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Abstract: Crete is located in the Southern Aegean, in the southernmost part of the Hellenic Trench.
Given the large number of earthquakes in the region generated by the convergence of the Eurasian
and African tectonic plates, the research area is critical. More than 7000 manually revised events
from 2018 to 2023 were used in this work to construct local 1D velocity models of Crete and the
neighbouring areas. The P-wave velocity models were constructed using the spatiotemporal error
minimisation method estimated using the HYPOINVERSE algorithm. At the same time, the VP/VS

ratio was obtained using the Chatelain method, which compares the time difference in P and S phases
recorded by pairs of corresponding stations. We then relocated the seismicity of the study area that
was recorded by both permanent and temporary seismic networks during the abovementioned period.
The double-difference algorithm was used to relocate events with magnitudes above the magnitude
of completeness, resulting in more than 4500 precise relative locations with horizontal and vertical
uncertainties of less than 2.5 km. The precise locations delineated faults both on the island and in the
offshore study area. Furthermore, the results are discussed and compared with the ones derived from
other significant previous works presented recently. The final dataset analysis contributes to a better
understanding of the research area’s seismicity as triggered by local and regional tectonic structures.

Keywords: velocity models; local tectonics; Hellenic Trench; relocation; Crete

1. Introduction

Greece, located in southeastern Europe, is a place where a variety of geological pro-
cesses take place, such as the formation of the Alpine mountain chain from the Western
French Alps to the Dinarides in the Balkan Peninsula due to the collision between the
European and Nubian plates [1–4]. In the Southern Aegean (Greece) lies the southernmost
segment of the Hellenic Arc, which starts in the W-SW region of the Peloponnese, then
continues south of Crete, splitting into three main parts, the Pliny, Ptolemy, and Strabo
trenches, and terminates east of Rhodes Island before its differentiation into Anatolia and
the South of Cyprus [5,6]. This region is characterized by intense rates of seismicity re-
sulting from the convergence of the Eurasian and African tectonic plates, as shown by
significant historical activity [7]. The aforementioned motions are driven by the subduction
of the Mediterranean lithosphere of oceanic origin under the Aegean continental one, with
a rate of convergence of ~35 mm/year [6–12].

This study focuses on the island of Crete, located at the southernmost tip of the
Southern Aegean at the centre of the Hellenic Arc (Figure 1). This area appears to be one
of the most seismically active areas in the eastern Mediterranean region, mainly due to
intense tectonic movements during the Late Quaternary, which led to a significant uplift
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in local scale and the creation of extensional faults in approximately the WNW–ESE and
NNE–SSW directions [3,13–15]. In the Cretan Sea, north of Crete, three primary tectonic
depressions are present, located between the Southern Cyclades and Crete, Karpathos, and
Rhodes. The main tectonic structures in the region are oriented NW-SE to the west and
NE-SW to the east, illustrating the curvature of the Hellenic Arc. The broader area of Crete
is characterised by complex geodynamics where transpressional tectonics dominate the
southern part of Crete, in contrast to normal and strike-slip forms on the shallow part of
the crust, producing a heterogeneous stress field [16,17]. In contrast, in the north, the area
between Santorini and Crete, extension is observed [18–21]. The latter shows extension in a
general E-W direction, while N-forward shortening was observed in Western Crete [22].
Specifically, the faults in the area of Western Crete are divided into six categories, according
to [23], whose directions are: (a) N130◦ E, (b) N100◦ E, (c) N020◦ E, (d) N075◦ E, (e) N050◦ E,
and (f) N160◦ E. Ref. [6] determined that of the fault categories mentioned above, we find
mainly normal faults (a–d), while (e) and (f) refer to strike-slip faulting, with sinistral and
dextral motion of the slip components, respectively. On the contrary, in Central and Eastern
Crete, extension is observed in the NE-SW and NW-SE directions as [24] mentioned.
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Figure 1. Main tectonic features in Greece and Western Turkey. The black rectangle contains the
study area. Abbreviations-HT: Hellenic Trench; NAT: North Aegean Trough; SAVA: South Aegean
Volcanic Arc. Fault traces (red lines) derived by [3,13]. Blue and green arrows indicate trend of the
major (S1) and minor (S3) principal stress axes, yellow arrows show the strike-slip motion on the
projected faults [16].
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Crete’s seismicity, in both the historical and instrumental periods, is mainly related
to the geodynamics of the Aegean and Mediterranean plate convergence, and events of
shallow depth characterise it (<25 km) [7,25–28]. The lack of uniform and optimal coverage
with seismic stations on the island and local velocity models is a significant disadvantage in
highlighting the earthquake distribution in areas near or along the HT. The latest essential
sequences led to an amelioration of the local station coverage, improving the available
catalogues. Improved 1D regional models and well-localised aftershocks recorded by dense
seismic monitoring networks provide a basis and baseline for more constrained seismic
velocities in the region and detailed seismic catalogues. Since the usage of manually selected
high-quality arrival times (P and S) in 2018, local 1D body-wave velocity models were
developed in the regions of West, Central, South-Eastern (Ptolemy and Pliny Trenches), and
Eastern Crete. The recorded data improved the knowledge of the seismotectonic structures
on the island and helped ameliorate the local shallow crustal seismicity relocation in order
to examine in detail the correlation between seismicity and the activation of the local
fault pattern. The resulting information can be used in future work to determine the 3D
body-wave velocity structure of the Southern Aegean in order to provide more details on
seismogenic layer thickness and the depth of the upper layers of the slab and assess the
potential seismic hazard.

