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Abstract. The Aegean region is a key component of the Eastern Mediterranean basin and covers the subduc-
tion of the African Lithospheric Plate beneath the Aegean along the Hellenic Arc and the western movement of 
the Anatolian Plate. In this research, simultaneous inversion of teleseismic P- and S-Receiver Functions (RFs) 
is used to investigate the crust and upper mantle structure of the Aegean region. For this purpose, data from 
the different band-type seismic stations arranged along the Hellenic Arc are used to calculate receiver func-
tions. The study involves 452 P-Receiver Functions and 237 S-Receiver Functions from 8 stations. Although 
the seismic stations are nearby, the S-wave velocity models in the south and north turn out to have different 
structural discontinuities. Also, the results of stacking P-Receiver Functions indicate the significant Ps and Sp 
phases from the Aegean Moho and the African Slab. The Moho depth of the African Slab along the Hellenic 
Arc ranges from 45 to 56 km, with an average crustal shear wave velocity of Vs = 4.5 km/s. The lithosphere-
asthenosphere boundary (LAB) is observed at depths of approximately 155 km around the Hellenic Arc and 
corresponds to the subduction of the African Slab. However, the LAB depths of the eastern and western sta-
tions are consistent with the Anatolian and mainland Greece. Finally, these observations can be interpreted as 
part of the African subduction system and the Anatolian lithospheric system in the study region.
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INTRODUCTION

The Aegean region, as a part of the Eastern Medi-
terranean basin, includes the Aegean Sea in the centre, 
western Anatolia in the east, the island of Crete in the 
south, and the continental Greece complex and Ionian 
Sea in the west. The region has undergone collision 
mechanisms due to the northward subduction of the 
African Oceanic Plate along the Hellenic-Cyprus Arcs 
convergent boundary at a rate of ~ 10 mm/yr under the 
Eurasian Plate from the late Cretaceous to the Eocene, 
and the Arabian-Eurasian convergence and the dis-
placement of the Anatolian-Aegean microplate (Mc-
Kenzie 1972; Li et al. 2003; Sodoudi et al. 2006; Zhu 
et al. 2006; Di Luccio, Pasyanos 2007; Öztürk, Alkan 
2024; Mulumulu et al. 2025). The convergent plate 
boundary forms the Hellenic Arc, which is character-

ized by high seismic activity and may contribute to 
the rotation of the Anatolian-Aegean Plates (Sodoudi 
et al. 2015). According to plate motion slip rates, the 
westward migration of the Anatolian Plate at a rate of  
~ 20 mm/yr has resulted in significant deformation 
in the eastern part of the Aegean Sea (Fig. 1a). This 
westward movement has led to the rollback of the 
subducting African lithosphere, resulting in a rela-
tive displacement of approximately 30 mm/yr in the 
SW direction along the Hellenic subduction zone 
(McClusky et al. 2000; Reilinger et al. 2006). On 
the other hand, the relative motion of the right-lateral 
north Anatolian fault from east to west at a rate of 20–
25 mm/yr has played a significant role in controlling 
crustal deformation and Aegean active geodynamics 
(Drymoni et al. 2022; Tamtas, Toktay 2025).

The Aegean region has strong seismic activity both 
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inland and offshore in the instrumental and historical 
periods. Generally, moderate to strong earthquakes 
in the past with various focal mechanisms, such as 
strike-slip, normal, and reverse faults, occur at shal-
low to intermediate crustal depths and in the upper 
mantle along convergent plate boundaries. The seis-
micity is primarily concentrated along the Hellenic 
Volcanic Arc, western Anatolia, and the Cyclades re-

gion (Di Luccio, Pasyanos 2007; Yolsal-Çevikbilen, 
Taymaz 2012). The largest earthquakes in the Aegean 
region occurred in 1956 with magnitudes of MS = 7.4 
and MS = 7.2, the 2017 Kos earthquake (MW = 6.6), 
and the 2020 Samos earthquake (MW = 7.0) in the 
instrumental time (Bohnhoff et al. 2006; Sardeli et 
al. 2023). Also, Crete Island, located on the Hellenic 
subduction zone, is an important region because of 

Fig. 1 (a) The main tectonic structures of the Eastern Mediterranean region modified from Bozkurt (2001), Reilinger et 
al. (2006), Emre et al. (2018), and Alkan et al. (2021). The red square represents the study region. (b) Maintopographic 
features of tectonic origin of the Aegean region, compiled from Bozkurt (2001), Di Luccio and Pasyanos (2007), Sachpazi 
et al. (2016), Kassaras et al. (2020), and Drymoni et al. (2022). Fault lines are taken from Emre et al. (2018) and Makris 
et al. (2022). Grey and blue arrows represent plate motions (McClusky et al.2000). Blue, red, and yellow triangles denote 
the locations of seismic stations
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the subduction of the African lithosphere beneath the 
Aegean lithosphere (Meier et al. 2004). In this region, 
the scientist defined a Benioff zone of the Hellenic 
subduction zone at a depth of 150 to 200 km, occur-
ring deeper earthquakes occur along the subduction 
zones (Papazachos et al. 2000; Meier et al. 2004; 
Karagianni et al. 2005; Dimitriadis et al. 2009). The 
subslab hot mantle upwelling beneath the subducting 
Hellenic Slab, an extensive volcanic eruption in the 
Aegean Sea, might be fuelled by a mixture of island 
arc magma (Toyokuni, Zhao 2025). Due to the com-
plex mechanisms, the Aegean volcanic arc occurred 
along the north of the Hellenic trench and is a char-
acteristic feature of the back-arc basin of the Hellenic 
Arc, which experiences earthquake swarms in some 
periods, which took place recently in 2011–2012 and 
2025 in the Santorini volcanic complex (Sardeli et al. 
2023; Papathoma-Köhle 2025). 

