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Abstract

The densely populated areas in the Eastern Mediterranean are highly vulnerable to a variety 
of geohazards, including earthquakes, tsunamis, volcanoes and landslides. The Cyclades archipelago 
region near Santorini in the Aegean Sea lies within a tectonically active belt capable of generating 
volcanic activity, major destructive earthquakes and subsequent landslides and/or tsunamis. 
Understanding the properties of plate boundaries, slabs, active faults and the stress field is crucial 
for identifying the geodynamic factors driving plate deformation and associated geohazards. A dense 
seismic network is crucial for precisely locating earthquakes and understanding the active tectonics 
of the area. In recent years, dense seismic networks such as AdriaArray, have been conducted to 
provide high quality data for imaging crustal and upper mantle structure, as well as analysing seismic 
activity in the Mediterranean region. This study focuses on the computation of a 1D velocity model in 
order to improve the earthquake parameters in the region. Taking advantage of recent deployments, 
dense station coverage, and a comprehensive earthquake catalogue from recent seismic activity in 
the Cyclades archipelago, Aegean Sea, a new 1D crustal velocity model was developed and compared 
with existing models in the region. The presented results emphasize the influence of the crustal 
velocity model on earthquake parameters and moment tensor solutions, with strong potential to 
enhance forthcoming investigations into source mechanisms, fault kinematics, and seismic velocity 
structures in the Aegean Sea.

Keywords: Aegean Sea, Seismicity, Earthquake Catalog; Moment Tensor Solution; Crustal structure; 
1D Velocity Model, AdriaArray

1. Introduction

Seismic networks form the backbone of earthquake detection systems, providing invaluable data for studying
the Earth’s structure, the behaviour of tectonic plates, hazard and risk assessment, real‑time monitoring and 
response, tsunami warning systems, scientific research, and public awareness. These are essential for detecting 
and monitoring earthquakes, particularly along tectonic plate boundaries where seismic activity is most intense. 
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In regions where national borders limit a single country’s ability to achieve sufficient azimuthal coverage – 
the directional distribution of seismic stations around an earthquake’s epicenter – international cooperation and 
data‑sharing protocols become critical. The significance of large seismic deployments in these regions cannot 
be overstated, as they provide essential data for understanding Earth’s dynamics, mitigating disaster risks, and 
safeguarding human lives and infrastructure. Dense regional passive broadband seismic experiments, such 
as AdriaArray (Kolinsky et al., 2025), AlpArray (Hetényi et al., 2018), EGELADOS (Brüstle, 2012), and SIMBAAD 
(Salaün et al., 2012) have been conducted across the greater Alpine and Mediterranean regions. These projects play 
a crucial role in providing high‑quality data for imaging the crustal and upper mantle structure, as well as analysing 
seismic activity through advanced analysis tools. These large seismic networks and well distributed seismic stations 
also provide very well constrained earthquake location parameters which is essential for most of the seismological, 
earthquake hazard and risk mitigation studies. Beside the seismic network properties (such as network density, 
station distribution, closest station‑distance, azimuthal coverage etc.), initial velocity models are one of the other 
factors affecting the resultant earthquake parameters. An inaccurate velocity model can introduce significant 
errors, such as mislocating the epicenter, biasing depth estimates or distorting the focal mechanism obtained from 
moment tensor solutions. 1‑D velocity models are essential for many studies especially in precisely modelling 
earthquake mechanisms, fault plane solutions (Carvalho et al., 2018; Turhan et al., 2018; Antunes et al., 2020) and 
hence earthquake and tsunami hazard and risk mitigation studies etc.

At the end of January 2025, a seismic activity started near Santorini in the Cyclades island complex  (South 
Aegean Sea) and was followed by a high social impact not only in Greece but also in Türkiye. The activity 
was clustered within a narrow area in the SW‑NE trending zone, approximately 30 km in length and ~18 km in width 
(Triantafyllou and Papadopoulos, 2025) corresponding to the southern side of the rupture zone of the very large 
tsunamigenic Amorgos earthquake (Mw7.7) (Papadopoulos and Pavlides, 1992; Okal et al., 2009). The maximum 
magnitude was M5.3, (up to the date 2025‑02‑10 20:16:28 UTC) according to the NOA catalog (https://bbnet.gein.
noa.gr/HL/databases/database). The focal depths of the earthquakes varied, though they remained within a shallow 
range (up to 20 km). Thanks to the urgent protective countermeasures of the civil protection authorities of the country, 
thousands of people were evacuated from the nearby islands in Greece. The Disaster and Emergency Management 
Authority (AFAD) of Türkiye convened a high‑level meeting and boosted precautions amid Aegean Sea Seismic 
Activity (https://www.turkiyetoday.com/turkiye/turkiye-holds-emergency-meeting-on-santorini-seismic-activity-
potential-risks-116926/).

