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Abstract The 2024–2025 seismic sequence in the Santorini–Amorgos region demonstrates complex
tectonic-volcanic interactions. In this study, a detailed seismic catalog is presented, generated for operational
monitoring usingmachine-learning-basedphase picking andhigh-precision relocation. By late summer 2024,
seismic activity emerged beneath Santorini, then appeared at around 20 kmbeneath Kolumbo beforemigrat-
ing northeastward and shallower aroundAnydros, aligningwith southwest-northeast tectonic structures. The
relocation confirmed diffuse migration, with some shallow events. Non-double couple moment tensors and
spectral metrics suggest crack-opening driven by magmatic and fluid involvement. These findings point to
upwardmigration of magmatic fluids from deep reservoirs or dike injection.

Non-technical summary Between 2024 and 2025, the Santorini–Amorgos region experienced a
complex series of earthquakes linked to both tectonic and volcanic causes. Using advanced tools for accurate
detection and location, we established a daily monitoring system to keep authorities informed and to build
a detailed earthquake catalog. Over time, the earthquakes shifted from Santorini to nearby areas such as
Kolumbo, Anydros, and southwest of Amorgos. By analyzing earthquake waves, we found signs that some
events were caused by cracks opening, likely due to magma movement at depth. These findings suggest a
dynamic interaction between tectonic forces and volcanic activity. All data products are publicly available for
future research.

1 Introduction
At the end of January 2025, intense seismic activity
emerged in the broader Santorini–Amorgos (SA) re-
gion, causing unrest among residents of nearby is-
lands. However, this was not an isolated phenomenon
as several minor seismic events had been observed
on Santorini Island over the past six months, as in-
dicated by seismic observations from the Institute for
the Study and Monitoring of Santorini Volcano (https://
ismosav.gr). In early March, activity continued, though
with fewer events and lower magnitudes. The affected
region lies within one of the most active volcanic cen-
ters of the South AegeanVolcanic Arc (SAVA), which has
formed by the ongoing subduction of the African plate
beneath the Eurasian plate (e.g., Pichon and Angelier,
1979; Papanikolaou, 1993) (Fig. 1a). This subduction
process is driven by slab retreat, a key mechanism con-
trolling the geodynamic evolution, which has also influ-
enced the present-day extensional deformation and vol-
canism of the Aegean (e.g., Jolivet et al., 2013).
The area of interest is located within the broader
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SA Fault Zone, which serves as a transitional zone be-
tween thewestern and eastern segments of theVolcanic
Arc. This fault zone exhibits a right-lateral transten-
sional character, with NW–SE-directed extension, and
acts as a major structural boundary that subdivides
the arc into a relatively quiet western part and a seis-
mically and volcanically active eastern part (Bohnhoff
et al., 2006; Tsampouraki-Kraounaki et al., 2021). Inside
the SA Fault Zone, multiple basins are observed (Chris-
tiana, Anydros, Santorini-Anafi, and Amorgos) that are
bounded by major extensional to transtensional faults
(e.g., Sakellariou et al., 2017; Preine et al., 2022) (Fig. 1b).
The extended Santorini volcanic center, with Santorini
(Thera) volcano at its core, also includes the Chris-
tiana Islands and the submarine Kolumbo volcano, all
aligned along a NE–SW lineament. These sites have
been extensively studied over the years (e.g., Sigurdsson
et al., 2006; Nomikou et al., 2012, 2013). Both volcanic
centers exhibit active volcano-tectonic behavior (e.g.,
Bohnhoff et al., 2006; Dimitriadis et al., 2009; Andin-
isari et al., 2021b), with well-studied structures (Heath
et al., 2019; Hooft et al., 2019; McVey et al., 2019). The
most recent significant volcanic unrest occurred dur-
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Figure 1 (a) General illustration of the broader Hellenic arc region, showing the main plate boundaries. The South Aegean
Volcanic Arc (SAVA) is highlighted in orange, with the study area shown in b)marked by a red rectangle. (b) Relocated seismic
events, color-coded based on their occurrence date relative to 20/01/2025 (DD:MM:YYYY) and scaled according to their local
magnitude (ML). Black lines represent the main fault traces in the area (Nomikou et al., 2018), while the red polygon defines
the Kolumbo volcano chamber (2–4 km depth based on Chrapkiewicz et al. (2022)). The inverted triangle marks the location
of Anydros Island, and triangles indicate the seismic stations used in this study. Vertical cross-sections (c)–(g) are also shown,
with the dashed lines in (d) and (g) to denote inferred activated structures.