Due to the complex mantle dynamics and high seis-
micity, the crustal and upper mantle structures of the 
Aegean region and its surroundings are investigated 
with all kinds of seismological studies, including seis-
mic tomography, gravity data, receiver function, and 
seismic refraction to understand lithospheric dynam-
ics and crustal structures (Endrun et al. 2011; Yolsal-
Çevikbilen, Taymaz 2012; Gönenç, Akgün 2012; 
Faccenna et al. 2014; Cosette et al. 2016; Evangelidis 
2017; Dogru et al. 2018; Briole et al. 2021). Accord-
ing to Li et al. (2003), the oceanic Moho discontinuity 
of the subducted African Plate was observed at ap-
proximately 56 km beneath Gavdos and Crete islands, 
while this boundary was observed nearly 100 km be-
neath Santorini Island. Based on gravity inversion, 
Tirel et al. (2004) provided insights into the geody-
namic structure of the Aegean, naming three distinct 
provinces: the north Aegean, the Cyclades, and the 
Cretan Sea. Zhu et al. (2006) demonstrated the crus-
tal thinning from 36 km beneath western Anatolia to 
about 25 km beneath the Cycladic massif in the mid-
dle of the Aegean Sea. Sodoudi et al. (2006, 2015) 
studied the lithospheric structures of the Aegean using 
receiver function analysis, focusing on the subducted 
African Plate from south to north. The Moho of the 
subducting African Plate was seen at a shallow depth 
in the southern part of the Aegean Sea, while it was 
found at a greater depth in the northern part of the 
Aegean Sea. Di Luccio and Pasyanos (2007), using 
group velocity dispersion curves, detected the thick 
sediments beneath the eastern Mediterranean and the 
Hellenic subduction zone. They found the low-veloci-
ty zones in the upper mantle of the Crete Island, asso-
ciated with serpentinized mantle from the subducting 
African lithosphere. High-resolution tomographic im-
ages revealed that the south-westernmost termination 
of the low-velocity anomaly corresponds to the north-
ward-dipping Hellenic Slab below the Aegean region 

(Salaün et al. 2012). Beneath the Cyclades metamor-
phic core complex, in the central part of the Aegean 
Sea, the velocity structure of the crust and sediments 
was investigated by Makris et al. (2022). Karabulut 
et al. (2019) combined the high-resolution seismic 
data and Bouguer gravity anomaly data to interpret 
the crust and lithospheric mantle structure beneath the 
Anatolia-Aegean domain. They proposed a thin crust, 
low elevations beneath the Aegean Sea. From ambi-
ent noise tomography, Mulumulu et al. (2025) found 
narrow anticlines and basin-type wide synclines and 
sedimentary layers. These variations look like off-
shore geothermal zones and hot fluid contents. 

To infer the lithospheric structure in the Aegean 
region, the published teleseismic receiver function 
studies that mapped S-wave velocities are generally 
used to analyze waveforms from the same type of sta-
tions, such as broadband or long-period stations. On 
the contrary, in this study, the lithospheric structure of 
the Aegean region up to 300 km is investigated using 
data from stations with different band types, includ-
ing broadband, short-period, and long-period data. 
Therefore, the main aim of this study is to image the 
detailed S-wave models of crustal and upper mantle 
discontinuities beneath the Aegean Sea from the si-
multaneous inversion of the P- and S-Receiver Func-
tions (PRFs and SRFs, respectively) with teleseismic 
P- and S-travel time residuals (Farra, Vinnik 2000; 
Oreshin et al. 2002, 2008, 2011; Kosarev et al. 2013; 
Vinnik et al. 2009, 2016). The joint inversion algo-
rithm is obtained with high resolution to understand 
the deep structure in detail, which helps to provide 
better constraints than separate inversions.

DATA FOR P- AND S-RECEIVER 
FUNCTIONS

In this study, 8 seismic stations make up one 
broadband, two long-period, and five short-period 
stations located on Peloponnesus, Crete, Karpathos, 
Rhodes, Anatolia, and Naxos (Fig. 1b). Station names 
include KTHA, IMMV, ZKR, KARP, ARG, YER, 
APE, and ITM. The geographical coordinates, start-
ing times, and sensor models of the seismic stations 
are provided in Table 1. Data from all stations were 
sourced from the EIDA data archive (https://www.
orfeus-eu.org/data/eida/). The stations ZKR, KTHA, 
KARP, IMMV, and APE are operated by the GEO-
FON seismic network; ITM and ARG are part of the 
Hellenic seismic network; YER is maintained by the 
Kandilli Observatory and Earthquake Research Insti-
tute (KOERI). All raw data were gathered from 2005 
to 2024. For PRFs, teleseismic events were selected 
with epicentral distances ranging from 30° to 90°. For 
SRFs, teleseismic events were chosen with epicentral 
distances between 65° and 90°. These epicentral dis-