2. Materials and Methods
2.1. Seismological Data

The present work focuses on the island of Crete and its neighbouring regions to the
west and east, respectively. Several permanent stations of the Hellenic Unified Seismolog-
ical Network (HUSN) are operating in this area, complemented by 4 temporary stations
(CRE1–4) of the Geodynamics Institute of the National Observatory of Athens (GI-NOA),
installed between 27 September 2021 and 15 June 2022, mainly contributing to increasing
the depth accuracy of the Arkalochori aftershock sequence for this period of time [29–31]
(Figure 2).

Each event is recorded by at least 6 stations. Since 2007, continuous waveform record-
ings have been obtained from HUSN in real time, comprising both 1-component (1 Hz)
(THR2-9; Santorini Island Seismic Network operated by the Aristotle University of Thes-
saloniki) and 3-component (either broad-band or short-period) stations, while manual
arrival-time picking is applied to obtain hypocentral locations using the SeisComP3 graphi-
cal user interface [32] and a custom regional 1D velocity model for the region of Crete [33].
In the first stage of the sequence analysis, hypocentres were located in near real-time,
employing the Hypo71 single-event algorithm [34]. Then they were relocated running the
HypoInverse code (35-Klein, 2002). The dataset comprises 11,337 events from June 2018 to
May 2023, with ML ≥ 0.7 (Figures 3 and 4), analysed and available in near-real time by the
Seismological Laboratory of the National and Kapodistrian Univerity of Athens (SL-NKUA;
http://www.geophysics.geol.uoa.gr/stations/gmaps3/leaf_stations.php?map=2&lng=en,
accessed on 1 June 2023).

2.2. Estimation of the Local 1D Velocity Models

During the first phase of this work, a manual revision of the P and S phases took place
for more than 11000 seismic events with ML ≥ 0.7. The initial locations of the data used
were located using the regional velocity model of [33] using Hypo71 and HypoInverse
codes [34,35]. Further filtering of this catalogue was applied in order to have more accu-
rately determined events in the database for the minimum 1D velocity model inversion
using the mean travel-time residuals and location error (RMS, ERX, ERY, and ERZ) mini-
mization method [36,37]. Afterwards, the dataset was filtered for earthquake magnitudes
greater or equal than the magnitude of the completeness (Mc) for the study area as deter-
mined by [38] (Figure 5). The initial phase data were further filtered using earthquakes
with at least eight (8) P- and five (5) S-wave arrival times and a maximum azimuthal gap of
180◦. In total, we obtained a dataset of 7410 events.

http://www.geophysics.geol.uoa.gr/stations/gmaps3/leaf_stations.php?map=2&lng=en
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Figure 2. Location of the permanent (orange triangles) HUSN stations and temporary installed stations
(blue triangles) by the G.I.-N.O.A after the initiation of Arkalochori earthquake sequence (September 27,
2021). Blue and green arrows indicate trend of the major (S1) and minor (S3) respectively [16].

