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Abstract we revisit the nature, structure, and evolution of the Ionian Basin and its surrounding
passive margins (Apulia, Eastern Sicily/Malta, and Cyrenaica margins). Relying on geological
observations (wells, dredges, and dives) and seismic calibrations from the surrounding platforms and
escarpments, we present age correlations for the deepest sedimentary sequences of the Ionian Basin.
Two-ship deep refraction seismic data combined with reprocessed reflection seismic data enable us to
identify, characterize, and map these thick sedimentary sequences and to present a consistent seismic
stratigraphy across the basin. At a larger scale, we present new geological transects illustrating the
tectonostratigraphic relationships between the Ionian Basin and its surrounding rifted margins. On this
basis, we suggest that a Late Triassic-Early Jurassic rifting preceded the late Early Jurassic to Middle Jurassic
formation of the Ionian Basin. The combination of geophysical and geological arguments suggests that the
entire deep basin is floored with oceanic crust of normal thickness, but with high seismic velocity in the
upper part. Upscaling our results in the framework of the eastern Mediterranean, we propose that the Ionian
Basin represents the remnant of a short-lived oceanic basin resulting from the interaction between two
propagating oceans: the Central Atlantic and the Neo-Tethys.

1. Introduction

The origin of the deep East Mediterranean Basins (Levant, Herodotus, Sirte, and Ionian Basins, Figure 1) has
been a long-lasting debate (e.g., Robertson, 2007, and references therein). A central question is the timing of
formation of these deep basins in the general framework of the successive Tethys openings. The best struc-
tural and stratigraphic constraints are from the far east Levant margin (e.g., Ben-Avraham et al., 2002;
Collin et al., 2010; Gardosh et al., 2010; Gardosh & Druckman, 2006; Garfunkel & Derin, 1984; Hawie
et al., 2013; Steinberg et al., 2018) and Egyptian margin (e.g., Camera et al., 2010; Moustafa, 2008; Tari
etal., 2012; Tassy et al., 2015; Yousef et al., 2010), which were thoroughly studied in the recent years because
of their offshore petroleum potential. Several studies support the occurrence of polyphased rifting from Late
Palaeozoic to Trias leading to extreme continental thinning (<10-km crust) in the Levant Basin and oceanic
spreading in the Herodotus Basin in Early to Middle Jurassic time, with a preferred approximately NW-SE
oriented extension (e.g., Barrier et al., 2008; Ben-Avraham et al., 2006; Frizon de Lamotte et al., 2011;
Gardosh et al., 2010; Gardosh & Druckman, 2006; Garfunkel, 1998, 2004; Garfunkel & Derin, 1984).

In contrast, the nature, age, and overall architecture of the Ionian Basin farther west are uncertain
(Figure 1; syntheses in, e.g., Ben-Avraham et al., 2006, Catalano et al., 2001, Hieke et al., 2003, and
Speranza et al., 2012) and relationships with easternmost basins (Levant) and even nearby adjacent basins
(Sirte and Herodotus) remain unclear. The Ionian Sea was found to be floored with a thin crust (5-8 km)
as early as the 1970s based on refraction measurements combined with gravity (Giese et al., 1982; Hinz,
1974). This led Finetti to conclude that “The Ionian abyssal basin is [...] a paleo-oceanic crust which has
been continuously covered by deep water sediments from the Middle Jurassic to Quaternary” (Finetti,
1982). Although the depth to the Moho and the crustal thickness were confirmed by later studies (e.g.,
de Voogd et al., 1992; Dellong et al., 2018; Ferruci et al., 1991; Makris et al., 1986; Nicolich et al., 2000),
the nature of the basement regularly comes into question mainly because indirect geophysical arguments
failed to address the crucial question of the age of the basin: If the crust is oceanic, when did spreading
occur and what was the ridge/transform system? If it is thinned continental crust, when did subsidence
take place? Age estimates for the formation of the Ionian Basin (Figure 2) range from Carboniferous-
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Figure 1. Simplified structural map of the eastern Mediterranean Basins. AEFA: Alfeo-Etna Fault system; Ce: Cephalonia Fault; CyR: Cyrenaica Ridge; DaB:
Darnah Basin; Era: Eratosthenes; IFS: Ionian Fault System; JAA: Jabal Al Akhdar; Jef: Jeffara Basin; Le: Lebanon; MaB: Marmarica Basin; Pa: Palmyra

through (after Arsenikos et al., 2013; Bosworth et al., 2008; Chamot-Rooke, Rangin, et al., 2005; Frizon de Lamotte et al., 2011; Gallais et al., 2011; Polonia et al.,
2011, 2016, 2017; Robertson, 2007; Tassy et al., 2015, and own observations). Bathymetry from Becker et al. (2009).

Early Permian (e.g., Ben-Avraham & Ginzburg, 1990; Catalano et al., 1991; Granot, 2016; Vai, 2003) to
Cretaceous (e.g., Chamot-Rooke, Rangin, et al., 2005; Dercourt et al., 1986, 1993), with a tendency to
depart from the original Jurassic hypothesis of Finetti either toward the older ages (the eastern
Mediterranean would then host the world's oldest oceanic crust) or younger ages (the entire deepening of
the Ionian Sea would be Mio-Pliocene in age, which would still be a record in terms of the rate of
subsidence). The direction of opening itself is an issue, since two orthogonal directions of extension have
been suggested: either approximately NE-SW, as a southern branch of the Neo-Tethys ocean (e.g.,
Rosenbaum et al., 2004; Stampfli et al., 1991, 2001), or approximately NW-SE, concomitant with the
Central Atlantic opening (e.g., Barrier et al., 2008; Chamot-Rooke, Rangin, et al., 2005; Frizon de Lamotte
et al., 2011; Garfunkel, 1998, 2004). The Ionian Basin—opened at the junction between the European,
African, and Apulian plates—thus appears as one of the key basins to constrain plate kinematic models in
the wider framework of the evolution of the Neo-Tethys, Central Atlantic, and Alpine-Tethys oceans.

Here we compile marine geological observations using wells, dredges, and dives from the surrounding
basins, platforms, and escarpments (Apulia, Eastern Sicily/Malta, and Cyrenaica margin segments and off-
shore Sirte Basin). We combine two-ship deep refraction seismic data (PASIPHAE cruise; Le Meur, 1997;
Truffert et al., 1993; de Voogd et al., 1992) with a set of reprocessed reflection seismic profiles shot in the
1990s (ARCHIMEDE survey and International MEditerranean Ridge Seismic Experiment—IMERSE) to
characterize and map sedimentary sequences across the Ionian Basin. Altogether, these data enable us to
build new regional geological transects showing the structure and evolution of the Ionian Basin and its mar-
gins in the framework of the East Mediterranean.

2. The East Mediterranean Tectonic Setting

The East Mediterranean preserves the traces of a complex spatial and temporal succession of rift events that
affected the North-Gondwana paleomargin from Palaeozoic to Mesozoic times. The main tectonic events
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Figure 2. Diagram synthesizing the diversity of paleogeographic models and the implications for the age and opening
directions of the East Mediterranean Basins (EMB; after Barrier et al., 2008; Catalano et al., 2001; Chamot-Rooke,
Rangin, et al., 2005; Dercourt et al., 1993; Fabricius & Hieke, 1977; Robertson, 2007; Rosenbaum et al., 2004; Speranza
et al., 2012; Stampfli et al., 1991, 2001; Vai, 2003). Conflicting ages are suggested, ranging from Early Permian to Miocene.
Time scale from Gradstein and Ogg (2004).
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that shaped the East Mediterranean domain are classically interpreted either as related to the Permian open-
ing of the Neo-Tethys ocean (e.g., Schettino & Turco, 2011; Stampfli et al., 1991, 2001; Stampfli & Borel,
2002) or to a subsequent secondary branch that formed during Late Triassic to Early Jurassic (e.g., Barrier
et al., 2008; Frizon de Lamotte et al., 2011; Garfunkel, 1998, 2004; Robertson, 2007; Robertson et al., 1996;
Sengdr, 1979; Sengdr et al., 1984) or Late Jurassic to Cretaceous time (e.g., Catalano et al., 2001; Chamot-
Rooke, Rangin, et al., 2005; Dercourt et al., 1986, 1993).

2.1. Geodynamic Scenarios: Geological and Paleomagnetic Constraints

Details of the geodynamic setting related to the formation and evolution of the East Mediterranean, in
general, and Ionian Basin in particular cannot be resolved from classical kinematic constraints such as mag-
netic isochrones. Different reasons are advocated. Most of the deep basins have been consumed in the
Hellenic and Calabrian subduction zones (Rosenbaum et al., 2004; Speranza et al., 2012), oceanic crust
may have been formed during the Cretaceous quiet zone, or basins may have been short-lived, narrow,
and thus atypical. Jurassic to present-day reconstructions are mainly based on global plate kinematics con-
strained by paleomagnetism, two of the key elements being the relative motion of Africa with respect to
Eurasia and the position of the Adriatic block. Adria and Africa paleomagnetic poles seem to coincide as
early as Permian time, with only small fluctuations since then (e.g., Channell, 1992; Muttoni et al., 1996,
2003, 2013; Rosenbaum et al., 2004, and references therein), suggesting no significant rotation of Apulia with
respect to Africa during the opening of the Ionian Basin (Rosenbaum et al., 2004). Recent studies suggest
small amounts of post-20-Ma rotation (Le Breton et al., 2017; Van Hinsbergen et al., 2014) perhaps respon-
sible for some of the Ionian Basin Miocene deformation (Chamot-Rooke, Rangin, et al., 2005; Gallais et al.,
2011), although a coherent tectonic link has not been established so far. The maximum width of the Ionian
Basin inferred from most paleogeographic restorations (e.g., Barrier et al., 2008; Catalano et al., 2001;
Dercourt et al., 1993; Frizon de Lamotte et al., 2011; Rosenbaum et al., 2004) is far below the potential detec-
tion of paleomagnetic methods. Therefore, constraints on the evolution of the East Mediterranean mainly
rely on geological constraints from the different subbasins.

