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ABSTRACT

The tectonic evolution of the eastern Mediterranean region is largely influenced by two geological processes:
subduction along the Hellenic arc and the westward extrusion of the Anatolian plate via the North Anatolian
Fault. The interaction between these features, particularly at the termination of the North Anatolian Fault, has
been widely studied but remains debated, largely due to the uncertain geometry of the African slab in the
westernmost Hellenic arc. Here, we combined seismological and gravity datasets, revealing a complex defor-
mation zone characterized by slab tearing, fault termination, and mantle upwelling. We processed two receiver
function profiles, each about 500 km long and oriented perpendicular to the Hellenic trench, framing the
southern tip of the North Anatolian Fault. These profiles reveal new slab geometry consistent with recorded
seismicity, confirming slab break-off propagation. However, slab tearing alone cannot account for the regional
mantle gravity field. Our findings indicate that asthenospheric upwelling at the slab tear location is necessary to
explain the observed asymmetrical and bimodal gravity anomaly, coinciding with the North Anatolian Fault’s
termination and elevated surface heat flow. These insights enhance our understanding of deformation mecha-
nisms in central Greece, suggesting that the slab tearing may have facilitated recent north-south extension in the

Corinth rift, while asthenospheric flow concentrated strike-slip deformation on the North Anatolian Fault.

1. Introduction

The Aegean domain is the Europe’s most seismically active region,
characterized by a complex interplay of tectonic forces (e.g., Papa-
zachos, 1990; Taymaz et al., 1990; Hatzfeld, 1999; Yolsal-Cevikbilen
and Taymaz, 2012). This dynamic area has evolved through successive
and cumulative deformations driven by the intricate interactions be-
tween the African, Eurasian, and Anatolian plates (Fig. 1, Taymaz et al.,
1991; Gautier et al., 1999; Reilinger et al., 2010; Hollenstein et al., 2008;
Pérouse et al., 2012). Two major geological processes drive the defor-
mation: the westward extrusion of the Anatolian plate and the subduc-
tion along the Hellenic arc, leading to dextral strike-slip faults and
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extensional basins (e.g. Le Pichon and Angelier, 1979; Lundgren et al.,
1998; Armijo et al., 1999; Sengor et al., 2005; Papanikolaou and Roy-
den, 2007).

While North Anatolian Fault (“NAF” Fig. 1) has accommodated most
of the western extrusion of Anatolia in the past 15 Ma (Sengor, 1979; Le
Pichon et al., 2003; Rodriguez et al., 2023), extension in the Aegean
domain is more spatially and temporally distributed (Le Pichon and
Angelier, 1979; Brun et al., 2016; Sternai et al., 2014). The onset of
Aegean extension began 45 Ma ago (Brun and Sokoutis, 2010; Papani-
kolaou, 2013), driven by the rollback of the African slab (Royden, 1993;
Jolivet and Faccenna, 2000; Brun and Faccenna, 2008; Durand et al.,
2014). This process has accommodated up to 600 km of trench retreat
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(Jolivet and Brun, 2010). From the Middle Eocene to the Middle
Miocene, this back-arc extension is associated with the formation of
Metamorphic Core Complexes in the central Aegean Sea through
low-angle detachment systems (e.g., Brun et al., 2016; Brun and
Sokoutis, 2018). Accelerating the trench retreat in the Middle Miocene
changed the deformation pattern, promoting the development of
extensional basins and high-angle normal faults distributed throughout
the Aegean domain (e.g., Brun et al., 2016). Over the past 5 million
years, the strain rate in the Aegean region has evolved towards a more
localized deformation regime, potentially due to a Plio-Quaternary ki-
nematic reorganization influenced by the activity of the NAF (Pérouse
et al., 2012; Faucher et al., 2021). The NAF is thought to have entered
the Aegean extensional domain at that time, and begun interacting with
it (Armijo et al., 1996; Flérit et al., 2004; Ferentinos et al., 2018). The
deformation has migrated from the central Aegean domain to its pe-
riphery, particularly concentrated in the Central Hellenic Shear Zone
(“CHSZ” Fig. 1), at the western end of the Hellenic subduction zone and
the termination of the NAF (Papanikolaou and Royden, 2007; Royden
and Papanikolaou, 2011). This zone marks a diffuse boundary between
Anatolia and Eurasian plates (Fig. 1), encompassing the Corinth and
Evvia rifts system, where part of the extension is accommodated through
NW-SE normal faults since 1-2 Ma (Armijo et al., 1996; Briole et al.,
2021), with the emergence of E-W normal faults more recently (Faucher
et al., 2021).
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Some studies suggest that the CHSZ could be associated with a slab
tearing at depth, resulting from a change in the nature of the subducting
panel from continental lithosphere in the north to an oceanic lithosphere
in the south (Royden and Papanikolaou, 2011; Jolivet et al., 2013). The
entire Eastern Mediterranean system has experienced slab tearing in
several locations. Tomographic studies reveal low-velocity mantle
anomalies that indicate fragmentation of the African slab due to lateral
changes in trench rates or lithospheric nature (Cubuk-Sabuncu et al.,
2017; Biryol et al., 2011; Salaiin et al., 2012; Govers and Fichtner, 2016;
Portner et al., 2018). Thermal anomalies and volcanism are also re-
ported in western Anatolia (Roche et al., 2019; Sengor et al., 2003) and
in western Hellenic subduction zone (Fytikas and Kolios, 1979; Tzanis
et al., 2022), which may also reflect the impact of rollback and tearing of
the slab. Mantle flow through the tear and around the slab has been
invoked to explain the lateral variations observed in the mantle seismic
anisotropy in the East Mediterranean zone (Jolivet et al., 2015; Confal
et al., 2020; Erman et al., 2025).