The resulting catalogue was then divided spatially into six smaller regions (Figure 5)
using overlapping windows for further analysis and comparison with similar studies
conducted in these regions [39]. The events were evenly distributed across both overlapping
areas. These areas are:

1. Chania-Antikythera region (area 1; 1882 events).
2. Rethymno area (area 2; 498 events).
3. Matala—Ptolemy Trench (area 3; 858 events).
4. Central Crete-Heraklion basin (area 4; 2321 events).
5. SE Crete—Pliny Trench region (area 5; 1096 events).
6. Zakros—Karpathos region (area 6; 1648 events), where the 12 October 2021, ML = 6.2

event took place.

The largest group is that of Heraklion, which contains the aftershock sequence of
Arkalochori [31,32,40,41]. A region-specific 1D velocity model was estimated for each
group to further refine the initial hypocentral solutions in each area (Figure 5). The selected
seismic phases were recorded by stations up to the distance of 200 km based on the Dmin-
Dmax option provided by the HypoInverse code, targeting to exclude the Pn and Sn phases.
Afterwards, a search for the best solution after multiple iterations per layer (velocity, ceiling
depth), starting from the initial 1D velocity model. A gradual reconstruction of the final 1D
velocity structure was performed based on evaluating a misfit function (RMS, ERH and
ERZ) for a range of ceiling depth and velocity values. The robustness of each model was
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tested by several HypoInverse runs, calculating the obtained error as a change in number
and the ceiling depth of the layers.
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In each area, the procedure started with the estimation of hypocentral parameters
using the local 1D velocity models obtained by [39]. The respective S-wave model was
estimated by dividing the values of P-velocities to the VP/VS ratio obtained by the Chatelain
method [42], which compares the time difference in P and S phases recorded by pairs of
corresponding stations.

2.3. Double-Difference Algorithm (HypoDD)

The construction of a well-defined catalogue is essential to obtain a detailed image
of the structural properties and processes that trigger seismic activity. The precision of
hypocentre locations and their uncertainties depend on several factors, including the
number and quality of available seismic phases, the accuracy with which arrival times
are measured, the network geometry, and knowledge of the velocity structure and the
linear approximation to a set of non-linear equations, which is assumed in the inversion.
HypoDD ([43]; Waldhauser) is an algorithm that reduces the residuals between the ob-
served and theoretical differences of travel times (or double-differences) for pairs of neigh-
bouring events at each station that recorded both events, as can be seen from Equation (1).
This way, errors due to unmodeled velocity structures are minimised without station
corrections. A minimum 1D layered velocity model was used to predict the travel time
differences and partial derivatives (Equation (2)).

drij
k = (ti

k − tj
k)

obs
− (ti

k − tj
k)

cal
(1)

∂ti
k

∂m
∆mi −

∂ti
k

∂m
∆mj = drij

k where m = (x, y, z) (2)

Inter-event distance and misfit weighting was applied to catalogue data after the
end of each iteration in order to optimise their quality during the relocation procedure.
Horizontal and vertical relative spatial errors can be minimized by approximately one
order of magnitude under certain conditions. In this case study, the relocation took place
in each sub-region that was described in the previous section. The initial phase data were
further filtered using earthquakes with at least eight (8) P- and five (5) S-wave arrival times
and a maximum azimuthal gap of 180◦, resulting in 4609 events with ML ≥ 2.2. Initially, the
events were located using hypoDD. Later, 4107 of them (89.11%) were relocated. A different
approach of defying “strong links” was adopted throughout the sub-regions where the
relocation procedure took place (Figure 6). The main factors that were taken into account
were the size of the dominant clusters, the network coverage of the area, and the occurrence
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of an aftershock sequence that could reduce the maximum separation distance in the ph2dt
input parameter file.
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3. Results
3.1. Local 1D Velocity Models and Location of the Seismic Catalogue

