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Abstract The Eastern Mediterranean lies at the junction of the African, Arabian, and Eurasian plates, a
region shaped by a long and complex tectonic history. While the Levant Basin in the southern sector has been
extensively studied for hydrocarbon exploration, the northern domain offshore Cyprus, Turkey, Syria, and
Lebanon remains less understood. In this study, we interpret a regional multichannel seismic reflection profile
(MS56) in the time domain and then perform a time-to-depth conversion, supported by structural balancing, to
build a crustal-scale geological model. Our reconstruction identifies three temporally constrained deformation
stages—at the end of the Paleogene, an established accretionary wedge records the final phases of Tethyan
subduction; during the Tortonian, strike-slip kinematics dominated, with sectors experiencing transtension or
transpression and out-of-sequence thrusting in the outer wedge; and during the Messinian, continental collision
was marked mainly by strike-slip deformation and regional uplift—revealing a progressive, diachronic
evolution across the margin and the transition from subduction to continental collision. The Cenozoic evolution
shows limited overall shortening, with deformation accommodated by out-of-sequence thrusting and strike-slip
faulting. We reinterpret the Larnaka Ridge as a former extensional structure later inverted during Messinian
transpression. At depth, the margin is structured by a basal detachment within Triassic evaporites, explaining the
geometry of the accretionary wedge, topographic asymmetry, and structural vergence. The acoustic basement is
interpreted as a composite of obducted ophiolitic slices and thinned continental crust. These findings provide a
time-calibrated crustal model for the Cenozoic evolution of the northern Eastern Mediterranean.

Plain Language Summary The Eastern Mediterranean is a captivating region where the African,
Arabian, and Eurasian tectonic plates have interacted for millions of years. While the southern part, such as the
Levant Basin, has been extensively studied due to oil and gas exploration, the northern area remains less
understood. This region is geologically active, with movements like stretching, squeezing, and sliding shaping
its landscape. In this study, researchers utilized vintage seismic data to understand how the basins between
Cyprus, Turkey, Syria, and Lebanon formed over the past 65 million years. They discovered that most of the
major tectonic collisions occurred earlier, and the recent geological activity has largely involved sliding along
old fault lines. This research enhances our understanding of how the Earth's surface in this region has changed
over time.

1. Introduction

The Anatolia, Arabian, and African (Nubian) tectonic plates meet in the region of the Eastern Mediterranean Sea
(Figure 1). Here, the convergence of the African and Anatolian plates created a complex tectonic system called the
Cyprus Arc System (see e.g., Symeou et al., 2018) due to the subduction of the Neo-Tethys oceanic lithosphere
under the Anatolian Plate during the Mesozoic and Cenozoic ages (e.g., Biju-Duval & Montadert, 1977; Kempler
& Garfunkel, 1994; Vidal et al., 2000; Netzeband et al., 2006; Segev et al., 2018; Woodside, 1977).

The present-day Cyprus Arc System can be divided into three different sectors, from west to east: (a) the Florence
Rise, (b) the Cyprus Arc, and (c) the Latakia Ridge (Figure 1). The kinematics and geometry of the structures in
these three sectors differ because of the nature of the different crustal domains. At the southern edge of the
Florence Rise, the subducting plate is a continuation of the Herodotus Basin and is composed of oceanic crust
(Figure 1; Granot, 2016). Moving eastward, south of the Cyprus Arc and the Latakia Ridge, the subducting plate is
composed mainly of thinned continental crust (Levant basin; Figure 1; Granot, 2016; Steinberg et al., 2018)
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hosting isolated thicker blocks (e.g., Eratosthenes Seamount; Figure 1; Mart & Robertson, 1998; Rob-
ertson, 1998b; Welford et al., 2015).

Consistent differences also characterize the overriding plate north of the Cyprus Arc System. North of the
Florence Rise, the Antalya Basin represents a wide forearc basin (Figure 1; e.g., Noda, 2016). In the sector of
Cyprus Arc, Cyprus Island is a result of the complex contractional assembly of allochthonous units, including the
Troodos ophiolites (Figure 1; e.g., Moix et al., 2007; Robertson et al., 2012). The offshore area between Cyprus
Island and Syria/Lebanon (Figure 1), north of the Latakia Ridge, features two prominent ridges, Larnaka and
Margat, along with neighboring basins known as Cyprus and Latakia basins. Moving northward, another
important submarine ridge known as the Kyrenia Ridge and its continuation on land as the Kyrenia Range on
Cyprus Island delineate the southern boundary of the Cilicia Basin (Figure 1).

It is worth noting that the easternmost sector of the Cyprus Arc System has been influenced by the left-lateral
transcurrent activity of the Dead Sea Transform Fault, which, since the Miocene, has partitioned the conver-
gence between the Arabian and African plates. This influence is expressed by the development of strike-slip
structures and oblique deformation patterns in the Latakia Ridge and surrounding areas (Hempton, 1987;
Vidal et al., 2000).

Several works have described and discussed the geometry and tectonic evolution of the main tectonic structures in
this eastern sector, utilizing various methods such as seismic reflection profiles (Alsouki et al., 2019; Ben-
Avraham et al., 1995; Kempler & Garfunkel, 1994; Symeou et al., 2018; Vidal et al., 2000), seismic refraction
data (Feld et al., 2017), gravimetric models (Ergiin et al., 2005; Khair & Tsokas, 1999; Sampietro et al., 2018),
numerical models (Fernandez-Blanco et al., 2020), and other techniques like field data (Papadimitriou
et al., 2018).

This study aims to improve the understanding of the crustal architecture and the structural evolution of this
geodynamically complex region by providing a detailed description of the geometry, kinematics, and timing of
primary structures by thoroughly reevaluating the information yielded by an existing, vintage seismic reflection
profile.

Between 1969 and 1982, as part of an Italian scientific program focused on exploring the entire Mediterranean
Sea, the National Institute of Oceanography and Applied Geophysics (OGS), at the time named Osservatorio
Geofisico Sperimentale (OGS), conducted a series of multichannel seismic reflection surveys aboard the National
Council of Research's ship “Marsili” (MS Project—Finetti & Morelli, 1973). The deep-penetration seismic
profile MS56, approximately 571 km long, crosses the Eastern Mediterranean Sea from the southern Turkish
coast to the Nile Delta (Figure 1), with a penetration of about 10 s two-way travel time (TWT).