Precisely determined earthquake parameters are important not only for understanding the seismicity 
and seismotectonics of a region, but also for providing an accurate estimation of the seismic hazard and risk 
parameters, trustful focal mechanism solutions (Cambaz and Mutlu, 2016; Turhan et al., 2018, Acarel et al., 2019; 
Antunes  et  al.,  2020). For faster and more robust ray tracing in 1D velocity models and also due to the lack 
of reliable 3D models most seismological centers use 1D velocity models for the routine earthquake locations 
(Husen et al., 2011; Kianimehr et al., 2018; Cambaz et al., 2019). This study aims to develop a new 1D crustal 
velocity model for the Cyclades region in the Aegean Sea. Utilizing recent station deployments, dense network 
coverage, and a high‑quality earthquake catalog from the National Observatory of Athens (NOA), a region‑specific 
velocity model was computed using the VELEST algorithm. The resulting model was compared with existing 
models derived from previous seismic experiments. The findings demonstrate the influence of the velocity model 
on earthquake parameters and moment tensor solutions, offering valuable insights for future studies on source 
mechanisms, fault kinematics, and seismic velocities in the Aegean Sea.

2. Tectonic Overview

The Eastern Mediterranean is one of the most seismically active and rapidly deforming region in Europe  
(McKenzie, 1972, 1978; Le Pichon and Angelier, 1979; Dewey et al., 1986; Jackson and McKenzie 1988; Taymaz et al.,  
1990, 1991; Ambraseys and Jackson 1990; Reilinger et al., 2006). As a result, it has been the target of many geophysical 
studies due to its active tectonics and very high rate of seismicity. Continuous regional deformation along 
the seismically active boundaries gives rise to a variety of geologic structures such as suture zones, metamorphic 
complexes and young orogens (Stampfli,  2000). Significant variations exist on the tectonic styles and crustal 
structures. Eastern Anatolia and Western Anatolia can be very roughly represented by two different velocity models: 
one with a thinner crust for western Türkiye and the other with a relatively thicker crust covering eastern Türkiye 

https://bbnet.gein.noa.gr/HL/databases/database
https://bbnet.gein.noa.gr/HL/databases/database
https://www.turkiyetoday.com/turkiye/turkiye-holds-emergency-meeting-on-santorini-seismic-activity-potential-risks-116926/
https://www.turkiyetoday.com/turkiye/turkiye-holds-emergency-meeting-on-santorini-seismic-activity-potential-risks-116926/
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(Saunders et al., 1998; Delph et al., 2015) also in line with the Earth models and seismic velocities at (Cambaz, 2010, 
Cambaz and Karabulut, 2010).

The Hellenic Trench  (Fig. 1) in the eastern Mediterranean is the most seismically active region in Europe 
(McKenzie, 1972; Papazachos, 1977). The broader Aegean Sea area and surroundings are characterized by high 
seismicity and complex tectonics dominated by the convergence of Nubia with Anatolia and Aegea (Howell et al.,  
2017). The closure of the Tethys oceanic basins in the region resulted in crustal thickening and consequent 
post‑orogenic extension and magmatism (Pavlides et al., 2024) which is reflected in significant variations of crustal 
thickness. The tectonic structure is mainly characterized by northward subduction of the African slab beneath 
the Aegean plate at a rate of 4 cm/yr (McKenzie, 1978; Reilinger et al., 2006), leading to extensional strain and crustal 
thinning (25‑27 km) in the southern Aegean. This process is evidenced by seismic reflection profiles (Makris, 1978; 
Bohnhoff et al., 2001), receiver function analysis (Sodoudi et al., 2006), gravity analysis (Tirel et al., 2004), and 
tomographic studies (Drakatos et al., 1997; Papazachos and Nolet, 1997; Karagianni et al., 2002, 2005; Karagianni 
and Papazachos, 2007; Endrun et al., 2008; Papazachos et al., 2020). Shallow seismicity is concentrated in the upper 
crust (depths <15‑20 km) along the northern Santorini‑Amorgos graben (Bohnhoff et al., 2006; Brüstle, 2012).