Taking into account the final residuals, a 1D P-wave velocity model (“P-S final model”;
Figures 6 and 7) was determined. The distribution of the spatio-temporal errors obtained
using the newly developed local velocity models is shown in Table 1. The horizontal and
vertical shift of the hypocentres, which arose between the initial and final regional velocity
model, is shown in the supplementary material. The majority of events in the final seismic
catalogue lie between 2 and 16 km in depth. The shallow seismicity is distributed along
the faults that intersect the shallow part of the crust [13], while a significant portion of
intermediate-depth seismic activity (H ≥ 40 km) is located near Antikythera Island (West;
sub-area 1 in Figure 5), north of Heraklion (central part; sub-area 4 in Figure 6d), and
between Eastern Crete and the Kassos and Karpathos Islands (East; sub-area 6 in Figure 5).
This observation shows a fair correlation between the rapid increase in velocity at depths
greater than 32 km in these areas (Figure 6f) and recent tomographic studies in the regions
along the Hellenic Arc. [44–51].
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Table 1. Statistics of temporal errors (RMS), location uncertainties and mean depth for Crete’s regional
and group-specific initial [39] and final velocity models derived by this study.

Model
Regional

Model
[33]

Area 1 Area 1
[39] Area 2 Area 2

[39] Area 3 Area 3
[39] Area 4 Area 4

[39] Area 5 Area 5
[39] Area 6 Area 6

[39]

RMS (s) 0.48 0.39 0.42 0.27 0.34 0.18 0.20 0.24 0.25 0.27 0.25 0.29 0.24
ERH (km) 1.44 1.95 2.27 1.68 2.47 1.90 2.37 1.74 2.10 1.61 2.36 1.71 2.21
ERZ (km) 4.74 6.90 7.25 4.58 7.25 4.99 9.08 5.62 6.36 6.59 15.08 6.02 5.45

Mean Depth (km) 33.70 17.22 13.69 15.82 11.88 11.34 11.01 8.07 13.69 10.70 9.12 15.69 15.49

The best 1D local velocity models are displayed. Their error statistics are shown in
both histogram and map projection in Figures S1–S12. The histograms depict the temporal
(RMS) and spatial (ERH and ERZ) error distributions of the available data between the
study’s starting [39] and final models. The newly developed velocity models provide us
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with a better concentration of seismic events, more realistic hypocentre depth ranges, and a
proper understanding of local structure activation.

In the westernmost region (Antikythera-Chania), the velocity model of the crust varies
between 5.8 and 6.7 km/s for approximately 32 km, while the respective values for the
neighbouring area of Rethymno are between 5.6 and 6.8 km/s for crustal thickness of less
than 31 km (Figure 6b). The structure is relatively simplified since they are composed of four
and three layers, respectively. Ref. [52] shows a more detailed image of the upper crust using
data from seismic surveys conducted in the area. Their P-wave velocity model is composed
of four (4) layers in the uppermost 2 km and reaches 5.2–5.3 km/s below 4 km of depth.

Moving to the SE, in the region of Matala-Central Ptolemy Trench (sub-region 3),
significant differentiation is observed in the velocity structure of the crust compared to
the one calculated by [39]. More specifically, the final model consists of five layers and a
half-space at the same depths as the study by [39], with the noticeable difference situated
in the P wave velocities and a significantly lower VP/VS ratio. The velocity model of the
crust varies between 4.9 and 6.8 km/s for approximately 25 km, while the respective values
for the neighbouring area of Rethymno are between 5.6 and 6.8 km/s for crustal thickness
of less than 31 km (Figure 6b,c). The velocity model of Matala-Central Ptolemy Trench
was tested in the recent earthquake sequence near Matala (17 May 2023–31 May 2023),
where more than 130 events were located with a better concentration near some of the most
significant local fault sources [13,52] and yielded improved error uncertainties compared
to the initial model of [39].

In the central part of the island, the velocity model is divided into more layers (six
layers) with approximately the same values of P velocity and crustal thickness. However,
the VP/VS ratio changes from Rethymno (1.76) to Matala (1.74) and Heraklion (1.75) area
(Figure 7b–d). The existence of a thick layer of recent deposits (Neogene to Quaternary)
above the Alpine basement and the presence of a low-angle subducting lithosphere in the
area may explain the reason of the complexity of the local velocity. Our results show a fair
correlation with the ones of [53] for the uppermost (<10 km) part of the crust. Precisely,
that study estimated a P-wave velocity between 4.8 and 5.5 km/s.