ing 2011–2012 in Santorini, marked by microseismic-
ity within the caldera and crustal deformation linked
to magmatic body intrusion without an eruption (e.g.,
Newman et al., 2012; Saltogianni et al., 2014; Papadim-
itriou et al., 2015).
Based on previous work on other seismic sequences

in Greece (Fountoulakis et al., 2023; Evangelidis and

Fountoulakis, 2023), we investigated the seismological
characteristics of the ongoing activity in the SA re-
gion using automated workflows to enhance the Na-
tional Observatory of Athens (NOA) seismic catalog and
refine structural imaging. To construct the updated
seismic catalog, we employed a deep-learning phase
picker (Mousavi et al., 2020), a rapid associationmethod
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(Münchmeyer, 2024), absolute location and relocation
techniques (Lomax et al., 2014; Lomax and Savvaidis,
2021), and a relative relocation approach (Trugman and
Shearer, 2017). Additionally, we determined as many
moment tensor (MT) solutions as possible using Gisola
(Triantafyllis et al., 2021), and we analyzed the type of
events using automatic frequency content analysis.

2 Data andmethods

2.1 Building a new catalog

Based on the seismicity rates, the period from
01/06/2024 to 06/03/2025 (DD:MM:YYYY format used
throughout the text) was selected to study the seismic
sequence (Fig. S1), as it captures the onset and peak
of the activity. Continuous waveforms were used
from 22 broadband and short-period seismometers
and 1 strong-motion station within 150 km from the
area under unrest (Fig. 1, S1a). More details about
the data availability can be found in Text S1. For
the identification of P- and S-wave seismic phases,
the EQTransformer signal detector by Mousavi et al.
(2020) was deployed, integrated into the Seisbench
package (Woollam et al., 2022). EQTransformer is a
deep-learning picker based on an attentionmechanism
which allows the model to focus on relevant features
in the waveform data. It is designed to detect seismic
signals in continuous waveforms and identify primary
and secondary arrivals. It has been widely used for
seismic event detection in various circumstances
(e.g., Scotto di Uccio et al., 2022; Fountoulakis et al.,
2023; Drooff and Freymueller, 2023; Peña Castro et al.,
2024). We adopted the model trained on the VCSEIS
benchmark dataset (Zhong and Tan, 2024), which
incorporates seismic waveforms from various volcanic
regions worldwide, as it quickly became evident that
volcanic activity might be involved based on charac-
teristic features observed in the spectrograms and
supported by moment tensor analysis. Zhong and Tan
(2024) demonstrated that the performance of existing
deep-learning-based phase pickers tends to decline
in environments with lower-frequency earthquake
signals, such as volcanic regions. However, their pro-
posed model showed improved performance, making
it particularly well-suited to our specific monitoring
context.
The independently identified phases were associated

and initially located using PyOcto (Münchmeyer, 2024),
a 4-D space–time node partitioning algorithm that iden-
tifies and validates, through a grid search approach, the
space–time node from which a set of picks most likely
originates. A 1-D velocity model (Fig. S2), compiled
from various local studies (Papazachos and Nolet, 1997;
Dimitriadis et al., 2010; Heath et al., 2019), was em-
ployed within PyOcto and used throughout this study.
After associating phases, the newly identified events
weremore accurately located using NonLinLoc (Lomax
et al., 2000, 2014). Events with low quality (azimuthal
gaps> 300°, average rms> 0.5 s, and horizontal-vertical
error > 5 km) were removed. Subsequently, seismic
events were relocated using the source-specific station