Figure 1. �Tectonic setting of the Eastern Mediterranean region modified from Stampfli (2000); Okay and Tuysuz (1999); 
Robertson (2000); Tatar et al. (2000), Cambaz (2010), Cambaz and Karabulut (2010). Bathymetry and Topography of 
the region are derived from ETOPO5 and GTOPO30. Black lines represent the active faults in Türkiye (Emre et al., 
2013; 2018). Grey lines indicate NOA faults (NOAFAULTS: Ganas et al., 2013; 2018; 2023; https://zenodo.org/
records/13168947).

https://zenodo.org/records/13168947
https://zenodo.org/records/13168947
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In many studies, the region is stated as one of the most seismically active regions in Europe. According to the  
NOA catalog 748 earthquakes (M ≥ 4.0) were recorded in the region between the 01.01.2008‑15.02.2025 (Fig. 2). 
These are mainly recorded in the eastern sector (Lon > 25.00E). Episodic intense earthquake swarms have been 
observed in the region mainly in the Cyclades island complex (Bohnhoff et al., 2006; Brüstle, 2012). During the  
recent earthquake activity beginning from January 2025, more than 2500 earthquakes (M ≥ 0.1) occurred in the  
region (R = 100 km, Lat = 36.50N, Lon = 25.50E) (Fig. 2). Until the 15.02 2025, six of these earthquakes were bigger 
than 5, the strongest of which reached a magnitude of M5.3 on 10.02.2025 (Table 1). This earthquake activity near 
Santorini continued to perplex scientists, keeping disaster risk management teams, civil protection authorities 
and the general public on high alert and in a state of suspense. Reports of the seismic activity had garnered global 
attention. Santorini activity was reported by many institutes and agencies (AFAD: https://deprem.afad.gov.tr/ 
assets/pdf/ege_denizi.pdf; EMSC: https://emsc-csem.org/Special_reports/?id=351; UNESCO-IOC: https://www.
unesco.org/en/articles/santorini-ongoing-earthquake-swarm; https://emsc-csem.org/Special_reports/?id=351; 
KOERI: http://www.koeri.boun.edu.tr/sismo/2/santorini-adasi-ege-denizi-deprem-etkinligi-10-2/; METU: https:// 
tinyurl.com/3hrcnh6z).

Figure 2. �Seismicity map of the region. Purple circles indicate the earthquakes with M ≥ 4.0 reported in the NOA catalog 
between 2025.01.01‑2025.02.15 in the region. Red circles indicate the earthquakes with M ≥ 0.1 and green stars 
indicate the M ≥ 5.0 earthquakes (R = 100 km, Lat = 36.50N, Lon = 25.50E; red rectangle). Blue triangles are 
the seismic stations (EIDA NOA; https://eida.gein.noa.gr/). Beachball Moment Tensor Solutions were computed 
by NOA (https://bbnet.gein.noa.gr/HL/seismicity/mts). Grey lines indicate faults reported in the NOAFAULTS 
database (Ganas et al., 2013; 2018; 2023; https://zenodo.org/records/13168947).

https://deprem.afad.gov.tr/assets/pdf/ege_denizi.pdf
https://deprem.afad.gov.tr/assets/pdf/ege_denizi.pdf
https://emsc-csem.org/Special_reports/?id=351
https://www.unesco.org/en/articles/santorini-ongoing-earthquake-swarm
https://www.unesco.org/en/articles/santorini-ongoing-earthquake-swarm
https://emsc-csem.org/Special_reports/?id=351
http://www.koeri.boun.edu.tr/sismo/2/santorini-adasi-ege-denizi-deprem-etkinligi-10-2/
https://tinyurl.com/3hrcnh6z
https://tinyurl.com/3hrcnh6z
https://eida.gein.noa.gr/
https://bbnet.gein.noa.gr/HL/seismicity/mts
https://zenodo.org/records/13168947
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3. Data

This study benefits from two data strengths: the high quality and dense station coverage and second, the amount 
of recorded earthquakes due to the recent seismic activity in the study region. The Hellenic Unified Seismic 
Network (HUSN) represents the seismic networks that monitor earthquake activity in the Aegean Sea and mainland 
Greece as a result of the merging of three networks operated by Greek universities (Athens, Thessaloniki and Patras) 
with the nationwide network operated by the National Observatory of Athens (NOA) (Konstantinou, 2018). During 
the AdriaArray Seismic experiment the station density was strengthened with the installation of 31 new portable 
stations where the station density of the Hellenic Unified Seismic Network (HUSN) was low (Sokos et al., 2023). 
Comprehensive information on the seismic data from Greece is available in Evangelidis et al. (2021), and details 
on the AdriaArray station installations, including availability plots and noise analyses, are presented in Sokos  
et al. (2023) (Fig. 2).