Further to the east, in the sub-regions of SE Crete-Pliny Trench and Zakros-Karpathos,
the velocity model is simplified to approximately four (4) layers and a crustal thickness of
32–33 km (Figure 6e,f) due to the absence of clear minima during the process of defining the
velocity and ceiling depth of the half-space. This result converges with the respective ones
of [39,48] for the same territory in quantity, ceiling depth of the discontinuities (±2 km), and
the velocity of each layer (±0.2 km/s). The updated catalogue shows a better concentration
of shallow seismic events along the main fault zones of the study area (Figures S1–S12) and
minor spatio-temporal errors (Table 1). The higher VP/VS ratios of the South Cretan Sea
(sub-region 5; 1.77) and Eastern Crete-Karpathos Island (1.76) than the respective ones in
sub-gions 3 and 4 may reflect the effect of the upward migration of fluids as a result of the
dehydration of the subducting sediments within the oceanic origin Tethys plate [54–58],
like in comparable cases [59–62]. Specifically, this VP/VS increase may be attributed either
to the penetration of water fluids through local faults and flat cracks, saturating the hosting
rock formation, or an upward migration of aqueous fluids derived by slab dehydration in
the deeper parts of the crust (>10 km), circulating along the main fault zones of the area,
fitting most of the observations on local seismic activity and previous studies of earthquake
tomography in the region [45]. The subduction of the Tethys oceanic lithosphere under the
Aegean microplate causes overlapping velocities, as shown in studies using earthquake,
seismic, and gravity data [1,39,46,48,49,53]. This overlapping makes it challenging to create
local 1D velocity models for each plate separately.

3.2. Relative Locations (hypoDD) of the Seismic Catalogue

In this study, more than 4500 events of ML ≥ 2.2, comprising 69,201 phases, were
relocated with hypoDD (Figure S13). The procedure of the relative hypocentral relocation
was performed for each sub-region (1–6) separately, using the local velocity models and
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VP/VS ratio described in the previous section. Due to the size and the large number of
seismic events in each area, the hypoDD relative locations were estimated using the LSQR
method, which may under-estimate the respective errors.

The damping parameter for each area was set to different values in order to produce
condition numbers between 40 and 80 for relocated clusters as suggested by [43]. A total
of 4113 events were successfully relocated (~89%) with an average RMS residual of 0.18 s,
which is significantly lower than the respective one of the absolute locations obtained
with HYPOINVERSE, which is 0.30 s. The lack of fidelity in these error estimations
led us to divide the data into even smaller clusters in order to produce more accurate
location uncertainties using the singular value decomposition (SVD) method [43]. Then,
the catalogue was merged and the average obtained uncertainties for each sub-region are
shown in Table 2. In Figures 8 and 9, the displacement between the epicentre locations
obtained using the single-event (HYPOINVERSE) and the double-difference (hypoDD)
algorithms as well as the depth distribution between the initial and the final catalogue is
shown in both map projection and histogram graph.

Table 2. Statistics of spatial errors and centroid coordinates and depth for each sub-region using the
SVD method to assess the relative relocation uncertainties.

Area ID Total Number of Earthquakes
(Sum of Smaller Clusters)

Centroid
Lat (◦N)

Centroid
Lon (◦E)

Centroid
Depth (km)

ErrX
(km)

ErrY
(km)

ErrZ
(km)

