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Abstract: This study is focused on one of the most active features of the Hellenic Volcanic Arc Southern
Aegean Sea, the Santorini Island Volcanic Complex (SVC). The recent volcano-tectonic crisis in the
intracalderic area has emerged the need for closer monitoring of the region. The 2011-2012 unrest
has been attributed to the augmentation of fluid flow inside local mapped fracture zones. After
March 2012, the seismic activity dropped significantly, raising questions about whether we would
have a long period of quiescence or be on a break before the next period of unrest. In this research,
a re-examination of the seismic outbreak of 2011-2012 was conducted by adding more travel-time
data from 2013 while we further analyzed the waveform data from 2014 to May 2024 to explore the
differences of the SVC body-wave velocity structure by performing seismic tomography in these
two time windows. The new dataset serves to identify the state of the Santorini Volcanic Complex.
The results show a significant reduction in Vp and Vs anomalies at shallow depths since the period
of unrest. At the same time, the distribution of Vp/Vs ratio remains high (>1.87) in the area NNE
of Kameni at a shallower depth (2 km). The areas of Christiana Islands and Columbo volcano are
mainly characterized by negative body-wave anomalies and low Vp/Vs ratio (1.56-1.64) at shallow
depths for the study period, while a possible explanation to results in the submarine volcano may
be explained by dry steam/gas phases that may have resulted in the generation of the swarms that
occurred in the region.
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1. Introduction

The broader area of Southern Aegean is dominated by the tectonic structure of the
Hellenic arc, which is a contact boundary between the Eurasian lithospheric plate and the
African plate (Eastern Mediterranean). These two plates converge in this area at a relative
speed of 2.5 cm per year [1-6], resulting in the subduction of the Tethys oceanic plate
under the Aegean continental plate. The Southern Aegean Volcanic Arc (SAVA) dominates
the study area, with the volcanoes of Sousaki, Aegina, and Methana—Poros in its NW
end (Central Greece), the volcanic centers of Milos and Santorini in its central part, and
Nisyros—Kos at its eastern termination, near the western shores of Turkey (Figure 1).

The seismic crises in Nisyros that occurred in 1995 [7,8], and Columbo [9-11] in 2003,
and the Santorini intracalderic activity between September 2011 and March 2012 [12-17]
highlighted the importance of the systematic monitoring of the volcanic centers in the
Greek area. Santorini is in the central part of the modern volcanic arc (SAVA), constituting
an excellent example of applying various methods to investigate the local volcanotectonic
elements. The island is characterized by a multi-center volcanic field that is intersected
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by a flooded caldera, one of the world’s most violent volcanoes of this category. During
the Pleistocene, over a hundred explosive eruptions were manifested. Twelve of these
discharged volumes of magma exceeding a few cubic kilometers and triggered at least four
caldera collapses [18-21].
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Figure 1. Main tectonic features in Southern Aegean with the location of focal mechanisms of the
significant earthquakes (Table S1) that occurred between 1950 and 2020 (M > 6.0) [6]. The color of
the focal mechanism represents the depth (km) of each event. Abbreviations—SAVA: South Aegean
Volcanic Arc. Fault traces (red lines) derived by [16].

The position of the vents during the last 600,000 years was controlled by two NE-SW
volcano-tectonic lines of Kameni and Columbo [13,22], which acted as paths for the magma.
At least five major explosive eruptions were focused along the Kameni line as well as the
Aspronisi tuff ring. On the other hand, the Columbo line controlled the vent position of
two major explosive events as well as the dyke swarm, cinder cones, and Cape Columbo
tuff ring on the northern part of Thira [23] (Figure 2).

The broader area of the Southern Aegean has been affected by numerous earthquakes
throughout historic times, mainly due to its tectonic setting along the Hellenic Arc. This
seismic zone is one of the most active in the Mediterranean. The particular interest in the
Santorini Island Volcanic Complex is concentrated on the nature of the events recorded
during these times, which may be either tectonic or volcanic. The earliest eruptive events
were located near Akrotiri during the Pleistocene. These eruptions differ from the most
recent volcanism regarding the content of amphiboles.

Since the latest 360 ka, we observed two primary cycles of eruptive activity that caused
a caldera formation. This period was also divided into a series of sub-cycles where lava
flows and explosive eruptions of smaller scale had built up cones. The most famous one
occurred during the Late Bronze Age (mid of the second millennium BCE) and is widely
known as the Minoan eruption. Post-Minoan eruptive activity is concentrated on the
Kammeni islands, in the caldera’s center, which emerged in 197 BCE [23-27]. The most
notable events during this period are the following:

- The 1650 Columbo Volcanic Eruption: The trembling from the volcanic eruption caused
widespread damage to Santorini and resulted in tsunamis that hit surrounding areas.

- 1707, when an earthquake was associated with an eruption, and the activity ended on
September 1711, creating Nea Kameni [28].