In this study, the original MS56 profile was reprocessed using updated seismic workflows (Brancatelli
et al., 2022) to enhance resolution and eliminate multiple reflections, thereby enabling more detailed structural
and stratigraphic analysis. Our focus is on identifying key seismic-stratigraphic packages and tectonic features.
Using the seismic velocity from processing, we create a pre-stack depth-migrated geological section of the
shallower crustal levels. This section serves as a constraint for a crustal model that incorporates published data on
basement and Moho depth. Compared to other seismic data sets in the region—particularly those in the deformed
basins north of the Cyprus Arc (e.g., Aksu et al., 2021; Calon et al., 2005; Hall, Aksu, et al., 2005; Hall, Calon,
et al., 2005)—which mainly offer shallower coverage and consist of shorter, denser lines, MS56 provides a unique
blend of deep penetration and broad regional coverage. This enables the imaging of geological features, such as
the top Cretaceous unconformity and deeper crustal structures, that are not accessible with other available 2D
seismic lines. As a result, it facilitates correlation across multiple basins on a regional scale.

2. Geological Setting

The current geodynamic setting of the Eastern Mediterranean results from the complex interactions among the
African, Anatolian, and Arabian plates (Figure 1). Tectonic evolution has been heavily shaped by the subduction
of the Neo-Tethys oceanic lithosphere beneath the Anatolian Plate, leading to the development of the Cyprus Arc
System (e.g., Biju-Duval & Montadert, 1977; Kempler & Garfunkel, 1994; Netzeband et al., 2006; Segev
etal., 2018; Vidal et al., 2000; Woodside, 1977). This system is divided into three main segments—Florence Rise,
Cyprus Arc, and Latakia Ridge—each with unique crustal characteristics and tectonic styles (Granot, 2016;
Steinberg et al., 2018; Mart & Robertson, 1998; Welford et al., 2015—Figure 1). The western segment is
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Figure 1. Tectonic map of the Eastern Mediterranean Sea. Red lines represent the interpreted portion of the MS56 seismic section; the red dashed line represents the
remaining portion of the MS56 seismic section not considered in this study. White arrows are the GPS velocity of the plates from McClusky et al. (2000). Tectonic
lineaments from Montadert et al. (2014), Longacre et al. (2007), and McPhee and van Hinsbergen (2019). Maps are from GeoMapApp (n.d.) (http://www.geomapa

pp.org).

dominated by the subduction of oceanic crust from the Herodotus Basin, while the central and eastern segments
mainly involve thinned continental crust, with isolated thicker blocks such as the Eratosthenes Seamount
(Granot, 2016; Mart & Robertson, 1998; Robertson, 1998b; Steinberg et al., 2018). Structurally, the region
displays a superposition of extensional, contractional, and strike-slip tectonic phases (Kempler & Garfun-
kel, 1994). The extensional phase, linked to continental crust thinning and the opening of Neo-Tethys, occurred
from the Early Triassic to the Late Jurassic (Ben-Avraham et al., 1995; Frizon de Lamotte et al., 2011; Gardosh
et al., 2010; Garfunkel, 2004). It was followed by a contractional phase, starting in the Cretaceous, which was
responsible for forming the Cyprus Arc System through subduction-related processes. Since the Miocene, the
opening of the Red Sea and the propagation of the Dead Sea Transform Fault, driven by the northward movement
of the Arabian Plate relative to the African Plate, have triggered westward escape tectonics of the Anatolian Plate
and regional tectonic reorganization (Faccenna et al., 2006; Hempton, 1987; Moix et al., 2007; Morris et al., 2006;
Schattner & Ben-Avraham, 2007; Van Hinsbergen et al., 2020). Currently, while subduction remains active
beneath the Florence Rise and Cyprus Arc (Giivercin et al., 2021; Robertson, 1998a), the Latakia and Kyrenia
Ridges show a transition from pure convergence to transpressional regimes, characterized by strike-slip reac-
tivation of inherited faults (Figure 1—Vidal et al., 2000; Hall, Aksu, et al., 2005; Hall, Calon, et al., 2005; Symeou
et al., 2018).
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2.1. Stratigraphic Setting

Knowledge of the stratigraphy in different parts of the study area varies based on the availability of data. In
particular, the presence of offshore exploration wells is crucial to correctly interpreting the seismic facies along a
seismic profile. In the following sections, we will summarize the stratigraphy of the basins that our seismic profile
passes through. To incorporate the limited stratigraphic data from exploration wells in the offshore area, we will
also outline the stratigraphy of the nearest onshore sector, which is Cyprus Island.

2.1.1. Cyprus

Cyprus Island comprises three sectors, from north to south: the Kyrenia Range, the Troodos Complex, and the
Mamonia Terrain (Figure 1).

The Kyrenia Range is a southward-verging allochthonous mountain range seen as a part of the outermost Taurides
(Robertson & Kinnaird, 2016). This zone comprises a series of deformed and recrystallized limestones and
dolomites of the Permian to Early Cretaceous age, followed by sedimentary rocks from the Late Cretaceous to
Miocene age, along with Upper Cretaceous volcanic intrusion (Chen & Robertson, 2021; Robertson &
Kinnaird, 2016).

The Troodos Complex is a one-of-a-kind ophiolite sequence, regarded as one of the most comprehensive ophiolite
series in the world (Moores & Vine, 1971). It is a fragment of oceanic crust formed about 90 Ma in an oceanic
setting above a subduction zone, consistent with a supra-subduction origin for the Troodos ophiolite (Dilek &
Robinson, 2003; Miyashiro, 1974; Moix et al., 2007; Pearce, 2003; Pearce & Robinson, 2010; Taylor et al., 2022).
Subsequently, this newly formed oceanic crust was obducted, uplifted, and eroded starting from the Maastrichtian
(e.g., Robertson et al., 2012). These processes led to a dome-shaped complex with a lower suite of rocks in its core
and stratigraphically younger rocks on the flanks (Maffione et al., 2017; Ring & Pantazides, 2019).