Permian marine basins are found along most of the margins of the eastern Mediterranean (Frizon de
Lamotte et al., 2013; Guiraud et al., 2005; Stampfli et al., 2001), for example, in northern Syria (Palmyra
through; e.g., Garfunkel, 1998), southern Tunisia (Jeffara Basin, synthesis in Mejri et al., 2006), western cen-
tral Sicily (Sicanian and Imerese successions; Basilone, Frixa, et al., 2016; Catalano et al., 1991), and eastern
Crete (Robertson, 2006). The interpretation of these basins either as remnants of oceanic pelagic sequences
or as rift basins preceding oceanic spreading provides the main argument for geodynamic scenarios favoring
an Early to Middle Permian age (Figure 2; e.g., Ben-Avraham & Ginzburg, 1990; Catalano et al., 1991; Vai,
2003) or Late Permian to Early Triassic age for the East Mediterranean Basins (Stampfli et al., 1991, 2001;
Stampfli & Borel, 2002). However, across North Africa, little evidence for syntectonic faulting is found,
and clear links between these Permian rifts and the offshore deep Mediterranean basinal domain are missing
(Frizon de Lamotte et al., 2013; Garfunkel, 1998; Raulin et al., 2011). Alternatively, Permian sequences are
described as a passive sagging phase sealing a Late Devonian-Early Carboniferous extensional event (Frizon
de Lamotte et al., 2013).

Fault activity is imprinted in Middle to Upper Triassic (late Anisian to Norian) sediments along the Levant
margin (e.g., Gardosh & Druckman, 2006; Garfunkel, 1998; Garfunkel & Derin, 1984). To the west, deep
water pelagic sediments are deposited from early Ladinian onward in the Lagonegro Basin (Ciarapica &
Passeri, 2002). Deformed remnants of this basin are presently integrated as part of allochthonous thrust
sheets in the Apennines (Figure 1; Scrocca, 2010, and references therein). Following Catalano et al.
(2001), the Lagonegro succession was likely deposited over a moderately stretched continental crust
(20-30 km thick) and is therefore unlikely to represent the direct equivalent of the deep sedimentary
sequences of the Ionian Basin. The precise restoration of the Lagonegro sequences and its relation with
the Ionian Basin in Middle Triassic remains a matter of debate. The Lagonegro Basin may have been con-
nected to the Pindos Basin (Robertson, 2006), or it may be a failed propagation of the Neo-Tethys ocean
toward the Ionian Basin (Sengor et al., 1984). Based on magnetic modeling, Speranza et al. (2012) suggest
a Carnian age for oceanic spreading in the Ionian Basin (Figure 2), interpreting the Lagonegro succession
as deposited on the adjacent rifted domain. Rosenbaum et al. (2004) acknowledge that oceanic spreading
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in the Ionian Basin might have occurred as early as the Triassic but was more likely limited to the
Jurassic (Figure 2).

The main rifting phase related to the formation of the Levant margin occurred from latest Triassic to
early Middle Jurassic time (Gardosh et al., 2010; Gardosh & Druckman, 2006; Garfunkel, 1998, 2004).
The architecture of the Levant and Egyptian margins and the orientation of the Eratosthenes seamount
(approximately NE-SW, Figure 1) and transform faults (Figure 1; Montadert et al., 2014; Tassy et al.,
2015) support a NW-SE direction of extension (e.g., Barrier et al.,, 2008; Chamot-Rooke, Rangin,
et al., 2005; Frizon de Lamotte et al.,, 2011; Gardosh et al., 2010; Gardosh & Druckman, 2006;
Garfunkel, 1998, 2004; Garfunkel & Derin, 1984; Tari et al., 2012). Evidence for rifting over the same
period is also reported in Libya (Arsenikos et al., 2013), Tunisia (Raulin et al., 2011), and Sicily
(Basilone et al., 2010; Basilone, Sulli et al., 2016). Syntectonic basaltic flows are observed in the
Levant margin (early Lower Jurassic Asher volcanics; Garfunkel & Derin, 1984) and onshore and off-
shore Sicily (e.g., early Middle Jurassic; Basilone et al., 2010; Patacca et al., 1979; Yellin-Dror et al,,
1997). Based on these observations, most paleogeographic models suggest a synchronous onset of
opening/spreading in the Herodotus and Ionian Basins in Toarcian to early Bajocian time (e.g.,
Barrier et al., 2008; Frizon de Lamotte et al., 2011; Garfunkel, 1998, 2004). In contrast, Robertson
(2007) suggests a diachronous continental breakup between the Herodotus (Early Jurassic) and Ionian
basins (Late Jurassic). The termination of oceanic spreading is inferred to occur either in the
Tithonian (Barrier et al., 2008; Frizon de Lamotte et al., 2011), Early Cretaceous (Garfunkel, 1998,
2004), or Late Cretaceous to Early Tertiary time (Catalano et al., 2001; Figure 2).

From latest Jurassic to early Late Cretaceous, a renewed episode of extension is evidenced across the prox-
imal domains of the North African margin in Lebanon (Homberg et al., 2010), the Western Desert
(Moustafa, 2008), Cyrenaica (Arsenikos et al., 2013), and the Chott Basin in Tunisia (Gabtni et al., 2013).
Volcanic activity is also reported locally (e.g., see syntheses in Dercourt et al., 1986, and Garfunkel, 1998).
Several geodynamic models rely on these observations to suggest a Cretaceous continental breakup in the
Ionian and Herodotus Basins (Dercourt et al., 1986, 1993; solution retained in Chamot-Rooke, Rangin,
et al., 2005).

The onset of convergence between Africa and Europe by the Late Cretaceous was accommodated by discon-
tinuous reactivation and inversion episodes (e.g., Frizon de Lamotte et al., 2011; Jolivet et al., 2015; Roure
et al., 2012, and references therein) that did not totally obliterate earlier rift episodes (Figure 1). Discrete
steps of the inversion (Santonian and Middle-Late Eocene) are recorded on the Cyrenaica margin of the
Ionian Basin (Arsenikos et al., 2013). They are interpreted as transient events triggered by far-field forces
that originated at the Hellenic subduction zone (Arsenikos et al., 2013).

Neogene intra-Ionian Basin compression is now well documented as a complex network of NE trending
reverse faults in the prolongation of the Medina mounts (Figures 1 and 3) and is interpreted as reacti-
vation of a Mesozoic spreading fabric (Gallais et al., 2011; Le Meur, 1997; Pagot et al., 1999; Sioni,
1996). The timing of inversion is restricted to latest Miocene (Tortonian) in relation with a plate reor-
ganization preceding the main phase of opening of the Tyrrhenian Basin (Chamot-Rooke, Rangin,
et al,, 2005; Gallais et al., 2011), and probably not Late Cretaceous to Paleogene as suggested by
Roure et al. (2012). The same structures were interpreted as Late Miocene tilted blocks evidencing
extension of the African plate (e.g., Hieke et al., 2003, 2009), suggesting very recent formation of the
basin (Fabricius & Hieke, 1977; Fabricius, 1984; Figure 2).

2.2. Present-Day Structure and Previous Interpretations

Part of the Ionian Basin has been subducted beneath Calabria in the wake of the opening of the Liguro-
Provencal and Tyrrhenian basins (Chamot-Rooke et al., 1999; Faccenna et al., 2003; Malinverno & Ryan,
1986), while the northern portion of the basin (of unknown size) has been consumed beneath the
Hellenic Arc (Biju-Duval et al., 1978). The Ionian crust and Mesozoic series are largely draped by two young
accretionary wedges: the Calabrian prism and the Mediterranean Ridge (Biju-Duval et al., 1978; Ryan et al.,
1982; Figures 1 and 3), the former being contemporaneous with the late Miocene/Pliocene opening of the
Tyrrhenian, and the latter with the Miocene rollback of the Hellenic trench (Jolivet et al., 2008; Jolivet &
Brun, 2010). Both accretionary wedges are segmented and show lateral variations in their structural style
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Abyssal Plain (after Arsenikos et al., 2013; Chamot-Rooke, Rangin, et al., 2005; Frizon de Lamotte et al., 2011; Gallais et al.,
2011; Polonia et al., 2011, 2016, 2017; Robertson, 2007, and own observations).
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(e.g., Chaumillon & Mascle, 1995, 1997; Minelli & Faccenna, 2010; Polonia et al., 2016) dependent upon con-
vergence parameters, the nature and depth of the décollement levels, and the structure of the subducting
plate and backstop (e.g., Bortoluzzi et al., 2017; Chaumillon et al., 1996; Gutscher et al., 2017; Reston,
Fruehn, et al., 2002; Reston, Von Huene, et al., 2002). To the south, the structure of the African margin of
the Ionian Basin is complex and may be delimited by the Eastern Sicily/Malta and Cyrenaica segments, with
the offshore Sirte Basin in between. To the north, the Apulian conjugate margin is partially preserved where
it was not subducted, that is, west of the Cephalonia strike-slip fault (Figure 1).

The Ionian Basin is floored with thin crust (less than 8-10 km thick) according to refraction data and/or
gravity inversions (Cowie & Kusznir, 2012; de Voogd et al., 1992; Dellong et al., 2018; Ferruci et al., 1991;
Hinz, 1974; Makris et al., 1986; Nicolich et al., 2000), comparable to the crust of the Herodotus and
Levant basins farther east (e.g., Ben-Avraham et al., 2002; Makris et al., 1983; Netzeband et al., 2006;
Steinberg et al., 2018). In all three basins (Ionian, Herodotus, and Levant), the nature of the crust is still a
matter of debate. Oceanic crust is favored in the Ionian Basin (e.g., Catalano et al., 2001; Chamot-Rooke,
Rangin, et al., 2005; Dannowski et al., 2019; de Voogd et al., 1992; Dellong et al., 2018; Makris et al., 1986;
Speranza et al., 2012). Alternative hypotheses include thin continental crust (e.g., Finetti, 1982; Hieke
et al., 1998, 2003, 2009; Roure et al., 2012) or exhumed mantle based on analogies with observations made
at present-day magma-poor ocean-continent transitions (Sioni, 1996).

Overlying this thin crust, sedimentary sequences up to 10 km thick have been identified (e.g., Chamot-
Rooke, Rangin, et al., 2005; Finetti, 1982; Finetti & Del Ben, 2005; Finetti & Morelli, 1972; Gallais et al.,
2011; Minelli & Faccenna, 2010; Polonia et al., 2011; Sioni, 1996). Some of the shallowest successions
have been correlated laterally, such as the Messinian evaporites, but attempts to correlate the deepest
sequences at the scale of the entire basin are scarce and somewhat inconsistent (Finetti, 1982; Finetti,
2005; Finetti & Morelli, 1972). The scarcity of available data pertinent to the deep Ionian Basin
sequences explains the large uncertainties (Figure 2) regarding the timing and orientation of the rifting
phase(s), lithosphere thinning, and oceanic spreading (if any). Calibrating the deepest sequences of the adja-
cent margins (Apulia, Eastern Sicily/Malta, and Cyrenaica) is clearly necessary to reach a consistent
tectonostratigraphic framework.