1 652 35.57 23.48 7.49 2.2 2.5 4.8
2 578 34.98 24.05 11.46 0.7 0.8 0.9
3 110 35.02 24.83 5.53 1.8 0.6 1.2
4 1974 35.15 25.26 10.35 0.5 0.8 1.0
5 615 34.71 25.36 18.02 2.2 1.0 3.6
6 799 35.58 26.31 21.37 0.5 1.6 2.0
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In the westernmost region (Antikythera-Chania), 652 out of 683 events of the initial
locations (M ≥ 2.2) were relocated with HYPODD, giving a first result that could be rated
as satisfactory. The calculation of differential travel times resulted in an average number
of seven links per event pair and an average offset between the linked events of 3.37 km.
There were approximately 29% weakly linked events and 0.5% strongly linked events.
The relocated seismic events (supplementary material) are mainly concentrated in the N-S
striking normal faults west of Kissamos gulf, and some smaller clusters are located south
of Crete, along the HT, or near Kythera-Antikythera in greater depths (H ≥ 30 km).
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In the area of Rethymno (sub-region 2), 578 out of 656 events of the initial catalogue
(M ≥ 2.2) were relocated with hypoDD, improving the concentration of the earthquakes
along main faults. The calculation of differential travel times resulted in an average number
of seven links per event pair and an average offset between linked events of 2.93 km.
The earthquakes of the relocated catalogue are mainly concentrated in the E-W striking
thrust offshore faults south of Crete, and some sparser clusters, related to the activity of
the HT, are located in the area ~30 km SSW of Crete, in the vicinity of Gavdos Island
(supplementary material).

In area 3 (Matala), most of the events that were relocated using hypoDD belong to the
earthquake sequence that occurred near Matala between 17 May 2023 and 31 May 2023.
More than 130 events were located using the local velocity model obtained using the data
of this study, achieving a better concentration near some of the most significant local fault
sources [13,52] as a first result. The calculation of differential travel times resulted in an
average number of five links per event pair and average offset between linked events of
2.07 km. The earthquakes of the relocated catalogue are mainly concentrated in between
the E-W striking, north (Siva fault) and south (Gortyna fault) dipping normal faults 2 km
east of Matala (supplementary material).

The majority of the events of sub-region 4 (Heraklion, Central Crete) belong to the
2021–2022 Arkalochori earthquake sequence. The 27 September 2021 mainshock (Mw = 6.0)
was preceded by 300 events of ML ≥ 2.2 in the area between the Galatas and Avli normal
faults in the area S-SE of Heraklion city. The epicentre of the mainshock was located
less than 5 km to the SE of Arkalochori (lat: 35.1433◦ N, long: 25.2688◦ E) at a depth of
~9.5 km, slightly different from that of [63–65]. The denser cluster of events is located



Appl. Sci. 2023, 13, 9860 12 of 18

west of the mainshock in an approximately 15 km long area associated with the fore-
shocks (June–September 2021). A significant cluster can be seen in the region between the
Amourgeles and Parthenio N-S striking normal faults, while to the NE, a major group of
events is concentrated in the footwall of the Agnos NE-SW-oriented normal fault near the
town of Kastelli (supplementary material). The majority of the focal depths are between
4 and 16 km.

In the area of SE Crete-Pliny Trench (sub-region 5), the results show small (or no)
improvement in the relocation process due to the greater distance of the nearest station
and the large azimuthal gap of the initial location data. Most seismic events of the initial
catalogue are concentrated in clusters along the Cretan and the Pliny Trench south of
Crete. In this application, a significant portion of the initially located seismic catalogue is
eliminated from the relocated data due to the absence of nearby stations.

In the area of Zakros-Karpathos (sub-region 6), 799 out of 832 events of the initial
catalogue (M ≥ 2.2) were relocated with hypoDD, improving the concentration of the
earthquakes along the main local and regional fault zones (supplementary material). The
calculation of differential travel times resulted in an average number of eight links per
event pair and average offset between linked events of 2.39 km. Seismicity was divided into
some smaller clusters that are characterised by a range of hypocentral depth. Specifically,
earthquakes of intermediate depth (32 ≤ H(km) ≤ 50) are detected both in Karpathos
(~10 km N of Kasos), east and north of Agios Nikolaos, and in the Cretan Sea to the north
(~50 km NNE of Agios Nikolaos). Accordingly, surface earthquakes are located near the
fault that defines the eastern end of Mirabello Gulf and Sitia (~20 km NNW of Zakros),
with depths ranging from 3.5–21 km.