The Mamonia Terrain is an allochthonous fragment of continental crust made of igneous, sedimentary, and
metamorphic rocks ranging from the Triassic to Late Cretaceous age (Malpas et al., 1992; Moix et al., 2007;
Robertson & Woodcock, 1979). It represents an assemblage of allochthonous units accreted during subduction
processes. These rocks appear strongly deformed and are mixed with large portions of the Troodos ophiolites,
forming a vast mélange zone interpreted as an accretionary complex composed of disrupted and imbricated
sedimentary and oceanic lithologies, which formed in response to subduction-related processes and provides
crucial evidence for the tectonic assembly of Cyprus (Bragin et al., 2021; Festa et al., 2010; Lapierre et al., 2007).

The Cenozoic sedimentary cover in all three sectors includes shales, volcaniclastites, marls, chalks, cherts,
limestones, calcarenites, and evaporites (Harrison et al., 2004; Kinnaird & Robertson, 2013).

2.1.2. Levant Basin

The nature of the basement underlying this basin is uncertain. Based on seismic refraction data, some authors have
inferred that the basement consists of thinned continental crust (Granot, 2016; Longacre et al., 2007,
Smaily, 2017) underneath approximately 12 km of sediments (Montadert et al., 2014). Information on the
sedimentary cover derives from boreholes, seismic reflection profiles and outcrops along the southeastern edge
(Figure 2; see, e.g., Gao et al., 2019; Gardosh & Druckman, 2006; Gardosh et al., 2008; Ghalayini et al., 2018;
Hawie et al., 2013; Nader et al., 2018; Robertson, 1998b; Segev et al., 2018). The oldest drilled rocks are Upper
Triassic to Lower Jurassic shallow marine carbonates and siliciclastics reached offshore in Israel (Figure 2)
(Gardosh et al., 2008). Lower and Upper Triassic evaporites and carbonate rocks have been suggested for the
deeper section of the sedimentary cover (Ghalayini et al., 2018). Middle Jurassic rocks consist of thick platform
carbonates (Gardosh et al., 2008; Ghalayini et al., 2018). Late Jurassic deposits is made of platform and pelagic
carbonates overlain by an Early Cretaceous sequence of pelagic carbonates with layers of shales and sands in
between (Gardosh et al., 2008; Ghalayini et al., 2018). The Upper Cretaceous-Paleocene rocks comprise pelagic
chalk, shales, and turbidites (Gardosh et al., 2008; Ghalayini et al., 2018), overlain by Eocene marly limestones
with conglomerates in the upper part (Gardosh et al., 2008; Ghalayini et al., 2018). From the Oligocene to the
Miocene, mudstone deposition is interbedded by sandy/calcareous turbidites (Gardosh et al., 2008). During the
Late Miocene (Messinian), a thick layer of evaporites was deposited in the basin. At the same time, the margin
was affected by erosion, and the sediments were transported into the basin along deeply incised canyons
(Druckman et al., 1995), resulting in an alternation of pure halite, anhydrite, and shale layers (Feng et al., 2016;
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Gvirtzman et al., 2017). The Plio-Quaternary succession is made of hemipelagic clay and marl (e.g., Hawie
et al., 2013; Montadert et al., 2014).

2.1.3. Cyprus and Latakia Basins

The stratigraphy of these basins is derived from published Syrian coastal boreholes (Figure 2; Bowman, 2011;
Bilim et al., 2017) and the outcropping rocks and borehole data in the Mesaoria Basin (McCay & Rob-
ertson, 2013). No publicly available boreholes exist for these basins.

The nature of the basement of the Cyprus—Latakia basins is still a matter of debate, as no direct data are available.
Some boreholes from the Syrian margin drill Cretaceous carbonates, and the Ayse-1 well in the Iskenderun Basin
targets the Neotethyan ophiolites, which are directly overlain by Miocene sediments (Bowman, 2011). Rybakov
et al. (2011) created the most detailed map of magnetic anomalies in the study area. They analyzed the magnetic
anomalies in the northeastern Mediterranean Sea, distinguishing between those related to volcanic intrusion and
those associated with obducted ophiolites, thus ruling out the presence of a single massive ophiolite beneath the
“deformed basins.” The Iskenderun Basin drills the Neotethyan ophiolites, which are directly overlain by
Miocene sediments (Bowman, 2011). Rybakov et al. (2011) realized the most detailed map of magnetic anomalies
in the study area. They analyzed the magnetic anomalies in the northeastern Mediterranean Sea, separating the
anomalies related to volcanic intrusion from those related to the obducted ophiolites, ruling out the presence of a
unique massive ophiolite beneath the “deformed basins.”

The older rocks described are Triassic-Jurassic dolomites and limestones (Bowman, 2011). The carbonate suc-
cession ends in the Cretaceous with pelagic carbonates (Bowman, 2011). The Paleocene rocks consist of pelagic
chalks and marls, becoming partially massive in the Oligocene-Eocene (Papadimitriou et al., 2018). The Lower
Miocene is characterized by reef and pelagic carbonates, which are covered by the Middle Miocene's marls,
shales, calcarenites, and conglomerates (Follows, 1992). The Tortonian rocks comprise reef and pelagic car-
bonates, passing upwards into Messinian evaporites (Follows, 1992). The sharp sea-level fall of the Messinian
Salinity Crisis led to the deposition of evaporites in the basins and the erosion on the margins and paleogeographic
highs (Maillard et al., 2011). The Plio-Quaternary sequence consists of hemipelagic shale, calcarenites, and
coarser siliciclastic sediments (e.g., Calon et al., 2005; Symeou et al., 2018).

2.1.4. Cilicia Basin

Data on the Cilicia Basin stratigraphy (Figure 2) derive from exploration wells and onshore outcropping rocks in
the adjacent Adana Basin (Ciftci et al., 2012).

The known stratigraphic sequence starts with Oligocene continental conglomerates and sandstones, followed by a
Miocene thin layer of reef limestones and pelagic marls that pass upward into shales and sandstones (Ciftci
etal., 2012). The Upper Miocene rocks consist of reef limestones and pelagic marls and shales (Cift¢i et al., 2012).
The deposits related to the Messinian Salinity Crisis are thinner in the Adana Basin than in the southern basins and
consist of gypsum with minor sandstones and shales, passing to halite with anhydrite intercalations (Ciftci
et al., 2012).