However, despite numerous studies, consensus on the geometry and
nature of the African slab remains elusive. Challenges persist in recon-
ciling complex observations with incomplete and sparse datasets. The
number of tears, their location, shape and starting time are still a matter
of debate (Faccenna et al., 2003; Biryol et al., 2011; Bocchini et al.,
2018; Portner et al., 2018; Giirer et al., 2018). For the western Hellenic
part, some models propose a smooth and continuous transition between
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Fig. 1. Geodynamical setting and tectonic map of the Aegean region showing

the main active structures and plates. The black line marked with open triangles

corresponds to subduction zones, while the black line with filled triangles corresponds to collision zones. Major faults from Sakellariou and Tsampouraki-Kraounaki
(2018) and Gueydan et al. (2025): normal faults are shown as thin red lines, and strike-slip faults as thin grey lines. Dashed grey lines display potential fault ex-
tensions. Corinth and Evvia rifts locations are indicated as thick red lines. The thick black lines represent major faults, such as the North Anatolian Fault and the
Kefalonia Fault. Main volcanic arc edifices (red triangles) are indicated (Me: Methana; Mi: Milos; Sa: Santorini). Ck: Chalkidia; NM: North Macedonia; At: Attica; Cy:
Cyclades Islands; Ab:Almiros basin; Ev: Evia Islands; Sp: Sporades basin; Pe: Peloponnesus; Tb: Thermaikos basin; Ke: Kefalonia; NAT: North Aegean Trough; CHSZ:

Central Hellenic Shear Zone (blue zone as defined in Papanikolaou and Royden,

2007 and Royden and Papanikolaou, 2011). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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continent and oceanic lithosphere (Halpaap et al., 2018; Olive et al.,
2014; Grigoriadis et al., 2016; Evangelidis, 2017; Bocchini et al., 2018;
Kassaras et al., 2020a), while others argue for a discontinuous and torn
slab, either vertical (Royden and Papanikolaou, 2011; Suckale et al.,
2009; Pearce et al., 2012) or trench parallel (Wortel and Spakman, 2000;
Hansen et al., 2019). Regional reconstructions based on geological ob-
servations and seismic tomographic images suggest the presence of hot
mantle flow associated with slab tears (Jolivet et al., 2015; Evangelidis,
2017; Rappisi et al., 2025). However, the limited information regarding
the exact shape of the tears, makes it difficult to predict the associated
flow and its effects on the Aegean lithosphere, as well as its interaction
with pre-existing tectonic structures.

Determining the geometry of the African slab in the western part of
the Hellenic subduction zone is crucial for assessing its effect on surface
deformation. This region, characterized by the highest extension rates in
Europe, and significant interactions between major active tectonic fea-
tures, requires a clear understanding of how slab geometry relates to the
CHSZ and the termination of the NAF (Guillaume et al., 2013). To
address this issue, we propose to define the slab geometry in its western
part through mantle density models constrained by seismic observa-
tions. Receiver functions and the distribution of instrumental seismicity
will first help us identify any discontinuous patterns in the structures.
We will then integrate this information with the long-wavelength reso-
lution of gravimetry in our density models. Next, we will test the gravity
signature of three slab models: continuous, discontinuous, and a
discontinuous model with a mantle window. Finally, we will discuss the
geodynamic implications of our results, with a specific focus on the
interaction between mantle structures and surface deformation.

2. Data

The presence of water-covered areas in central Greece, extending
from the Hellenic trench to the Aegean Sea coastline (Fig. 1), presents
challenges for installing seismic stations and affects the spatial resolu-
tion of seismic models. However, gravimetry overcomes this limitation
by offering continuous data collection through satellite missions, as well
as land and marine surveys. In the study area, gravity measurements
have mainly been used to characterize the crust, particularly focusing on
its thickness (e.g. Tirel et al., 2004; Grigoriadis et al., 2016; Makris et al.,
2013; Chailas et al., 2021; Chailas et al., 2022). As a result, the authors
have largely avoided exploring longer wavelengths associated with the
mantle, especially concerning the African slab, by relying instead on
tomographic models.

In this work, we adopt an alternative approach by using the long-
wavelength component of seismological and gravity data to explore
deeper geological structures. The datasets cover the entire Hellenic arc
spanning from 19° to 30° in longitude and 35° to 42° in latitude. We do
not rely on the velocity-density transition laws commonly used to
convert tomographic models into density models. Instead, we prioritize
the long-wavelength signal from an available global gravity model,
which provides greater spatial continuity than tomographic models
limited by the station coverage and ray path distribution.

