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Abstract

The 2025 Santorini-Amorgos seismic sequence marked a significant episode
of volcanic-seismic unrest in the Hellenic Volcanic Arc, offering a unique op-
portunity to investigate precursory patterns and the dynamic evolution of
seismicity in a complex tectonic setting. Here, we analyze the preparatory
phase of the crisis using a high-resolution relocated seismic catalog, anomaly
detection, and statistical modelling. We identify four distinct stages of seis-
mic activity: 1) An initial volcano-driven phase starting in the summer 2024
with slightly accelerating moment release and focusing towards the Amor-
gos region; it was followed by 2) a progressive onset of the seismic sequence
during January associated with stronger clustering, steady b-value and rock-
eting magnitude entropy with right-shifting multifractal spectrum. 3) A
successive very energetic transitional, five-days-long chaotic phase in early
February, with evident breakdown of the Gutenberg-Richter law, apparent
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decrease of the b-value, multifractality and hypocenters super-diffusion. Fi-
nally, 4) a terminal sub-diffusive aftershocks-dominated phase occurring after
mid-February. Clustering, fractal and entropy analyses reveal significant pre-
monitory changes marked by progressive migration of seismicity towards the
area that hosted the sequence. Our findings suggest that the 2025 sequence
was promoted by multiscale crustal weakening processes likely triggered by
a magmatic-tectonic interaction and governed by the strong segmentation of
the Santorini-Amorgos normal-faulting system preventing the strike of a M,
6+ mainshock.

Keywords: Santorini-Amorgos seismic crisis, Statistical precursory
patterns, Earthquake clustering, Fractal analysis, Volcano-triggered
tectonic seismicity, Gutenberg-Richter violation

Introduction
1. An unprecedented seismic sequence in a volcano-tectonic setting

The Aegean Sea is among the most active geodynamic regions in the
Mediterranean area. The Santorini-Amorgos tectonic zone is well-known for
its persistent magmato-tectonic activity within the Hellenic Volcanic Arc.
This setting is characterized by frequent volcano-tectonic processes, with
several submarine volcanic cones aligning in a SW-NE direction, parallel to
the regional tectonic features (Nomikou et al., 2012; Hooft et al., 2017). The
most prominent is the submarine Kolumbo volcano, which last erupted in
1650 CE and hosts widespread microseismicity (Schmid et al., 2022). Since
the summer 2024, seismic activity started to raise in the area of the Santorini
region, driven by the progressive uplift of the caldera (Lippiello et al., 2025).
At the end of January 2025, an unprecedented seismic sequence, in terms of
rates and magnitudes, started to evolve in the offshore region to north-east
of the Santorini volcanic complex, in the Santorini-Amorgos tectonic zone
(Fig. 1). This seismic sequence evolved as a swarm, lacking a large rupture
that could be considered a mainshock, and included numerous events with
magnitudes greater than four, reaching up to magnitude 5.3 (NOAIG - In-
stitute of Geodynamics, National Observatory of Athens, 2025). The cumu-
lative energy nucleated at the peak of seismic activity lasted about four days
and was roughly equivalent to a M, 6.2 earthquake Lippiello et al. (2025).
The 2025 crisis was preceded by nearly six months of escalating unrest within
Santorini’s caldera, highlighted by progressive deformation, elevated carbon
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Figure 1: The 2024-2025 seismicity in the Santorini-Amorgos area. (A) A map of the
shallow (depth smaller than 30 km) M}, > 2.2 seismic events occurred from January 1, 2024
to April 30, 2025. Faults are after Leclerc et al. (2024) (B) The Santorini-Amorgos seismic
activity shows a clear violation of the expected Gutenberg-Richter law as proven by the
instability of the b-value estimation throughout the whole spectrum of magnitudes (orange
line) and the corresponding decreasing normalised root mean square error (NRMSE, blue
line) (C), so that we combined a Gaussian detection function (its cumulative distribution
is represented by the dashed red line in (B)) and a Kagan’s gamma function (green dashed
line in (B)) to better reproduce the frequency-size distribution of magnitudes. The final
joint result of our fit is shown in (D).
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dioxide emissions and anomalous microseismicity. These precursory signals
mirrored patterns observed during past episodes of volcanic unrest, such as
the 2011-2012 Santorini inflation episode (Newman et al., 2012; Vallianatos
et al., 2013), but with quantitative differences in spatial extension and energy
release. The seismic swarm started in late January 2025 and coincided with a
rapid migration of hypocenters from the Kolumbo submarine volcano region
towards the Santorini-Amorgos graben system, suggesting a transition from
localized fluid-driven fracturing to regional tectonic stress release. Since late
February 2025, the seismic rate has been decaying rapidly; at the same time,
focal mechanisms shifted from a regime with significant isotropic components
(Zahradnik et al., 2025) to regular shear events. This trend suggests a tran-
sition from fluid-mediated seismicity triggering to an Omori-like aftershocks
dynamics.