The succession ends with Plio-Quaternary conglomerates and sandstones that pass upwards into the poorly
consolidated Quaternary clastics (Ciftci et al., 2012).

3. Data and Method

The primary data used for this study is the seismic reflection profile MS56 belonging to the MS data set
(Mediterranean Sea project—Finetti & Morelli, 1973). This seismic line was acquired in 1973 using a dynamite
FLEXOTIR marine seismic source and a 24-channel, 2,400 m-long analog seismic streamer. It was planned for
deep penetration with a record length of 10 s (Table 1; Figure 3).

3.1. Seismic Data and Processing

In recent years, a significant portion of the MS data set has been carefully reprocessed, renewing its scientific
value (Brancatelli et al., 2022; Camerlenghi et al., 2019; Civile et al., 2021). A state-of-the-art broadband pro-
cessing workflow was applied to the MS56 profile to improve the signal-to-noise ratio by reducing both coherent
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Table 1 and incoherent noise. The results show a marked improvement in resolution
Acquisition Parameters of the MS56 Seismic Sections and signal clarity compared to the original vintage data. A similar processing
sequence, with detailed explanations of each step, is described in the works of
Sl lires WSS Brancatelli et al. (2022), Camerlenghi et al. (2019), and Civile et al. (2021).
Recording date 1973 The main processing steps included:
Lines total length >71 km 1. Deghosting to recover lost frequencies and extend the bandwidth,
Streamer length 2L enhancing temporal resolution.
Number of channels 24 2. Attenuation of surface-related multiples using standard techniques, such
Near offset 270 m as Surface Related Multiples Elimination (SRME; Verschuur et al., 1992),
Group interval 100 m can be improved by interpolating shots and receivers to achieve better
Recording filters 10-72 Hz spatial cloverage. ) ) ) )
Seismic source Dynamite—FLEXOTIR 3. Int.egi.‘atzon of SRME with Wave Eqm.ztzon Mult'zple Attenua.tlon (WEMA;
Wiggins, 1988) to further suppress residual multiples. In particularly noisy
Fold AL zones, this was supplemented with Water Bottom Predictive Deconvolu-
Record length 10s tion or Radon filtering.
Sampling interval 4 ms 4. Predictive surface-consistent deconvolution, applied to account for vari-

ations in the source signature. This improvement enhanced data quality by
reducing noise, stabilizing amplitudes, and improving vertical resolution
and reflector continuity.

5. Pre-stack Kirchhoff time migration, performed iteratively with continuous velocity updates. Each iteration

included quality control based on common-distance stack analysis.
6. FX deconvolution, followed by time-variant filtering and trace amplitude equalization, aimed at improving
lateral reflector continuity on the pre-stack time-migrated (PSTM) section while reducing noise and enhancing

signal strength.

Overall, this reprocessing significantly improved seismic data quality, enabling:

e Better characterization of seismic facies;
¢ More reliable imaging of subsurface structures;
¢ Improved detection and interpretation of fluid-related amplitude anomalies;

o Higher resolution across the data set.

Despite limitations such as low fold coverage and noisy gathers, the vintage data were processed to their fullest

potential, resulting in a substantial enhancement in quality and interpretability.

3.2. Seismic Interpretation

The first phase of the seismic interpretation, performed on the time-migrated section, is devoted to identifying the
main seismic facies and assigning them a stratigraphic meaning, taking insights from previous studies on the
Cypriot, Turkish, Lebanese, and Syrian areas (Bowman, 2011; Calon et al., 2005; Ghalayini et al., 2014; Hawie

et al., 2013; Ciftci et al., 2012). During this phase, we emphasize the reflectors that separate sequences useful to

reconstruct the tectonic evolution of the study area from the Upper Cretaceous to the present day.
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Figure 3. Part of the MS56A and MS56B seismic sections. The MS56B has been reprocessed, and both are time-migrated, positioned in Figure 1.
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Table 2 3.3. Crustal Modeling

Velocity and Gradient Values Used for the Depth Conversion of the MS56

Seismic Section

When the seismo-stratigraphic units and the principal tectonic structures are
identified, we convert our interpreted reflectors and units of the time-migrated

Seismic package Velocity [m/s] Velocity gradient [Hz]  gection from two-way travel time (TWT) to depth domains using the
Water 1,520 0 following equation:

Plio-Quaternary 2,000 0.1

Messinian 4,100 0 Z, = voek’k— !

Miocene + Paleogene 3,150 0.1

Acoustic basement 3,500 0.2

where Z is the thickness of a layer x, corresponding to an individual seismic

package with an initial interval velocity vy (m/s), k (H,) is the rate of velocity
change with depth, and ¢ is the one-way travel time (second).

To derive interval velocities for the depth conversion, we used the results of velocity analyses performed on the
MS56 seismic data set, supported by published data (Calon et al., 2005; Klaeschen et al., 2005). For each
interpreted seismic unit, we calculated the average interval velocity and its vertical gradient, which were then
assigned to corresponding polygons in MOVE software (Table 2). These velocity models were subsequently
applied to both the SEG-Y data and the interpreted line drawings in two-way travel time (TWT), yielding a depth-
converted seismic section and stratigraphic horizons.

The crustal model is finally used to reconstruct the main evolutionary stages of the area from the end of the
Paleogene.

4. Results and Seismic Interpretations

This chapter presents the main results of the seismic interpretation and the derived geometrical framework. The
analysis combines descriptive observations of seismic facies with basic interpretative elements required to define
the key horizons and to perform the time-to-depth conversion. Broader tectonic implications are discussed in
Chapter 5.

4.1. Interpretation of Seismic Facies and Key Horizons

As the first step in seismic interpretation, we identified five main horizons that separate different seismic packages
(Figure 4). Starting from the top, the first package exhibits high amplitude and frequencies, characterized by sub-
horizontal, continuous, and parallel reflectors, which are well visible throughout the entire section. We interpreted
it as the Plio-Quaternary terrigenous sequence. It is typically based on a strong positive reflector (H1 in Figure 4),
which is given by the high acoustic impedance contrast between the overlying terrigenous sediments and the
underlying evaporites, or, especially in the upper slopes, it represents an evident erosional truncation.