term (SSST) correction method (Richards-Dinger and
Shearer, 2000; Lin and Shearer, 2005), which can sig-
nificantly enhance the absolute location accuracy of the
events by reducing the travel-time residuals. We applied
the NonLinLoc implementation of the SSST method,
which follows an approach similar to the shrinking-box
SSST technique (Lin and Shearer, 2005). In our case,
the process started with a 40 km smoothing width and
underwent five iterations, halving the box size. Keep-
ing the same quality criteria as in the previous step,
the final SSST catalog consisted of 20473 well-located
seismic events based on the events errors (Fig. S3).
The earthquake locations were further refined using
the GrowClust approach (Trugman and Shearer, 2017),
which employs hierarchical clustering and relocates
events based on waveform similarity through a cross-
correlation (CC) approach. Waveforms were cross-
correlated for event pairs recorded at common stations
using a band-pass filter between 2 and 10Hz, after being
tested for an adequate signal-to-noise ratio (≥5). More
details about the CC results are given in Figure S4. To
achieve high relocation precision, only event pairs with
minimumCCvalues of at least 0.7 (e.g., SchaffandWald-
hauser, 2005; Trugman et al., 2020; Lin et al., 2022) in
minimumsix phaseswere considered. Out of the 20,473
events in the input catalog, 13,952 events were success-
fully relocated (∼68%). Relative relocation uncertain-
ties were estimated through bootstrapping with 50 re-
samplings of the input CC data, yielding median hori-
zontal and vertical errors of approximately 0.7 km and
0.5 km, respectively (Fig. S5). We used a multi-step
event locationworkflow,with each step designed to pro-
gressively enhance location accuracy. Finally, the local
magnitudes of the catalog were estimated using the lo-
cal magnitude (ML) scale of Scordilis et al. (2015) with a
magnitude of completeness (Mc) of the dataset ranging
from 1.5 to 1.7 (Fig. S6). The GrowClust catalog is re-
garded as the final catalog and will be used for further
analysis in the next sections.

2.2 Moment tensors

TheMT is a vital tool to quantify anddescribe the type of
the seismic source. In the current study, MTs were cal-
culated using an updated version of the Gisola software
(Triantafyllis et al., 2021). Gisola is a high-performance
application of the classic ISOLA approach (Sokos and
Zahradnik, 2013; Zahradník and Sokos, 2018), a method
based on waveform inversion for computing centroid
moment tensors using single- or multiple-point-source
models. Gisola also includes additionally a 4-D spa-
tiotemporally adjustable grid for the centroid determi-
nation. The updated version of Gisola used in this study
includes the capability for full MT inversion, which was
not available in the original package. Seismic events
from thefinal relocated catalogwithML ≥ 3.5were ana-
lyzed using the software, and a subset was selected after
careful inspection. Initially, solutions grouped as C or D
based on the categorization of Scognamiglio et al. (2009)
were discarded. Subsequently, the variance reduction
(VR), the condition number (CN), the focal-mechanism
variability index (FMVAR) and the space–time variabil-
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Figure 2 (a) Map view of seismicity distribution, colored by Frequency Index (FI) values, with calculated focal mechanisms
shown as black beach balls. The black outline represents Anydros Island. (b) Distribution of FI values. (c)–(e) Vertical cross-
sections, similar to Figure 1. (f) and (g) Waveform examples along with their spectrograms. (h) Hudson source-type plot
(Hudson et al., 1989).

ity index (STVAR) were examined based on the uncer-
tainty assessment framework of Sokos and Zahradnik
(2013), where these parameters are explained in detail.
For a solution to be considered successful in this study,
we adopt the following uncertainty thresholds: VR ≥
0.5, CN ≤ 5, FMVAR ≤ 30°, and STVAR ≤ 0.40. A so-
lution is discarded if it fails to meet at least two of the
previouslymentioned parameters. From the aforemen-
tionedprocesswemanaged to compute 133 high-quality
and stableMT solutions (Fig. 2, S7) with the uncertainty
results presented in Figure S8.

2.3 Type of seismic signals

One of the key challenges in this study is the identifica-
tion of seismic signal types, which is essential for un-
derstanding of the source processes. To better charac-
terize potential complexity of these events, we adopted
an automated approach to analyze the frequency con-
tent of earthquakes as a quantitative metric. For the