Open questions and research direction

The fundamental mechanisms driving the initiation and progression of
the Santorini-Amorgos seismic sequence have already been extensively doc-
umented in recent studies (NOAIG - Institute of Geodynamics, National
Observatory of Athens, 2025; Lippiello et al., 2025; Karavias et al., 2025;
Zahradnik et al., 2025), revealing a well-established framework of magmatic-
tectonic interactions. However, the exceptional characteristics of this se-
quence present both a challenge to conventional earthquake rupture models
(Kanamori and Brodsky, 2004; Hill et al., 2015) and a unique opportunity
to study the complex interplay between magmatic fluids, tectonic stress, and
crustal heterogeneity in volcanic arc environments. Unlike typical tectonic
earthquakes where reliable precursors remain elusive (Zechar and Zhuang,
2010; Zaccagnino et al., 2024), this sequence exhibits clear precursory pat-
terns and distinctive statistical properties that deviate from standard seis-
mological dynamics. The anomalous features include:

e suppressed maximum magnitudes inconsistent with regional scaling re-
lations (Papazachos and Papazachou, 2003);

e breakdown of the Gutenberg-Richter distribution with reasons beyond
the usual catalog incompleteness;

e strongly time-dependent multifractal clustering with breaking during
the peak of seismic activity;
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e self-sustained swarm-like dynamics.

To systematically investigate these phenomena, we integrate physical model-
ing of diffusive and entropic processes with advanced statistical analyses in-
cluding clustering analysis, frequency-size scaling with tapered distributions
(Kagan, 2002) also investigating the effect of earthquake detection (Ogata,
1988), multifractal detrended fluctuation analysis (MFDFA) (Kantelhardt
et al., 2002) and others. This integrated approach enables the identifica-
tion of distinct seismic phases within the Santorini-Amorgos sequence and
provides quantitative characterization of its anomalous properties yielding
new insights into the underlying physical processes governing seismicity in
complex volcano-tectonic regions.

Methods and Analysis

Data selection and pre-processing

The Santorini-Amorgos seismicity is found to follow a quite complex
frequency-size distribution of magnitudes (Fig. 1B, D). We confirm this result
after homogenization of magnitudes (from My and other estimates to M,, fol-
lowing empirical calibrations (Papazachos and Papazachou, 2003; Karakostas
et al., 2015)) The Gutenberg-Richter law explains very poorly the observed
scaling of magnitudes for two reasons: smaller magnitudes are not detected
appropriately up to quite high large sizes due to a combination of short-
term incompleteness and remote, sea localization of seismicity; moreover, an
anomalous number of events with magnitude above 4.5 is reported in the
catalog we analyse (NOAIG, 2025) with respect to the maximum registered
magnitude. Therefore, we combine three different effects within the same
distribution to reproduce the observed scaling of magnitudes, M:

e The Gutenberg-Richter law (Gutenberg and Richter, 1944): N(M) =
10a—bM;

e Ogata’s Gaussian detection threshold (Ogata, 1993):

T L0

where M, is the so-called completeness magnitude and o controls the
width of the detection threshold.
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e Kagan’s corner magnitude M, (Kagan, 2002) with exponential taper:

(2)

106 (Ma=M) 1
T(M) = —_—
(M) eXp{ bIn 10 ]

Then, we fit the following generalized distribution
G(M) =N(M) X faer(M) x T(M). (3)

Henceforth, we only consider events with magnitudes with at least 97.3%
probability to be detected (M. — M, + 20) in order to avoid biases in
the estimation of important parameters due to short-term aftershock incom-
pleteness (M, ~ 2.2). The b-value of the Gutenberg-Richter law over time is
estimated using the b-positive method (Van der Elst, 2021) with a threshold
magnitude equal to 0.4 instead of 0.2 in order to get more stable results.
The time-dependent analysis is performed using a moving window with 300
events for the b-value and 200 events for other geophysical quantities of in-
terest except for the fractal dimension, which is calculated using 500 events.