2.1. Seismological data

We use two types of seismological data for our analysis. The first type
consists of the local seismicity distribution, which allows us to localize
disruptive patterns and to identify discontinuous behaviours in the area,
as already investigated in this highly seismic zone (e.g. Bocchini et al.,
2018; Kassaras et al., 2020a). Previous studies have extensively exam-
ined the seismicity distribution in the Aegean area (e.g. Makropoulos
and Burton, 1981; Hatzfeld, 1994; Papazachos et al., 2000; Meier et al.,
2004; Sachpazi et al., 2016). In this study, we aim to focus on the
western end of the subduction zone to gain insights into potentially
disrupted areas that can guide our direct gravity modelling. We use the
global catalogue from the reviewed International Seismological Centre
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Bulletin (Engdahl et al., 1998) which contains instrumental seismicity
between 1964 and 2023. Since our study is focused on the upper mantle,
we restrict our research to events at depths greater than 40 km in the
western Hellenic area. The associated output is made of 4662 events
with magnitudes ranging between 2 and 6.5 (Fig. 2).

The second type of seismological data is for receiver functions (RF)
processing and the associated migration profiles. This dataset is ob-
tained from NOA and IRIS data centres, with a sampling rate of 100
samples per second (supplementary material T1). It includes three-
component seismograms from 21 stations of the National Seismolog-
ical Network of Greece (FDSN codes HA, HL, HP and HT), managed by
the Hellenic Unified Seismological Network at the University of Athens,
covering the years 2010 to 2024. Additionally, we supplement this
dataset with information from the MEDUSA project, which operated
between 2006 and 2007 (FDSN code XS, Rondenay, 2006, supplemen-
tary material S1). For our analysis, we select teleseismic events with
epicentral distances between 30° and 90° and magnitudes greater than
6.5. The signals are filtered within the frequency range of 0.08 to 0.8 Hz
and are limited to 15 s before and 40 s after the first P-wave arrival, as
classically processed (e.g. Sodoudi et al., 2006; Cossette et al., 2016).

2.2. Gravity information

We use the global Earth Gravity Model (EGM2008), which combines
terrestrial, altimetry-derived, airborne, and satellite gravity data (Pavlis
et al., 2008). The complete Bouguer anomaly is obtained on a 2.5 arc-
minute grid by computing the topographic effect from Fullea et al.
(2008), using a density reduction of 2670 kg.m > and 1 arc-minute grid
ETOPO1 Digital Elevation Model (Fig. 3a and supplementary material
S2).

3. Methods

We gather insights from three different datasets: the intermediate-
depth seismicity distribution from the reviewed ISC catalogue, the
teleseismic waveforms, and the gravity signal. Each dataset is processed
independently, and the results are later combined in our direct gravity
modelling approach.
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Fig. 2. Topographic and bathymetric map of the study area showing the
location of the seismic events from 40 km down to 281 km depth, from the
reviewed International Seismological Centre Bulletin (Engdahl et al., 1998).
The yellow circles correspond to events between 40 and 80 km depth. The
orange circles correspond to events between 80 and 120 km depth, and the red
circles to those deeper than 120 km. The total number of events plotted is 4662.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. Gravity anomaly maps of the Aegean region. (a) EGM2008 complete
Bouguer (100 km-low-pass filtered), (b) gravity signal of the isostatic root effect
(100 km-low-pass filtered), and (c) associated Mantle Bouguer Anomaly (MBA).

First, we process the teleseismic data to calculate the RFs along two
profiles. Next, we work on the complete Bouguer anomaly to isolate the
mantle signal, referred to as the Mantle Bouguer Anomaly (MBA).

Finally, we use the intermediate-depth seismicity distribution and
the RF signal to constrain direct density models and calculate their
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associated gravity signal. The synthetic outputs are then compared with
the observed MBA to identify the best-fitting model.

3.1. Receiver functions

We calculate the RFs through an iterative time-domain deconvolu-
tion to remove the source and instrumental responses (Ligorria and
Ammon, 1999). Prior to the deconvolution, we rotate the three com-
ponents of the seismogram from a geographical (Vertical - North - East)
to LQT (P-Sv-Sh) coordinate system. We use the event theoretical ray
parameter and backazimuth to optimize the energy of the converted Ps
wave on the radial (Q) component. We process the deconvolution
through 200 iterations with a Gaussian width filter of 2.5 s. We then
select the obtained RF with a reproduction rate greater than 85 %, and
we visually inspect the signal to remove potential outliers (supplemen-
tary material S3). The resulting 1215 quality-controlled RF are time-to-
depth migrated along two profiles using IASP91 velocity model (Kennett
and Engdahl, 1991). This is done by backtracing the ray paths of the Q
component from the station elevation down to 160 km depth using the
common conversion point (CCP) stacking technique (Yuan et al., 1997;
Subedi et al., 2018; Michailos et al., 2023). This technique is particularly
suitable for testing the continuity of horizontal or sub-horizontal
impedance contrasts.