https://www.orfeus-eu.org/data/eida/
https://www.orfeus-eu.org/data/eida/


212

tances are selected because of association with rela-
tively P-to-S (Ps) and S-to-P (Sp) conversions from 
crust and mantle discontinuities (Morais 2012). The 
magnitude intervals of the teleseismic earthquakes, 
both PRFs and SRFs, were selected to be greater than 
MW ≥ 5.5 (Fig.  2). Approximately 1100 teleseismic 
earthquakes were processed through pre-data steps 
for each station, selected for their high-quality sig-
nals (high N/S), with approximately 500 events used 
to calculate the PRFs and around 260 events used for 
the SRFs. The locations of the events chosen for cal-
culating PRFs and SRFs are displayed in Fig. 2. The 
data window for PRFs was selected as 160 seconds, 
with 50 seconds before and 110 seconds after the  
P-wave arrival. The data window for SRFs consisted 
of 100 seconds, with 90 seconds before and 10 seconds 
after the S-wave arrival. Preliminary data processing 
steps include linear trend, mean, taper, and removal 
of instrument response (Alkan, Çınar 2021; Alkan 
2022a, b) using the Seismic Analysis Code software 
(Helffrich et al. 2013).

CALCULATING P- AND S-RECEIVER 
FUNCTIONS AND SIMULTANEOUS 
INVERSION

The receiver function method is a commonly 
used tool for detecting crustal and upper-mantle dis-
continuities beneath a seismic station by isolating 
the P-to-S and S-to-P converted waves (Vinnik et al. 
2006; Silveira et al. 2010; Morais et al. 2015). This 
time series data is computed from three-component 
seismograms at teleseismic distances. The arrivals 
of these weakly converted waves from teleseismic 
events can be categorized into primary and second-
ary waves, which are reflected and refracted at seis-
mic boundaries, such as the crust-mantle boundary 
and the lithosphere-asthenosphere boundary, as well 
as upper mantle discontinuities (410- and 660-km), 
close to the seismic station (Monna et al. 2019; Vin-
nik  2019). These waves exhibit very weak ampli-
tudes, and it is necessary to enhance the signal-to-
noise ratio. To achieve this, three important steps 

Fig. 2 Epicenter distribution of teleseismic earthquakes (red and blue circles) with magnitudes greater than MW ≥ 5.5 used 
to calculate PRFs (left) and SRFs (right). The study region is shown by the yellow star

Table 1 List of short-period, long-period, and broadband stations in the study region. Station information was taken from 
ORFEUS (https://orfeus-eu.org/stationbook/)

Network Station Code Starting Time Latitude  
(Degree)

Longitude 
(Degree)

Elevation  
(m)

Streams by 
Code Sensor Model

GE KTHA 2013/06/19 36.256 23.062 360 LH STS-2
GE IMMV 2010/07/14 35.460 23.981 230 SH STS-2
GE ZKR 2003/09/16 35.114 26.216 254 SH STS-2
GE KARP 2009/11/25 35.547 27.161 524 LH STS-2
HL ARG 2003/10/20 36.213 28.121 148 SH DR24
KO YER 2012/05/24 37.136 28.285 729 BH DM24
GE APE 2008/04/29 37.072 25.523 608 SH STS-2
HL ITM 2003/10/20 37.178 21.925 423 SH DR24

https://orfeus-eu.org/stationbook/
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are employed: rotation, deconvolution, and stacking 
processes.  

PRFs are computed by rotating into the LQT coor-
dinate system. This rotation depends on the theoreti-
cal angle of incidence and ensures maximum energy 
of the SV wave on the Q component. In this rotation, 
the P-wave is primarily polarized along the L compo-
nent, while the converted Ps phase is mainly observed 
on the Q component (Vinnik 1977). According to 
the time domain spiking deconvolution approach by 
Berkhout (1977), the Q component is deconvolved 
using the L component, referred to as the standard 
spike in the time domain. This deconvolution method 
is used to remove source complexities and mantle 
path effects (Dündar et al. 2016). After the deconvo-
lution process, the Q component is termed the PRF. 
The deconvolved Q components are stacked with 
move-out time corrections using an adopted ray pa-
rameter of 6.4 s/°, corresponding to an epicentral dis-
tance of 67° (Kind, Vinnik 1988; Oreshin et al. 2008; 
Alkan et al. 2020). Stacking enhances the amplitudes 
of converted and multiple phases. The corrections are 
calculated for various trial conversion depths rang-
ing from 0 to 800 km (Oreshin et al. 2011; Alkan 
et al. 2019). To constrain the velocity distribution 
for the major mantle discontinuities and minimize 
non-uniqueness, the absolute travel time residuals 
of P and S phases related to the P410s (44.0 s) and 
P660s (67.9 s) converted phases are useful, following 
Kennett and Engdahl (1991), Chevrot et al. (1999), 
and Kiselev et al. (2008). The travel time residuals 
are used to constrain the joint inversion of receiver 
functions within a depth range of less than 300 km 
(Grand 2002). P- and S-residuals are generated using 
the P410s-converted phase, assuming the difference 
between the absolute teleseismic S and P residuals 
(Vinnik et al. 1999; Oreshin et al. 2008).