3. Data Set Review and Seismic Reflection Processing

3.1. Reflection Seismic Data: Acquisition Parameters and Processing

Few seismic lines show deep sedimentary sequences in the Ionian Basin with a reasonable resolution.
IMERSE (1994) and ARCHIMEDE (1997) surveys were designed for deep investigation and consequently
show widespread reflectors as deep as 9-10 s (twtt; e.g., Chamot-Rooke, Rangin, et al., 2005; Gallais et al.,
2011, 2012, 2013; Le Meur, 1997; Pascal, 1997; Reston, Fruehn, et al., 2002; Reston, Von Huene, et al.,
2002; Sioni, 1996). Lines that showed clear lateral variations of the deepest sequences were selected and
reprocessed using the CGG Geocluster® software.

In 1997, 2,500 km of multichannel seismic reflection data were collected over the Ionian and Sirte abyssal
plains, Calabrian prism, and Medina Seamounts during the ARCHIMEDE cruise on board the R/V Le
Nadir (Pascal, 1997; see Table S1 in the supporting information for detailed acquisition parameters).
Standard processing of ARCHIMEDE profiles 5, 6, and 7 were carried out (Figure 3a). After a spectral ana-
lysis of the traces and a resampling at 8 ms, we applied band-pass and frequency-wave number (F, k) domain
filtering and an external mute. Two successive velocity analyses were performed every 200 Common Depth
Points to constrain lateral velocity variations. Prestack spherical divergence correction and deconvolution
were applied. After stack, a constant-velocity frequency-wave number (F, k) time migration was applied
combined with random noise attenuation, gain reinforcement, and dynamic amplitude equalization. We
applied an antimultiple on the ARCHIMEDE 6 profile based on the Delft Surface Multiple Attenuation
model and SRME Surface multiple elimination of (Berkhout & Verschuur, 1997).

In 1994, over 2,500 km of multichannel seismic reflection data were collected over the Mediterranean Ridge
during the IMERSE survey on board the R/V Explora (see Table S1 for detailed acquisition parameters). A
standard processing sequence was initially carried out (Le Meur, 1997; Reston, Fruehn, et al., 2002;
Reston, Von Huene, et al., 2002). Poststack time migration using a constant velocity of 1,500 m/s was
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reperformed for the IMERSE lines 4, 5, and 6 (Figure 3a). In addition, four O.B.H. stations were deployed
during the course of the survey over the internal part of the Mediterranean prism and recorded refracted
and wide-angle arrivals (Jones et al., 2002).

3.2. Refraction Seismic

Several refraction seismic experiments of different resolution were conducted in the Ionian Basin (Dellong
et al., 2018; Ferruci et al., 1991; Hinz, 1974; Makris et al., 1986; Nicolich et al., 2000). The most recent and
highest-resolution constraints on the crustal structure of the western Ionian Basin and Malta escarpment
come from the DIONYSUS wide-angle seismic survey (Dannowski et al., 2019; Dellong et al., 2018). The
velocity information obtained was used to constrain geological transects at depth (location Figure 3b).

The two-ship Expanding Spread Profile (ESPs of the PASIPHAE cruise) were shot in 1988 (see Table S1 for
acquisition parameters), focusing on three transects (Figure 3a; Lallemant et al., 1994; Truffert et al., 1993; de
Voogd et al., 1992): the Calabrian prism (ESPs 1, 2, 4, and 5), the Western Mediterranean Ridge (ESPs 19, 6,
8, 9, and 11), and the eastern Mediterranean Ridge (ESPs 18, 17, 16, and 14). Correlations with seismic
reflection profiles of ESPs 4, 5, 6, and 19 by Le Meur (1997) provided first-order information on the velocity
structure of the Ionian Basin sedimentary sequences and basement. ESPs are the only available deep con-
straint in the eastern part of the Ionian Basin (toward the Sirte Abyssal Plain) and were helpful to reach a
consistent seismic stratigraphy.

3.3. Well Data, Piston Core, Dredges, and Dives

The Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP) represent the only direct access to
the sedimentary sequences of the Ionian Basin (Figure 3a): DSDP Legs 13 (sites 125-131; Ryan & Hsu, 1973)
and 42 (sites 377 and 374; Hsu & Montadert, 1978) and ODP Leg 160 (sites 964 and 969-973; Emeis et al.,
1996). Except for DSDP site 374 located within the Ionian Abyssal Plain, other drillings are either located
over the Calabrian and Mediterranean accretionary wedges or near the Hellenic trench. Since these drillings
remained quite shallow, the major results mainly document the Neogene sedimentary history, while infor-
mation on deeper successions and structures is missing. Piston cores in the Ionian and Sirte abyssal plains
mainly bring information on Quaternary deposits (Hieke et al., 2003, 2009; Polonia et al., 2013). Indirect
observations of deeper sedimentary sequences come from piston cores in mud volcanoes, acting as natural
channels that transport deep material to the seafloor. Several mud volcano provinces are found over the
Mediterranean Ridge (see synthesis in Kioka et al., 2015). Many of them concentrate near the tectonic con-
tact between the accretionary prism and the Hellenic backstop (Chamot-Rooke, Rabaute, et al., 2005;
Rabaute & Chamot-Rooke, 2007) where cores recovered mud breccia samples containing clasts of shale, silt-
stone, and limestone as old as Late Jurassic to Early Cretaceous (e.g., Kioka et al., 2015; Ryan et al., 1982).
The origin of the mud and the expulsion mechanisms remain unclear, casting uncertainty on whether the
clasts were derived from the subducting plate or from the backstop. Petrography and maturity analyses of
the mud matrix and clasts performed by Kioka et al. (2015) suggest that at least some of the oldest clasts were
likely detached from the subducting plate at the contact with the backstop, hence possibly representing an
indirect window on sediments deposited in the Ionian Basin (Figure 3).

Numerous wells document the stratigraphic evolution of the Ionian Basin margins. We selected several rele-
vant ones (Figures 3 and 4) that document the age of platform-basin transition along different segments of
the Ionian margins (Apulia, Eastern Sicily/Malta, and Cyrenaica). We used the Visibility of Petroleum
Exploration Data in Italy public domain database for the Grifone 1, Puglia 1, and Aretusa 1 wells (ViDEPI
project) and published wells MS-A1 (Jongsma et al., 1985), A1-NC120, and A1-NC128 (Arsenikos, 2014;
Duronio et al., 1991; Yanilmaz et al., 2008). Dredges and dives performed (Figure 4) along the Apulia and
Malta escarpments and along the slopes of the Cyrene, Medina, and Alfeo seamounts (Biju-Duval et al.,
1982; Charier et al., 1987, 1988; Groupe-Escarmed et al., 1987; Rossi & Borsetti, 1977; Scandone et al.,
1981) provide a unique record of the rocks that form the present-day escarpments, enabling us to present
tentative age correlations of the deep sedimentary sequences of the Ionian Basin.

4. Tectonostratigraphic Evolution of the Ionian Basin Margins

The passive margins delimiting the Ionian Basin can be divided into different segments: (1) the Apulian, (2)
Eastern Sicily/Malta, (3) Sirte, and (4) Cyrenaica segments (Figure 3).
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Charier et al., 1988). (2) Sicily/Malta margin: Aretusa 1 and MS-A1 (respectively from the VIDEPI Project, n.d.and after Jongsma et al., 1985), Escarmed dive
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4.1. Apulian Segment

The Apulian margin segment exposed at the southwestern termination of the Adriatic plate (Figures 1 and 3)
represents the only well-preserved portion of the conjugate North African passive margin west of the
Cephalonia Fault (Finetti, 1982). The Apulian margin segment preserves a thick (up to 5-km thick)
Mesozoic carbonate platform (Argnani, 2013; Finetti, 1982; Finetti & Del Ben, 2005; Santantonio et al.,
2013; Vlahovi¢ et al., 2005) delimited from the Ionian Basin by a steep NW-SE oriented escarpment sepa-
rated from the front of the Calabrian prism by a narrow corridor (Figures 3 and 4).

The oldest sediments recovered from drill holes within this segment (Figure 4) correspond to siliciclastic
continental deposits attributed to the Permian and Lower Triassic based on facies correlations with the
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Figure 5. Tectonostratigraphic charts of Ionian Basin margins. (1) Apulia margin (based on Argnani, 2013, and Santantonio et al., 2013), (2) Sicily/Malta margin
(compiled from Lipparini et al., 2009, and Yellin-Dror et al., 1997), (3) Sirte Basin (after Abadi et al., 2008; Wennekers et al., 1996), and (4) Cyrenaica margin
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Hyblean Platform; MaB: Mamarica Basin; MaP: Malta Platform; JAA: Jabal Al Akhdar; CyP: Cyrenaica Platform (location in Figure 1).

Verrucano and Werfen formations (Puglia 1, Figures 4 and 5; ViDEPI Project). Middle Triassic sandstones
and carbonates locally overlie these formations above an angular unconformity (Figure 5; VIDEPI Project;
Santantonio et al., 2013). The overlying Upper Triassic is characterized by evaporites and dolostone of the
Burano Formation locally up to 1.8 km thick (Santantonio et al., 2013). The early Lower Jurassic
(Hettangian-Sinemurian, possibly up to the Pliensbachian) records the progressive individualization of
deeper basins within the Apulian platform (e.g., the south Adriatic basin) and within the Ionian zone
farther east (Figures 3 and 4; Argnani, 2013; Del Ben et al., 2015; Santantonio et al., 2013; Vlahovi¢ et al.,
2005). The formation of these basins is related to an ongoing rift event that possibly initiated earlier in the
Triassic (Del Ben et al., 2015). Shallow marine conditions prevailed over the Apulian platform until
Paleogene time. Minor extensional activity occurred once again in the Early Cretaceous (Del Ben et al.,
2015; Santantonio et al., 2013). The transition from carbonates to siliciclastic sedimentation in Oligocene-
Early Miocene time marks the involvement of the Apulian platform in the common foredeep of the
Apennines and Dinarides orogenic system (Argnani, 2013). More generally, the same transition is
observed everywhere around Africa and coincides with a major Mid-Oligocene sea level fall and a phase
of tectonic inversion along the North African margin.
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WL: Western Lobe (as defined in Polonia et al., 2011, 2016, see Figure 3).