- Since then, four central vent eruptions have been recorded, with the most recent one
ending in 1950.



Geosciences 2024, 14, 263

3o0f24

- The 1956 Amorgos Earthquake, with a magnitude of 7.7, was one of the most devas-
tating in modern times. It centered near the island of Amorgos but severely affected
Santorini. The earthquake and subsequent tsunami destroyed many buildings and
caused a significant loss of life, impacting the island [29-32].

These earthquakes and numerous smaller quakes constantly remind us of the region’s
ongoing seismic and volcanic activity. This activity, which has significantly shaped the
island’s history, has garnered the attention of the entire geoscientist community in the
Southern Aegean region.

The earthquake activity in the broader area of Santorini Volcanic Center (SVC) is
strongly connected with the tectonic regime and the volcanic processes [9,10,33]. The
highest rate of seismic activity in this area has been observed along the NE-SW striking
Santorini-Columbo volcano-tectonic line, a deep-seated, strike-slip feature [9,34,35]. Within
this zone, the submarine Columbo volcano shows strong seismic and hydrothermal activity,
which could be associated with the magma reservoir and the migration of magma and
fluids towards the surface [9,10,36].
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Figure 2. Main tectonic features in the broader area of Santorini Volcanic Complex. The red triangles
represent the active volcanic centers of the area. Fault traces (red lines) derived by [34,35].

A similar pattern of seismic activity is observed NE of Columbo, with small-scale
activity spots that may indicate local pathways of upward migrating fluids, developing
volcanic activity within this zone of crustal weakness [9]. Ref. [10] suggests that the
observed seismicity underneath Columbo is associated with the Kameni—Columbo line,
which corresponds to the western termination of the major Santorini-Amorgos Fault Zone
to the NE. Further on, they suggest that the NE Santorini-Columbo faults belong to a single
rupture system. The tomographic study of [37] identified a low-velocity zone of body
waves between 5 and 7 km in the northeastern part of Santorini Island in agreement with
the local tectonic regime. The direction of this zone coincides with the faults of the “Kameni-
Columbo” line. According to the authors of this study, the negative velocity perturbation
below 6 km depth could be linked to the magmatic chamber beneath the submarine
volcanic center of Columbo. Dimitriadis et al. [37] could not exclude a connection between
the surface intracalderic volcanic rocks and a deeper (>10 km depth) magmatic chamber
beneath Columbo.

In September 2011, a seismic unrest period began changing the seismic pattern of the
SVC. The volcanic complex has repeatedly been activated since antiquity, with the most
recent one occurring in 1950, which included some small explosions and the production of
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lava. The initiation of the intense activity caused damage to the local infrastructure, as the
local authorities reported it and thoughts on the volcano’s status—a high-resolution reloca-
tion of the intracalderic seismic events connected that activity with the Kameni line [38,39].
The variability of fault plane solutions at the edges of that volcano-tectonic feature was
interpreted as differentiation from local stress by [16] highlighting the consistency with
the theoretical behavior inside the caldera due to magmatic inflation in an extensional
stress regime of NW-SE direction [40]. Rivalta et al. [41] have underlined the possibility
of a larger regional stress at the volcanic complex than previous results, discussing the
underestimation of the extension rates.

Using data from the 2003 and 2011-2012 swarms, the simultaneous tomographic
inversion identified the top of the magmatic reservoir at ~4 km b.s.]. NE of Nea Kameni
Island [16]. Since then, the activity inside the caldera has gradually decreased until it
approached minimal events per month (total of ~50 events for 2013-2024 with My, > 1.6;
Figure 3). Another sizable portion of the seismic activity (13-15/01/2019) was located
south of Akrotiri, 17.1 km SSW of Thira, aligned in a general WSW-ENE direction. The
most notable event of this group, which lasted 72 h, occurred on 13 January 2019 (Mg, = 3.6)
(Figure 4, cluster #1).

Distribution of events per year (2011 to 2024)

1200

Number of events

2018

Year

Figure 3. Histogram of the distribution of earthquakes that were analyzed in this study between 2011
and 2024.

During the first half of 2020, we had a small outbreak about 10 kilometers west of
Anafi (24-29 April 2020). It started with an earthquake of local magnitude equal to 4.0
and continued until the end of April with magnitudes smaller than 3.0, finally dying out
in the first ten days of May of the same year (cluster #2). Towards Columbo, a series of
light to moderate-size tectonic earthquakes occurred during the first half of 2021, 5-10 km
NE of Thira, as shown by the analysis of [42]. Most recorded earthquakes were located
~40 km NE of Thira, SSW of Amorgos, as part of the seismic sequence that began with
the Mw = 4.5 event on 20 April 2021. The northern boundary of this cluster (cluster #3)
lies on the southern boundary of the activated fault during the 1956 tsunamigenic M7.2
earthquake of Amorgos (cluster #4) [31,43—45] (Figure 5).
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Figure 4. Distribution of the most important earthquake clusters identified between 2011 and
2013. White triangles represent the active volcanic centers, and the red lines represent the mapped
fault traces [34,35].