SRFs are complementary to PRF for studying the 
mantle lithosphere and deeper due to the detection of 
converters from the Moho and upper mantle (Farra, 
Vinnik 2000; Huand et al. 2022; Monna et al. 2022). 
The calculation of SRF involves seismogram decom-
position into the LAB coordinate system. In this axial 
rotation, the L component corresponds to the direc-
tion of the movement of the incident wave, and the 
A component to the direction of polarization of the 
principal S particle motion component in the plane, 
and the L component is deconvolved by the A compo-
nent (spike pulse) (Vinnik 2019; Goev 2024). Before 
deconvolution, data are filtered using a Butterworth 
high-pass and low-pass filter. During the deconvo-
lution step, the same method (Berkhout 1977) as in 
PRF is used in SRF. After the deconvolution process, 
the L component is termed the SRF. To isolate the Sp 
conversion and multiple reflected conversion phases 
generated by SV, the SRFs are stacked by applying 

weights that depend on the level of noise (Farra, Vin-
nik  2000; Monna et al. 2022). To account for the 
difference in slowness values changed between 0 to 
0.2 s/°, the slant stacking (time correction) is calcu-
lated for several trial differential slownesses (differ-
ence between the epicentral distance of the seismic 
event and the average epicentral distance of the group 
of events) (Morais et al. 2015). 

The S-wave velocity structures of crust and upper 
mantle discontinuities can be derived using the simul-
taneous inversion of PRFs and SRFs with teleseismic 
P-and S- travel time residuals. A basic assumption 
in the method is a homogeneous and isotropic Earth 
structure near the station, described by Vinnik et al. 
(2004, 2006). This algorithm is like the simulated an-
nealing approach (Mosegaard, Vestergaard 1991). 
The synthetic receiver functions are generated us-
ing the Thomson-Haskell technique (Haskell 1962), 
associated with the Earth flattening transformation 
(Biswas 1972). In the performing inversion, the 
depth stacking trace of PRFs in the 0 km (shown in 
Figs 3 and 4) and the slant stacking trace of SRFs in  
0 s/° (shown in Figs 5 and 6) are used. As the initial 
model, the IASP91 standard velocity model (Kennett, 
Engdahl 1991) is applied at a depth of 300 km with 9 
layers, which include P- and S-velocities, density cal-
culated from Birch’s law (Berteussen 1977), and the 
thickness of each layer. The misfit functions (Ep(m) 
for stacked PRFs and Es(m) for stacked SRFs), which 
are the RMS difference between the observed and 
synthetic functions (Vinnik et al. 2004; 2009), are 
minimized according to the rule of Metropolis (Me-
tropolis et al. 1953) in cascade (Mosegaard, Tarantola 
1995). For 4 random starting points, 100,000 models 
are tested to obtain a small misfit (Alkan et al. 2020), 
but for visualization, 10,000 models are kept shown 
in Figs 7 and 8. 

RECEIVER FUNCTIONS STACKING

The arrival times of converted Ps phases from 
the Moho, 410 km, and 660 km boundaries can be 
obtained from PRF stacking. Using the IASP91 
Earth model (Kennett, Engdahl 1991), Chevrot et al. 
(1999) defined the arrival times of Pmohos, P410s, 
and P660s as 4.0 s, 44.0 s, and 67.9 s, respective-
ly. Also, one phase labelled Pslabs is marked in the 
depth stacks of PRFs. According to observations of 
Li et al. (2003), this phase is interpreted as the sub-
ducting African lithosphere. Based on this criterion, 
the depth-stacking results of PRFs are calculated and 
presented for all stations in Table 2. For all stations, 
individual PRFs are changed from 35 to 91, and the 
distances range from 60° to 70°, with an average of 
65.5°. As given in Table 2, a total of 452 teleseismic 
earthquakes are used for depth-stacking. The arriv-
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Fig. 3 Depth stacks with moveout of PRFs for stations (a) KTHA, (b) IMMV, (c) ZKR, and (d) KARP. Detailed informa-
tion on each stacking is given in Table 2. Each trace corresponds to the trial depth in km attached to the left-hand side. 
The arrivals of Ps converted phases from Moho, Slab, 320-km, 410-km, and 660-km discontinuities are labelled Pmohos, 
Pslabs, P320s, P410s, and P660s

Fig. 4 Depth stacks with moveout of PRFs for stations (a) ARG, (b) YER, (c) APE, and (d) ITM. Detailed information on 
each stacking is given in Table 2. Each trace corresponds to the trial depth in km attached to the left-hand side. The arriv-
als of Ps converted phases from Moho, Slab, 320-km, 410-km, and 660-km discontinuities are labelled Pmohos, Pslabs, 
P320s, P410s, and P660s
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Fig. 5 Stacked SRFs for stations (a) KTHA, (b) IMMV, (c) ZKR, and (d) KARP. Detailed information on each stacking 
is given in Table 3. Each trace corresponds to the differential slowness in s/deg attached to the trace. The arrivals of Sp 
phases from the Moho and Lehmann discontinuities are labelled Smohop and SLehp

Fig. 6 Stacked SRFs for stations (a) ARG, (b) YER, (c) APE, and (d) ITM. Detailed information on each stacking is given 
in Table 3. Each trace corresponds to the differential slowness in s/deg attached to the trace. The arrival of Sp phases from 
the Moho discontinuity is labelled Smohop
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Fig. 7 Simultaneous inversion of PRFs and SRFs for stations (a) KTHA, (b) IMMV, (c) ZKR, and (d) KARP with tele-
seismic travel-time residuals, given in Table 2. Histograms of Vs are shown by color code. Black lines are the IASP91 
models (Kennett, Engdahl 1991). The limits of the search are shown by red lines. Black, claret red, and blue arrows 
represent the boundary of the low-velocity zone, Moho, and the lithosphere-asthenosphere boundaries, respectively. His-
tograms of the synthetic PRFs and SRFs are shown by the same colour code as the models; dashed lines are for the actual 
PRF and SRF

als of Pmohos, P410s, and P660s are figured out at 
all stations except the ITM station. Also, travel-time 
residuals of teleseismic P- and S-waves are calculated 
and used to constrain simultaneous inversion.