A significant seismic crisis has been affecting the Santorini‑Amorgos region since January 2025. By 15 February, 
approximately 2500 earthquakes with magnitudes up to 5.3 had been recorded, including six earthquakes with 
Mw ≥ 5.0. The seismicity was primarily concentrated about 25 kilometers northeast of Santorini and 25 kilometers 
southwest of Amorgos islands. For this study, a database was compiled using the earthquake catalog of the National 
Observatory of Athens (NOA) (https://bbnet.gein.noa.gr/HL/databases/database). Phase readings of earthquakes 
with M ≥ 3.5 were collected for the time interval between 01.01.2025 and 15.02.2025 for the region within a 100 km 
radius centered in 36.50N, 25.50E. IMF formatted data were converted to SEISAN (Ottemöller and Havskov, 2013) 
format for this study.

As one of the fundamental principles of seismology, James  et  al.  (1969) emphasized that station spacing 
plays a crucial role in accurately determining earthquake locations. Although the distribution of stations is often 
constrained by geographical conditions, the ANYD station – situated near the center of the earthquake sequence ‑ 
was the closest to the event origins, with some earthquakes occurring less than one kilometre away (Fig. 3). On average, 
the distance between the ANYD station and the events was approximately 4.5 km. According to James et al. (1969), 
accurately determining the depth of shallow earthquakes becomes difficult when their depth is less than about half 
of the mean station spacing, even if they occur within the network, unless they are located very close to a station. 
The presence of the ANYD station, owing to its strategically significant location, greatly enhances the accuracy 
of earthquake location estimates in the region.

Gomberg et al.  (1990) examined the key factors influencing accurate hypocentre determination and pointed 
out the critical role of recording S phases at seismic stations located within approximately 1.4 times the focal 

Table 1. �Earthquakes M > 5.0 in NOA catalog between the dates at 2025.01.01‑2025.02.15 in the region  (R = 100 km, 
Lat = 36.50N, Lon = 25.50E) (Lat, Lon, D, M refers to Latitude, Longitude, Depth and Magnitude, respectively).

Date/Time* 
(UTC)

NOA
(Lat, Lon, D, M)

EMSC
(Lat, Lon, D, M)

GFZ
(Lat, Lon, D, M)

KOERI
(Lat, Lon, D, M)

USGS
(Lat, Lon, D, M)

20250204 13:04:14 36.61, 25.70, 12.8, 5.0 36.56, 25.61, 8.0, 5.2 36.61, 25.62, 7.0, 4.9 36.59, 25.53, 5.3, 4.9 36.52, 25.57, 16.2, 5.3

20250205 19:09:38 36.64, 25.74, 12.0, 5.2 36.65, 25.64, 10.0, 5.1 36.63, 25.70, 5.0, 5.2 36.56, 25.56, 8.0, 5.2 36.61, 25.64, 10.0, 5.1

20250209 19:05:39 36.64, 25.65, 12.1, 5.0 36.66, 25.60, 15.0, 5.2 36.64, 25.64, 7.0, 5.1 36.56, 25.56, 5.0, 5.2 36.69, 25.62, 10.0, 5.2

20250210 20:16:28 36.68, 25.78, 11.8, 5.3 36.69, 25.71, 8.0, 5.2 36.67, 25.70, 8.1, 5.2 36.56, 25.56, 8.1, 5.2 36.69, 25.67, 10.0, 5.2

20250210 22:37:26 36.64, 25.72, 13.3, 5.0 36.64, 25.65, 8.0, 5.1 36.56, 25.56, 10.1, 5.1 36.56, 25.56, 10.1, 5.1 36.63, 25.62, 10.0, 5.1

20250212 01:14:54 36.59, 25.68, 11.8, 5.0 36.56, 25.62, 10.0, 5.1 36.60, 25.63, 6.0, 5.1 36.56, 25.56, 10.1, 5.1 36.56, 25.55, 10.0, 5.1

 * �Date/Time (UTC) of the earthquakes listed according to the NOA catalog and location parameters of these events from the KOERI, EMSC, 

GFZ, KOERI, USGS.

https://bbnet.gein.noa.gr/HL/databases/database
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depth from the earthquake source. The constraints proposed by Gomberg et al.  (1990), was considered as one 
of the most important criteria in data selection. The quality of the velocity model derived using VELEST largely 
depends on the accuracy of earthquake locations in the selected catalog which in turn is strongly influenced 
by the number of observations, as well as the distance and distribution of stations. Accordingly, the earthquakes 
included in the inversion were selected based on the following criteria;

	– The number used stations should be more than 8 with at least two S phases,
	– The azimuthal gap should be less than 160°,
	– The RMS residual should be less than 0.5,
	– The distance to the nearest station does not exceed one focal depth.