36.60

Latitude (0 N)
8
8

w
o
N
5]

® Seismic events of
2014 to 2024 period

" Fault traces

as gg.so 25.00 25.20 25.40 25.60 25.80 26,00
’ Longitude (0 E)

Figure 5. Distribution of the most important earthquake clusters identified between 2014 and
2024. White triangles represent the active volcanic centers, and the red lines represent the mapped
fault traces [34,35].

In this study, we re-examined the data of the seismic outbreak of 2011-2012 by adding
more travel-time data from 2013 while we further analyzed the waveform data from 2014
to May 2024 to examine the change of the SVC body-wave velocity structure by performing
seismic tomography in these two time windows. The new dataset served to identify the
status of the Santorini Volcanic Complex and discuss the geologic processes behind these
results. The identification of the main magmatic plumbing system’s location in SVC and its
evolution since the 2011-2012 unrest can help in revising the volcanic hazard assessment
in the Southern Aegean. Understanding how the shallower magmatic chambers of the
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volcanic complex move in depth, in connection with past recorded eruptions and recent
geochemical data from institutions and organizations, could be a valuable tool for the
scientific community and Civil Protection officials.

2. Data

This study is significant as it delves into the seismic activity of the Santorini Volcanic
Complex (SVC) and the surrounding regions of the Southern Aegean. The region is moni-
tored by several permanent Hellenic Unified Seismological Network (HUSN) stations on
the island, with additional temporary stations installed by the partners of the permanent
network in 2011 and operated during the period of unrest [16]. Since 2007, real-time data,
including both 1-component (1 Hz) and 3-component (broadband or short-period) stations,
have been transmitted, with manual arrival-time picking used to obtain hypocentral loca-
tions (http:/ /www.geophysics.geol.uoa.gr/stations/gmaps3/leaf_stations.php?map=2&
Ing=en accessed on 1 September 2024).

Manual arrival-time picking is applied to obtain the optimal hypocentral locations
using the SeisComP3 graphical user interface [46] and a custom regional 1-D velocity model
for the Southern Aegean Sea [16] (Figure S2). As a first step, we analyzed the seismic data
in near real-time using the HypoZ71 location algorithm [47]. Then, these results were rerun
with the Hypolnverse code [48].

The next step we made was the division of the dataset into two relatively homogeneous
subsets. The main criteria of the period selection was the gradual diminishing of the
Santorini caldera, Columbo—-Amorgos, the area south of Christiana islands’ seismic activity
near the end of 2013, and the onset of a cluster of earthquakes in the area of cluster #5 early in
the year (2 January 2014-23 January 2024), with the majority of magnitudes approaching 3.
Its migration to the neighboring Columbus area in the second fortnight of February of the
same year, with its peak observed the following (February 2015) with cluster #4 magnitudes
exceeding local magnitude 3.0, played an essential role in the occurrence of an My =4.15
of Christiana islands.

Finally, we divided the dataset period into two main frames: (1) 30 September 2011 to
31 December 2013 (Figure 6a) and (2) 1 January 2014 to 31 May 2024 (Figure 6b). The input
data consist of 1626 earthquakes for the first time-window and 1088 for the second.
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Figure 6. Distribution of the initial catalogue’s seismic events that were used in this study. The
selected earthquakes for (a) 2011-2013 and (b) 2014-2024 time window. Seismic stations are depicted
in purple triangles. Fault traces (red lines) derived by [34,35].
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To ensure the quality of the selected seismic data used in the tomographic inversions,
the earthquakes and body-wave arrivals had to meet the following conditions:

- Each event had to be recorded at least by eight stations for both P and S phases.

- For both time windows, we kept the arrivals recorded in common stations of the
permanent network of HUSN.

- A selection based on the magnitude was applied (My, > 2.0) for the 20112012 intra-
calderic activity to maintain a similar ray coverage.

- Focal depths had to be between 1 and 50 km.

- The nearest station distance had to be less than the selected events” hypocentral depth.

- RMS could not be larger than 0.5 s.

Applying these criteria led to a slightly reduced dataset of 1337 and 1005 seismic
events for each period, including 28,421 P combined with 14,957 S, 14,539 P, and 12,846 S
picks, respectively.

3. Tomographic Inversion

In this study, the analysis was performed using the LOcal TOmographic Software
(LOTOS-12) by [49]. This software provides us with two options: either the Vp—Vs scheme,
using P and S travel-time residuals (dtp and dts), or the Vp-Vp/Vs scheme, selecting the
available dtp and differential residuals, dts—dtp. This code requires as input data the stations’
coordinates, elevations, and arrival times from locally recorded seismicity. The coordinates
of the hypocenters and the origin times are not required, given that they are determined
during the execution of the calculations. If preliminary hypocentral locations are available,
as in this case, they are used to speed up the processing. Additionally, the user defines
the available initial 1-D model and a set of input parameters to perform the convergence
iteration steps, i.e., parameterization, grid dimensions, and damping parameter [49].