The stacking results of the PRFs for the stations 
show clear arrivals of Pmohos, Pslabs, multiple or 
crustal reflections, P320s, P410s, and P660s at the 
correct trial depths (Figs 3 and 4). Two distinct phase 
arrivals with high amplitude are observed between 0 
and 10 seconds. These phases are marked as Moho 
and Slab (Figs 3 and 4), considering the continental 
crust and the present-day African Slab. Ps arrivals 
from the Moho discontinuity are noted in the time in-
terval of 0.6 to 1.2 seconds at stations closer to the 
Hellenic trench, while the stacking results of YER, 
APE, and ITM located north of the subduction zone 
show arrival times of 4.7, 2.8, and 5.7 seconds, re-
spectively (Figs 4b, 4c, and 4d). The second high-am-

plitude phase, labelled Pslabs, appears between 5.8 
and 7.4 seconds for southern stations (please see Tab
le 2). Additionally, a positive polarity upper mantle 
phase, P320s, is observed in the stacking of IMMV, 
YER, and ITM at 32.3, 36.1, and 28.9 seconds, re-
spectively (Figs 3b, 4b, and 4d). The P320s phase is 
still under discussion and is linked to a 320-km dis-
continuity in mid-upper mantle depths (250–350 km), 
which includes chemical heterogeneity related to the 
phase transition (Morais 2012). The P410s and P660s 
phases reduce the non-uniqueness of the joint inver-
sion. The P410s phase is missed for detection in the 
depth-stacking of ITM. The travel times of the P410s 
phase for the stations ZKR, KTHA, ARG, and APE, 
detailed in Table 2, are delayed by 2–3 seconds, which 
can be attributed to a depression of the 410-km dis-
continuity. Conversely, for stations KARP, IMMV, 
and YER, the 410-km phase from the top of the tran-
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sition zone arrives earlier (approximately 2 seconds) 
as shown in Table 2, indicating high S-wave veloci-
ties around 300 km, an uplift around 410 km, and a 
high-velocity upper mantle in the southern Aegean 
(Li et al. 2003). The travel time arrivals of the P660s 
phases are observed in all depth stacking, where some 
of these arrivals are earlier (ZKR, KTHA, IMMV, 
and APE) and others are later arrivals (KARP, ITM, 
YER, and ARG). It is relative to the IASP91 standard 
earth model. The late arrival times of the P660s at 
the stations (shown in Table 2) suggest that the 660-
km discontinuity is depressed by several kilometres 
and may be linked to the subducted slab beneath it. 
Additionally, Li et al. (2003) noted that the 410-km 
discontinuity is roughly 10 km thicker than predicted 
by the IASP91 model, which is associated with an ap-
proximate temperature reduction of ~ 80°.

The slowness-stacking parameters of SRFs are 

presented in Table 3 for all stations. Additionally, the 
stacking results of SRFs are illustrated in Figs 5 and 
6. The number of individual SRFs with an average 
epicentral distance of 80° ranges between 19 and 40 
for each station. As given in Table 3, a total of 237 tel-
eseismic earthquakes are used for slowness-stacking. 
Figures 5 and 6 display the largest amplitudes from 
the crustal phase (Smohop) at 0.0  s/°. The standard 
noise errors (rms value of noise in the stacking) for 
all slowness-stacking vary between 0.008 and 0.035. 
These values are compared to the amplitude value of 
the Smohop phase, and nearly four times the rms am-
plitude of noise is expected for successful stacking 
results (Morais 2012). Sp phases from the Moho, with 
negative polarity corresponding to positive disconti-
nuities, are detected around –4.6 s at 0.0 s/° differen-
tial slowness for all results, except for station ITM, 
which is observed at –7.9 s at 0.0 s/°. Furthermore, a 

Fig. 8 Simultaneous inversion of PRFs and SRFs for stations (a) ARG, (b) YER, and (c) APE with teleseismic travel-time 
residuals and (d) ITM without teleseismic travel-time residuals, given in Table 2. Histograms of Vs are shown by colour 
code. Black lines are the IASP91 models (Kennett, Engdahl 1991). The limits of the search are shown by red lines. Black, 
claret red, and blue arrows stand for the boundary of the Low-velocity zone, Moho, and the lithosphere-asthenosphere 
boundaries, respectively. Histograms of the synthetic PRFs and SRFs are shown by the same colour code as the models; 
dashed lines are for the actual PRF and SRF
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Table 2 Parameters of all PRFs stacking for each station. ‘Baz’ and ‘DIST’ are the average back azimuth and epicentral 
distances. Pmohos, Pslabs, P410s, and P660s correspond to the arrival times of Ps phases. dTp and dTs are travel-time 
residuals of teleseismic P and S waves