We use these constraints to interpret the ARCHIMEDE 31 profile, which crosses the scarp at the edge of the
Apulian platform toward the Ionian basin (Figure 6). This transition is documented in several studies
(Catalano et al., 2001; Del Ben et al., 2015; Finetti, 1982; Minelli & Faccenna, 2010) providing reasonable
constraints over the Apulian platform despite the low quality of the profile. The sedimentary sequences of
the Ionian Basin are observable discontinuously beneath the allochthonous Calabrian prism between ~6-
and ~8.5-s twtt (Figure 6a). We projected observations derived from the closest dives and dredges collected
along the upper part of the Apulian escarpment on the profile (Figures 4-6a). The oldest rocks recovered
from dredges correspond to shallow marine platform facies of late Early Cretaceous (Albo-Cenomanian)

TUGEND ET AL.

11



nnnnnnnnnnnnnn
'AND SPACE SCiENCE

Tectonics 10.1029/2018TC005472

to Late Cretaceous (Figures 3 and 4; Biju-Duval et al., 1982; Charier et al., 1988; Rossi & Borsetti, 1977). The
slope initially formed as a result of the latest Triassic to Early Lower Jurassic rifting event and was
subsequently buried beneath younger shelf breaks (Figure 6a). We tentatively tied several sequences from
the Apulian platform to the Ionian Basin. The shallowest sequence encompasses the sediments forming
the eastern lobe of the Calabrian Prism (as defined in Polonia et al., 2011, 2016) corresponding to
Messinian to present-day sediments. The underlying Miocene to Upper Cretaceous sequence is directly cali-
brated from the escarpment, while the Lower Cretaceous and notably the Upper Jurassic are correlated with
greater uncertainties. The deepest reflectors (below 8-s twtt) might be of Early to Middle Jurassic age if inter-
preted as the first sediments resting directly over the Upper Triassic to Lower Jurassic sequence on the
Apulian platform.

4.2. Eastern Sicily/Malta Segment

This segment of the Ionian Basin rifted margin follows the NNW-SSE oriented Malta scarp from east Sicily to
the approximately E-W trending Medina Seamounts ridge (Figures 3 and 4). The Hyblean Plateau (SE Sicily)
and Malta platforms bordering the escarpment preserve more than 5 km of Mesozoic to Neogene series
(Patacca et al., 1979). Farther south, the Ionian margin runs along the edge of the Pelagian platform and
basins (Frizon de Lamotte et al., 2011) marked by the Medina escarpment (Figures 1 and 3).

The oldest series recovered from the Hyblean Plateau and Malta platforms correspond to Upper Triassic
shallow marine dolomitic limestones and bioclastic carbonates of the Gela Formation (Figures 4 and 5), also
including evaporites laterally (Nafta Formation; Patacca et al., 1979). The onset of rifting during the latest
Triassic (Rhaetian) is recorded by the progressive individualization of deeper basins (e.g., Streppenosa
Basin in the Hyblean Plateau; see Casero & Roure, 1994), where interbedded dolomitic limestones and basi-
nal black shales of the Noto and Streppenosa formations were successively deposited (Patacca et al., 1979;
Yellin-Dror et al., 1997). Shallow marine conditions persisted during Early Jurassic time over the Hyblean
and Malta platforms with the deposition of limestones of the Syracusa Formation, whereas marls and marly
limestones of the Modica Formation are recorded in the basin (Patacca et al., 1979). Basalts and hyaloclas-
tites are reported within these sequences in several wells of the area (Figures 4 and 5; Jongsma et al.,
1985; Patacca et al., 1979). Deepening of the Malta Escarpment initiated in middle to late Early Jurassic time,
recorded by a change from shallow marine to basinal sequences (Bizon et al., 1985) associated with the
occurrence of basalts and volcanoclastic material (Biju-Duval et al., 1982; Charier et al., 1987). Local volcanic
activity persisted during the deposition of marls and marly and cherty limestones of the Buccheri Formation
from Middle to Late Jurassic time (Patacca et al., 1979; Yellin-Dror et al., 1997). Pelagic conditions prevailed
over the Hyblean plateau during the Cretaceous up to middle Eocene with the deposition of cherty lime-
stones and marls (Chiaramonte, Hybla, and Amerillo Formations (Figures 4 and 5; Patacca et al., 1979;
Yellin-Dror et al., 1997). Concurrently, shallow marine dolomitic limestones (Naxxar Formation) were
deposited over the Malta platform (Figures 4 and 5; Lipparini et al., 2009). Upper Cretaceous volcanic activ-
ity has been reported over the Hyblean Plateau and Malta platform (Figures 4 and 5; Yellin-Dror et al., 1997)
and possibly along the scarp itself (Biju-Duval et al., 1982). From late Oligocene to Miocene time, pelagic
limestone and marls were deposited over most of the Hyblean Plateau and Malta platform and are locally
overlain by Messinian evaporites (Lipparini et al., 2009; Yellin-Dror et al., 1997).

We use the same reflection seismic profile as the one shown by Minelli and Faccenna (2010) to interpret the
transition from the Malta shelf to the Ionian Abyssal Plain (Figure 6b). The numerous wells available over
the Hyblean platform and Malta shelf (see ViDEPI database and selection in Figure 4) provide robust cali-
brations of sedimentary sequences as old as Upper Triassic (Casero & Roure, 1994; Yellin-Dror et al.,
1997), even if the base is not constrained. Dives, dredges, and cores made along the Malta Escarpment docu-
ment a large part of the offshore geology (Figure 4; Biju-Duval et al., 1982; Bizon et al., 1985; Charier et al.,
1987; Enay et al., 1982; Scandone et al., 1981). We used and projected the closest and most relevant ones to
interpret the profile (Figure 6b). The analysis of samples collected along the Malta escarpment documents
the presence of Late Triassic-Early Jurassic shallow marine rocks forming the base of the scarp (Figure 4;
Bizon et al., 1985; Charier et al., 1987; Scandone et al., 1981). These sequences are overlain by Middle to
Late Jurassic pillow lavas and Upper Jurassic (Tithonian to Oxfordian) basinal marls (Bizon et al., 1985;
Enay et al., 1982) cropping out along a smoother portion of the slope (Biju-Duval et al., 1982; Charier
et al., 1987). The transition from the Malta Shelf to the Ionian Basin across the Malta Escarpment is abrupt
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and occurs over ~30-km distance, only accommodated by a few normal faults sealed by Lower Jurassic
sequences (Figure 6b). Upper Triassic to early Lower Jurassic sequences seem to terminate abruptly at the
toe of the escarpment and are progressively onlapped by the deep reflective sequences from the Ionian
Basin. We present a tentative correlation of the sequences calibrated over the Malta shelf and escarpment
toward the Ionian Basin (Figure 6b). The Messinian erosional surface over the Malta shelf is correlated to
the basal décollement of the western lobe of the Calabrian Prism (defined in Polonia et al., 2011, 2016), defin-
ing the base of the youngest sequence. At the toe of the escarpment, the Miocene to Upper Cretaceous
sequence is defined by a basal onlap surface delimiting the top of the underlying Lower Cretaceous sedi-
ments. Both Lower Cretaceous and Upper Jurassic sequences appear quite reflective. The top of the deepest
sequence deposited in the Ionian Basin is characterized by series of toplaps. This sequence is supposed to
comprise late Early Jurassic to Middle Jurassic sediments. It is the basinal age equivalent of the sediments
that records a change in the depositional environment over the Malta escarpment (Figures 3 and 4). Its base
is not imaged along this profile, but the top basement could be as deep as 9- to 10-s twtt (Polonia et al., 2017).
Evidence for volcanic activity is widespread along the Malta escarpment and platform (Figure 5), suggesting
that some of the deep sequences imaged could include a large portion of volcanoclastic material.

4.3. Sirte Segment

The Sirte segment runs from the Medina Escarpment and Seamounts in the west to the Cyrenaica platform
in the east (Figure 3). Onshore, the Sirte Basin is characterized by a series of horst and grabens that extend
offshore in the Gulf of Sirte (Figure 3; Anketell, 1996; Del Ben & Finetti, 1991; Finetti, 1982; Jongsma et al.,
1985). The boundary between the offshore extension of the Sirte Basin and the Ionian Basin is marked by an
elongated relative structural high, referred to as the Cyrenaica Ridge (Figures 3 and 7). This high merges to
the east with the Cyrenaica segment (Arsenikos, 2014; Arsenikos et al., 2013; Del Ben & Finetti, 1991;
Wennekers et al., 1996) and can be interpreted discontinuously to the west toward the Medina
Escarpment and Seamounts in the free-air gravity map (Figure 3).

Knowledge of the Sirte Basin stratigraphy, structure, and evolution mainly relies on field observations and
onshore well data (Abadi et al., 2008; Abdunaser, 2015; Abdunaser & McCaffrey, 2014; Wennekers et al.,
1996), where crustal thinning was less severe than offshore (Cowie & Kusznir, 2012). As a result, the first-
order architecture and infilling history of the offshore Sirte Basin is poorly constrained, notably prior to
the Upper Cretaceous (Figures 5 and 7). Several studies suggest that the Sirte Basin formed at the location
of a former basement high, that is, the Paleozoic Arch, which separates the Cyrenaica platform from the
Ghadames Basin (Figure 1) farther west (Abdunaser & McCaffrey, 2015; Frizon de Lamotte et al., 2013;
Massa & Delort, 1984; Wennekers et al., 1996). Most studies propose that the Sirte Basin underwent several
phases of extension. However, in detail, a variable subsidence history seems to be recorded in the different
subbasins (Abadi et al., 2008; Abdunaser & McCaffrey, 2015). A Middle to Upper Triassic extensional event is
suggested, but its lateral extension and impact on the crustal architecture are poorly constrained (Del Ben &
Finetti, 1991; Massa & Delort, 1984; Thusu, 1996; Wennekers et al., 1996). The main rift events that formed
the Sirte Basin took place from latest Jurassic to Cretaceous time (Abadi et al., 2008; Abdunaser &
McCaffrey, 2014; Anketell, 1996; Wennekers et al., 1996). An initial rift event occurred in Early
Cretaceous time (Abadi et al., 2008; Anketell, 1996; Wennekers et al., 1996) corresponding to the deposition
of continental to shallow marine clastic sediments (Figure 5; Bonnefous, 1972). The most important rift-
related subsidence seems to occur in the early Late Cretaceous related to the deposition of thick marine sedi-
ments (Abadi et al., 2008) over a regional Cenomanian unconformity (AGOCO (Arab Golf Oil Company),
1980). In early Late Cretaceous time, a change in depositional environments is reported at the borders of this
margin segment over the Cyrene and Medina seamounts (Figures 3 and 4; Biju-Duval et al., 1982; Charier
et al., 1987; Groupe-Escarmed et al., 1987). A renewed episode of extension occurred in Paleocene to
Early Eocene time (Abadi et al., 2008) related to the deposition of carbonates and evaporites (Figure 5).
Tectonic activity still seems to occur in the Hun Graben and locally offshore (Capitanio et al., 2011).