The level of regularization for the real-data inversion and the ideal number of iterations
is defined based on the results of the synthetic tests, choosing the best set of parameters that
result in the finest resolution. A nodal representation was employed (Figures S4 and S5),
given that the velocity field, reconstructed by a three-dimensional grid, does not assume
a specific geometry of heterogeneities [50]. The spacing between the nodes (~2 km) was
smaller than the expected resolution length to reduce any bias to the resulting models
caused by the grid configuration. The optimal grid mesh has been determined by taking
into account the station/event geometry (Figures S4 and S5). Furthermore, to decrease
any influence of the parameterization of the model on the final solutions, we repeated the
inversion using four different grid orientations (e.g., 0°, 22°, 45°, and 67°). The results
obtained for the above-mentioned grids were stacked into one summary model, reducing
the artefacts related to grid orientation, as described by [49].

During the inversion, we used both schemes (Vp-Vs and Vp-Vp/Vs) to obtain more
information as they matter for the Vp and Vs anomalies [49,51]. Body-wave travel times
and ray paths (Figures S4-59) were calculated based on the bending method as proposed
by [52]. The sources were located using the same 1-D reference model for the area of
the SVC [16] for the periods under examination. This velocity model (Vp and Vp/Vs)
provided minimum travel-time errors and misfits to the dataset of both periods (2011-2013
and 2014-2024).

The procedure was performed simultaneously for the body-wave velocities, the source
parameters (dx, dy, dz, and dt), and the station corrections. The LSQR algorithm was used
for the inversion [53,54]. The stability of the procedure was controlled by damping and
smoothing. We employed a technique to smooth the velocity anomalies to minimize the
differences in the solutions from neighboring nodes. This was achieved by adding equations
with two non-zero elements having opposite signs corresponding to all pairs of neighboring
nodes. The best values of smoothing were determined through a multiple synthetic test to
choose among the parameters that gave the most accurate model recovery. It is important
to note that the number of iterations had a similar effect to changes in damping. Therefore,
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we consistently applied five iterations and only adjusted the smoothing parameters. In
total, we used five iterations to derive the final models in both study periods.

Another significant factor to consider is the performance of local earthquake tomogra-
phy (LET) in different time periods, particularly the application of smoothing over time [55].
This approach was deemed necessary to compensate for the lack of data in some periods,
such as our data between 2014 and 2024 in the intracalderic area. Smoothing over time
ensures the continuity of the tomographic results, which is crucial for better fidelity in
interpreting the final results. The resolution of the available dataset was evaluated using
the checkerboard synthetic test [56], described in the supportive information (Section 3;
Figures 510-525). This method involves applying alternating anomalies of positive and
negative velocity perturbations on a 1-D gradient model evenly distributed in a checker-
board pattern throughout the model. The optimal values for P- and S-wave amplitude
damping and smoothing and the corrections for the station, source coordinates, and origin
times were determined based on the results of these tests, as described in [56,57].

The results of the synthetic test showed that, for both time windows, we see higher
values of the obtained anomalies at the superficial depth slices (2 and 4 km) than the initial
checkerboard ones in step 0 of the procedure. More specifically, the reconstructed body-
wave velocity perturbations in iteration 5 are 14-15% (2011-2013; Figures 514-516) and
12-13% (2014-2024; Figures S23-525) instead of the original 12%. At deeper slices (8 km),
the amplitudes of the anomalies appear to be weaker for the 2011-2013 time window, while
for the second one (2014-2024), we observe slightly higher perturbations in P and S as
in the shallow ones (2 and 4 km). The tests showed a satisfactory reconstruction of the
anomalies for the greatest part of the area for cell sizes greater than 10 km (36.25°-36.55° N,
25.3°-25.6° E) for both time periods. In the area SW of SVC (ESE of Christiana islands), the
results were successfully reconstructed in the first time-interval, with an underestimation
of the initial board anomalies of about 2-3%. In the second one, horizontal smearing
was observed, as in the case of the NE part of the study area. This is mainly due to a
lack of seismological stations of the regional network of HUSN and, as a result, a much
smaller amount of accurately located earthquake data (36.55°-36.75° N, 25.62°-26.00° E;
Amorgos—Columbo spatial cluster) in both of the time intervals.