Overall, the NOA catalog was highly accurate and well‑located, with RMS values consistently below 0.5. More 
than 600 earthquakes were evaluated in terms of their residuals, first station distances, number of P and S phases 
readings by using HYPOCENTER earthquake location code of SEISAN (Lienert et al., 1986; Lienert and Havskov, 1995, 
Havskov and Ottemöller, 1999). According to the results of these test models, minimum rms values were selected 
for a further detailed investigation. To build the database, key parameters such as the source distance to the closest 
station, azimuthal gap, and the number of phase readings were taken into account. Prior to February 3rd, the  
source distance to the first station typically exceeded 20‑25 km. However, with the addition of the ANYD station  

Figure 3. �Seismicity map for the region from NOA catalogue recorded in between 3 February 2025-15 February 2025, 
including the earthquakes (red) selected for this study according to the criteria summarized in section 3. 
Blue triangle shows the closest station ANYD, located on the Anydros island. Black lines indicate NOA faults 
(NOAFAULTS: Ganas et al., 2013; 2018; 2023. https://zenodo.org/records/13168947

https://zenodo.org/records/13168947
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(http://www.geophysics.geol.uoa.gr/stations/archive/qplotstation.php?station=ANYD&net=HT&lng=en), the closest  
station distance decreased significantly. As a result, earlier earthquake readings were excluded from the analysis for 
estimating the 1D velocity model. A total of 409 earthquakes were utilized for the computation of the minimum 
1D velocity model.

4. Method

The software package VELEST (Kissling et al., 1994, Kissling, et al., 1995) was used in this study to obtain  
a minimum 1D velocity model defined as the velocity model that produces the smallest uniform error for the set 
of events with well constrained locations (Kissling, 1988; Kissling et al., 1994). VELEST simultaneously inverts P and 
S wave travel time readings for a 1D velocity model, station delays and hypocentral locations of earthquakes. First  
solves the forward problem by tracing direct reflected and refracted rays from source to receiver and then uses 
the standard damped least square solutions for the inverse problem. It is important to have a well‑determined specific 
velocity model for the enhanced seismic studies in a region. An accurate velocity structure information will 
result in precise epicenter and depth determination and thus presents a focused picture of seismotectonic 
structures. The most critical factor for the linearized inverse problem, already stated by several authors 
(Kissling, 1988; Thurber, 1992; Kissling et al., 1995), is the dependence on the initial velocity model that affects 
the final solution. Here, we address this problem by exploring different 1D initial velocity models, from previous 
studies (Novotny et al., 2001, Drakatos et al., 2002; Bahnhoff et al., 2006; Brüstle et al., 2012) in the proximity 
of the study area.

Before reaching the optimum solution for the velocity model, one hundred velocity models were calculated (Fig. 4). 
These models were computed by random positive and negative velocity perturbations to each layer of the initial 
velocity model, allowing exploration of a broad range of possible velocity structures. Repeating this procedure 
five times, 500 models were computed and tested simultaneously inverting P and S wave travel times for a 1D 
velocity model, station delays and hypocenters of earthquakes. The earthquakes are relocated by using the best 
velocity model and station corrections. Out of five hundred runs used for each initial velocity models, we choose 
a final velocity model that represents the best trade‑off between station delays and root mean square  (rms) 
residual error. The 1‑D output models computed for each data set show the resultant minimum RMS values: 0,351. 
One dimensional P and S wave velocity models are developed using the selected data‑set and the earthquakes 
are relocated by using the obtained local velocity model. Figures 5 and 6 present the relocated earthquakes 
obtained using the computed 1D velocity model, with Fig. 5 showing the selected events and Fig. 6 displaying the full 
initial catalog without elimination. Results indicate that the hypocentral depths of the re‑located earthquakes are 
shallower (green circles).

Intense earthquake activity in the Aegean Sea and the dense seismic instrumentation in the region provided  
the opportunity to achieve a well located earthquake catalog for this study. 409 well‑located earthquakes were 
selected for the database in order to compute a minimum 1D velocity model for the region. Approximately, 22 000 
phase readings (including 16078 P phase readings at almost 200 seismic stations 5924 S phase readings) were used  
for the calculation of the velocity model. Station corrections are an essential component in the computation of a  
1D velocity model, as they account for the influence of local geological effect. Negative station corrections indicate 
higher seismic velocities, whereas positive corrections suggest lower velocities relative to the crust beneath the  
reference station. In order to calculate station corrections, we used station ANYD as the reference station due to its 
abundance of phase readings; (802 with 408 P phases and 394 S phases) and its favourable location at the center 
of the network (Fig. 7).