The transition from the Sirte to Ionian Basin is illustrated by the ARCHIMEDE 7 profile (Figure 7). The
section shows a clear structural and stratigraphic contrast between the two basins separated by the narrow
Cyrenaica Ridge. Sequences younger than the Lower Cretaceous can be correlated confidently between the
Sirte and Ionian Basin. The Cretaceous rift episode is documented by a series of faults delimiting tilted blocks
mostly restricted to the Sirte Basin. Sequences older than Cretaceous cannot be ascertained within the Sirte

TUGEND ET AL.

13



~1
AGU

100 Tectonics 10.1029/2018TC005472

ADVANCING EARTH
'AND SPACESCIENCE.

Sirte Basin Cyrenaica Ridge Sirte Abyssal Plain lonlan Basin AR-6

11500 11000 10500 10000 9500 9000 8500 8000 7500 7000 6500 6000 5500 5000 4500 4000 3500 3000 2500 2000 1500 1000 500 CDP

2

25 km

Sirte Basin

Cyrenaica Ridge Sirte Abyssal Plain lonian Basin sz

11500 11000 10500 10000 9500 9000 8500 8000 7500 7000 6500 6000 5500 5000 4500 4000 3500 3000 2500 2000 1500 1000 500 CDP

Seabedm——0 _ . Messinian . Upper Jurassic . Top basement =======
[ Plio-quaternary Base Tertiary -+----- [__] Upper Cretaceous-Miocene Upper Jurassic [ Basement # Thrusts
Base PQ 5 Lower Cretaceous =—— Middle Jurassic ——— : E :
[ Miocene and younger [ Lower Cretaceous [ Lower-Middle Jurassic N\ Extensional structures

Figure 7. Interpretation of the ARCHIMEDE 7 seismic profile showing the transition from the Sirte to Ionian Basin across the Cyrenaica Ridge (location in
Figure 3).

Basin, whereas deeper (and older) sequences appear quite clearly in the Ionian Basin. Ages of these deep
sequences are based on correlations made at the scale of the whole Ionian Basin.

4.4. Cyrenaica Segment

The Cyrenaica promontory separates the Ionian and Sirte Basins to the west from the Western Desert area
and Herodotus Basin to the east (Figures 1 and 3). The Mediterranean Ridge front directly borders the north
Cyrenaica escarpment (Figure 3; Chaumillon & Mascle, 1995, 1997). A prominent ENE trending structural
high—the Jabal Al Akdar Mountain—forms the northern part of the promontory north of a wide stable plat-
form (Figures 1 and 3). The Jabal Al Akdar was formed by the Late Cretaceous and middle-late Eocene inver-
sion of small rift basins (Arsenikos et al., 2013). Offshore to the northwest, the isolated Cyrene Seamount,
which lies in the Sirte Abyssal Plain, is interpreted as the remnant of a horst-like structure (Biju-Duval
et al., 1982; Groupe-Escarmed et al., 1987).

Results from several wells drilled onshore Cyrenaica document the stratigraphic evolution from Cambrian
to Miocene time (Arsenikos et al., 2013; Keeley & Massoud, 1998; Martin et al., 2008; Yanilmaz et al., 2008).
Triassic sequences in the wells of eastern Cyrenaica consist of coastal to shallow marine sandstones and
mixed carbonates (Figure 5; Martin et al., 2008; Yanilmaz et al., 2008). The deposition of these sequences
seems to have been controlled by NW-SE trending structures (Yanilmaz et al., 2008) pointing to Triassic
extension over Cyrenaica (Keeley & Massoud, 1998). Regionally, the Early Jurassic time corresponds to a
hiatus, whereas an acceleration of subsidence is recorded during the latest Early Jurassic in the previously
formed rift basins (Keeley & Massoud, 1998). From Middle to Late Jurassic time, the southern part of
Cyrenaica was emergent, while shallow marine conditions prevailed over a part of the Cyrenaica platform
and the Jabal Al Akdar area (Yanilmaz et al.,, 2008) with the deposition of limestones of the Sirual
Formation (Figures 4 and 5; Duronio et al., 1991). In contrast, north of the Cyrenaica platform (i.e., currently
offshore), deep platform to basinal facies (argillaceous limestones, shales, sandstones, and siltstones) were
deposited (Figures 4 and 5; Ghurab and Mallegh Formations; Duronio et al., 1991). The distribution of these
sequences seems to follow a NW-SE trend until the Late Jurassic, until deposition became progressively
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Figure 8. Seismic stratigraphy used in this work and age correlations suggested at the scale of the Ionian basin (Velocity models for the ESP 4, 19, and 6 are based on
Le Meur, 1997). Seismic logs are extracted from the seismic profiles presented in this work close to the projected ESPs.

controlled by E-W trending structures (Arsenikos et al., 2013; Yanilmaz et al., 2008). This Early Cretaceous
rift event is recorded over the northwestern part of Cyrenaica by a change from continental to basinal
deposits (Figure 4, A1-NC120, Qahash and Daryanah Formations; Duronio et al.,, 1991), locally
accompanied by volcanic rocks (Yanilmaz et al., 2008). A change in depositional environments (from
shallow to deep marine) was also reported along the Cyrene Seamount in early Late Cretaceous time
(Figures 3 and 4; Biju-Duval et al., 1982; Charier et al., 1987; Groupe-Escarmed et al., 1987). Two episodes
of inversion are later recorded over Cyrenaica during Late Cretaceous and middle to late Eocene time
separated by a period of relative tectonic quiescence during the Palaeocene (Arsenikos et al., 2013).

‘We were not able to correlate sedimentary sequences from the Cyrenaica segment toward the Ionian Abyssal
Plain. Still, based on well calibrations over Cyrenaica (Arsenikos, 2014; Arsenikos et al., 2013), the two
distinct rift events are evidenced in seismic profiles offshore Cyrenaica (Figure 6¢). In addition to the
well-documented Early Cretaceous rift, the occurrence of tilted block geometries sealed by Middle
Jurassic sediments (Figure 6c¢) likely corresponds to the Triassic to Early Jurassic rift described onshore
Cyrenaica (Arsenikos, 2014; Keeley & Massoud, 1998; Yanilmaz et al., 2008).

5. Seismic Stratigraphy and Correlations Across the Ionian Basin

The definition of seismic sequences across the Ionian Basin (Figure 8) relies on the regional correlation of
seismic facies variations delimited by remarkable reflectors or unconformities, combined with P wave velo-
city information from the ESPs 19, 6, 4, and 5 (Le Meur, 1997). The age calibrations conducted along the
escarpments (Figure 6) provide first-order age correlations between the Ionian and Sirte abyssal plains
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Figure 11. Interpretation of the IMERSE 4 and 6 seismic profiles (location in Figure 3). ESPs 19 and 6 are from Le Meur (1997). Same caption as Figure 10.

and beneath the Calabrian and Mediterranean wedges. Because most ESP models are projected on our
seismic profiles, local misfits are observed, notably for the deepest sedimentary sequences (Figure 8).

5.1. Plio-Quaternary and Messinian Evaporitic Sequences

The Plio-Quaternary sequence corresponds to a package of subparallel, high-frequency, low-amplitude
reflectors (Gallais et al., 2011; Hieke et al., 2003; Minelli & Faccenna, 2010) showing relatively homogeneous
low seismic velocities (1.8-2.0 km/s; de Voogd et al., 1992 ; Le Meur, 1997). Its base is delimited by a high-
amplitude reflector regionally identifiable and mappable (Figures 8-11) referred to as the M reflector
(Polonia et al., 2002; Reston, Fruehn, et al., 2002; Reston, Von Huene, et al., 2002) or A reflector
(Chaumillon et al., 1996; Finetti & Morelli, 1972) also corresponding to the El-refracted phase of de
Voogd et al. (1992). Drilled at DSDP Site 374, the Plio-Quaternary sequence mainly consists of terrigenous
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and turbidite deposits (Figure 3a; Hsu et al., 1978). Its thickness ranges from 100 to 300 m within the Ionian
and Sirte Abyssal plains (de Voogd et al., 1992; Le Meur, 1997). These sediments are nearly undeformed. In
contrast, they appear faulted and folded close to the deformation front of the Mediterranean accretionary
wedge (Figures 9 and 11; Reston, Fruehn, et al., 2002; Reston, Von Huene, et al., 2002) and within the inter-
nal part of the Calabrian wedge (Figure 10; Minelli & Faccenna, 2010). The Plio-Quaternary sediment thick-
ness increases within the Calabrian and Hellenic fore-arc basins where they are affected by normal faulting
and related salt activity (Figure 9; Minelli & Faccenna, 2010). The extensional and compressional features
described above are caused by salt-related deformation and gravitational failure at the front and back of
the wedges.