3.2. Mantle Bouguer anomaly

The complete Bouguer anomaly derived from EGM2008 contains
signals from both crustal and mantle sources. We applied a 100 km low-
pass filter to remove the shortest wavelengths, which originate solely
from crustal sources and potential aliasing in the EGM2008 data
(Fig. 3a). The resulting filtered Bouguer anomaly is very similar and
consistent with previous gravity maps obtained from interpolated
ground observations (Lagios et al., 1996; Grigoriadis et al., 2016; Kas-
saras et al., 2020b).

To isolate the mantle signal, we remove the crustal effects through a
series of corrections to obtain the Mantle Bouguer Anomaly (MBA).
These corrections are calculated over a wide area, spanning longitudes
from 14° to 35° and latitudes from 30° to 47°, to prevent edge effects
from influencing the study area. First, we calculate the gravity effect of
an isostatic crustal root. We compute the crustal thickness of the region
(supplementary material S4), assuming a local compensation for the
topography (Tirel et al., 2004; Suckale et al., 2009; Pearce et al., 2012;
Makris et al., 2013). We assume a density contrast of 600 kg.m™> be-
tween the crust and the mantle, a density of 1035 kg.m™> for the
seawater, and a mean crustal thickness of 30 km (Tirel et al., 2004;
Grigoriadis et al., 2016). The corresponding gravity signal is then
calculated with a Python code using the Harmonica library, developed
through a three-dimensional distribution of prisms that samples the
volume between the crustal topographic root surface and the compen-
sation depth. We compute the gravity effect on a regular grid of 6 arc
minutes. This Python code has been modified from an original code
designed to compute the gravitational effect of topography and is part of
the Fatiando a Terra Project (Uieda et al., 2013; Uieda and Barbosa,
2017). The resulting gravity signal (see supplementary material S5) is
then filtered with a 100 km low-pass filter, likewise the complete Bou-
guer anomaly, and ranges between —100 and 200 mGal for our study
area (Fig. 3b).

The obtained MBA ranges from —125 to ca. 100 mGal, with the
maximum value localized in the Cyclades (“Cy” Fig. 1) and Sea of Crete
(Fig. 3c). A secondary maximum is localized north of 40° latitude, near
North Macedonia (noted “NM” Fig. 1). The negative values in the lonian
Sea are due to the oceanic nature of the crust in this area that we do not
include in our calculation. This signal will not be discussed further, as
the focus of this article is on the deep part of the slab in the Aegean Sea,
which is unaffected by this anomaly.
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3.3. Three-dimensional gravity model

Finally, we employ the Matlab code GEEC (Gal Eotvos Earth Calcu-
lator) developed by Saraswati et al. (2019) to test various model ge-
ometries for the African slab in the Aegean region. Based on the
analytical solutions of expanding the line integrals of a constant-density
polyhedron body and considering the curvature of the Earth, this code
computes the gravity field due to irregularly shaped body mass. We
assume a constant density contrast of 100 kg.m~> between the Aegean
mantle and the subducting slab, and — 50 kg.m > between the
asthenosphere and the slab. We consider a constant slab thickness of
100 km, extending from 80 km to 200 km depth.

We use information derived from seismological data (seismic cata-
logues and our seismic results) to constrain the density models and
testing hypotheses regarding the shape of the African slab. We use an
iterative modelling approach, gradually increasing the complexity of the
model to better align with the observed MBA signal.

4. Results
4.1. Seismological constraints

The distribution of the intermediate-depth seismicity (depth > 80
km, Fig. 4) reveals that seismicity occurring deeper than 120 km depth
does not display the same continuous distribution as that observed be-
tween 80 and 120 km depth. No instrumental seismicity is observed
below 120 km north of Attica and Evia (“At” and “Ev” Fig. 1). The station
VILL marks the northern limit of deep seismicity (> 120 km), emphas-
ised by a blue dashed line Fig. 4. This pattern, also mentioned by Boc-
chini et al. (2018) and Kassaras et al. (2020b), can be used as seismicity
inferred boundaries for the slab geometry.
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Fig. 4. Topographic and bathymetric map of the study area showing the
location of the seismic events from 80 km down to 281 km depth, from the
reviewed International Seismological Centre Bulletin (Engdahl et al., 1998).
The orange circles correspond to events between 80 and 120 km depth, and the
red circles to those deeper than 120 km. The total number of events plotted is
1114. Green triangles give the location of seismic stations used to calculate the
receiver functions. Stations aiding the interpretation of the two migrations
(profiles in black lines) are labelled and marked with larger triangles to facil-
itate their identification. The remaining stations used are listed in the supple-
mentary materials T1 and S1. Stations showing mantle low-velocity zones (LVZ)
in the receiver functions below approximately 60 km are shown in red for better
interpretation. The thick dashed blue line at station VILL indicates the northern
end of the deep seismicity (>120 km). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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We migrate the RFs along two 500-km long SW-NE profiles, roughly
perpendicular to the Hellenic trench, and framing the southern tip of the
NAF (Fig. 4). The northern profile (Fig. 5a) extends from Kefalonia (“Ke”
Fig. 1) up to North Aegean Trough, while the southern profile (Fig. 5b)
spans from Peloponnesus (“Pe” Fig. 1) up to Sporades Island (“Sp”
Fig. 1). The Aegean Moho and the African slab Moho are delineated by
positive impedance contrast with depth, whereas the top of the African
slab exhibits a negative contrast due to the lower seismic velocity of the
oceanic crust compared to the surrounding Aegean mantle (outlined by
the black continuous line, Fig. 5). The RFs yield an average Aegean
Moho depth that closely matches the isostatic prediction (Fig. 5a and b),
a posteriori validating the hypothesis made for the MBA calculation, and
aligning with previous observations on 2D profiles (Pearce et al., 2012;
Ranjan and Konstantinou, 2024).