Below H1, a second seismic package is identified on a high-amplitude reflector with reverse polarity (H2) with
respect to the seafloor reflector. Its uppermost seismic unit is chaotic with high amplitude and frequencies. Its
central unit also presents chaotic seismic facies interspersed with strongly deformed reflective layers. Its lower
unit has continuous and parallel reflectors. The entire sequence is interpreted as Messinian evaporites, a high-
velocity medium generally identified by peculiar strong reflectors, with positive polarity at their top and nega-
tive polarity at its base (e.g., Camerlenghi et al., 2019; Feng et al., 2016).

Below the Messinian sequence, continuous parallel reflectors characterize the third seismic sequence, where
different seismic facies are evident along the seismic section. In the Levant Basin, the upper and lower units are
represented by undulating low- to high-amplitude reflectors separated by a high-amplitude seismic package
composed of a triplet of parallel reflectors. A strong reflector is present at the base of the sequence (Figure 4). The
triplet represents a key marker, well visible throughout the Levant Basin. In the Cyprus and Latakia basins, the
basal reflector H3 is characterized by high amplitude and low frequencies and passes into less reflective facies in
the central part. In the Cilicia Basin, this sequence comprises several chaotic and lenticular bodies that flow down
from the Kyrenia Ridge and downlap onto the deeper sequence. It is related to the Miocene, which is composed of
deep marine sediments.
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Figure 4. Seismic facies of the interpreted horizons and relative seismic packages of the MS56 seismic section. The main horizons are H1—base of the Plio-Quaternary
seismic package, H2—base of the Messinian seismic package, H3—base of the Miocene seismic package and H4—base of the Paleogene seismic package.

Below H3, the seismic facies in the Levant and Cilicia basins are chaotic and not well-resolved (Figure 5).
Locally, some coherent high-amplitude and low-frequency signals are visible. In the Cyprus and Latakia basins,
the resolution is higher, with low to medium amplitude south of the Larnaka Ridge and higher amplitude to the
north (Figure 4). The whole sequence, related to the Paleogene sequence, mainly composed of chalks and marls,
represents a wedge that onlaps the continuous high amplitude and low-frequency basal reflectors H4. This last
represents the boundary between the Paleogene sequence and the Upper Cretaceous deposits.

The signal-to-noise ratio decreases below H4. In the MS56 seismic section, some scattered deep reflections are
interpreted as being at the top of the carbonate platform (Figures 6a and 6b).

4.2. Interpretation of the Sedimentary and Tectonic Structures

As mentioned, our seismic profile crosses different basins of the Eastern Mediterranean. In the following sections,
the interpretation of each basin is subsequently merged for a general overview of the sedimentary and tectonic
structures along the regional seismic profile.
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Figure 5. (a) Interpretation and line-drawing overlay on the MS56 TWT seismic section. (b) Zoom of the southern part of the seismic section, imaging the northern
Levant Basin and the Latakia Ridge without the line drawing, and (c) interpreted.

4.2.1. Levant Basin

In our seismic profile (Figure 5), the Plio-Quaternary deposits in the Levant Basin area have a slightly constant
thickness in the southern zone and become thinner approaching the Latakia Ridge. The seismic sequence can be
interpreted as hemipelagic and pelagic deposits in the south-central zone. Conversely, south of the Latakia Ridge,
the chaotic seismic facies are probably linked to erosion of the uplifting Ridge and re-sedimentation in front of its
slope. The Plio-Quaternary deposits seem thinner above the Latakia Ridge (see inset in Figure 5¢). A high-angle
fault borders the Ridge.

Below the Plio-Quaternary deposits, there is a thick sequence of Messinian evaporites. In the Levant Basin area,
the evaporites have internal reflections due to an alternation between salt (transparent facies) and salt mixed with
clastic deposits (reflective layers; Figure 5). This alternation influences its rheological behavior resulting in in-
ternal multiple detachment levels, with gravity-induced structures, such as extensional faults close to the Latakia
Ridge and thrusts moving toward the basin (Figure 5). On the Latakia Ridge the Messinian deposits are not
present.

The seismic data shows that the Miocene deposits appear as parallel and continuous reflectors, which we interpret
as hemipelagic deposits. In the middle of this package, the high-amplitude triplet of turbidite deposit and the high-
amplitude Miocene base allow the interpretation of different high-angle extensional faults. As for the Plio-
Quaternary and Messinian deposits, the Miocene succession becomes thinner as it approaches the Latakia
Ridge. Reverse faults control this thickness variation, which is detected south of the Latakia Ridge.
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Figure 6. (a) Interpretation and line-drawing overlay on the MS56 TWT seismic section. (b) Zoom of the central part of the uninterpreted seismic section imaging the
Larnaka Ridge area. (c) Interpreted zoom of the central part of the MS56 seismic section imaging the Larnaka Ridge area. (d) Zoom of the northern part of the MS56
uninterpreted seismic section imaging the southern portion of the Kyrenia Ridge and the northern Latakia Basin area. (e) Interpreted zoom of the southern portion of the
Kyrenia Ridge and the northern Latakia Basin area.

Due to its depth and residual multiple reflections, the Paleogene package characterizes a degraded seismic signal.
However, some reflectors can be highlighted. In particular, we recognize the Senonian unconformity (H4) dis-
placed by thrust faults, which produces large variability in the Paleogene thickness and the throw of the H4
reflector, corresponding to 2-3 s (TWT) at the Latakia Ridge with respect to the southern region.

4.2.2. Cyprus and Latakia Basins

In the Cyprus Basin, the Plio-Quaternary sequence has a quite constant thickness. Conversely, in the Latakia
Basin, especially close to the Kyrenia Ridge, it thickens northward (Figure 6). At the top of the Larnaka Ridge, the
thinning of the Plio-Quaternary deposits is due to the gliding of the Messinian evaporites (Figures 6a—6c¢). South
of the Kyrenia Ridge, the Plio-Quaternary deposits show growth strata and crestal extensional faults coinciding
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with prominent contractional folds (Figures 6a, 6d, and 6¢). On the top of the ridge, the Plio-Quaternary thickness
is smaller and folded, testifying the recent tectonic uplift.