The Messinian evaporitic sequence includes a series of continuous weakly reflective reflectors on top of a
transparent layer (Figure 8). The base is characterized by a continuous high-amplitude reflector of reverse
polarity, referred as the B reflector or T reflector (Chaumillon et al., 1996; Finetti & Morelli, 1972; Polonia
et al., 2002; Reston, Fruehn, et al., 2002; Reston, Von Huene, et al., 2002), also corresponding to the
S1-horizon of de Voogd et al. (1992). In detail, based on this seismic facies change, two subunits are distin-
guished and referred to as the Upper and Lower Evaporites (Hsu et al., 1978) delimited by the E2-horizon in
the velocity model of de Voogd et al. (1992). The Messinian evaporitic sequence is generally characterized by
high velocities (~4.4-4.5 km/s, Figure 8), below which a velocity inversion is observed (Figure 8; Le Meur,
1997; de Voogd et al., 1992). Only the top of the Messinian evaporites was reached at DSDP Site 374 (Hsu
etal., 1978). Considering the velocity models of Le Meur (1997), the Messinian evaporitic sequence thickness
increases between the Sirte and Ionian abyssal plains (Figure 8) from 1.1 (ESP 19) to 1.9 km (ESP 5). This
sequence clearly seals the deformation observed in the Ionian Abyssal Plain related to the formation of
NE-SW oriented ridges (Figures 3 and 10; Nathalie structure, Victor Hensen Seahills 2; Chamot-Rooke,
Rangin, et al., 2005; Gallais et al., 2011). We also found compressional deformation in the Sirte Abyssal
Plain, where, in contrast to the Ionian Abyssal Plain, the Messinian evaporitic sequence seems to be folded
(Figure 10). The base of this sequence represents an important decoupling horizon that partly controls the
evolution of the Mediterranean (Figure 9; Chaumillon et al., 1996; Reston, Fruehn, et al., 2002; Reston,
Von Huene, et al., 2002) and Calabrian accretionary wedges (Figures 6a/b and 10; Gallais et al., 2012;
Minelli & Faccenna, 2010). Because of this decoupling interface, the sedimentary sequences of the Ionian
Basin are relatively well preserved underneath and can be mapped quite far beneath both the Calabrian
and Mediterranean wedges (Figures 8-11).

5.2. Upper Cretaceous to Miocene Sequence

The Upper Cretaceous to Miocene sequence shows seismic facies variations between the Sirte and Ionian
abyssal plains (Figure 8). Characteristic velocities are quite similar (Figure 8; 3.2-3.4 km/s), despite slightly
higher velocities (3.7 km/s) in the basal subunit of the Ionian Abyssal Plain. In the Sirte Abyssal Plain and
beneath the Mediterranean Accretionary wedge, this sequence generally corresponds to a very weakly
reflective package (Figure 8) locally interrupted by a succession of high-amplitude reflectors that are later-
ally continuous over tens of kilometers (Figures 7 and 11). The top of this sequence is characterized by a
series of high-amplitude reflectors (Figures 8 and 11) with velocities of 3 to 3.2 km/s (ESP 19, Figure 8; de
Voogd et al., 1992; Le Meur, 1997). Its base corresponds to remarkable high-amplitude reflectors (referred
to as the K-reflector in Chaumillon et al., 1996; Polonia et al., 2002; Reston, Fruehn, et al., 2002; Reston,
Von Huene, et al., 2002) also marked by a velocity increase from 3.3-3.4 to 3.9-4 km/s (Figure 8; Le
Meur, 1997). The K-horizon is classically interpreted as the base of Tertiary sediments (Polonia et al.,
2002; Reston, Fruehn, et al., 2002; Reston, Von Huene, et al., 2002); however, in our work, this horizon
correlates well with the Albian age calibration derived from the Sirte Basin (Figure 7). In the Ionian
Abyssal Plain (Figure 8) and beneath the Calabrian wedge, close to the Malta escarpment (Figure 6b;
Minelli & Faccenna, 2010), the Upper Cretaceous to Miocene sequence is well layered and characterized
by a succession of discontinuous high amplitude reflectors. The top of the sequence has velocities of 3 to
3.2 km/s (Le Meur, 1997; de Voogd et al., 1992), similar to what is observed in the Sirte Abyssal Plain
(Figure 8). Its base is correlated to the Albian horizon calibrated from the Malta escarpment (Figure 6b).
In our interpretation, the base of this sequence does not correspond to the K-reflector identified in the
Tonian Abyssal Plain (see comparison in Gallais et al., 2011).
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The upper subunit of Upper Cretaceous to Miocene sequence (v ~ 3-3.2 km/s, Figure 8) has recently been
reinterpreted as corresponding to Lower Messinian units (Gallais et al., 2011), based on similarities to seis-
mic facies described by Lofi et al. (2011). Below this subunit, syntectonic sequences recording pre-Messinian
compression in the Ionian Abyssal Plain are well developed (Chamot-Rooke, Rangin, et al., 2005; Gallais
et al., 2011; Pagot et al., 1999; Sioni, 1996), but they cannot be traced confidently towards the Sirte
Abyssal Plain, where deformation is less severe (Figure 10).

At the scale of the Ionian Basin, the base of the Upper Cretaceous to Miocene sequence consistently lies at
about 7 s (twtt; Figures 7-11), except in the Ionian Abyssal Plain (Figure 8), where it lies slightly deeper. The
base of this sequence represents locally a remarkable decoupling interface, in particular near the Cyrenaica
Ridge, where it acts as a decoupling layer for the listric faults identified within the sequence (Figure 7), but
also within the inner part of the Mediterranean Accretionary Wedge (Figure 9). Here, the role of Albian sedi-
ments as a decoupling layer is corroborated by the recovery of Aptian (Ryan et al., 1982) up to Cenomanian
pelagic shales (Kioka et al., 2015) within breccia samples cored in mud volcanoes, located near the contact
with the backstop of the Mediterranean accretionary wedge (Figure 3; Chamot-Rooke, Rangin, et al., 2005;
Rabaute & Chamot-Rooke, 2007).

5.3. Lower Cretaceous and Upper Jurassic Sequence

The Lower Cretaceous sequence generally appears well layered, characterized by relatively continuous and
moderately reflective subhorizontal reflectors (Figures 6b and 7-11). Its base is indicated by a velocity
increase from 3.9-4 km/s to 4.7-4.9 km/s (Le Meur, 1997), coinciding quite clearly with a high-amplitude
reflector (Figures 8-11) correlated with the Upper Jurassic horizon calibrated along the Malta
escarpment (Figure 6b).

The underlying sequence is suggested to correspond to Upper Jurassic sediments (Figures 6 and 8). It is also
well layered and shows laterally continuous, relatively reflective subhorizontal reflectors (Figure 8). Because
of its relatively high velocity (4.7-4.9 km/s), this layer was interpreted as basalts from the oceanic crust
(Layer 2a) based on early refraction models (de Voogd et al., 1992) but a sedimentary origin as latter
suggested (Le Meur, 1997). The base of this sequence is marked by discontinuous high-amplitude reflectors
correlated with a velocity jump from 4.7-4.9 to 6.1 km (Figure 8) previously interpreted as the top of oceanic
crust (Polonia et al., 2002; Reston, Fruehn, et al., 2002; Reston, Von Huene, et al., 2002).

Regional seismic transects across the Ionian Basin (Figures 9 and 10) suggest a relatively constant thickness
for these two sequences (Figure 8). Because no drill hole reached these deep sedimentary sequences, indirect
insights on lithologies may either come from the adjacent margins (Figure 5) or from clasts recovered from
mud volcano eruptions (Chamot-Rooke, Rangin, et al., 2005; Kioka et al., 2015; Ryan et al., 1982).
Nannofossils in cored clasts are as old as Late Jurassic to Early Cretaceous (Kioka et al., 2015). Dominant
lithologies include shale, siltstone, and minor limestone (Kioka et al., 2015), similar to lithologies drilled
in basinal parts of the Cyrenaica margin (Figures 4 and 5).

5.4. Lower to Mid Jurassic Sequence and Basement

Our cross-correlation work suggests the occurrence of an older and deeper sedimentary sequence under-
neath the Upper Jurassic sequence (Figures 6-11). The top of the oldest sequence can be correlated to the
Middle Jurassic Horizon calibrated along the Malta escarpment (Figure 6b). This sequence, not always well
imaged, is characterized by a series of discontinuous low-frequency reflectors found as deep as 9 s (twtt) in
the Sirte Abyssal Plain (northeastern end of line ARCHIMEDE 7, Figure 7; southeastern end of line
ARCHIMEDE 6, Figure 10). The base of this sequence is poorly defined but lies close to the 4.9- to
6.1-km/s velocity jump in the Sirte Abyssal Plain (ESP 19, Figure 8; Le Meur, 1997). Farther to the northwest,
beneath the Calabrian wedge, the base of the sequence also seems to be close to the same jump from 4.9 to
6.2 km/s (ESP 4, Figure 8). If not crystalline basement, these high velocities would suggest well-compacted
sediments most probably of carbonate nature, since high velocities (~6 km/s) are not uncommon for
well-cemented deep water carbonates with porosity under a few percent (e.g., Anselmetti & Eberli, 1993;
Hairabian et al., 2014). Deep water carbonates and marls represent the age equivalent basinal facies depos-
ited in the surrounding margins (Figure 5). The 6.1 km/s may fully be a crustal unit, but there is a (small)
misfit between the top of this 6.1-km/s layer and the top basement inferred from reflection seismic data.
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Figure 12. Regional transects across Ionian Basin and its margins (location in Figure 3). CAW: Calabrian Accretionary Wedge; MAW: Mediterranean Accretionary
Wedge; CyP: Cyrenaica Platform; JAA: Jabal Al Akhdar. (a) Transect 1: Jeffara Basin, Malta and Apulia margins, and Ionian Basin. (b) Transect 2: Sirte and Ionian
basins and Hellenic trench. (c) Transect 3: Cyrenaica margin, lonian Basin, and Calabrian arc. CAW-EL: Calabrian Wedge-Eastern Lobe; CAW-WL: Calabrian
Wedge-Western Lobe, IFS: Ionian Fault system (after Polonia et al., 2016).

This mismatch between the two types of seismic data may relate to seismic anisotropy, due to differences in
vertical (reflection), and/or horizontal (refraction) velocities (Brittan & Warner 1996).

Despite uncertainties, our interpretation of the top basement is deeper than in previous studies (Gallais et al.,
2011; Polonia et al., 2002; Reston, Fruehn, et al., 2002; Reston, Von Huene, et al., 2002). It is, however, simi-
lar to recent interpretations proposed by Polonia et al. (2011, 2017) in the Ionian Abyssal Plain based on deep
reflection seismic data. In contrast to the interpretation of the top basement, the Moho depth is locally well
constrained, marked by a refracted horizon corresponding to a velocity jump from 7.2 to 8.3-8.5 km/s on ESP
data (Figure 8; Le Meur, 1997). Since our interpretation of the top basement is deeper than in previous
studies, the overall crustal thickness is reduced and thinner than the 9-11 km of de Voogd et al. (1992;
the 4.9 km/s is now interpreted as sediments rather than Layer 2A). It is also thinner than in Le Meur
(1997; 7.4-7.7 km), since part of the 6.1 km/s may also be high-velocity sediments.

