL, while sites 048A and MANO show larger discrepancies.
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Figure 4. Ascending (a) and descending (d) mean synthetic aperture radar interferometry (InSAR) velocities and their
comparison with the corresponding model velocities (b and e, respectively). (c) and (f) present the corresponding InSAR
velocity residuals (observed minus modeled data), as well as the horizontal and vertical GNSS velocities, respectively (black
vectors: observed data with horizontal error ellipses (c) and vertical errorbars (f), red vectors: modeled velocities). The
inferred deformation source location is depicted with a cross, while model panels (b, f) present the 15%, 50%, and 85%
confidence contours for its position.

5. Conclusions

Figure 5 presents a summary comparison of the 2011-2012 and the current intra-caldera unrests. Both occur-
rences involve a similar radial expansion from a deformation source within the northern Santorini caldera melt
storage (dashed line in Figure 5), identified by tomography at the depth of 3—5 km as a low-velocity/low-density
region, which facilitates magma ascent (e.g., Hooft et al., 2019). The magma source location and depth for the
ongoing unrest is compatible with that of the 2011-2012 unrest within the model uncertainties (Foumelis
etal., 2013; Newman et al., 2012; Parks et al., 2015; Saltogianni et al., 2014). Both sources also lie roughly along
the Koloumbo line (Figure 1), a major tectonic feature with intense faulting and dike intrusion (e.g., Drymoni
et al., 2020). The low-velocity anomaly (Figure 5) also extends toward the Kolumbo line (McVey et al., 2020) at
shallower depths (2—4 km), which are compatible with the proposed depth range of the deformation source.

The observed deformation from GNSS and InSAR data (Figure 5), as well as the proposed volume variation rate
of the current unrest (12.5 x 10° m>/yr) are in the range of the 2011-2012 unrest, for which estimates vary
between 6.4 X 10° m*/yr (Foumelis et al., 2013) and 14-15 X 10° m*/yr (Newman et al., 2012; Parks et al., 2012,
2015) for different source geometries. This rate is only an order of magnitude larger than the long-term magma
inflow rate (~10° m*/yr, Druitt et al., 2012), which also applies to the historical eruption period (e.g., Johnston
et al., 2015; Nomikou et al., 2014), suggesting that the current unrest involves most of the magma accumulated
during the 14-year inter-unrest period. Seismicity also shows activation of the same, near-vertical Kameni line
fault, which remains almost completely silent between unrests. This fault has been activated further inland during
the current unrest, with average fault plane solutions (using the approach of C.B. Papazachos and Kiratzi, 1992)
indicating a NW-SE extension for both unrests. This pattern agrees with previous results (Dimitriadis et al., 2009;
Papadimitriou et al., 2015), confirming the strong stress interaction between active faulting and volcanism, also
suggested for the 2011-2012 unrest (e.g., Feuillet, 2013). However, the low seismicity level and the lack of
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Figure 5. (a) GNSS velocities from Newman et al. (2012) and surface motion rates from MT-SAR analysis for the 2011-2012
unrest (03/2011-03/2012, Foumelis et al., 2013). b) Same information for the first phase of the 2024 unrest (07/2024—12/
2024, this work). MT-SAR results are shown for descending tracks of ENVISAT for (a) and Sentinel-1 for (b). Colored
symbols in (a) and the red area in (b) depict the proposed magma sources, located within the northern-caldere low-velocity
anomaly (dashed line). The activated Kameni line fault segments (rectangle with upper fault edge shown with a solid line)
and the corresponding average fault plane solutions are also presented.

differential InSAR displacements along the fault suggest that its activation did not affect the observed defor-
mation pattern, similar to the 2011-2012 unrest and contrary to other volcanic areas (e.g., Vilardo et al., 2010).

Considering the long-term subsidence of Nea Kameni documented for 04/2015-07/2024, as well as before and
after the previous unrest (Foumelis et al., 2013; Papageorgiou et al., 2019; Parks et al., 2013; Saltogianni
et al., 2014), it is evident that Santorini experiences unrest episodes with sudden inflation onset and coeval (or
slightly delayed) seismic swarms, accompanied by longer intervals of slow deflation between the unrest
(Hooper, 2012). It is hard to assess if and when the current unrest will end (as in mid-2012) or if it will lead to an
eruption. Inflation events for calderas like Santorini often last several years or more, sometimes with variable
rates (e.g., Yamasaki et al., 2022). However, felsic calderas erupt rather infrequently, exhibiting short and
seismically active unrests with uplift, suggesting repeated stalled intrusions (see Acocella et al., 2015 for a
detailed review). Thermomechanical modeling for the magma chamber beneath Nea Kameni suggests that it
contains little to no exsolved volatiles, requiring less than 1% of mass increase to reach the critical overpressure,
hence resulting in small-scale eruptions (Degruyter et al., 2016), like those observed historically. However, since
these eruptions had a small but important impact (e.g., Drymoni et al., 2023; Vougioukalakis & Fytikas, 2005),
and as the steady rates of Figure 2 can be followed by increased deformation and magma intrusion, possibly
leading to an eruption (e.g., Chadwick et al., 2012), improved spatial and temporal real-time monitoring of the
volcano is required to identify any pre-eruptive patterns.
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https://doi.org/10.5281/zenodo.15598671. H, data can be obtained from Zenodo via Tassi et al. (2025): https://doi.
org/10.5281/zenodo.15602709 and have been collected with the procedure described by Tassi et al. (2013).
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