Below the Plio-Quaternary sequence, the Messinian deposits are discontinuous, marked by transparent facies of
salt deposits in the center of the two depressions and by chaotic facies at their borders, due to redeposited sed-
iments derived from the erosion of the structural highs. In the Larnaka Ridge, the Messinian package appears
thinned at the top of the structure due to the gliding of the salt toward the south, where an isolated Messinian mini-
basin shows internal contractional systems due to sediment/evaporite load (see insets in Figures 6b and 6¢). South
of the Kyrenia Ridge, in the most prominent contractional fold (upper right inset in Figures 6d and 6e), the
Messinian deposits are absent. The Miocene deposits are thinner in the Cyprus Basin than in the Latakia Basin,
with an abrupt change across the Larnaka Ridge (Figure 6); hence, on this ridge, Miocene deposits have a reverse
thickness relationship with respect to the Messinian and the Plio-Quaternary ones. This can be related to the
change of kinematics (positive tectonic inversion) of Larnaka Ridge over time. During the Miocene, this ridge
coincided with an extensional fault system that created a larger accommodation space in the northern sector. The
thinning of Plio-Quaternary deposits and the gliding of Messinian evaporites mark an inversion of a Miocene
basin since the Messinian and the Plio-Quaternary tectonic phases (Figures 6a and 6b). The Miocene thickness is
approximately constant in the Latakia Basin, and the reflectors are quite parallel and continuous.

The Paleogene sedimentary wedge thickens from south to north and onlaps the Senonian unconformity H4.

In the Cyprus and Latakia basins, the H4 reflector is shallower than in the other basins, allowing the interpretation
of some reflectors below it. For instance, some isolated carbonate build-ups and aggradations have been inter-
preted near the H4 highs (upper right inset in Figures 6b and 6c¢). The interpretation of the H4 reflector also allows
the detection of the deeper roots of the faults and the extensional faulting active during the deposition of the
Paleogene package.

4.2.3. Cilicia Basin

Along the interpreted seismic section, the Plio-Quaternary deposits reach the maximum thickness in the Cilicia
Basin. H1 (base of the Plio-Quaternary sequence) and H2 (base of the Messinian sequence) are the only iden-
tifiable key reflectors in this basin. Below the Messinian seismic package, horizons are masked mainly by several
multiple reflections of the shallow sea bottom. Therefore, the location of the H3 and H4 unconformities can only
be hypothesized (Figure 7). The arrangement of the Plio-Quaternary horizons, showing differently tilted re-
flectors, together with the dislocation of the H1 and H2 unconformities, allows the recognition of still active
extensional phase. The geometry of the Plio-Quaternary sediments depicts two roll-over anticlines (Figure 6c¢)
with their antithetic master faults cutting the Messinian base. These faults are produced by the Messinian salt
gliding from the borders of the basin toward the halokinetic structure in the middle, where salt accumulates.

At the northern flank of the Kyrenia Ridge, the Miocene deposits are onlapping, inclined, and partially eroded,
testifying to an uplift of the ridge before the Messinian and continuing after.

4.3. Time-to-Depth Conversion and Crustal Model Building

The interpretation of the time-migrated section allowed us to better recognize the main tectono-stratigraphic
features of the study area, while different key sectors provided insights into the kinematic evolution of the
main structures.

As a first step in obtaining a crustal model, we converted our interpretation from travel time domain (TWT) to
depth domain (Figure 8b). We assigned to each seismic package an interval velocity with a vertical gradient (Hz)
to consider the natural velocity increasing with depth (Table 1 and Figure 8a). We then assigned 2,000 m/s and
0.10 Hz to the Plio-Quaternary package, 4,100 m/s and 0 Hz to the Messinian package, 3,150 m/s and 0.10 Hz to
the Miocene/Paleogene package, and 3,500 m/s and 0.2 Hz to the deeper rocks (Figure 8b).

As a further step, we merged the two segments of the MS56 profile, obtaining a continuous seismic section by
removing the overlapping sectors (Figure 8c). To focus on the tectonically active domain, we have not considered
the undeformed central part of the Levant Basin, but only its northern portion near the Latakia Ridge, where
compressional and transpressional deformation is most evident.
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Figure 7. (a) Interpretation and line-drawing overlay on the MS56 TWT seismic section. (b) Zoom of the northernmost part of the seismic section, imaging the northern
portion of the Kyrenia Ridge and the Cilicia Basin without the line drawing. (c) Interpreted zoom of the northernmost part of MS56 seismic section imaging the northern
portion of the Kyrenia Ridge and the Cilicia Basin.

To build a valid crustal-scale structural model, we integrated our seismic interpretation with the localization along
the profile of the boundary between the southward-overthrusting overriding plate (Eurasia—Anatolia) and the
northward-underthrusting/subducting plate (Africa) using constraints from Fernandez-Blanco et al. (2020) for the
central part of the section. In the Latakia Ridge and Levant Basin, we projected the subduction interface into the
Triassic evaporites, calibrated by borehole data in the northern Levant Basin (Ghalayini et al., 2018). Here, the
evaporites act as a regional detachment level, associated with blind thrusts and folds shaping an accretionary
wedge.

Although the basal detachment itself is not imaged directly on the seismic profile, we inferred its geometry from a
combination of indirect observations and published models. First, the significant thickness of Paleogene sedi-
ments in the Levant Basin and their thinning toward the Latakia Ridge suggest that this zone functioned as a
foredeep associated with an active accretionary system. Within this framework, the reverse faults of the southern
Latakia Ridge are interpreted as the outer thrusts of an accretionary prism rooted in a deeper detachment.

To support our reconstruction of the subduction interface, we also considered regional geophysical constraints,
including gravity modeling (Ergiin et al., 2005), seismic refraction data (Feld et al., 2017), and balanced
geological cross-sections (Ferndndez-Blanco et al., 2019). In the inner wedge, where topography dips landward,
we assumed an increase in the dip of the basal detachment, in line with the Coulomb critical taper theory (Fuller
et al., 2006; Noda, 2016). According to this theory, we assumed that the sum of the topographic slope and the
basal dip angle remains constant, meaning a landward-dipping surface requires a steeper basal detachment. We
incorporated this adjustment in the transition between the outer and inner wedge (Figure 8c), resulting in a crustal-
scale model consistent with the structural architecture of the region.
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Figure 8. (a) MS56 TWT section with line-drawing of the main reflectors and velocity field used for depth conversion (vertical exaggeration x6). (b) Result from
interpreted and depth-converted section. (c) The starting sketch was used to build the crustal model of the lower panel in the upper panel. The location of the boundary
between the upper and subducting plate takes advantage of models summarized in Fernandez-Blanco et al. (2020).