6. Deep Structure of the Ionian Basin and of Its Margins: Regional Transects

Regional transect locations were selected to maximize the benefit from reflection and refraction seismic pro-
files and/or existing geological sections (Figure 12). The first transect is oriented roughly SW-NE (Figure 3);
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it shows the structure of the Malta and Apulian margins relative to the Ionian Basin and the chronological
relationships with the structure of basins onshore Tunisia and on the Pelagian platform. The second transect
is also oriented SW-NE and illustrates the structural and temporal relationships between the Sirte and
Ionian basins. The third transect is roughly perpendicular to the two others; it shows the structure of the
Cyrenaica margin and the spatial evolution of deep sedimentary sequences of the Ionian Basin.

6.1. Jeffara Basin, Malta, and Apulia Margins and Ionian Basin (Transect 1)

6.1.1. Geological and Geophysical Constraints for Transect 1

Transect 1 runs from basins onshore Tunisia to the Apulian continental margin, documenting an area of the
Ionian Basin where the relationship to its former passive margins (Malta and Apulia) is preserved. We build
on the work of Frizon de Lamotte et al. (2011) and Raulin et al. (2011) to show the crustal and stratigraphic
architecture from basins onshore Tunisia to the offshore Pelagian and Malta platforms. The transition from
the Malta platform to the Ionian Basin across the Malta escarpment is based on our calibration work
(Figure 6a) and previous observations (Cernobori et al., 1996; Chamot-Rooke, Rangin, et al., (2005);
Minelli & Faccenna, 2010; Polonia et al., 2011. The crustal structure of the Malta escarpment is mainly con-
strained by the refraction seismic profile shown by Dellong et al. (2018). The interpretation across the Ionian
Basin is based on lines 2 and 34 from the ARCHIMEDE survey presented in Chamot-Rooke, Rangin, et al.
(2005) and Gallais et al. (2013). The shallow structure of the Calabrian Prism is based on Polonia et al. (2016).
The Moho depth is approximated from Chamot-Rooke, Rangin, et al. (2005). The transition from the Ionian
Basin to the Apulian platform across the Apulian escarpment follows our interpretation of ARCHIMEDE 31
(Figure 6a) and complementary observations from Argnani (2013), Del Ben et al. (2015), Chamot-Rooke,
Rangin, et al. (2005), and Minelli and Faccenna (2010).

6.1.2. Key Observations and Interpretations

We consider the basins onshore the Tunisian and Pelagian shelf to be part of the southern margin of the Ionian
Basin (Figure 12a). Constraints on crustal thickness are solely derived from indirect methods (e.g., gravity inver-
sion; Cowie & Kusznir, 2012). The thick sediment deposition evidenced offshore Tunisia indirectly suggests a
significant crustal thinning (Figure 12a; Frizon de Lamotte et al., 2011; Raulin et al., 2011). A thick sedimentary
cover is also observed over the Pelagian shelf (Jongsma et al., 1985) even if crustal thinning seems less important
toward the Malta escarpment (Figure 12a; see global map in Cowie & Kusznir, 2012). Field observations in
Tunisia (Talemzane Arch and Jeffara plain) combined with seismic interpretations in the Ashtart-
Tripolitania graben suggest that the main rift event occurred during the Late Triassic to Early Jurassic
(Frizon de Lamotte et al., 2011; Raulin et al., 2011; Figure 12a). A renewed episode of rifting occurred offshore
Tunisia and over the Pelagian shelf during the Early Cretaceous (Jongsma et al., 1985). Neogene transtensional
motions resulted in the formation of the Malta, Linosa, and Pantellaria rift basins over the Pelagian platform
(Figures 3 and 12a; Casero & Roure, 1994; Chamot-Rooke, Rangin, et al., 2005; Jongsma et al., 1985).

The Malta and Apulian margins both show an abrupt morphological transition to the Ionian Basin. This led
Frizon de Lamotte et al. (2011) to interpret the Malta escarpment as a transform boundary accompanying
the opening of the Ionian Basin and more generally consistent with NW-SE trending segments of the southern-
most Tethyan margin. Based on recent refraction data (Dellong et al., 2018), the sharp morphology of the Malta
escarpment coincides at depth with a sharp crustal neck occurring within ~20-km distance (Figure 12a). No
refraction data are available on the Apulian side, but the abrupt linear trend of the margin, despite reshaping
during the Messinian erosion, is preserved. Refraction data of Dellong et al. (2018) also image a sharp ocean-
continent transition and the tabular architecture of the Ionian crust. Our section runs south of the Alfeo-
Etna fault system (Figures 1 and 3; Polonia et al., 2016) commonly interpreted as a STEP fault (Cernobori et al.,
1996; Hirn et al., 1997; Argnani et al., 2002; see review in Gallais et al., 2013) and consequently does not show it.
Polonia et al. (2016) suggested an alternative location for the STEP fault farther east, at the location of the Ionian
fault system (Figures 1 and 3). Evidence of rifting is recorded in the Late Triassic-Early Jurassic units over the
Malta and Apulian margins (Figures 5 and 6), while the first sedimentary sequence mapped over the Ionian
Basin is latest Early Jurassic to Middle Jurassic in age (Figures 6 and 8).

6.2. Sirte and Ionian Basins (Transect 2)

6.2.1. Geological and Geophysical Constraints for Transect 2

Transect 2 extends from the onshore Sirte Basin to the Hellenic subduction system. Onshore, the architec-
ture of the Sirte Basin is based on studies by Abadi et al. (2008) and Abdunaser and McCaffrey (2014).
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The offshore crustal and stratigraphic architecture is less constrained. Here we rely on the MS22 seismic
profile (Finetti & Morelli, 1972), also using the work of Del Ben and Finetti (1991). The transition from
the Sirte to the Ionian Basin across the Cyrenaica Ridge is further constrained by observations from the
ARCHIMEDE 7 seismic profile (Figure 7). The structure of the Ionian Basin sequences and their integration
in the Mediterranean accretionary wedge is based our interpreted IMERSE 5 seismic profile (Figure 9). The
transition toward the Hellenic subduction system is based on the work of Truffert et al. (1993). The Moho
depth is well constrained in the vicinity of the ESP 19 and 6 by a refracted phase at ~18- to ~19-km depth
(Le Meur, 1997; de Voogd et al., 1992).

6.2.2. Key Observations and Interpretations

We consider the Sirte Basin to be part of southern margin of the Ionian Basin, east of the Medina escarpment
(Figure 12a). A significant change in crustal structure is observed from the onshore to the offshore Sirte
Basin (Figure 12b): Thinning was limited onshore, whereas the crust is locally less than 15 to 20 km thick
offshore (Figure 12b; Cowie & Kusznir, 2012). The main structures of the offshore Sirte Basin are clearly visi-
ble in the free-air gravity field (Figure 3b). Despite limited constraints on the timing of the offshore Sirte
Basin rifting, it is commonly accepted that the main rift event and associated subsidence occurred during
the latest Jurassic to Cretaceous (Abadi et al., 2008; Abdunaser & McCaffrey, 2014; Anketell, 1996;
Wennekers et al., 1996), explaining the thick sedimentary sequences evidenced along the transect
(Figure 12b). An earlier Triassic rift event is documented (Del Ben & Finetti, 1991; Massa & Delort, 1984;
Thusu, 1996; Wennekers et al., 1996), but this early event likely led to insignificant subsidence.

The Cyrenaica Ridge delimiting the Sirte and Ionian basins is mapped as a narrow structural high also show-
ing as a positive anomaly in the free-air gravity map (Figures 3b, 7, and 12b). The transition toward the deep
flat stratified sequences of the Ionian Basin in the Sirte Abyssal Plain is quite abrupt, occurring within a few
tens of kilometers (Figure 12b). This suggests a shear origin for the ridge itself, either as transtension or pure
transform. Immediately northeast of the Cyrenaica ridge, a set of large listric faults affects the upper sedi-
mentary cover (Upper Cretaceous to Tertiary). We infer that they root along the Albian horizon acting as
a décollement layer (Figures 7 and 12b). Since these faults are sealed by the base Tertiary (Figure 7), they
are likely Upper Cretaceous in age and possibly contemporaneous with the main rifting episode recorded
in the Sirte Basin. In addition to these listric faults, pre-Tertiary steep normal faults affect the entire pre-
Albian sequences.

Diachronous formation of the Ionian and Sirte basins is a key element of Transect 2 (Figure 12b). Rifting in
the Sirte Basin is early Late Cretaceous, while the first sequences flooring the Ionian basin are Early Jurassic
to Middle Jurassic. Farther to the northeast, upper sequences of the Ionian Basin are incorporated into the
Mediterranean accretionary wedge as the décollement level steps down from the Messinian unit at the toe of
the prism to deeper sequences (Figures 9 and 12; Truffert et al., 1993). The main décollement may locate
within the Albian shales (Ryan et al., 1982; Truffert et al., 1993) favoring the formation of duplexes within
the wedge (Reston, Fruehn et al., 2002).

6.3. Cyrenaica Margin and Ionian Basin (Transect 3)

6.3.1. Geological and Geophysical Constraints for Transect 3

Transect 3 extends from the Cyrenaica platform to the Calabria subduction. Much of this transect follows the
work of Frizon de Lamotte et al. (2011), although it is differently oriented to clarify the transition from the
Cyrenaica margin to the deep Ionian Basin. The shallow structure of the Cyrenaica platform and the Jabal Al
Akdar anticline relies on Arsenikos et al. (2013) and Martin et al. (2008). Stratigraphy is less well-constrained
offshore Cyrenaica and toward the Cyrene Seamount, and deeper structures at crustal level remain essen-
tially unknown. Projected MS 27 profile (Finetti & Morelli, 1972) and ARCHIMEDE Profiles 5 and 6
(Figure 10) are used across the Ionian Basin. First-order structure toward Calabria follows the interpretation
of Chamot-Rooke, Rangin, et al. (2005) and Polonia et al. (2016).