The earthquakes were relocated using the optimal velocity model together with station corrections derived  
from the observed travel‑time delays. Station corrections constitute an essential component of the 1D velocity 
model, as they account for the geological effects. Negative station corrections indicate higher local velocities, 
whereas positive corrections reflect lower velocities relative to the crust beneath the reference station. A negative 
correction implies that the observed travel times are shorter than those predicted by the model, meaning 
the actual seismic velocities are higher than those represented in the reference model. Additionally, the network’s 
margin causes larger time corrections (Brüstle, 2012). Figure 7 represents lower station corrections at the southern 
part of the reference station, (Anydros) and higher station corrections indicating higher velocities in the northern 
part of the reference station.

http://www.geophysics.geol.uoa.gr/stations/archive/qplotstation.php?station=ANYD&net=HT&lng=en


Musavver Didem Cambaz

8

Table 2. �The input velocity models adapted from Novotny et  al.  (2001), Drakatos et  al.  (2002), Brüstle  (2012) which 
has been tested during this study.

Novotny et al. (2001) Drakatos et al. (2002) Brüstle A. (2012)

Depth  
(km)

P wave 
velocity  
(km/s)

Depth  
(km)

P wave 
velocity  
(km/s)

Depth  
(km)

P wave 
velocity  
(km/s)

0.0 2.31 0.0 4.50 <5 5.74

1.0 4.27 3.0 5.10 5‑10 5.89

2.0 5.52 4.0 5.60 10‑15 5.89

5.0 6.23 8.5 5.80 15‑20 5.91

16.0 6.41 12.0 6.00 20‑25 6.23

33.0 8.37 20.0 6.50 25‑30 6.26

30.0 7.00 30‑35 7.53

35‑40 7.55

Figure 4. �1‑D initial P wave (red) and S wave (green) velocity models were randomly generated from the input velocity 
model (blue) to compute the optimum velocity model for this study.
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Table 3. Final 1D P‑Wave velocity model obtained for the study area.

 Depth (km) Vp (km/s) Vs (km/s)

0.0 4.85 2.79

2.0 5.37 3.15

6.0 6.16 3.63

14.0 6.17 3.63

18.0 6.59 3.83

26.0 6.70 3.91

30.0 7.63 4.26

35.0 7.70 4.27

40.0 7.93 4.31

45.0 7.95 4.36

50.0 8.03 4.62

Figure 5. �409 events selected for the P‑wave and S‑wave inversion. The final hypocentre locations of the earthquakes are 
presented. Red circles indicate the input and green circles indicate the output hypocenters obtained with the 
computed velocity model in this study. A latitudinal depth section is shown on the right side, and a longitudinal 
depth section is plotted along the bottom. The minimum 1‑D model used in the computation is presented in the 
lower right corner (Table 2). The blue triangle represents the closest station ANYD, located on the Anydros island. 
Black lines indicate NOA faults (NOAFAULTS: Ganas et al., 2013; 2018; 2023, https://zenodo.org/records/13168947).

https://zenodo.org/records/13168947
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Figure 6. �The final hypocentre locations of the events relocated with the computed velocity model for the region. 
Red circles indicate the input and the green circles indicate the output hypocenters with the computed velocity 
model in this study. A latitudinal depth section is shown on the right side, and a longitudinal depth section is 
plotted along the bottom. The minimum 1‑D model used in the computation is presented in the lower right 
corner (Table 2). The blue triangle shows the closest station ANYD, located on the Anydros island. Black lines 
indicate NOA faults (NOAFAULTS: Ganas et al., 2013; 2018; 2023, https://zenodo.org/records/13168947).

https://zenodo.org/records/13168947
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Histogram illustrates the hypocentral depths distribution of the input catalog a) input hypocentral depths (a) 
and the output hypocentral depths distribution obtained with the velocity model derived in this study (b). The depth 
distribution in Fig. 8b appears more consistent and less dispersed, indicating improved stability in event localization. 
This improvement can be attributed to the very close first station distances, the favorable station distribution, and 
the abundant number of high‑quality phase readings, all of which enhance the accuracy of travel‑time inversions 
and lead to a more constrained estimation of focal depths.