Station BAZ (deg) DIST (deg) Number   
of records Pmohos (s) Pslabs (s) P410s (s) P660s (s) dTp (s) dTs (s)

KTHA (LH) 71.87 67.72 55 0.6 7.4 46.11 67.25 0.5 1.5
IMMV (SH) 72.35 59.77 70 1.0 6.6 43.13 67.50 -0.45 -1.35
ZKR (SH) 72.61 62.36 91 0.9 6.6 47.90 67.47 1.0 3.0
KARP (LH) 73.46 63.62 53 1.2 6.7 42.60 69.94 -0.6 -1.8
ARG (SH) 75.85 60.15 56 1.2 5.8 44.53 68.42 0.25 0.75
YER (BB) 73.67 70.19 44 4.7 – 43.75 70.94 -0.1 -0.3
APE (SH) 73.86 61.15 48 2.8 – 44.11 66.07 0.1 0.3
ITM (SH) 74.00 65.08 35 5.7 – – 68.64 – –

Table 3 Parameters of all SRFs stacking for each station. ‘BAZ’ and ‘DIST’ are the average back azimuth and epicentral 
distances. Smohop and SLehp are the arrival times of Moho and the Lehmann discontinuity, respectively. Noise is the RMS 
value (σ) of the Smp phase, respectively

Station BAZ  
(deg)

DIST  
(deg)

Number of 
records

Smohop  
(s)

SLehp  
(s)

Amplitude of 
Smohop

Noise  
(σ)

KTHA (LH) 69.72 80.27 35 –4.6 – 0.13 0.011
IMMV (SH) 69.81 76.41 34 –5.4 – 0.09 0.010
ZKR (SH) 70.86 80.51 40 –4.6 –20.2 0.02 0.008
KARP (LH) 71.26 80.59 28 –4.8 –28.5 0.09 0.010
ARG (SH) 74.29 75.79 27 –4.6 – 0.06 0.009
YER (BB) 71.67 81.07 32 –4.6 – 0.13 0.011
APE (SH) 71.14 79.22 19 –4.6 – 0.18 0.015
ITM (SH) 70.78 79.55 22 –7.9 –28.6 0.18 0.035

phase Sp from the Lehmann discontinuity with nega-
tive polarity, labelled Slehp, is noted in the stacking 
results of ZKR, KARP, and ITM at a slowness of 
0.2 s/°. The arrival times of these phases are –20.2 s, 
–28.5 s, and –28.6 s, respectively (Fig. 5c, 5d, and 
6d). The phase Slehp, with negative polarity, is as-
sociated with a depth between 200 km and 250 km, 
corresponding to the base of the low S-velocity layer 
(Vinnik et al. 2004).

RESULTS OF SIMULTANEOUS INVERSION 
AND DISCUSSION

The S-wave velocity histograms for eight stations 
obtained from the simultaneous inversion of PRFs 
and SRFs are illustrated in Figs 7 and 8. S-wave ve-
locity models are interpreted with the stacking results 
presented in Figs 3 to 6. S-wave velocity results from 
the southern stations, KTHA, IMMV, ZKR, KARP, 
and ARG, are evaluated as the first group, closer to 
the Hellenic subduction zone. However, the veloc-
ity results from the northern stations, YER, APE, 
and ITM, are analyzed in the second group behind 
the Hellenic trench to the north. Overall, the S-wave 
velocity models for KTHA, IMMV, ZKR, KARP, 
and ARG stations exhibit similar characteristics. On 
the other hand, the stations YER, APE, and ITM are 
consistent with one another and earlier studies in the 
literature. Also, the depths of lithospheric discontinu-

ities calculated from the simultaneous inversion are 
summarized in Table 4.

The first sharp increases in S-wave velocities are 
observed at depths of 45 km to 56 km for stations 
KTHA, IMMV, ZKR, KARP, and ARG, as indi-
cated by claret red arrows in Figs 7 and 8. At sta-
tion KTHA (Fig. 7a), the S-wave velocity change at a 
depth of 51 km ranges from 3.8 to 4.1 km/s. At station 
IMMV (Fig. 7b), the S-wave velocity at a depth of 
53 km increases from 3.7 to 4.6 km/s. At station ZKR 
(Fig. 7c), the S-wave velocity at a depth of 48 km var-
ies from 3.7 to 4.4 km/s. At station KARP (Fig. 7d), 
the S-wave velocity jump occurs at a depth of 56 km, 
changing between 4.1 and 4.8 km/s. At station ARG 
(Fig. 8a), the S-wave velocity increases between 4.0 
and 4.6  km/s at a depth of 45 km. In terms of the 
geological locations of the stations, these depth val-
ues are quite significant for the continental Aegean 
Moho. These high depths correspond to the subducted 
African lithosphere. Previous crustal studies (Li et al. 
2003; van der Meijde et al. 2003; Sodoudi et al. 2006, 
2015; Zhu et al.  2006; Di Luccio, Pasyanos 2007; 
Sachpazi et al. 2016; Dogru et al. 2018; Karabulut et 
al. 2019) found the Moho depths of the Aegean and 
western Anatolia to be located 25 to 30 km beneath 
Kythira, Crete, Karpathos, and Rhodes, near the north 
of the Hellenic Trench. However, Li et al. (2003) 
observed that converted Ps phases from the oceanic 
Moho of the subducted African Plate are detected 
around Crete Island at depths of 51 to 69 km. Similar 
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to the findings of Li et al. (2003), two Ps converted 
phases, labelled Pmohos and Pslabs, are identified in 
the depth-stacking presented in Figs 3 and 4. The con-
verted Moho phase appears weak in the deeper regions 
of the African Plate near the subduction zone. One 
of these phases is associated with the Aegean Moho, 
while the other corresponds to the oceanic Moho of 
the descending African Plate. Therefore, a thicker 
Moho than the Aegean continental type is calculated 
in the S-wave velocity models derived from simulta-
neous inversion (Figs 7 and 8). S-wave velocities in 
this study also closely match the findings of Endrun 
et al. (2011) regarding the anisotropic fabric in the 
lower crust, which trends parallel to the Miocene ex-
tension direction, illustrating distributed viscous flow 
in the lower crust and lithospheric mantle around the 
Cyclades. Also, Erbek-Kiran et al. (2025) defined the 
high gravity values around the Cretan Sea, signifying 
the dipping African Slab. 