The results of the vertical resolution tests were robust for the shallow part of the
model, with satisfactory results to detect the change in the anomaly sign at these depths.
However, the model did not have resolve well for depths greater than 15 km. The cross-
sections showed that the anomalies at both ends were blurred due to poor ray coverage
(Figures S11-513). This was caused by the poor azimuthal coverage between available
stations and seismic events during the inversion procedure. The study area reconstruction
adequately captures the transition from negative to positive velocity anomalies in the
cross-sections for the greatest part of the profiles in both time windows. Nevertheless,
profiles DD’-FF’ appeared less resolved than the others, particularly in the WNW margin
(0-10 km across the section) of the profiles. The lower vertical resolution than the respective
horizontal one may be due to the source and velocity parameters trade-off, as suggested by
previous studies (e.g., [58]).

The results derived by the tomographic inversion show reduced travel-time residuals
of the body-wave arrivals compared to the initial step (iteration 1) in the procedure. The
width of the residual distribution (one standard deviation) is reduced by the tomography,
from 0.38 to 0.30 s (2011-2013 time window) and from 0.28 to 0.19 s (2014-2024 time
window) for the P-waves and from 0.50 to 0.35 s (2011-2013 time window) for the S-waves
(2014-2024 time window). The distribution’s mean value has notably shifted toward zero,
from —0.90 to 0.55 s for P-waves and 1.05 to 0.85 s for S-waves (Figure 7).
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Figure 7. Residuals of P— (left) and S—wave (right) arrival times as a function of hypocentral distance
before (blue dots) and after the tomographic inversion (red dots).

4. Results

As mentioned in the previous paragraph, we divided the dataset into two main
windows to conduct the tomographic inversion. The main results of this study, which were
derived from the inversion of the earthquake travel times, are presented as dVp, dVs, and
Vp/Vs ratios in four tomographic slices at 2, 4, 8, and 12 km depths. Figures 6—8 show
the six vertical profiles transverse the main volcanic centers of Kameni and Columbo of
the SVC.
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Figure 8. Location of the performed cross-sections. Red triangles represent the active volcanic centers
and the red lines the mapped fault traces [34,35].

Velocity variations for the superficial layers generally range between —12 and +10%
for P- and S-waves. At the same time, the respective Vp/Vs ratio varies between 1.54
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and 2.05. According to the synthetic modeling tests and the ray coverage, the velocity
structure is resolvable for the 2-12 km depth range. Recent studies of active seismic
tomography have shown that the intracalderic area (north of Nea Kameni) is mainly
composed of a low-velocity anomaly, mainly related to a collapse [59,60], possibly from the
episode (3.6 ka; [19,61]). This anomaly appears to be located over the inflation source from
2011-2012 volcanic unrest [39].

2011-2013

For the first period, the most substantial velocity contrasts were identified in the
surface layers of the crust (<4 km), while for depths greater than 8 km, the whole picture
changes. Summarizing, the following observations can be made from the horizontal slices:

1. A zone of low velocities (Vp and Vs) under the Santorini Caldera (Figures 9 and 10),
contrasting with the corresponding positive anomalies in the island’s northern part,
where the Columbus tectonic line passes.

2. Anextensive low Vp (%) zone is observed for the depth slices of 4 and 8 km depth
in the area SW of Christiana islands (36.20°-36.30° N, 25.2°-25.35° E). These results
appear to agree with those of [37,59,60].

3. The main negative anomaly for P-waves located in the southern part of the volcanic
complex (~—12%) contrasts with the corresponding positive one (~+10%) from the
central sector of Nea Kameni to Imerovigli, creating a discontinuity possibly connected
with the Kameni tectonic line (slices of 2 and 4 km).

4. Thedistribution of dVp is anticorrelated with that of dVs in the area N-NNE of Kameni.

5.  Furthermore, a similar observation is made in the central sector of Santorini Island,
NNE of Akrotiri, where a strong contrast of the E-W direction between positive (north)
and negative (south) body-wave velocity perturbations is observed (36.35-36.42° N,
25.42-25.45° E).

6.  On the other hand, heading towards Columbo, we see the dominance of negative
body-wave velocity perturbations for the depth slices of 2 and 4 km, while in the
deeper tomograms, this changes with the prevalence of positive anomalies (~6—8%)
and the distribution of higher Vp/Vs ratio (Figure 11) (>1.87; ~36.50° N, 25.50° E).

Six profiles were drawn to track these anomalies in more detail, two NNE-oriented
and four WNW-ESE (Figure 8). These cross-sections have highlighted the following:

1.  Strong negative anomalies at shallow depths to 6 km and relatively large Vp/Vs
ratio values.

2. Atdepths greater than 4 km (profiles AA” and BB’), NNE and SSW of Nea Kameni,
high body-wave anomalies (>8%).

3. Atadepth range between 3 and 7 km, beneath the caldera of Santorini, positive dVp
(%) and negative dVs (%). This resulted in high Vp/Vs ratios that approached the
value of 2.

4. High Vp, low Vs, and high Vp/Vs ratios are observed at 6-8 km depth, south of Nea
Kameni and north of Akrotiri (profile CC’).