Clustering and Entropy analysis

The Shannon entropy (H ) provides a measure of the fluctuations and vari-
ability of earthquake magnitudes, m;, with probabilities (i.e., the frequency
of observation in each time window) p(x;). It is given by (Shannon, 1948)

N

H=— ZP(%) log p(z;), (4)

=1

where N is the number of events in each window. Analogously, the Tsallis
Entropy, S, generalizes the Shannon entropy with parameter ¢ (Tsallis, 1988)
providing insights to properties such as magnitudes, regardless of the scale
Telesca et al. (2004); Vallianatos et al. (2016):

5= (1 - _Zp<xi>q> . (5)

For ¢ — 1, S, converges to H. Higher values of the entropy, both H and .5,
suggest a more chaotic and unpredictable behavior of the system.



109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

Spatial-temporal analysis

In our analysis we study the trends of the interevent times, At;, and space,
||x; 11 —x;||, defined as the time and distance in between two successive events
above the minimum selected magnitude. Moreover, we characterize the diffu-
sive properties of seismicity in space and time using both classical diffusion,
i.e., assuming, as a first hypothesis, that the mean squared displacement
grows linearly with time (r?(t)) = 2dDt, where d is dimension (d = 2 for epi-
centers and d = 3 for hypocenters) and D is the diffusion coefficient (Metzler
and Klafter, 2000).

For N events in the time window with locations x;, the diffusion coefficient
is given by

po Lyl ol )
~2d(N —1) &= Aty

Anyway, it is often the case that the hypothesis above is not a good ap-
proximation of reality; therefore, we generalize our analysis to the so-called
“anomalous diffusion”, where the mean squared displacement follows (r?(t)) oc
t* (Michas and Vallianatos, 2018). If o < 1, a sub-diffusive process occurs
controlled by disorder within complex settings such as stress trapping within
fractured fault systems with very slow spatial spreading, while super-diffusion
is obtained for o > 1 with rapid stress transfer. If & = 1 we recover the clas-
sical case. For anomalous cases, the estimate of « is performed via log-log
slope calculation of the mean squared displacement vs time.

Assessment of clustering

The global coefficient of variation, CYy,, is calculated to quantify the tem-
poral clustering of seismicity by comparing interevent time variability to a
Poisson process (Cox and Lewis, 1966):

Cy = % (7)

where oa; and < At > are the standard deviation and mean of interevent
times. Cy > 1 indicates clustering, while C'y, ~ 1 suggests Poissonian behav-
ior; values below one stand for regular recurrences.

Criticality
For a more refined measure of how seismicity evolves over time, the
branching ratio, n, measures criticality (i.e., tendency to develop long-range

7
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interactions following power-laws with universal exponents and sensitivity to
perturbations) and it is defined as the ratio between triggered and total num-
ber of seismic events (Ogata, 1988). We estimated it via maximum likelihood
in a space-variable background intensity ETAS model (Nandan and Sornette,
2022). A branching ratio n ~ 1 marks criticality, n > 1 supercriticality, and
n < 1 subcriticality (Helmstetter and Sornette, 2003).

Fractal analysis
Fractal correlation dimension

A first rough glimpse onto the fractal properties of seismicity can be
provided by the correlation dimension, Dy, which can be used to characterize
the spatial clustering of hypocenters (Grassberger and Procaccia, 1983). For
N events (we use a moving window with 500 events), the correlation sum
(integral), C(r), counts the pairs of hypocenters within a distance 7:

Cr) = 3=y 2 O = e = ). Q

1<j

where © stands for the Heaviside step function. Ds is estimated as the slope
of the line from the scaling region of log C(r) vs. logr. Anyway, the suitable
selection of the region where the log-log plot follows a linear trend is not
easy. To improve robustness, we fit C(r) with a sigmoid function:

k

C(r) =yo + T o G=r0)’

(9)
where k essentially controls the slope. Then, the fractal dimension Dy (Ka-
gan, 2007) is the slope of the sigmoid function in its inflection point, i.e., the
derivative at the saddle point r = rg:

dlog C(r) kry
Dy =250 2T
dlogr 4

r=rQ

(10)