The Moho depths beneath YER, APE, and ITM sta-
tions, as listed in Table 4, located in the northern part 
of the study region, are associated with the continen-
tal crust related to western Anatolia, the Aegean Sea, 
and western Greece. The S-wave velocity changes in 
the crust-mantle transition at a depth of 29 km from 
3.5 km/s to 4.3 km/s beneath station YER (Fig. 8b). 
Kind et al. (2015) highlighted the crustal and lithos-
pheric discontinuities beneath the Aegean and Ana-
tolian regions based on the S-receiver function tech-
nique. They determined the crustal thickness to be 
around 25 km beneath western Anatolia. The Moho 
thickness and S-wave velocities beneath station YER 
align with the findings of Kind et al. (2015) and other 
receiver function studies (Tezel et al. 2013; Vanacore 
et al. 2013). The Moho discontinuity is measured at 
24 km beneath station APE, with velocities increas-
ing to 3.7 km/s in the crust and 4.3 km/s in the upper 
mantle (Fig. 8c). Beneath APE, this depth has been 
commented as clearly normal Moho and agrees with 
Li et al. (2003) and Zhu et al. (2006). The Moho dis-
continuity is found at 40 km beneath the ITM station 
located on the Peloponnesus, with S-wave velocities 

ranging from 3.0 km/s in the crust to 4.3 km/s in the 
upper mantle (Fig. 8d). Using the surface wave tom-
ography algorithm, Karagianni et al. (2005) observed 
a crustal thickness of 42 ± 2 km in western Greece 
along the Hellenides mountain range, and also cal-
culated approximately 22 km of Moho depth beneath 
the central Aegean basin. Sodoudi et al. (2015) ob-
served the thickest crust at ~ 48 km beneath the Pelo-
ponnesus, while a thinner crust of 23 to 28 km was 
observed beneath the central Aegean Sea and west-
ern Türkiye. Additionally, Sachpazi et al. (2016) im-
aged crustal and upper-mantle structures beneath the 
western Hellenic subduction zone through receiver 
function analysis. They obtained the first clear posi-
tive receiver function amplitudes at a depth of about 
30 km associated with the Aegean Moho. However, 
the second positive amplitude corresponded to the 
Moho of the subducting plate, starting at a depth of 
40–50 km beneath the Peloponnesus (Fig. 8d). Based 
on the satellite marine gravity data, Tirel et al. (2004) 
identified the three different crustal types as Aegean, 
Cyclades, and Crean Sea with a mean Moho depth 
of ~ 25 km. They also found a crustal thinning zone 
of coverage in the north of the Hellenic Trench, con-
trolled by the back-arc extension and the active slab 
mechanism. Sachpazi et al. (2025) calculated the 
Aegean plate’s Moho in southern-central Pelopon-
nesus at ~ 35 km depth. On the other hand, S-wave 
velocity histograms show that the low-velocity zone, 
as indicated by black arrows in Figs 7 and 8, have 
been observed in the crustal depths beneath the sta-
tions KTHA, IMMV, ZKR, KARP, and ITM. These 
low-velocity zones may be correlated to weakening 
crustal intrusions, fully serpentinized peridotites, and 
low-velocity mantle accretionary wedge above the 
subducted slab (Mueller 1977; Bohnhoff et al. 2001; 
Li et al. 2003; Karagianni et al. 2005). 

The S-wave velocity trends in the histograms can 
be interpreted to determine possible LAB depths. LAB 
is approximately 155 km for the first group (KTHA, 
IMMV, ZKR, KARP, and ARG), as indicated by the 
blue arrows shown in Figs 7, 8, and Table 4. S-wave 
trends decrease after this approximate depth. Upon a 
detailed examination of the velocity histograms, an  
S-wave velocity of 4.4 km/s can be seen for the KTHA 
at a depth of 148 km (Fig. 7a). The LAB depth at the 
IMMV station is observed to be around 191 km with 
Vs = 4.6 km/s, while a reduction in S-wave velocity is 
noted at a depth of 144 km, decreasing from 4.3 km/s 
to 4.2 km/s beneath station ZKR. The LAB thickness 
beneath IMMV is anomalously large compared to other 
stations. According to the S-wave histograms for the 
KARP (Fig. 7d) and ARG (Fig. 8a) stations, the LAB is 
indicated at 150 km (Vs = 4.7 km/s) and 142 km (Vs = 
4.4 km/s), respectively. Sodoudi et al. (2006) estimated 
similar results beneath mainland Greece of Aegean LAB 