5. Inprofiles AA’, BB’, and FF’, the distribution of a broad negative anomaly (~ —10%)
becomes evident in both dVp and dVs, and low Vp/Vs ratio values at the end of each
section beneath Columbo volcano can be observed (Figures 12-14).

6.  The absolute body-wave velocities range from 3.4 to 5.0 km/s (P-wave) and 2.2 to
3.4 km/s (S-wave) in the uppermost part of the crust (~5.0 km depth). At the 5-10 km
depth, the P- and S velocities are generally low beneath the main volcanic centers
of Kameni and Columbo, compared to the areas SW and NE (profiles AA” and BB’;
Figures S26 and 527).

7. The seismicity is mainly concentrated in the Kameni line during this time window
and sparser towards the NE, at the Columbo-Amorgos fracture zone (Figures 9-11).
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Figure 9. Tomograms of lateral Vp (%) variations at 2, 4, 8, and 12 km depths. Black dots represent
the seismicity at each depth slice. Regions with low resolution are manually masked based on the
resolution tests. Red triangles represent the volcanic centers of the SVC.
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Figure 10. Tomograms of lateral Vs (%) variations at 2, 4, 8, and 12 km depths. Black dots represent
the seismicity at each depth slice. Regions with low resolution are manually masked based on the
resolution tests. Red triangles represent the volcanic centers of the SVC.
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Figure 11. Tomograms of lateral Vp/Vs ratio at 2, 4, 8, and 12 km depths. Black dots represent
the seismicity at each depth slice. Regions with low resolution are manually masked based on the
resolution tests. Red triangles represent the volcanic centers of the SVC.
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Figure 12. Distribution of Vp (%) variations. Regions with low resolution are manually masked based
on the resolution tests. Map projection of cross-sections in Figure 8.
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Geosciences 2024, 14, 263

14 of 24

Latitude (°N)

Latitude (ON)

2014-2024
In this time interval, we have observed the following;:

A considerable decrease in the intensity of the anomalies at depth slices of 2 and 4 km
compared to the first time-window. In comparison, the widening of the negative
anomalies (~—12%) in the S waves’ velocities and the change of the sign of the pertur-
bations in the area south of Kameni for the slices of 8 and 12 km are characteristic.
The greatest velocity contrasts were seen in the surface layers of the crust (<4 km),
while for depths greater than 8 km, a zone of fast velocity anomalies (Vp and Vs) is
observed in the area south of Kameni and near Akrotiri (Figures 15 and 16), contrasting
with the corresponding negative ones to the north.

The main negative anomaly for P-waves located in the central part of the volcanic
complex (~—12%) contrasts with the corresponding positive one (~+10%) from the
southern sector of SVC, creating a discontinuity at the southern part of the island.
The distribution of the Vp/Vs ratio appears to have its maximum values (>1.87)
N-NNE of Kameni in a region close to the magmatic chamber that was identified
by [16] in the 2011-2012 swarm (36.40-36.43° N, 25.42-25.45° E; Figure 17).
Furthermore, a similar observation is made in the central sector of Santorini Island,
NNE of Akrotiri, where a strong contrast of the E-W direction between positive (north)
and negative (south) body-wave velocity perturbations is observed (36.35-36.42° N,
25.42-25.45° E), which resembles the results of [59,60,62] from the active source ex-
periment conducted in 2015. In the area NE of Santorini Island, we keep seeing the
dominance of negative body-wave velocity perturbations for the depth slices of 2 and
4 km, as in the first time-window (~36.50° N, 25.50° E). This is in agreement with the
studies of [37,62,63]. The latter [63] has shown the presence of a low Vp zone below
the submarine volcano of Columbo between 2 and 4 km depth.
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Figure 15. Tomograms of lateral Vp (%) variations at 2, 4, 8, and 12 km depths. Black dots represent
the seismicity at each depth slice. Regions with low resolution are manually masked based on the
resolution tests. Red triangles represent the volcanic centers of the SVC.
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Figure 16. Tomograms of lateral Vs (%) variations at 2, 4, 8, and 12 km depths. Black dots represent
the seismicity at each depth slice. Regions with low resolution are manually masked based on the
resolution tests. Red triangles represent the volcanic centers of the SVC.
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Figure 17. Tomograms of lateral Vp/Vs ratio at 2, 4, 8, and 12 km depths. Black dots represent
the seismicity at each depth slice. Regions with low resolution are manually masked based on the
resolution tests. Red triangles represent the volcanic centers of the SVC.
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In the cross-sections (Figures 18-20), we have seen the following;:

1.  Strong negative anomalies at shallow depths in the intracalderic area, associated with

relatively high Vp/Vs ratio values (>1.85).

2. Low Vp and high Vs anomalies at deep parts of the area beneath Kameni (profiles

DD’ and EE’), forming a low Vp/Vs ratio distribution.