In both profiles, the slab signature is coherent with the Wadati-
Benioff zone of seismicity (Fig. 5). The end of the seismicity between
AGG and NO27 for the northern profile and between PROD and VILL for
the southern one, coincides with the end of the RF seismic signature of
the slab. The top of the slab reaches depths of 70-90 km at these loca-
tions, coherent with the former results of Suckale et al. (2009). This
disruption in the slab signature concurs with thick negative RF ampli-
tudes at ca. 50-60 km depth beneath the north-eastern tip of the profiles
(N027-XOR station for the northern profile and VILL-S033-S032 for the
southern one, Fig. 5). These negative conversions indicate a decrease in
seismic velocity with depth and correlate with the gap in the
intermediate-depth seismicity (Fig. 4).

The abrupt stop in the RF signal and the gap in the intermediate-
depth seismicity also coincide with the end of the volcanic arc in
Methana (Vougioukalakis et al., 2019). This discontinuity observed in
several signals concurs with the proposition of a slab tearing (Guillaume
et al., 2013; Hansen et al., 2019; Suckale et al., 2019) and indicates the
location of the southern edge of the tearing. The shape and extension of
the tear remain ambiguous from these first images. Our seismological
constraints indicate that the slab signature is still missing beneath the
NO27 station on the northern profile, and low velocity anomalies are
present in the upper mantle, suggesting hotter material or an anomalous
mantle where the slab signature is absent. This local observation is
difficult to observe in the existing tomographic images, as the associated
depth and lateral extension lie at the edges of tomographic resolution
(Piromallo and Morelli, 2003; Hansen et al., 2019; Ranjan and Kon-
stantinou, 2024).

Seismic signals, including earthquake distribution and RFs, reveal
discontinuous patterns and low-velocity anomalies North of Evvia.
These features may be related to variations and disruptions in the slab
geometry. However, the uneven distribution of the seismic stations in
this area, with distances exceeding 50 km between them in the Gulf of
Evvia region, limits our ability to accurately determine the shape,
location, and extent of the slab tearing, as well as the associated
anomalous hot material. Taking advantage of the continuity and long-
wavelengths of the MBA gravity signal, we collect continuous informa-
tion over a broad area, overcoming the main limitation of the seismo-
logical approaches.

4.2. Gravity modelling

We first model a plain and continuous African slab to assess our
parametrization and to serve as a reference. We base its geometry on
previous geophysical studies (Tsokas and Hansen, 1997; Grigoriadis
et al.,, 2016; Halpaap et al., 2018) and adjust it to account for our
observation results. We infer the slab amphitheatrical shape (Fig. 6a)
and dimensions from the distribution of the regional seismicity (Fig. 4),
the shape of the volcanic arc (Fig. 1), and previous geophysical studies
(Salatiin et al., 2012; Bocchini et al., 2018; Halpaap et al., 2018). The
resulting bean-shaped gravity anomaly displayed in Fig. 6d is very
similar to the model of Grigoriadis et al. (2016). This anomaly extends
from the south-eastern Aegean Sea, near the southern coast of Tiirkiye,
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to the northeast of Evvia Gulf (Almiros basin noted “Ab” Fig. 1). Our
model exhibits a maximum amplitude of 90 mGal, higher than the 65
mGal reported by Grigoriadis et al. (2016) (Fig. 6d). Besides, it features a
maximum that is shifted northeast, providing a better fit to the observed
MBA. However, while our obtained anomaly corresponds in amplitude
to the observed MBA, it fails to explain the asymmetrical shape of the
mantle gravimetric signal. The MBA is discontinuous with two distinct
high values, one above the Cyclades and another above North
Macedonia (Fig. 3c). A continuous slab cannot explain the decrease in
MBA above the Thermaikos basin (“Tb” Fig. 1) (> 25 mGal), indicating
the need for a more complex model that incorporates lateral density
variations.