Table 4 Depths of Moho, Slab Moho, low-velocity zone 
(LVZ), and LAB calculated from the simultaneous inver-
sion of PRFs and SRFs 

Station 
Code

Moho 
(km)

Slab Moho 
(km)

LVZ  
(km)

LAB  
(km)

KTHA (LH) – 51 41 148
IMMV (SH) – 53 35 191
ZKR (SH) – 48 33 144
KARP (LH) – 56 30 150
ARG (SH) – 45 - 142
YER (BB) 29 - - 130
APE (SH) 24 - - 179
ITM (SH) 40 - 23 157
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depth. The tomography models of Biryol et al. (2011) 
showed the most significant fast anomalies located on 
the Hellenic and Cyprus trenches extended down to the 
depths of 300 km, interpreted as the segments of the 
subducting African oceanic lithosphere. Gönenç and 
Akgün (2012) discovered that the deep structures (130 
and 170 km) passed through the north of the Cretan Sea 
region using gravity data. This region was described 
as the terminus of the African Oceanic mantle lithos-
phere. The deep and intermediate-depth events mainly 
clustered below the Hellenic Arc (depth ~ 180 km), as-
sociated with the continuity oceanic slab (Faccenna et 
al. 2014). Also, the present high velocity anomalies be-
neath the Aegean Sea may indicate the physical model 
of slab sinking in a viscously stratified mantle. Based 
on gravity models, Dogru et al. (2018) calculated the 
LAB depth to be around 140 km beneath the southern 
Aegean Sea, and this depth was associated with the dy-
namic subduction zone in the Hellenic Arc. The litho-
sphere beneath the Mediterranean was believed to be 
Oceanic lithosphere, with earthquakes reaching 150 km 
(McKenzie 2020). Toyokuni and Zhao (2025) observed 
the low-velocity zones in the crust and shallow mantle 
in the Aegean Sea, while the high-velocity images as-
sociated with the subducted slabs (150–450 km depths) 
were visible beneath the Hellenic and Cyprus Trenches, 
which may reflect a vertical slab subduction. Therefore, 
the depth values of LABs obtained beneath the stations 
are associated with the African Slab.   

In the inversion models of the stations YER, APE, 
and ITM, the LAB appears strongly at 130, 179, and 
157 km in the direction from east to west. The S-wave 
velocities at these boundaries decrease from 4.6 to 
4.5 km/s, 4.6 to 4.4 km/s, and from 4.5 to 4.0 km/s, re-
spectively. The LAB depth beneath station YER cor-
responds to the lithosphere of the Anatolian Plate, not 
related to the subduction of the African Slab. In SRF 
stacking of Kind et al. (2015), the LAB reached down 
to almost 150 km depth beneath western Anatolia and 
the central Aegean Sea. Also, Sodoudi et al. (2006) 
reported that the dip of the subducting African Plate 
was shallower beneath the Peloponnesus and flattened 
out beneath the central Aegean. The Aegean lithos-
phere was calculated as having a similar depth around 
station ITM. Salaün et al. (2012) showed that the Hel-
lenic Slab was identified as a continuous high-velocity 
zone along with Crete, Santorini, and Mykonos. The 
slab thickness was approximately 150 km. Therefore, 
LAB depths for the first and second groups are found 
close to each other in the Aegean Sea. 

CONCLUSIONS

In this study, one-dimensional S-wave velocity mod-
els to a depth of 300 km beneath the Aegean region are 
estimated using the simultaneous inversion of PRFs and 

SRFs with teleseismic travel-time residuals. For the 
joint inversion, high-quality teleseismic data recorded 
at short, long, and broadband seismic stations are used. 
The main findings of this study are given as follows:

(1)	The Moho discontinuities beneath stations 
KTHA, IMMV, ZKR, KARP, and ARG are the 
phases from the oceanic Moho of the subduct-
ed African Plate, while the crust-mantle transi-
tion under stations YER, APE, and ITM is con-
tinental crust related to western Anatolia, the 
Aegean Sea, and western Greece, which agrees 
with the previous receiver function studies.

(2)	In the depth stacking results of the southern 
stations, both the continental crust and the Af-
rican Slab appear. In addition, the P410s and 
P660s phases are also obviously observed in 
stacking, constraining simultaneous inversion. 
On the other hand, in the slowness stacking of 
ZKR, KARP, and ITM, the phase Slehp is de-
tected, associated with a low S-velocity layer at 
a depth between 200 km and 250 km.

(3)	Seismic stations operated throughout the 
Peloponnesus, Kythira, Crete, Karpathos, and 
Rhodes display low S-wave velocity zones at 
lower crustal levels, which may be associated 
with weakening crustal intrusions and mantle 
accretionary wedge. 

(4)	The thickness of the lithosphere estimated from 
joint inversion of PRFs and SRFs varies from ~ 
140 to ~ 150 km beneath the southern stations, 
related to the African Slab. However, an anoma-
lous value prevails beneath the station IMMV, 
where inversion reveals the thickness of the 
lithosphere to be 190 km, which may reflect a 
vertical slab subduction of the Hellenic Arc.
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