Multifractal analysis

The analysis of the multifractal spectrum, f(«), is an advanced tech-
nique to characterize the scaling properties of earthquake magnitudes and
interevent times (Telesca and Lapenna, 2006). Specifically, the Multifractal
Detrended Fluctuation Analysis (MFDFA) evaluates the scaling properties
in non-stationary earthquake time series (we apply it to earthquake magni-
tudes and interevent times). It is implemented following the seminal work

8
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by Kantelhardt and colleagues (Kantelhardt et al., 2002). For a time se-
ries x; of length N, where x can represent both magnitudes or interevent
times, the integrated profile of residuals with respect to the mean value, (z),
Y (i) = >, [xr—(x)] is computed. The profile is segmented into Ny = | N/s]|
non-overlapping intervals of scale s, with a reverse segmentation to include
residual data. For each segment, a polynomial P") of order r is fitted to
remove local trends, and the variance F(s) is calculated around this trend.
The choice of r depends on the data: linear detrending (r = 1) is usually
sufficient for weakly non-stationary trends, while higher orders (r > 2) are
needed for stronger nonlinearity. Then, the ¢-th order fluctuation function
F,(s) is derived by averaging variances across segments. If F,(s) ~ s(@ with
H(q) decreasing as ¢ increases, the dynamics is multifractal and featured by
the so-called generalized Hurst exponent H(g). Then, a quantitative and
visual technique to investigate the scaling properties of interevent times and

magnitudes consists in plotting their multifractal spectrum f(«) defined as
(Kantelhardt et al., 2002)

fl@) = gla = h(g)] + 1, (11)

where o = h(q) + q%(;).

We followed the steps discussed in (Ihlen, 2012) to set up our code. We
profile the multifractal spectrum over the temporal evolution of seismicity
by separating events above the minimum considered magnitude into four
different phases highlighted by using the techniques described above. The
shape of f(«) is incredibly rich in information about the statistical properties
of seismicity:

e A wide spectrum indicates strong multifractality, i.e., a single dimen-
sion is poorly informative about the complex time and magnitude dy-
namics of the events;

e Left-skewed (right-skewed) spectra suggest dominance of large (small)
fluctuations of magnitudes/inter-events (Shimizu et al., 2002);

e The a range provides a measure of heterogeneity in scaling; more,
specifically, higher values of a suggest strong heterogeneity.

Results

Our analysis of the Santorini-Amorgos seismicity (M > 2.2) from Jan-
uary 2024 to April 2025 reveals four distinct phases of seismic activation. A

9
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first sign of activity is detected in summer 2024 with a preparatory phase
characterized by decreasing interevent distances (Figure 2) and coherent fluc-
tuations in interevent times (Figure 3). During this initial stage, we observed
a strong positive correlation (up to r ~ 0.62) between these parameters, in-
dicating coupled spatial-temporal clustering. This correlation abruptly van-
ished immediately prior to the major seismic activation in late January 2025.
The branching ratio analysis (Figure 4) showed sub-critical behavior through-
out 2024 (n =~ 0.38 £0.02), suggesting stable stress accumulation. The onset
of major seismicity triggered a rapid transition to supercritical dynamics
(n =~ 1.1), followed by intermittent subcritical-supercritical oscillations be-
fore settling into sustained subcritical decay (n < 0.5 — 0.6) by April 2025.
Concurrently, the b-value (calculated via the b-positive method) decreased
progressively from 1.2 £ 0.2 to 0.6 £ 0.05 (Figure 5) in a few weeks in Jan-
uary 2025, consistent with stress localization. Diffusion analysis revealed
three distinct transport regimes: initial fast diffusion (D ~ 10 km?/day, see
Figure 6) associated with a super-diffusive behavior (o > 1), and terminal
long-term sub-diffusion (v = 0.03-0.05). The estimation of the diffusion
coefficient over time using classical diffusion process, although with large
fluctuations, appears stable (Figure 6B) suggesting that anomalous diffusion
processes may play a major role and classical diffusion performs poorly for
modeling the much more complicated dynamics and space-time evolution of
seismicity during the Santorini-Amorgos seismic crisis. No significant depth-
or magnitude-dependent trends were observed. Entropy metrics, i.e., both
the Shannon and Tsallis entropy, (Figure 7) exhibit a gradual pre-seismic
decline, an activation-phase peak, and subsequent decay. The fractal corre-
lation dimension (Figure 8) showed progressive increase until early February
2025, followed by abrupt collapse (ADy = 0.3 over a few days) and linear
decay over time. The multifractal analysis (Figure 9) is performed consid-
ering the four phases highlighted by previous investigations: we get a broad
left-skewed spectrum (until January 2025), a narrowed right-shifted spec-
trum (since January 26, 2025); we also observe multifractality breakdown
(February 2-9), and, at last, partial recovery.