We design our second model to address the observed asymmetries,
and test a vertical tearing in the slab that induces a density decrease
(Fig. 6b). We set the spatial limits of the slab tearing from the seismicity
distribution, our RF migration profiles, and previous tomographic and
seismological works (Suckale et al., 2009; Salaiin et al., 2012; Olive
et al., 2014). We assume its vertical extends from 120 km down to 200
km as pinpointed by the gap in the deep seismicity (Fig. 4). We set the
southern edge of the slab tearing near south Evvia, where the Aegean

volcanic arc ends (Vougioukalakis et al., 2019). The southern edge is
roughly east-west oriented, to fit the end of the deep portion of the
Wadati-Benioff zone (seismicity depth > 120 km depth, Fig. 4). Deter-
mining the northern edge of the tearing is more challenging due to
sparse seismic observations. Recent seismological works on MEDUSA
data inferred a continuous slab north of 40° (Pearce et al., 2012; Olive
et al., 2014). We thus locate the tear near the Thermaikos and Almiros
basins, south of Chalkidia (“Ck” Fig. 1), where the MBA displays its
minimum value, and strong gradients in upper mantle seismic velocities
are observed (Salaiin et al., 2012; Halpaap et al., 2018). This discon-
tinuous slab model generates an asymmetrical anomaly, which is more
compatible with the observed MBA, with a single maximum centred in
the Cyclades (Fig. 6e). The amplitude of the anomaly decreases by more
than 20 mGal in Attica and Evvia. However, this model still fails to
reproduce a distinct secondary maximum further north, indicating the
need for further reduction in density.

We finally test a third model incorporating an asthenospheric body
within the modelled slab tearing accounting for a lower density contrast
(Fig. 6¢). The upper limit of the asthenospheric body (60 km) exceeds
the slab top (80 km), as indicated by our RF profiles and previous seismic
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tomography analysis (Halpaap et al.,, 2018). Both methods show a
decrease in velocity at depths of 60-80 km. The resulting anomaly is
more closely aligned with the observed MBA, featuring an absolute
maximum restricted to the Southern Cyclades domain, and a more
pronounced asymmetrical shape (Fig. 6f). By including a buoyant body
within the slab tearing, we are able to reduce the northern part of the
anomaly and introduce a secondary maximum located beneath North
Macedonia and Almiros basin. While the geometry of our models does
not perfectly match the observed MBA in all respects, particularly con-
cerning the discontinuous shape of the MBA and the location of the
secondary maximum, this model reveals the main factors that contribute
to the first-order characteristics of the mantle gravity signal. Our models
demonstrate that only a discontinuous slab with a narrow tearing
associated with an asthenospheric upwelling is coherent with the
observed deep gravity signature. We subsequently discuss the potential
variations and adjustments required to better align our models with the
observations.

5. Discussion
5.1. Validity of the proposed model

It is well-known that seismicity catalogues are not exhaustive, and
the quality of the data is widely uneven, reflecting the use of 1D
simplified models in global catalogues or dissimilar station coverage in
space and time, among others. Numerous attempts exist to locate or
relocate the Aegean seismicity (e.g. Makropoulos and Burton, 1981;
Papazachos, 1990; Engdahl et al., 1998; Halpaap et al., 2018; Halpaap
et al., 2019; Kassaras et al., 2020b; Ranjan and Konstantinou, 2024).
Instead of mixing the catalogues without controlling their uncertainty
and coherence, we favour the ISC database in the region, already used to
characterize the Hellenic subduction and the Aegean lithosphere
(Bocchini et al., 2018). We are fully aware that this catalogue, by
neglecting the slab high-velocity anomaly, presents some bias (Meier

et al., 2004). The seismic activity extracted from other databases dis-
plays a disrupted pattern in the same area, which remains consistent
with the interruption of the RF signal (U.S Geological Survey, 2025;
Kassaras et al., 2020b; Supplementary material S6). Regardless of which
catalogues we reference, the seismicity consistently identifies the same
section of slab break.

It is well-established that the greater the number of mass bodies in a
model, the better the fit with gravity data. Here, we adopt a parsimo-
nious approach that balances model fit and simplicity, as advocated by
Akaike (1974). Our direct modelling approach employs only two mass
bodies - the African slab and upwelling mantle - to account for the
calculated MBA, RF image, and seismicity location. We recognize that
the simple model we propose is not the only possible alternative. Spe-
cifically, we associate the gravity long-wavelength component with
mantle structures. However, long-wavelength signals can also originate
from wide crustal bodies or regional Moho variations. Regional seis-
mological studies display a smooth Moho in the North Anatolian trough
and beneath the Thermaikos basin, which deepens towards the north-
west (Ranjan and Konstantinou, 2024; Karagianni et al., 2005; Sodoudi
et al., 2006). This feature is also observed in our isostatic Moho map
(supplementary material S4c). This pattern does not align with the
observed MBA, which depicts its secondary maximum in North
Macedonia (Fig. 3c). While we cannot completely rule out the possibility
that the Moho signature is still present in the MBA, it is deemed unlikely.
Our latest model, which features a slab tear allowing for asthenospheric
upwelling, effectively explains all geophysical data (seismological and
gravimetric) in the region. Therefore, it should be considered a potential
solution.