Some further investigations were performed to see the differences of results with various velocity models. 
To compare the differences in the parameters such as depth, rms, erh, erz results of the models compared 
in Fig. 9. The outputs of the previously mentioned Novotny et al.  (2001), Drakatos et al.  (2002), Brüstle  (2012) 
velocity model presented together with the model computed in this study. The comparison of results across 
different velocity models demonstrates clear improvements when using the model developed in this study. 
In the Novotny  et  al.  (2001) model, earthquake depths mostly cluster between 5‑10 km, indicating relatively 
shallow seismicity. RMS residuals are concentrated around 0.4‑0.5 s, while ERH and ERZ values range mainly 
between 2‑3 km, suggesting moderate location uncertainties. The Drakatos et al. (2002) model, in contrast, yields 
systematically deeper focal depths (15‑18 km), implying a velocity model with higher crustal velocities or different 
layering. The RMS values  (0.4‑0.6 s) are slightly higher than in Novotny’s results, while ERH and ERZ values 

Figure 7. �P‑wave station corrections for the final 1‑D P‑wave velocity model. Crosses and circles on the map show the 
positive and negative station delays relative to the reference station, respectively. The reference station (ANYD) 
is marked by a red square.
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Figure 8. �Hypocentral depth histograms. Figure 8a indicates the depth distribution of the input catalog. Figure 8b indicates 
the depth distribution estimated with the obtained velocity model in this study.
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Figure 9. �Comparison of the results obtained using different velocity models: (a) Novotny et  al.  (2001), (b) Drakatos 
et al. (2002), (c) Brüstle (2012), and (d) the velocity model developed in this study. Each panel presents the Depth, 
RMS, ERH, and ERZ parameters corresponding to the respective velocity model.
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remain comparable, centered near 2‑3 km, though with a few larger outliers. The Brüstle (2012) model also favors 
deeper hypocenters (14‑16 km) similar to Drakatos, but provides lower RMS values (0.3‑0.5 s) and slightly improved 
ERH/ERZ distributions, indicating a more stable fit and improved consistency of event locations.

In this study, the newly derived local 1D velocity model yields focal depths mostly between 8‑13 km, 
representing an intermediate range between the shallow Novotny and deeper Drakatos‑Brüstle models. The RMS 
residuals (0.3‑0.4 s) are the lowest among all models, demonstrating a better fit between observed and calculated 
travel times. Similarly, both ERH and ERZ distributions show reduced horizontal and vertical uncertainties, peaking 
around 2 km, implying improved precision in earthquake locations. Overall, the results indicate that the local 
velocity model developed in this study enhances location accuracy and provides more realistic depth estimates 
consistent with the regional crustal structure.

4.1 Focal Mechanism Solution with the Computed Velocity Model

It is well known that employing an accurate velocity model in computation of the Green’s function plays a crucial 
role in the inversion process. The impact of the velocity model and the corresponding variations on the resultant 
focal mechanism solutions are analyzed in several studies (Fojtikova et al., 2014; Dias et al., 2016; Turhan et al., 2018; 
Carvalho et al., 2018). Focal mechanism solution of one of the biggest earthquake in Aegean Sea seismic activity 
is calculated by the widely used ISOLA software package (Sokos and Zahradnik, 2006, 2008, 2013). This technique 
utilizes an iterative deconvolution inversion approach (Kikuchi and Kanamori, 1992) to solve for the best single‑ or 
multiple‑point source representation for each earthquake. Hence, moment tensors are estimated by minimizing 
the least‑squares misfit between observed and synthetic waveforms; sub‑event positions and relative times are 
calculated through a grid search. In order to model a full wavefield at regional and local distances, Green’s functions 
are calculated using the discrete wavenumber method.

The moment tensor solution for the 04 February 2025 (M5.0) earthquake is investigated to see the performance 
of the 1D velocity model calculated in this study. Figure 10 shows the moment tensor solution of this earthquake 
computed by using the velocity model previously documented  (https://github.com/nikosT/Gisola/blob/ 
d12156ff4cc6cc59594e6db2f22d6fde78c2fe03/src/crustals/karagianniS.vz#L4) in Gisola (Triantafyllis et al., 2021). 
Figure 11 shows the results of the same earthquake calculated with the velocity model computed in this study.

Focal mechanism solution of the biggest earthquake in Aegean Sea earthquake activity is calculated by widely 
used ISOLA software package (Sokos and Zahradnik,  2006,  2008,  2013). This technique utilizes an iterative 
deconvolution inversion (Kikuchi and Kanamori,  1992) to solve for the best single‑ or multiple‑point source 
representation of each earthquake and hence moment tensors are estimated by a least‑squares minimization of  

Figure 10. �Results of the moment tensor solution parameters of the 04 February 2025 (M4.9) earthquake with the Green’s 
functions computed by the test model defined in Gisola.

https://github.com/nikosT/Gisola/blob/d12156ff4cc6cc59594e6db2f22d6fde78c2fe03/src/crustals/karagianniS.vz#L4
https://github.com/nikosT/Gisola/blob/d12156ff4cc6cc59594e6db2f22d6fde78c2fe03/src/crustals/karagianniS.vz#L4
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misfits between observed and synthetic waveforms; sub‑event positions and relative times are calculated through 
grid search. In order to represent a full wavefield at regional and local distances, Green’s functions are calculated 
using the discrete wavenumber method. The result to f the moment tensor solution for this event is also presented 
at the Moment Tensor Solutions’ segment of the NOA web page (https://bbnet.gein.noa.gr/HL/seismicity/mts).