Furthermore, six (6) cross-sections were performed in order to see the impact of the
relocation procedure on the sequence hypocentral depths and the discrimination of the local
activated structures (Figure 10). Cross-sections 1-2 (A-A′, B-B′) have an E-W and NNE-SSW
orientation, respectively. Cross-section A-A′ covers the study areas from Antikythera to
Karpathos Island in an E-W direction, cutting the main N-S striking offshore normal faults
of the Cretan Sea. In this section, the dip angle differs from one corner of the study area
to the other. In the regions of Chania and Rethymno, the local faults appear to have a
low angle, while at depths greater than 30 km, a low-angle surface is evident in the first
75–80 km of the cross-section, possibly related to the top of the subducted lithosphere in
the area (Figure 11).
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Figure 11. Depth cross-sections corresponding to the profiles shown in Figure 10. Black dots
represent hypocentres of the relocated earthquakes in the broader study area. Projections of the
nearest toponyms, fault zones, and moderate ruptures are shown at the top of each section.

This feature becomes more evident in the cross-section B-B′ that cuts vertically to the
HT. This cluster becomes denser in the area that previous studies connected to the activation
of a large segment of the HT and the occurrence of the famous tsunamigenic earthquake of
365 in Crete [7,13,25,27,40]. Cross-section C-C′ cuts the eastern part of Crete, from Agios
Nikolaos to the area south of Karpathos island. The geometry of the hypocentres as they
appear in the performed cross-section reveals the activation of some faults, dipping ~80◦ to
the W, in the 2021–2022 Arkalochori seismic sequence area and two smaller ones, in the
area between Agios Nikolaos and Zakros, related to the N-S striking high-angle normal
faults. Cross-section D-D′ cuts the central part of the 2021–2022 Arkalochori aftershock
sequence volume. In this section and in the respective one of D-D′, we can see two sub-
vertical structures whose surface projection coincides with the Avli (~35 km in D-D′) and
Kastelli (~45 km in D-D′) normal faults. A smaller cluster of earthquakes is observed in
the sections E-E′ and F-F′ in the area SW of Crete Island, coinciding with sub-region 3
(Matala; Figure 11). The relocated hypocentres of these earthquakes are distributed from
shallow depth down to about 25 km, possibly related to the Messara fault (E-E′), and a
more shallow one (<10 km) connected to the Matala aftershock sequence near the Sivas
north-dipping normal fault (F-F′).

4. Summary—Conclusions

This study examined seismicity in the region of Crete and neighbouring areas recorded
by stations of HUSN from June 2018 until the end of May 2023 [66–69]. This included
crustal earthquakes on the island and moderate events that occurred both onshore in local
faults and offshore on the HT. These events were used to obtain local 1D velocity models
using the mean travel-time residuals and location error minimization technique. Based
on these models and the calculated travel times, a new catalogue of seismic events with
well-constrained hypocentral parameters was compiled. In the next stage, this catalogue
served as input data in order to ameliorate the absolute and relative locations with hypoDD.
Both local and regional active faults in the area were highlighted with new results in our
effort to obtain a more detailed image of the activated fault structures onshore and offshore
of the island of Crete.
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The newly developed velocity models in this research share several characteristics
with those developed by [28,33,39,64]. The primary difference is that the models of [39,64]
produced substantially shallower events than the events that belong in the Arkalochori
seismic sequence in Central Crete [63]. In particular, the stronger events of that sequence
(Mw = 6.0 and Mw = 5.3) were located at very shallow depths (H < 5 km), which looks
improbable in terms of earthquake physics and the area’s history [65–67]. The local 1D
models in the first two areas west of the study area (Antikythera-Chania, Rethymno) have a
relatively simplified structure since they are composed of four and three layers, respectively.
Ref. [53] showed a more detailed image of the upper crust using data from seismic surveys
conducted in the area. Their P-wave velocity model is composed of four (4) layers in the
uppermost 2 km and reaches 5.2–5.3 km/s below 4 km of depth. The existence of a thick
layer of recent deposits (Neogene to Quaternary) above the Alpine basement of different
ages and lithology and the top of the low-angle subducting lithosphere (Figure 11) may
explain why the velocity structure in Central Crete is divided into numerous layers. Our
results show a fair correlation with the ones of [53] for the uppermost (<10 km) part of the
crust. Precisely, that study estimated a P-wave velocity between 4.8 and 5.5 km/s. The
model developed in the eastern portion of the island suggests a simple layout with four (4)
strata (Figure 6a). The VP/VS ratio of the 1D model developed in Western and Eastern Crete
is higher (1.77) than those of Central and SE Crete (1.74 and 1.75), which could be related to
the closer location of the intermediate depth events reflecting an upward migration of fluids
resulting from the dehydration of subducting sediments within the oceanic origin Tethys
plate like in comparable cases [54–62]. The subduction of the Tethys oceanic lithosphere
under the Aegean microplate results in velocities from both plates overlapping, making it
difficult to address each plate individually in local 1D velocity models.