Our approach demonstrates that gravity observations are inconsis-
tent with a continuous and smooth slab, as proposed in models solely
based on seismological data (Pearce et al., 2012; Halpaap et al., 2019). If
the first-order bean-shape of the MBA (Fig. 3c) is easily explained by the
amphitheatrical-like shape of the Hellenic slab (Figs. 6a,d), a vertical
tearing within the slab associated with an asthenospheric window is
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necessary to reproduce the asymmetrical shape of the MBA, particularly
its secondary maximum centred in North Macedonia (Fig. 3c). Previous
authors have already suggested the presence of a tearing in the African
slab, either with a southward horizontal propagation creating an
asthenospheric flow (Wortel and Spakman, 2000; Hansen et al., 2019),
or with a vertical shear delimitating the rapid subducting Ionian oceanic
lithosphere from the slowly subducting Adriatic continental lithosphere
(Suckale et al., 2009; Royden and Papanikolaou, 2011). The tearing’s
shape, location, and nature remain a matter of debate, as the sparsity
and resolution of the data often allow for more than one potential model.
Here, we propose that the slab tearing is vertical with an asthenospheric
window allowing the deeper mantle to rise, which explains the first-
order long-wavelength gravity signal (Figs. 6¢,f). The southern edge of
the slab breach is well-defined from the observed strong gravity gradient
(Fig. 3c), and from several other independent observations (Olive et al.,
2014; Vougioukalakis et al., 2019). In particular, it also coincides with
SKS splitting null measurements in Evvia and Attica (Olive et al., 2014;
Confal et al., 2020). The abrupt change in the anisotropic direction in
this region can reflect the impact of mantle flow through the slab win-
dow, as observed beneath Tiirkiye (Confal et al., 2018). A null or weak
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anisotropic anomaly can be attributed to a vertical mantle material flow
(Ermann et al., 2025). However, the simplicity of our model does not
fully reproduce the observed MBA shape, and several alternatives and
modifications can be considered to match the observations better
(Fig. 3¢):

e The slab’s real shape likely differs from our models’ simplified ar-
chitecture. In particular, the secondary maximum of the MBA,
located beneath North Macedonia, is roughly 150 km further north
than our modelling results. This suggests that our third model
(Fig. 6¢) is an end-member scenario with the narrowest tearing
width, and the northern edge of the tearing could extend further
north. The shape of the MBA, with this clear secondary maximum
beneath North Macedonia confirms the presence of the slab in this
region and rules out models with continuous trench parallel tearing
(Wortel and Spakman, 2000; Hansen et al., 2019). Based on our re-
sults, we estimate the northern edge of the tearing to be located
within the Sporades or Thermaikos basins.

o The asthenospheric upwelling inferred from RF results may be more
complex than our designed vertical volume. A three-dimensional

42°N ’ -
Approximate
I j fslab ° : iZa s
ocation of slab ain IgcaI[zabO,’
40°N
Kefalonia
Fault,
g »
38°N 1 «Well constrained slab tear )
X PR A 97
“ =End of arc volcanism . o
%, S . BY L
v ﬁ@;f - g
¥ ;R &
36°N Diffuse plate boundar)%:_ '
hot upper plate N :
distributed NS extension
34°N 1
Hellenic trench
Slab rollback
32°N -
\L/\R\ /g/
18°E 20°E 22°E 24°E 26°E 28°E 30°E

Fig. 7. Final interpretative scheme; CR: Corinth rift; ER: Evvia Rift; TB: Thermaikos basin; AB: Almiros basin. The slab rollback and the extrusion of Anatolia have
induced distributed deformation through the whole Aegean domain since the Miocene. This deformation is accommodated by both strike-slip and normal faults. The
tearing of the African slab begins at a depth of 100-120 km beneath the Evvia and Thermaikos basin (the blue lines represent the edges of the tear). This process
intensifies the extension in the region in a north-south direction and promotes a distributed extensional system through the Corinth and Evvia rifts system (CR, ER).
The slab breach enables a low-density asthenospheric upwelling to propagate up to a depth of ~60 km (indicated by the orange-shaded area), and the associated
thermal anomaly facilitates the localization of strike-slip strain along the North Anatolian Fault (NAF), pulling its western tip to the southwest. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)



C. Kercret et al.

shape with a lateral spreading head above the slab top (at 80 km
depth) is plausible. In this case, the modelled anomaly would likely
be closer to the observed MBA, with a low amplitude beneath North
Aegean Trough due to the proximal buoyant source.

All our models are density-dependent, and considering a heteroge-
neous density distribution could improve the fit. Especially in our
study zone, where changes in the nature and buoyancy of the African
slab are expected (Baker et al., 1997; Royden and Papanikolaou,
2011).

5.2. Geodynamical implications

Our study refines the location and shape of the African slab tearing
and identifies a zone of asthenospheric upwelling (Figs. 6¢ and 7). The
slab tearing is bounded to the south by the Corinth rift area and Attica,
and to the north by the Almiros and Thermaikos basins. The associated
asthenospheric upwelling is located beneath Evvia Island and includes
the termination of the NAF. Their location concurs with high seismic
attenuation in the range of 40-100 km depth (Hashida et al., 1988;
Ranjan and Stehly, 2024), high heat flow (Fytikas and Kolios, 1979;
Stiros, 1991; Cloetingh et al., 2010) and low electrical resistivity
(Galanopoulos et al., 2005). The existence of hot springs, Quaternary
volcanism, and consequent fraction of Mantle-He in hydrothermal fluids
in northern Evvia Island are coherent with a perturbed geotherm due to
a shallow asthenospheric window (Pe-Piper and Piper, 2007; Pik and
Marty, 2009). The southern limit of the asthenospheric upwelling is
marked by the north-western end of the Aegean volcanic arc in the
Methana peninsula, which signs the end of the slab-related volcanism
(Pe-Piper and Piper, 2005; D’Alessandro et al., 2008, Fig. 7).