3. The absolute body-wave velocities range from 3.4 to 5.0 km/s (P-wave) and 2.2 to

3.4 km/s (S-wave) in the uppermost part of the crust (~5.0 km depth).
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Figure 18. Distribution of Vp (%) variations. Regions with low resolution are manually masked based
on the resolution tests. Map projection of cross-sections in Figure 8.
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on the resolution tests. Map projection of cross-sections in Figure 8.
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Figure 20. Distribution of Vp/Vs ratio values. Regions with low resolution are manually masked
based on the resolution tests. Map projection of cross-sections in Figure 8.

At depths greater than 7 km, these values approach 6.2 km/s (P-wave) velocities and
3.5 km/s (S-wave; Figures 528 and 529).

5. Discussion

Our study rigorously examines the changes in the velocity structure of body waves
(Vp, Vs, Vp/Vs) between the 20112012 unrest up to the current phase of the SVC. The
main goal was to explore what (and if something) has changed in the body-wave velocity
structure from 2011 to 2012, as well as to explore more features than the caldera area and
the volcanotectonic lines that may be promising to explore and find our limitations while
correlating the results with the ones derived by active seismic tomographic surveys in
order to have a clearer view of the evolution of the area that may help us to construct better
starting velocity models and provide a better earthquake catalogue with more accurate
focal parameters.

The alternation between periods of inactivity and unrest is an interesting issue in
volcanic complexes. The 2011-2012 phase of unrest commenced at the Santorini volcano
in January 2011, picked up in December 2012, and gradually diminished in the second
quarter of the year. While the characteristic part of that period was the concentration of
microseismic activity along the Kameni line, in the second half of the same year, we saw
elevated numbers of microearthquakes in both the Columbo line and Anhydros basin in
the Amorgos—Columbo fracture zone. Recent studies of past seismic swarms (2006-2007)
have concluded the possibility of a fluid saturated crust below the submarine volcano of
Columbo and the presence of a magma chamber composed by melts that may have been
the driving mechanisms of these swarms due to perturbations in pore-fluid pressure [64].

The analysis of the first time-window (2011-2013) revealed a connection between
the recorded seismicity to magmatic bodies and active faulting, especially along the NE-
SW direction. The velocity anomalies remain comparable to the previous studies of [16],
highlighting an area of low Vp and Vs and high Vp/Vs anomaly located beneath the
Caldera, NE of Nea Kameni, centered at ~5 km depth. The presence of these conditions
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(low body-wave velocity perturbations and high Vp/Vs) of seismic parameters is a clear
indicator of the presence of a liquid phase in shallow magmatic chambers (e.g., dissolved
volatiles or melts) [65-68]. These results have a good correlation with the ones of [62] that
found a low-velocity volume in the area north of Kameni Island that was attributed to a
magmatic body with melts ranging from 4 to 13%.

In the area to the NNE of Akrotiri, we have obtained a strong contrast of E-W direction
between positive (north) and negative (south) body-wave velocity perturbations. This can
be linked to the hydrothermal activity recorded contemporaneous with the studies of the
2011-2012 unrest [36]. In general, negative anomalies in body-wave velocities are associated
with the fragmentation of local fault zones of the crust, where hot fluids find a passage
to rise. More specifically, the collapsed parts of the volcanic complex are characterized
by a broad zone of low-velocity P-waves up to a depth of 7 km. Refs. [59,61] revealed an
anomalous low-velocity body in a depth range between 0.5 and 3 km using active source
seismic data. They modeled their results to a low-density cylinder, interpreting it as sill
emplacement beneath the caldera.

During the 2014-2024 period, we observed a significant reduction in body-wave
perturbations (%) for the shallow depth slices, a finding that is of great importance when
compared to the 2011-2013 time window. The circular area of the high Vp/Vs ratio (>1.87)
remains in the area N-NNE of Kameni at a shallower depth (~2 km), a consistency that
aligns with recent studies [59,60,62—-64]. The reduction in the Vp/Vs ratio for the broader
region of Kameni Island fits the data of [69]. In this study, they have concluded that a gas
depletion and cooling of the magma emplaced at ~4 km depth during the last volcanic
unrest of 2011-2012 has taken place considering the data from the caldera over 2015-2022.
On the other hand, near the volcanic center of Columbo, we see the dominion of negative
Vp, and Vs anomalies and a low Vp/Vs ratio (1.56-1.64) at shallow depths, comparable
to the 2011-2013 time window. Usually, low Vp/Vs values are usually associated with
dry steam/gas phases [59,60,69,70]. This observation is supported by the results of [69],
who report high gas concentrations at about 270 °C underneath the Columbo submarine
volcano at shallow depths (Figure 21).