Discussions

Four Phases of Seismicity and Their Physical Interpretation

Our analysis reveals four different phases characterizing the Santorini-
Amorgos regional seismicity during January 2024 to April 2025, each with

10
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Figure 2: Temporal investigation of (A) the interevent distances between successive seis-
mic events above M2.2, (B) standard deviation of such distances and (C) Pearson’s
correlation coefficient between interevent times and distances. These observations suggest
a progressive focusing process of seismicity towards the Amorgos region starting during
the summer 2024 promoted by the inflation of the Santorini caldera. (D) Distribution of
inter-distances of successive seismic events in the Santorini-Amorgos region.
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Figure 5: Scaling properties of seismic activity during the Santorini-Amorgos seismic
sequence in 2025. The b-value estimated using the b-positive algorithm does not show a
clear trend at the onset of the cluster being the uncertainty quite large; then, a progressive
decrease is observed up to anomalously low values (~ 0.6-0.7).

unique spatial-temporal, statistical and dynamical features unveiled by the
integration of different techniques we implemented.

Preparatory Phase (Summer 2024 - January 25, 2025)

The initial stage is characterized by decreasing interevent distances (Fig. 2)
and coherent fluctuations in interevent times (Fig. 3); the two quantities re-
sulted to be quite well spatial-temporal correlated with a long-term positive
trend culminating just before the onset of major seismicity (p ~ 0.62). This
suggests coupled clustering, likely reflecting progressive stress accumulation
in a localized volume at the edge of instability, in agreement with established
models (Dieterich, 1994). The subcritical branching ratio (n ~ 0.38 £ 0.02)
indicates stable background seismicity without significant triggering (Helm-
stetter and Sornette, 2003). Our interpretation is in agreement with up-
coming research results (Lippiello et al., 2025), i.e., volcano-magmatic driven
stress transfer to north-east likely mediated by fluid migration.

Critical Transition (Late January 2025)

The abrupt loss of spatial-temporal correlation accompanied the major
activation, consistent with a critical system approaching instability (Sornette,

14
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onset of the major cluster in the late January 2025, when a swift increase is observed.
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Figure 8: Assessment of the fractal correlation dimension of hypocenters during the
Santorini-Amorgos 2025 seismicity using a 500 events moving window with one-quake

steps.

The fractal dimension increases progressively in the first phase; then, the con-

tribution of an extremely productive phase starting on February 2-3, 2025, produces an
apparent drop of the fractal dimension, likely affected by higher magnitude incompleteness
of the catalog. Anyway, the successive long-lasting trend confirms a progressive decrease
of the fractal dimension coherent with the observed lowering of the b-value of seismicity.
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Figure 9: Multifractal spectra realized by means of linear interpolating polynomials of
magnitudes (A) and interevent times (B) over the four different phases of the seismic
activity in the Santorini-Amorgos region.
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2006). It is consistent with the observed rapid transition to (super)critical
dynamics (n ~ 1.1) and b-value progressive drop (from 1.2 + 0.2 to ~ 0.60)
suggesting stress localization and increased fault coupling (Schorlemmer and
Wiemer, 2005). This phase marks the transition from a volcano-magmatic-
mediated seismicity to an avalanche-like dynamics in a strongly segmented
and structurally complex normal-faulting system.

Super-diffusive Escalation (February 2-9, 2025)

We observe a fast diffusion regime (even though poorly constrained by
a D ~ 10 km?/day, with a > 1), which implies fluid-driven stress transfer
mixed with cascading failure (Shapiro et al., 2005; Michas, 2025). The subse-
quent breakdown of multifractality (Fig. 9) may reflect a tendency to a larger
homogeneity of the time/magnitude dynamics of the seismic process, as al-
ready detected in previous seismic sequences (Telesca and Lapenna, 2006).

Sub-diffusive Stabilization (Mid February—April 2025)

The last stage is characterized by sub-diffusion (a = 0.03-0.05 km?/day)
and fractal dimension progressive lowering (AD, ~ 1.3) correlated with a
slight decay of the b-value indicating stress homogenization and transition

to seismic quiescence typical of aftershocks relaxation dynamics (Ben-Zion
and Sammis, 2003).