relocated earthquake catalog, the Frequency Index (FI)
spectral ratio metric (Buurman and West, 2010) is esti-
mated. This method, which calculates the mean am-
plitude within a low and high frequency spectral band,
quantifies the spectral content of individual events (e.g.,
Ketner and Power, 2013; Matoza et al., 2014). How-
ever, instead of the mean amplitude, we used the in-
tegrated power spectral amplitude similar to Anderson
et al. (2025). Although FI is often used to classify events
presumed to be volcanic, in this study it is applied solely
to explore the frequency content distribution of the sig-
nals. This allows us to identify patterns that may sug-
gest different underlying source processes, without as-
signing events to fixed categories. A high (positive)
FI signifies the prevalence of high-frequency energy
characteristic of brittle failure, tectonic earthquakes, or
volcano-tectonic earthquakes (Lahr et al., 1994), while a
low (strongly negative) FI denotes the predominance of
low-frequency energy, frequently linked to fluid-driven
mechanisms such as the resonance of fluid-filled frac-
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tures or conduits triggered by pressure transients in the
fluid (Aki et al., 1977; Chouet, 1988). The FI was calcu-
lated for each event using an 8 s time window follow-
ing the theoretical P-wave arrival at the ANYD station,
which was the closest station to the events origin, to
minimize path effects that could distort the frequency
content. Events were included in the analysis if they
were recorded from ANYD and if the signal-to-noise ra-
tio exceeded 5 in both frequency bands. The results of
the MTs and FI analysis can be found in Figure 2.

3 Results and discussion
Our relocated catalog increases significantly the num-
ber of detected events, providing a more detailed vi-
sualization of the activated systems. As already an-
alyzed, seismic activity began months ago within the
Santorini caldera (Fig. 1b, S9), forming two main clus-
ters, one at the center of the caldera and another in
the northeastern part of the island (Fig. 1b). Both have
persisted with low-level seismicity as indicated by the
seismicity rates and with depths between 2 and 9 km
(Fig. 1c, S9). A similar seismicity pattern was also ob-
served during the 2011–2012 unrest period (Konstanti-
nou et al., 2013). After January 25, 2025, as seismic-
ity rates on Santorini remained stable, seismic activ-
ity began to appear northeast of the island beneath
the Kolumbo volcano at depths between 17 and 22 km.
The seismicity formed a linear, vertical, narrow pat-
tern beneath Kolumbo (Fig. 1d) and persisted for ap-
proximately 5–6 days, with relatively small-magnitude
events (< 1.0–1.5). It then gradually migrated north-
east, close to Anydros islet, and at shallower depths
(Fig. 1c). Here, at depths between 10 and 15 km, the
seismicity formed a dominant plateau, creating a sta-
ble seismogenic layer where seismic activity persisted
for the remainder of the study period, affecting a dis-
rupted area approximately 20 km in length with a dif-
fuse character extending about 10 km in width. (Fig. 1
and 2). A vertical cross-section, subparallel to the ex-
tended SW–NE tectonic structures, clearly shows that
the seismicity follows a trajectory from deeper within
the crust beneathKolumboandgradually shallowing to-
wards thenortheast (Fig.1c). Thenortheasternmost dis-
rupted area, near Amorgos, is forming smaller linear
branches and is located close to the southwestern edge
of the Amorgos fault that has been activated during the
1956 Mw 7.6 earthquake (e.g., Okal et al., 2009; Leclerc
et al., 2024). Some cross-sections (Fig. 1e,f) suggest rel-
ative vertical-dipping structures, though the seismicity
appears to be diffuse. The cross-section at the north-
easternmost part of the area shows antithetic structures
(Fig. 1g). Additionally, earthquakes seem to cluster near
other significant geological structures, running paral-
lel to the main activity (near Amorgos Fault). Notably,
there is a significant number of shallowclustered events
at depths of less than 5 km, particularly southwest of
Anydros, as shown in the cross-sections (Fig. 1c,e).
Figure 3 displays the spatiotemporal behavior of the

activity along a SW-NE line between Santorini and
Amorgos islands. The spatiotemporal seismicity shows
possible back-and-forth migration patterns, with the