In the vertical sections of both time windows, we observe an anomaly of very high
Vp/Vs beneath Kameni at depths between 3 and 7 km below sea level. The transition
from high to low Vp/Vs in both time windows may be associated with the point where
the dissolved magma fluids transform into gases due to the crystallization of anhydrous
minerals and/or decompression, as mentioned in relevant studies [71-73]. The distribution
of absolute body-wave velocities ranges from 6.5 to 6.8 km/s (P-wave) and 3.5 to 4.0 km/s
(S-wave) in the uppermost part of the crust (~17-22.0 km depth). These results are by both
recent [59-64] and previous studies conducted in the past [9,37,74]. In the cross-section that
passes through the volcanic centers of Nea Kameni and Columbo (AA’), there is not any
clear evidence of a resolvable connection between these two magmatic chambers in body-
wave velocities (Vp and Vs) and Vp/Vs ratio, which is in accordance with petrological
studies [75] that rule out a connection between these two magmatic chambers in shallow
depths. Past LET in the area [37] on this matter has suggested that there might be a
connection between these two systems at deeper parts of the crust.

Heading towards the SW of SVC, we can see a zone with negative Vp (%) perturbations
in the limits of our fidelity area for both time periods. This feature is interesting since
it is highlighted by both LETs, using the lineaments of earthquakes we observe, and
active-source seismic tomography studies. According to [76], this area is an NNE-oriented
Pliocene basin that connects the Christiana islands with the submarine volcano of Columbo.

During this work, several similarities with respective local earthquake tomography
studies have been observed, but there are also some crucial differences. The differences
are mainly focused on the method, active vs. passive (earthquake) seismic tomography.
Ref. [77] has emphasized that the reliability of seismic imaging relies on the artificial
seismic sources, the knowledge of locations and arrival times at the receivers, the controlled
geometry of the experiment, and the high precision of the results, which provide more
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accurate results on the selected target. Here, it should be pointed out that upgrading the
seismological network with the simultaneous processing of active seismic is necessary to
allow an overlap of the results in certain areas while in others, mostly in greater depths, it
complements them.

(a) 2011-2013

30 40
 section (km)

10 20
Distance acros

Figure 21. Interpretation of the tomography results of profiles AA” and DD’ based on the results of
Vp/Vs ratio for (a) 2011-2013 and (b) 2014-2024 temporal window.

The amelioration of the seismic network and a more systematic monitoring of the
volcano may provide more evidence for melt accumulation in the shallow part of the crust,
which may play an essential role in future tomographic studies. The knowledge of a 3-D
body-wave velocity model obtained in this study and the characteristics of the behavior of
the magmatic system assist in reducing the calculation times of a new model without any
a priori knowledge. These results, combined with continuous temporal monitoring, may
give significant information on the evolution of the magmatic feeding system, combined
with a close look at the classification of the events. In this study, we have tried to provide a
detailed image of the shallow magmatic system of the SVC and give a first insight into their
evolution in the last 15 years. This is valuable information on the behavior of the Santorini
Volcanic Complex that hopefully may assist geoscientists with important input on volcanic
hazard assessments and provide an estimate of the impact of a future event in the region of
the Eastern Mediterranean Sea.

6. Conclusions

In the concluding remarks of this paper, a comparison between two different time
periods has been applied to the SVC velocity structure between 2011 and 2024. The
adopted temporal windows for a tomographic application were 2011-2013 and 2014-2024
to overcome the lack of data in some periods. However, we must keep in mind, as previous
studies mention, that while this kind of technique has the potential to detect and resolve
spatiotemporal changes in seismic velocities, on the other hand, it is subject to bias due
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to these variations with time in ray paths, which are mainly caused by the differentiation
in the hypocenter locations. To reduce these effects, we filtered the available hypocenter
locations and kept the standard stations of the permanent network (HUSN). The main
results are summarized in the following:

- Asignificant reduction in body-wave anomalies has been observed at shallow depths
since the 2011-2012 unrest.

- A persistently high Vp/Vs ratio (>1.87) remains NNE of Kameni at a shallower depth
(2 km) than in the first time-period.

- The Columbo volcano is mainly characterized by negative P and S anomalies and a
low Vp/Vs ratio (1.56-1.64) at shallow depths in both time windows, interpreted as
dry steam/gas phases.

- At depths shallower than 20 km, the Columbo submarine volcanic center is not
connected to the Kameni one.

- There is a wide low-velocity (Vp) zone in the SW of Christiana Islands, which is
correlated to the Pliocene NNE-SSW-oriented basin.

- Wehave to be cautious about the above-mentioned results due to the limited resolution
regarding the separation lengths between the volcano-tectonic features.

The seismic crises of volcanic centers of the SAVA highlight the importance of adding
more stations to the permanent facilities [78-83] to obtain a high-precision hypocenter
catalogue and perform detailed studies that will include the investigation of the waveform
shape, frequency content, and hypocenter migration using new algorithms of artificial
intelligence (AI). The results of this study are a vital step towards a better understanding
of the processes in the central part of the HVA, an area that has seen attention by the
community of geoscientists.
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