2. Abnormal moderate size events and no mainshock

One of the most stunning features of the Santorini-Amorgos seismic se-
quence is the statistical dominance of moderate events (4 < M < 5.3) with-
out a large mainshock, to be added to the breaking of the usual Gutenberg-
Richter scaling. Hereafter, we discuss the possible origins of such an anomaly.

e The few-days sustained intermittently supercritical branching ratio (n ~
1.1) and the concomitant anomalous diffusion suggest widespread in-
stability associated with energy dissipation through swarm-like activity
rather than a single repeatedly-activated large rupture (Fischer et al.,
2023). Even the spatial-temporal distribution of epicenters show that
several different seismogenetic structures have been involved.

e Complementary to the previous explanation, the fractal dimension in-
crease followed by sudden drops (Fig. 8) hints at a strongly segmented
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fault system inhibiting rupture coalescence (Kagan, 1991). This view-
point is also supported by the measure of quite high b-value during
the second phase of seismicity (b = 1.0 — 1.4), as discussed in previous
research works (Zaccagnino et al., 2023).

e Moreover, a role of volcano-magmatic-tectonic interaction is highlighted
by the progressive b-value decline to ~ 0.6. It may also imply, together
with fault segmentation, high differential stress within the normal fault
system, so that the absence of a major event might reflect aseismic
slip fostered by high temperature gradients and sudden percolation of
highly-pressurized fluids into preexisting fracture networks, with sub-
sequent seismic activity mediated by fluid pressure gradient smooth-
ing and stress transfer from previous earthquakes. This scenario has
already been proposed in other volcano-tectonic environments (e.g.,
at Mount Rainer (Shelly et al., 2013) and Yellowstone (Farrell et al.,
2009)).

3. Comparative dynamics and key Lessons from the 2025 Santorini-
Amorgos seismic sequence

The 2025 Santorini seismic sequence exhibits hybrid characteristics that
bridge tectonic and volcanic swarms. Like tectonic seismicity (Nishikawa and
Ide, 2017; Passarelli et al., 2018), it displays a low corner magnitude with
no dominant mainshock, sustained activity violating the Omori’s law, and
alternating super-diffusive (o > 1) and classical diffusive (o = 1) epicenter
migration. Simultaneously, it shares traits with volcanic swarms (Roman
and Cashman, 2006), including positive isotropic components in moment
tensors (Zahradnik et al., 2025) and clear geodetic deformation trends (Lip-
piello et al., 2025). This duality raises fundamental questions about the
interplay between magmatic and tectonic forcing, i.e., whether they acted
jointly throughout the sequence or if the volcano-magmatic contribution is
merely limited to fueling instability into the already stressed normal fault
system. This topic is widely debated in literature, but mostly regarding how
seismicity triggers eruptions and minor volcanic activity and not vice-versa
(Bergman and Solomon, 1990; Uchide et al., 2016; Nishimura, 2017; Sawi
and Manga, 2018; Seropian et al., 2021).

Moreover, the sequence provides critical insights into earthquake physics and
hazard assessment:
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e On the separate and different contributions of deterministic and stochas-

tic dynamics: while the Santorini caldera experienced uplift (excluded
from our analysis since we do not included events in the Santorini
caldera in our investigation), seismicity in the Amorgos sector showed
pronounced changes in clustering metrics, interevent spatial-temporal
structure, Shannon and Tsallis entropy, and fractal dimension. Mul-
tifractal Detrended Fluctuation Analysis (MFDFA) shows left-drifting
spectra for both interevent times and magnitudes during the third and
fourth phase (Figures 9), suggesting a deterministic driver with a minor
role of stochastic dynamics. This supports the idea that when deter-
ministic processes (e.g., stress transfer, fluid diffusion) play a major
role - as often occurs in volcanic settings - seismicity may become more
predictable through physics-based monitoring (Ide and Sornette, 2002;
Sornette and Helmstetter, 2002). Precursors gain meaningful predic-
tive power when tied to underlying physical mechanisms, emphasizing
the need to uncover hidden drivers of seismicity in seemingly stable
systems.

On fault segmentation effects: the prevalence of moderate events with-
out a large mainshock highlights how fault network geometry modulates
seismic energy release. High b-values (1.2 4+ 0.2 early in the sequence)
and elevated fractal dimensions (Fig. 8) point to a highly segmented
fault system that inhibited rupture coalescence (Kagan, 1991; Venegas-
Aravena and Zaccagnino, 2025). Such segmentation may also explain
the fast diffusion observed during the supercritical phase (D ~ 10
km?/day).