Our results indicate that asthenosphere upwelling occurs just above
the slab tearing, suggesting that the slab breach generates this upwell-
ing. This upwelling increases the local geothermal gradient, weakening
the upper plate’s strength and altering the strain pattern. Consequently,
strong strain gradients are expected at the edge of the asthenospheric
upwelling, as evidenced by the presence of the Corinth Rift south of the
slab tearing/mantle window (Fig. 7). To a lesser extent, the western rim
is also associated with a strain gradient, as proposed in kinematic models
(Pérouse et al., 2012) and supported by the distribution of deformation
in Sporades and Thermaikos basins, where both strike-slip and extension
are observed and active (Koukouvelas and Aydin, 2002; Papanikolaou
et al., 2002).

The presence of a low-strength domain in North Evvia may have
favoured strain localization and could have played a significant role in
the propagation of the NAF, particularly for its northern and southern
strands (Sengor et al., 2005). It has already been proposed that the
Aegean boundary conditions, particularly the African rollback, signifi-
cantly influence the extrusion of Anatolia, and the development of the
NAF (Flérit et al., 2004). However, existing elastic models do not
adequately account for the complex and restricted damage zone at the
NAF’s termination in the Sporades basins, which has been present since
3-4 Ma (Ferentinos et al., 2018; Papanikolaou et al., 2002; Caroir et al.,
2024). The mantle asthenospheric window that we identify between
southern Evvia and the Almiros basin creates a local weakening zone
that concentrates strain and facilitates the deformation (Fig. 7). This
zone acts as a focal point, affecting the propagation of the major strike-
slip segments of the NAF. It prevents the NAF from reaching the nearest
subduction zone, participating to a diffuse Aegean plate boundary. From
our model, we propose a possible catch of the NAF by mantle processes,
such as slab tearing and an associated asthenospheric upwelling. In this
scenario, the current shape and location of the NAF termination could be
the surface expression of the slab tearing. It would also explain the
proposed coupling between the propagation of the NAF and the sub-
duction, revealed by the existence of earthquake sequences, such as the
2008 cascade of earthquakes followed by a long episode of slow slip
event (Durand et al., 2014), or the existence of pure strike-slip events in
the Evvia extensional province (Sboras et al., 2025).
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Our model provides, therefore, a possible cause for the kinematic
reorganization of the Aegean domain in Plio-Quaternary (Pérouse et al.,
2012). From the Middle Miocene to the Plio-Quaternary, African slab
rollback, and Anatolia extrusion implies distributed deformation in the
Aegean domain with numerous strike-slip and normal faults (Papani-
koalou and Royden, 2007; Faucher et al., 2021; Brun et al., 2016).
During the Plio-Quaternary period, the formation of the Corinth Rift and
the arrival of the NAF near continental Greece (Armijo et al., 1996) can
be linked to the onset of slab tearing and the associated asthenosphere
upwelling:

e The process of slab tearing facilitates the upwelling of the astheno-
sphere, which weakens the upper plate. This change in rheology
explains the localization of strike-slip strain along the NAF (Fig. 7).
Additionally, slab tearing intensifies extension due to the slab roll-
back. The well-constrained east-west oriented edge of the slab rip
located south of Evvia generates a strong north-south extension in
the overlying hot lithosphere (Fig. 7). It accounts for a distributed
extensional system (Corinth and Evvia rifts) located between the
western end of the NAF and the Kefalonia fault.

This process provides a mechanical model to explain the Plio-
Quaternary strain localization in the Aegean domain, and the forma-
tion of a diffuse plate boundary.

6. Conclusion

By integrating seismological and gravity data, we demonstrate that
geophysical mantle signatures in the Aegean domain necessitate a slab
tearing in the westernmost Hellenic arc combined with asthenospheric
upwelling. Our model reveals a vertical, 200 km-wide slab breach
localized beneath the northern part of the Evvia Gulf, initiating at
approximately 120 km depth. The width of this tearing facilitates
asthenospheric rise to at least 60 km and potential lateral spreading.

The location of this asthenospheric upwelling aligns with surface
observations, including high heat flow and hot springs, suggesting an
anomalous geotherm. The rim of the upwelling corresponds to regions of
strong strain gradients, including the Corinth Rift to the south and the
North Aegean Trough to the north.

We propose that the slab tearing and associated mantle processes
govern upper plate strain localization. The upwelling of the astheno-
sphere generated by the slab tearing has driven the NAF’s south-
westward propagation. The encounter of the NAF tip with hotter ma-
terial and the presence of the slab may have decelerated or halted its
propagation, favouring more distributed extensional deformation at the
surface through the Corinth and Evvia rifts system.

Our findings provide a comprehensive model that integrates
geophysical observations and tectonic processes, offering new insights
into the dynamic evolution of the Aegean domain.
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