The results of the moment tensor solution in Fig. 10 and Fig. 11 indicate similar output parameters such 
as centroid depth (from 7 km to 8 km), CLVD component (–10.9, 11.8), CN (2.5, 2.4), STVAR (0.15, 0.11) mainly 
with slight improvements with the velocity model computed in this study (Fig. 11, Table 3). The most significant 
improvement in the outputs of the Fig. 11 were achieved in the variance reduction (VR = 0.87) and focal mechanism 
variability index (FMVAR (6 ± 7), when compared with the one solved in Fig. 10 (VR = 0.75, FMVAR = 22 ± 23).

5. Results and Conclusions

Determining accurate earthquake locations in regions with complex geological structures is often challenging 
due to uncertainties in seismic wave propagation and path effects. Nevertheless, precise event locations 
remain fundamental for routine seismic monitoring, source parameter estimation, and as an initial step toward 
three‑dimensional tomographic studies.

This study utilized the seismic activity recorded in the Cyclades Archipelago during the 2025 earthquake 
sequence to develop a minimum 1D crustal velocity model. The objective was to assess the influence of this model 
on earthquake location parameters and moment tensor solutions. For the inversion, a dataset of 409 well‑recorded 
earthquakes was selected, yielding a well‑constrained minimum 1D velocity model. Considering the previously 
discussed differences in crustal structure and velocities between western and eastern Anatolia, the obtained velocity 
model exhibits higher velocities compared to the model derived for eastern Anatolia by Acarel et al. (2019), which 
was developed using the same methodology and data selection criteria. Both of these methods are in line with 
the reference earth models computed for eastern and western Anatolia (Cambaz, 2010).

In conclusion, the comparison of the velocity models indicates clear improvements achieved by the local 1D 
model developed in this study. While Novotny et al. (2001) produced shallower depths and Drakatos et al. (2002) 
and Brüstle (2012) yielded deeper hypocenters, the present model provides intermediate focal depths (8‑13 km) 
that better reflect the expected seismogenic zone of the region. The RMS residuals (0.3‑0.4 s) are the lowest among 
all models, and both horizontal and vertical errors are significantly reduced, enhancing the reliability of earthquake 
locations. These results demonstrate that the new velocity model offers a more accurate representation of the regional 
crustal structure and improves the overall quality and consistency of seismic event relocations.Relocation of these 

Figure 11. �Results of the moment tensor solution parameters of the 04 February 2025 (M4.9) earthquake with the Green’s 
functions computed by the velocity model estimated in this study (Table 2) and the observed versus synthetic 
waveform fits.

https://bbnet.gein.noa.gr/HL/seismicity/mts
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earthquakes using the computed model resulted in improved event locations, with hypocentral depths generally 
becoming shallower. The average depth distribution peaks between 8 and 13 km, which corresponds to the estimated 
thickness of the brittle crust in the region. The distribution of relocated depths is in coincidence with the focal 
depths obtained in Fountoulakis and Evangelidis (2025) and Isken et al. (2025). The station delays obtained with 
the new model are consistent with the known crustal structure, confirming its reliability. The relocation results 
obtained using the optimal 1D velocity model and corresponding station corrections demonstrate a consistent 
adjustment for local geological effects. Negative corrections indicate higher seismic velocities, whereas positive ones 
reflect slower structures relative to the reference station. The distribution of station corrections, with lower values 
in the south and higher values in the north of the reference station (Anydros), suggests a lateral variation in crustal 
properties, highlighting the model’s ability to capture regional velocity heterogeneity accurately.

Overall, the newly derived 1D velocity model provides a more realistic representation of the Cyclades crustal  
structure. By better capturing local geological and structural heterogeneities, it significantly enhances the precision  
of earthquake locations and moment tensor determinations. This model can therefore serve as a valuable reference 
for future seismological, source‑mechanism, and crustal studies in the Aegean region.

While the current 1D velocity model marks a substantial improvement, it can be further refined with data  
from an expanded seismic network or enhanced earthquake catalogs. Moreover, incorporating additional datasets –  
such as ambient seismic noise measurements – or applying advanced techniques, including machine learning-
based inversions, could yield more detailed and robust velocity models. Improved depth determinations, 
in turn, would provide better constraints for ground‑motion modeling, fault kinematics, and the seismotectonic 
characterization of the study area.
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