On the importance of memory effects: persistent memory effects, evi-
denced by long-range spatial-temporal clustering and recurrent same-
magnitude events, deviate from classical mainshock-aftershock statis-
tics (Lennartz et al., 2008; Taroni et al., 2024). This anomaly un-
derscores how background processes (e.g., fluid migration) can over-
ride standard scaling laws. Fractal analysis captures these deviations
through multifractality breakdowns (Fig. 9) and entropy peaks, as
demonstrated in analogous swarms, e.g., Telesca et al. (2015).

On the stress sensitivity and remote triggering: the sequence sensitiv-
ity to minor stress perturbations, evidenced by rapid transitions be-
tween sub-critical (n ~ 0.38) and supercritical (n ~ 1.1) regimes, is

21



355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

consistent with studies showing swarm destabilization near instability
thresholds (Gomberg et al., 1997; Yong-Ge et al., 2003; Zaccagnino
et al., 2021, 2022). Caldera deformations may have remotely activated
the Santorini-Amorgos fault system via static stress transfer or fluid-
pressure diffusion, illustrating cascading interactions between volcanic
and tectonic systems already detected in analogous regional investiga-
tions (Lemarchand and Grasso, 2007).

These observations collectively challenge traditional seismic hazard paradigms,
advocating for integrated monitoring combining geodesy, multifractal analy-
sis, and stress transfer modeling in tectonically active volcanic regions.

Conclusions

The analysis of seismicity in the Santorini-Amorgos region from January
2024 to April 2025 reveals a complex four-stage sequence marked by distinct
precursory patterns, critical transitions, and post-onset dynamics. The ini-
tial phase, characterized by decreasing interevent distances and consistent
progressive drop in interevent times, suggests a progressive stress focusing.
The strong positive correlation between these quantities before the major
seismic activity in late January 2025, followed by a sharp drop, agrees with
theoretical expectations of mounting driven-stress instability prior to major
events through strain localization on weak fault segments. The subcritical
behavior (branching ratio ~0.4) dominating the early phase further supports
the idea of a preparatory stage. The transition to supercritical dynamics at
the sequence onset, with intermittent sub- and supercritical fluctuations, re-
flects the system’s instability during peak activity. The decrease in b-values
from ~1.0 to 0.6 after the sequence initiation suggests a shift toward higher
stress release, a phenomenon well-documented in both volcanic, tectonic and
injection-induced seismicity (Michas, 2025). The diffusion analysis reveals a
progression from super-diffusive to sub-diffusive behavior, indicating evolv-
ing energy dissipation mechanisms, consistent with observations from other
seismic swarms where initial rapid stress redistribution transitions to slower,
confined deformation. Entropy and fractal dimension analyses further cor-
roborate the system’s evolving complexity. The initial rise in correlation
dimension before the main seismic phase suggests increasing spatial organi-
zation of hypocenters, while its abrupt drop and subsequent decline reflect
post-onset relaxation. The multifractal behavior, particularly the spectral
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shifts and temporary breakdown in early February, highlights the dynamic
interplay of stress and fracture processes. The suitability of linear polyno-
mial fits for multifractal analysis contrasts with higher-order models may
emphasize the dominance of first-order stress interactions in controlling seis-
micity during the whole process. The Santorini-Amorgos 2025 sequence ex-
hibits features common to both volcano-magmatic and tectonic seismicity:
specifically, it is possible that the inflation and subsequent deflation of the
Santorini Caldera could trigger seismicity via stress-transfer to north-east to-
wards a marginally-stable highly-fractured normal-faulting tectonic setting.
Its extremely segmented structure may be responsible for the extremely high
productivity of moderate magnitude events (relatively low corner magni-
tude) without any large mainshock. In summary, our findings are consistent
with previous literature on seismic swarms, induced and volcano-tectonic se-
quences (e.g., Lemarchand and Grasso (2007); Farrell et al. (2009); Shelly
et al. (2013); Uchide et al. (2016); Iaccarino and Picozzi (2023)) and show
that a quantitative assessment over the temporal evolution of seismicity is
possible even in anomalous cases like the 2025 Santorini-Amorgos seismic
sequence, reinforcing the importance of integrated statistical and multifrac-
tal approaches for understanding precursory signals and volcano-magmatic
triggering mechanisms in seismically active tectonic regions.
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