The final model depicts a subducting plate, composed of thinned continental crust, and an overriding plate,
composed of accreted sedimentary and basement units, linked by a mechanically plausible, taper-consistent
detachment geometry.

4.4. Tectonic Evolution From the Paleocene to Present-Day

To better describe the tectonic evolution represented in our model, we reconstructed three models corresponding
to the end of the Paleocene, Tortonian, and Messinian times (Figure 9). These sections are supported by structural
analyses (MOVE software) that allow for the subtraction of deformation along the section plane. Note that this
restoration technique has both advantages and limitations in our specific case. For example, one advantage is the
precise subtraction of fault offsets, which allows for an admissible result. The limitation is that we cannot consider
tectonic movement out-of-plane of our section due to strike-slip movement along the faults. However, a partial
application of section balancing techniques provides a valuable solution better than not applying it at all.

Figure 9 shows how the area appeared at the end of the main contractional phase (Figure 9a, end of Paleogene),
during the first transpressional phase (Figure 9b, before the Messinian Salinity Crisis) and during the last
transpressional phase (Figure 9c, at the end of the Messinian Salinity Crisis).

Starting with the end of the Paleogene sketch, we observe a well-developed accretionary wedge in the southern
sector of the overriding plate, characterized by normal faults in the Levant Basin. These faults are related to the
flexure of the subducting plate (Africa) under the load of the overriding plate (Eurasia—Anatolia plate). The
Cyprus Basin area was affected by compression, which produced the outermost thrust of the Latakia Ridge and
out-of-sequence thrusting. These out-of-sequence thrusts are due to a huge volume of sediment deposition in the
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Figure 9. (a) Restored section at the end of the Paleogene (23.03 Ma). (b) Restored section at the end of the Tortonian (7.246 Ma). (c) Restored section at the end of the
Messinian (5.333 Ma). (d) Present-day geological section.

foreland. Extensional structures are visible in the Latakia Basin, which represents the forearc basin of the
convergent system. We do not have constraints in the Kyrenia Ridge area to provide a viable structure in the
Paleogene.

At the end of the Tortonian (Figure 9b), the most external thrust fault of the wedge appeared inactive, and the
shortening was accommodated by a few but major out-of-sequence thrusts. This can be explained by (a) the
massive thickness of sediments deposited in front of the contractional wedge and (b) the ever-greater thickness of
the subducting plate.

At the end of the Messinian (Figure 9¢), an oblique reactivation of the main structures began, and normal faulting
was active in the Levant Basin. The results were an uplift of the Latakia Ridge, positive tectonic inversion of the
Larnaka Ridge, and the development of a thrust system in front of the Kyrenia Ridge. This thrust system was
developed mainly in the northern Latakia Basin. Meanwhile, the Cilicia Basin developed as an active extensional
basin. Messinian evaporites deposited in local basins separated by structural highs eroded during the rapid sea-
level fall of the Messinian salinity crisis. The present-day huge structures, characterized by regional NE-SW
alignments, originated from this important transpressive tectonics.
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Figure 10. Sketch of the Cenozoic tectonic evolution of the Eastern Mediterranean area. The dotted line indicates the location
of our interpreted seismic profile. The green area represents the Eurasian plate; the small light green areas represent the
obducted ophiolite. The light gray area represents the oceanic crust of the Herodotus Basin. The gray represents the thinned
continental crust of the Levant Basin, while the dark gray area represents the thicker continental crust of the African plate.
The orange area represents the Arabian continental crust, undifferentiated in panel. Then, the two plates were divided by the
propagation of the Dead Sea Transform Fault. Gray tectonic lineaments are the inherited normal faults of the Tethyan rifting.

5. Discussion

In the previous chapter, we presented a crustal model and a tectonic evolution framework from the Paleogene to
the present along a regional profile.

Based on these results, we now integrate our interpretation of the Cenozoic evolution with the major geodynamic
events that shaped the eastern Mediterranean region (Figure 10).

Previous studies, such as Hall, Aksu, et al. (2005) and Hall, Calon, et al. (2005), offered valuable early insights
into the Latakia—Cyprus system. Their model emphasized out-of-sequence thrusting and transpressional flower
structures, inferred from relatively shallow seismic data (~3 s TWT). However, their sections are schematic,
unbalanced, and lack temporal constraints or depth conversion. Notably, they interpret structural highs such as the
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Larnaka Ridge as long-lived compressional anticlines with ophiolitic cores — essentially static features rooted in
basement-involved shortening.

In contrast, our interpretation represents a significant shift. The MS56 profile, with its crustal-scale depth
penetration and regional coverage, suggests that the Larnaka Ridge initially formed as part of an extensional zone,
likely related to flexural bending of the overriding plate. Evidence includes early normal faults and the shape of
sedimentary wedges above. During the Messinian, this zone underwent positive tectonic inversion, with former
extensional faults reactivating as reverse faults, leading to uplift. This inversion is dated by angular un-
conformities and the structure of Messinian evaporites, aligning with the regional shift toward strike-slip-
dominated tectonics. This new interpretation of the Larnaka Ridge as an inverted feature, rather than a persis-
tent compressional anticline, is one of the main novel contributions of this study.