most prominent activity occurring between February
11 and February 14. This fast migration had transition
velocities that reached up to approximately 2.8 km/h.
The MTs observed in the area (Fig. 2) are characterized
by positive isotropic (ISO) and compensated linear vec-
tor dipole (CLVD) components in most cases (Fig. 2f).
Non-double-couple values may be associated with vari-
ous physical processes, including explosions, volcanic
eruptions, or structural collapses. However, their in-
terpretation requires careful consideration and assess-
ment of other seismicity parameters, as non-double-
couple values can also reflect inversion artifacts (e.g.
Vavryčuk, 2014; Rösler et al., 2024). Positive ISO and
CLVD values have been systematically observed in vol-
canic environments and can be connected to magmatic
intrusion (e.g. Dahm and Brandsdottir, 1997; Alvizuri
and Tape, 2016). Andinisari et al. (2021a) also reported
significant ISO and CLVD signals in the SA area, both
positive and negative in Kolumbo, and positive near
Anydros, linking them to the opening and closing of
cracks caused by the steady migration of magmatic
fluids. Moreover, for the studied 2024–2025 activity,
Zahradnik et al. (2025) reported only positive ISO and
CLVD values, attributing them to a shear-tensile source
process (crack opening). However, we also identified in-
stances suggesting a shear-compressional process, such
as crack closing (Fig. 2h). The double couple part of the
focal solutions is dominated by normal faulting, with
NE–SWstrike anddipmostly in the 40–60 degrees range,
with very few cases of strike-slip nature (Fig. S7). The
extensional regime is also confirmed by the calculated
stress axes (Fig. S10).
The relative distribution of low- and high-frequency

signal components has been mapped with the FI met-
ric. Examining the spatiotemporal distribution of FI
values, we observe that medium- to low-FI events are
abundant in the area, with high-FI events also present.
Higher-FI events are concentrated from Anydros to the
northeast, whereas medium- to low-FI events are more
prevalent to the southwest and at the northern edge of
the NNE–SSW elongate cluster. Most low-FI events oc-
curred before 12-02-2025, after which a decline is ob-
served (Fig. S11a,b). This spatial pattern could imply
that the southwest section reflects less tectonic charac-
teristics compared to the northeast. A comparison be-
tween FI and double-couple percentage demonstrates
that most moment tensors exhibit negative FI values
(Fig. S11c) (signals dominated by lower frequencies).
Figure S12 and Figure 2f,g presents three distinct cases
of waveform data recorded during the crisis, highlight-
ing the complexity of the observed seismic signals.
These cases include: (1) a series of numerous high-
frequency bursts occurred in the center of the C–C’
cross section (Fig. 1), (2) a single low-frequency event,
and (3) a high-frequency event.

4 Conclusions
This study presents a seismic analysis of the 2024–2025
activity in the SA region, deploying advanced phase-
picking techniques and high-precision relocationmeth-
ods. The newly created catalog significantly improves
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Figure 3 Spatiotemporal projection of epicenters after January 27, 2025 along a straight SW–NE line connecting Santorini
and Amorgos island. The width of the projection window was chosen to include all the seismicity along the SW–NE pro-
file. Epicenters are color-coded based on depth and scaled according to their local magnitude (ML). All ML > 4.5 events
are marked with a star and colored red for emphasis. (a) Overview of seismic activity, with panels (b), (c), and (d) showing
zoomed-in views of selected time periods with significant unrest and superimposed moving averages. Dashed line slopes
indicate areas with possible migration patterns.

event detection and spatial resolution, revealing dis-
tinct seismic clusters and migration patterns. By late
summer 2024, seismic activity appeared beneath San-
torini and within the caldera, but by late January 2025 it
moved northeast toward Kolumbo, Anydros and south-
west of Amorgos. There, the seismicity initiated at
depth (∼ 20 km) beneath the Kolumbo volcano and
thenmigrated northeast and to shallower depths, align-
ing along southwest–northeast-trending tectonic struc-
tures. The relocation process confirmed a diffused back
and forth migration along this direction with some dis-
tinct shallower events SW of Anydros. MT solutions in-
dicate a dominant normal-faulting regime, consistent
with regional tectonics, but the presence of positive
ISO and CLVD components suggests the involvement of
magmatic and fluid processes. The spectral analysis
of seismic signals with the FI metric further supports
this interpretation, highlighting variations in frequency
content that may correspond to different source mech-
anisms. The observed evidence suggests a complex in-
terplaybetween tectonic andmagmatic processes,mak-
ing possible an upward migration of magmatic fluids
from deep reservoirs or even dike injection. More de-
tailed conclusions can be drawn from the integration
of seismic, geodetic, and petrological studies, which
could provide deeper insights into the underlying pro-
cesses of the activity. Nevertheless, this study deliv-
ers a higher-quality seismic catalog, generated through
an established workflow that was initially developed for
daily operational monitoring of the ongoing activity.
This catalog is now openly available for future studies.
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