The relocation procedure managed to improve the relative locations of the 2018–2023
seismic catalogue, which are concentrated in the vicinity of the main local and regional fault
zones. The main N-S striking offshore normal faults of the Cretan Sea were highlighted in
sub-regions 1 and 2. More specifically, a differentiation in the dip angle of the moderate-size
local faults from one corner of the study area to the other becomes evident. In the regions of
Chania and Rethymno, the local faults appear to have a low angle, while at depths greater
than 30 km, a low-angle surface is evident in the first 50 km of the cross-sections that were
performed, possibly related to the top of the subducted lithosphere in the area. Some smaller
concentrations of earthquakes were observed in two of the sections performed in sub-region
3, SW of Crete Island (Matala; Figure 11). The relocated hypocentres of these earthquakes
were distributed from shallow depth down to about 25 km, possibly related to the Messara
fault, and a more shallow one (<10 km) connected to the Matala aftershock sequence near
the Sivas north-dipping normal fault. Further to the east, the geometry of the hypocentres
as they appear in the performed cross-sections in Central Crete revealed the activation
of some high-angle normal faults, dipping ~80◦ to the W, in the 2021–2022 Arkalochori
seismic sequence area. The cross-sections that cut the 2021–2022 Arkalochori aftershock
sequence volume reveal two sub-vertical structures whose surface projection coincide with
the Avli (~35 km in D-D′) and Kastelli (~45 km in D-D′) normal faults. Ref. [63] describes
that during the main phase of this seismic sequence. Apparently, a large asperity of a
west-dipping normal fault was broken and distributed stresses towards its northern and
southern edges, triggering aftershocks mainly in two large groups, separated by a spatial
gap, which could result in this complex image of epicentre distribution. In the region
of Eastern Crete (sub-region 6), two smaller activated features were revealed in the area
between Agios Nikolaos and Zakros, related to the N-S striking high-angle normal faults.

Summarising, we can state that a new database of seismic events with well-constrained
hypocentral parameters was compiled based on the newly formed local velocity models.
The resulting models of the crust and upper mantle are comparable on a both local and
regional scale with previous studies that used data from the seismic activity of the Southern
Aegean and previous seismic surveys conducted in the region [1,46,48,49,53]. These 1D
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velocity models aimed to improve the hypocentre locations of the available dataset. The
regional distribution of seismic activity shows:

• A complex shallow structure in Crete’s central region mainly attributed to the dense
pattern of neotectonic faults;

• A smoother and more continuous image in deeper slices (>40 km) where high VP/VS
ratio (>1.82) distribution is observed.

This process will provide a foundation for future studies on the Wadati–Benioff zone
geometry in the Southern Aegean, as well as the identification of fault zones related to
historical events with limited information and the properties (variation of thickness) of the
seismogenic layer.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/app13179860/s1, Figures S1–S12: Distribution of the seis-
mic events using the final P-S velocity model in the sub-regions and plot of the absolute locations as
a function of horizontal uncertainty or ERH (left) and vertical uncertainty or ERZ (right) as well as
histograms of the error statistics between the initial (green) and the final 1D model (red) obtained in
this study. Figure S13: (a) Location of the 2018–2023 catalogue for 5321 events, (b) relocated events
using hypoDD. Figures S14–S18: Distribution of the located (left) and relocated events (right) that
occurred between June 2018 and May 2023 in the selected areas.
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