More broadly, while Hall, Aksu, et al. (2005) and Hall, Calon, et al. (2005) proposed a two-phase evolution
(compressional — transpressional), our model outlines a three-stage tectonic evolution, each supported by ki-
nematic and stratigraphic consistency:

o Paleogene: Development of an accretionary wedge and flexural extension in the Latakia and Levant basins.
During this period, the Levant Basin was already acting as the foreland to the south-verging frontal thrust
(Figures 9a and 10a). An overfilled accretionary prism developed on the overriding plate in the Latakia Ridge—
Cyprus Basin sector (Dickinson, 1995), with the Latakia Ridge frontal thrust consisting of steeply inward-
dipping faults. Extensional faulting affected the Latakia Basin, which we interpret as a forearc basin filled
with northward-thickening chalk, marls, and turbidites. This forearc extension may be associated with soft
frontal collision and slab detachment, triggering retro-wedge deformation. The presence of Upper
Cretaceous—Paleogene volcanic rocks in the Kyrenia Range (Chen & Robertson, 2021) suggests the formation
of a marginal basin within an oblique convergent setting. In this context, the Kyrenia Ridge could represent a
poorly developed volcanic arc, with the Cilicia Basin as its back-arc domain. Although MS56 does not resolve
internal reflectors in the Kyrenia Ridge, this hypothesis aligns with our reconstruction. During the Paleogene,
the African and Arabian plates gradually separated due to the northward propagation of the Dead Sea
Transform Fault (Figure 10), initiating continent—continent soft collision between the Arabian promontory and
Eurasia (Agard et al., 2011). This led to the subduction of the thinned Arabian continental margin by the
Middle Eocene (Hempton, 1987), which propagated diachronously in both the east and west (Darin &
Umhoefer, 2022). While Neotethyan oceanic crust is still being subducted beneath the Makran and the Antalya
Basin (Darin & Umbhoefer, 2022; Giivercin et al., 2021), the westward thickening of Oligo-Miocene sediments
(Bowman, 2011) suggests that, along this profile, the convergence had already slowed by the end of the
Paleogene due to the beginning of underthrusting of the attenuated Levant margin. Miocene: The Levant Basin
experienced the deposition of a thick, deep-water sedimentary succession, while out-of-sequence thrusting
and backthrusting occurred in the outer wedge (Figures 9b and 10b). This deformation style reflects both
suture zone thickening during a continued collision (Agard et al., 2011; Darin & Umbhoefer, 2022; McPhee &
van Hinsbergen, 2019) and the inhibitory effect of thick sediment loads in front of the Latakia Ridge on
forward propagation. Concurrently, N-verging normal faults promoted subsidence in the Latakia Basin,
allowing the accumulation of thick Miocene turbidites (Harrison, 2008; Harrison et al., 2004; Rob-
ertson, 1998a). The coexistence of extensional and compressional domains implies an oblique convergence
regime that is already active, with a differentiation between transtensional and transpressional zones (Har-
rison, 2008) (Figure 10).

o Late Miocene/Messinian: A significant reorganization occurred just before the Messinian Salinity Crisis. The
outer wedge continued to deform through out-of-sequence mechanisms, developing into transpressive flower
structures, including in the Larnaka Ridge area (Figures 9c and 10c). The forearc basin experienced positive
tectonic inversion. At the same time, large amounts of Messinian evaporites were deposited in the deep Levant
Basin, in outer wedge minibasins, and more continuously in the Latakia Basin. At the same time, erosional
surfaces formed over the main ridges. In front of the Kyrenia Ridge, folding and thrusting occurred before
evaporite deposition, as the Messinian units lie in depressions and truncate fold crests. Conversely, the
outermost folds show syntectonic growth within evaporites and overlying Plio-Quaternary strata. Since the
Messinian, strike-slip deformation has been dominant (Figures 10c and 10d), influenced by the westward
escape of the Anatolian microplate and slab rollback in the Hellenic Arc, which helped develop the North and
East Anatolian Fault Zones (Schildgen et al., 2014). The Pliocene marine transgression and associated
transpression shaped the current configuration (Figures 9d and 10d). Tectonic activity continues today, as
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indicated by seafloor folding and faulting around the main ridges and recent growth strata in the Kyrenia Ridge
and Cilicia Basin fronts.

In summary, our reconstruction (Figure 9) shows only limited shortening during the Cenozoic, consistent with a
convergent margin already shaped by earlier subduction (Ben-Avraham et al., 1995; Biju-Duval & Mon-
tadert, 1977; Bowman, 2011; Calon et al., 2005; Hall, Aksu, et al., 2005; Hall, Calon, et al., 2005; Kempler &
Garfunkel, 1994; Robertson, 1998a; Symeou et al., 2018; Vidal et al., 2000; Woodside, 1977). The MS56 profile
supports a time-calibrated and coherent reconstruction of the eastern Cyprus Arc system, emphasizing the
combined effects of oblique convergence, tectonic inversion, and strike-slip partitioning in shaping its Cenozoic
development.

6. Conclusion

The MS56 regional seismic profile provides a crustal-scale view of the eastern segment of the Cyprus Arc system,
offering new insights into its tectonic evolution from the Paleogene to the present. The depth-converted, struc-
turally admissible interpretation has allowed us to reconstruct a viable geodynamic framework for this region.

Our key conclusions are summarized as follows.

¢ The eastern margin of the Cyprus Arc underwent a diachronic and partitioned tectonic evolution, characterized
by the progressive transition from Paleogene contractional accretion to Messinian and post-Messinian strike-
slip deformation with a contractional component. This evolution is summarized in three key tectonic stages,
each constrained by stratigraphy and structural geometry.

o Compared to previous literature that regarded the Larnaka Ridge as a compressional anticline, it has now been
reinterpreted as a structure that experienced positive tectonic inversion. Originally formed in an extensional
setting, the ridge was later reactivated under transpressional conditions, contrary to previous interpretations
that considered it as a persistent compressional anticline.

o The deep structure of the margin appears as an interface between a thin continental African plate and an
overriding Anatolia—Furasia plate composed of sedimentary layers, basement fragments, and accreted units.
The deformation was accommodated along a regional detachment within Triassic evaporites, consistent with
Coulomb wedge theory and supported by borehole calibration and indirect geophysical constraints. The
presence of out-of-sequence thrusting, transpressive flower structures, and tectonic inversion features in-
dicates that much of the deformation along the MS56 profile was accommodated obliquely. Strike-slip tec-
tonics became dominant during the Messinian, in line with the regional tectonic reorganization associated with
the displacement of the Arabian and Anatolian plates.

This work presents the first consistent crustal model of the eastern Cyprus Arc system, providing a solid
framework for understanding how oblique convergence and tectonic inheritance have influenced one of the most
structurally complex regions of the Eastern Mediterranean.
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