6.3.2. Key Observations and Interpretations

The sedimentary record of the Cyrenaica margin rifting has to be looked for offshore. However, the margin
was inverted during the Late Cretaceous and Middle to Late Eocene (Arsenikos, 2014; Arsenikos et al., 2013)
so that part of it is now exposed onshore (Figure 12c; e.g., Jabal Al Alkdar antiform). Significant thickening
of pre-Upper Cretaceous sedimentary has been found in wells (Arsenikos et al., 2013; Martin et al., 2008;
Yanilmaz et al., 2008) suggesting that some crustal thinning occurred onshore, although moderate
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(Figure 12c). Most of the crustal thinning occurred offshore and toward the Cyrene Seamount, interpreted as
a marginal high (Groupe-Escarmed et al., 1987). Two main rift events are described over the Cyrenaica mar-
gin. The older one is Triassic to Early Jurassic (Arsenikos, 2014; Keeley & Massoud, 1998; Yanilmaz et al.,
2008) contemporaneous with the formation of both the Talemzane Arch onshore Tunisia (Raulin et al.,
2011) and the Malta/Apulian margins (Figure 6 and 12). The second rifting occurred in the Early
Cretaceous (Arsenikos et al., 2013) in the range of age accepted for the Sirte Basin (Abadi et al., 2008;
Abdunaser & McCaffrey, 2014; Anketell, 1996; Wennekers et al., 1996). Limited constraints are available
to unravel the transition from the Cyrene Seamount to the deeper Ionian Basin, but part of the structuration
of the Cyrene Seamount seems to have occurred in the early Late Cretaceous as recorded by a correlative
deepening of the depositional environments (Figure 4; Biju-Duval et al., 1982; Charier et al., 1987;
Groupe-Escarmed et al., 1987). The oldest sequences that can be mapped across the entire transect are late
Early Jurassic to Middle Jurassic (Figures 10 and 12c), although sequences as old as Triassic to Early Jurassic
might be preserved close to marginal highs such as the toe of the Cyrene Seamount.

This transect crosses the Miocene compressive structures previously mapped near the Medina Seamount and
south of the Cephalonia fault (Figure 3) in the Ionian Abyssal Plain (Chamot-Rooke, Rangin, et al., 2005;
Gallais et al., 2011; Pagot et al., 1999). We show here that the same deformation is observed farther south
within the Sirte Abyssal Plain, although less severe (ARCHIMEDE 6, Figure 10). Reverse faults, roughly
oriented NE-SW, have been interpreted as inverted oceanic normal faults (Gallais et al., 2011). Inversion,
clearly recorded by pre-Messinian wedged syntectonic sequences, could be Tortonian (Chamot-Rooke,
Rangin, et al., 2005; Gallais et al., 2011), contemporaneous with the fast phase of opening of the
Tyrrhenian Basin. Based on some compressive deformation observed offshore Tunisia, Roure et al. (2012)
proposed an older late Oligocene age. However, this would require a condensed Miocene section, which
sounds quite improbable taking into account that the Miocene is the time of construction of the nearby
Mediterranean Ridge and progressive burying of the African plain. Farther to the southeast, toward the
Sirte Abyssal Plain, sequences as young as Messinian are deformed, suggesting that compressional deforma-
tion continued during the early Messinian (Figures 10 and 12).

7. Discussion
7.1. Age of the Ionian Basin

The correlation of sedimentary sequences across the Ionian Basin combined with the age calibrations con-
ducted at the adjacent margins constrains the age of the Ionian Basin to the late Early Jurassic to Middle
Jurassic time. This age is compatible with the deepening of the paleobathymetries documented along the
Malta escarpment (Biju-Duval et al., 1982; Charier et al., 1987) and within the Apulian platform
(Figure 5). This major subsidence was accompanied with the widespread occurrence of Middle to Late
Jurassic pillow lavas and basalts over the Malta shelf and escarpment (Biju-Duval et al., 1982; Charier
et al., 1987). We relate this volcanism to the onset of oceanic spreading in the Ionian Basin. The
Cyrenaica margin was already deep in Middle Jurassic time, but we could not calibrate the onset
of subsidence.

The age suggested in this work is compatible with the geophysical data available in the Ionian Basin and
expected to depend on the age of lithosphere, that is, surface heat flow and depth to the basement. The mean
heat flow of the Ionian Basin is 36 or 44 mW/m? once crudely corrected from sedimentation effects (details of
the calculations can be found in Chamot-Rooke, Rangin, et al., 2005). This is colder than the mean 50 +
10-mW/m? heat flow reported for old (120 to 160 Ma) oceanic lithosphere; Parsons & Sclater, 1977; Stein
& Stein, 1992). The calculated unloaded Ionian basement depth would be between 6,700 and 7,000 m, a
value deeper than the mean ocean floor depth reported for the oldest oceanic lithosphere (5,600 + 500 m;
Stein & Stein, 1992). Surface heat flow values and depth to the basement are thus not incompatible with a
Lower Jurassic to Middle Jurassic oceanic lithosphere flooring most of the Ionian Basin, providing cooling
and subsidence follow a square root of age relation with time (half-space cooling model rather than plate
model) in an overall cold mantle environment (African Panafrican basement).

The late Early Jurassic to Middle Jurassic age suggested in this work is younger than the preferred age
derived from magnetic modeling by Speranza et al. (2012), but not incompatible. Speranza et al. (2012)
pointed out that any reverse polarity models in the range 290-190 Ma could reproduce the main magnetic
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Figure 13. Comparison between the (a) oceanic (fast versus slow/ultraslow) versus (b) thin continental crust hypothesis based on information on the velocity struc-
ture of the Ionian Basin. Each hypothesis is associated with simplified logs showing interpreted lithologies that could explain the observed velocity structure. One-
dimensional velocity models are based on ESPs results (Le Meur, 1997) and extracted from the DYP1 refraction profile (Dellong et al., 2018). Blue-shaded area
represents the velocity envelope from mature Atlantic-type oceanic crust (144-170 Ma, White et al., 1992). Pink-shaped area corresponds to the velocity envelope of
oceanic crust found at slow-spreading ridges as compiled by Grevemeyer et al. (2018). Green-shaded area corresponds to the velocity envelope of serpentinized
mantle presented by Dean et al. (2000). Brown-shaded area represents the velocity envelope compiled by Prada et al. (2015) for thin continental crust. Dashed light-
brown curve represents the 1-D depth-velocity profile determined by Muller et al. (1997) near the Atlantic II fracture zone close to drilled gabbroic bodies.

feature observed in the Ionian Basin. They selected the predominantly reverse polarity interval of Carnian
time (E8r-E12r, 227 to 219 Ma, Figure 2), but the younger Norian/Rhaetian period of dominantly reverse
intervals (E17r-E20r, 205 to 210 Ma, Figure 2) could equally fit (chrons are from Kent & Olsen, 1999).
Latest Triassic and earliest Jurassic times comprise predominantly normal polarity intervals (Kent &
Olsen, 2008), but one long-enough reverse interval is present in all of the early Jurassic stages
(Sinemurian, Pliensbachian, and Toarcian, from 195 to 175 Ma, Figure 2). In contrast, these ages are
definitely different from the 340-Ma age proposed by Granot (2016) for the Herodotus Basin, based on the
limited information contained in the skewness of one single prominent magnetic anomaly. We cannot
totally rule out that the three main basins (Ionian, Herodotus, and Levant) were formed at different ages
(as suggested for the Levant and Herodotus basins in Segev et al., 2018), but stratigraphic similarities
along the entire southern margin argue for a common origin. The eastern Mediterranean is clearly
lacking a good knowledge of the magnetic field at short wavelength to resolve relationships between basins.
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7.2. Nature of the Ionian Crust

The nature of the Ionian Basin crust is a long-lasting debate. Despite the absence of undisputedly recognized
magnetic lineations, most authors seem to prefer the oceanic interpretation. Until recently, crustal thickness
remained the only argument, rather than the velocity structure of the crust itself. Potential methods (gravity
inversion and magnetics) reached two important conclusions for the Ionian Basin: (1) The crust is thin (<10
km), regardless of its nature (Cowie & Kusznir, 2012), and (2) magnetic modeling requires an oceanic-type
magnetization (Speranza et al., 2012). Direct evidence for thin crust (i.e., seismic) has been obtained for the
Ionian and Sirte abyssal plains (Dannowski et al., 2019; de Voogd et al., 1992; Lallemant et al., 1994; Le
Meur, 1997; Truffert et al., 1993), as well as offshore Sicily and across the Malta escarpment (Dellong
et al., 2018; Makris et al., 1986; Nicolich et al., 2000).

We tested the velocity structures of the ESPs for both continental and oceanic origin (Figure 13) using the
models of Le Meur (1997) and our interpreted top basement (i.e., top of the 6.2 km/s for ESP 4 and consider-
ing 750 m of sediments as part of the 6 km/s for the ESPs 5, 6, and 19). Following many others, and based on
our age calibration, we conclude that the thin Ionian crust shows similarities with old oceanic crust (Lower
to Middle Jurassic), at least where ESP data are located. Results from recent wide-angle seismic experiments
(Dannowski et al., 2019; Dellong et al., 2018) confirm the oceanic nature of the Ionian crust, discarding the
continental crust hypothesis east of the Malta escarpment and north of the Medina Seamount where they
interpret the location of the ocean-continent transition.

However, the results also suggest that the Ionian Basin basement may not be standard oceanic crust, since high
velocities prevail in the upper part of the crust where oceanic layers 2A/B are expected (Figure 13). The
observed crustal velocities are on the higher side of global compilations (Grevemeyer et al., 2018; White
etal., 1992), perhaps because these compilations do not include oceanic crusts as old as the one considered here.
The evolution of the petrophysical properties of the oceanic crust with time is poorly constrained. Porosity in
basalts is expected to decrease with age due to porosity closure (Carlson & Herrick, 1990), an effect likely to
affect the velocity gradient generally observed in oceanic Layer 2. Velocities higher than 5 km/s and up to 6
km/s in the uppermost oceanic crust have been measured in several basins, such as the Algerian Basin (Aidi
et al., 2018), the Tagus Abyssal Plain (Afilhado et al., 2008), or the volcanic slow-spreading segments of the
Labrador Sea (Delescluse et al., 2015). These atypical velocities were interpreted as evidence for slow-spreading
environments, and in the case of the Labrador Sea, slow- to ultraslow-spreading rates were actually proven (see
synthesis in Delescluse et al., 2015). The oceanic crust formed at slow- to ultraslow-spreading centers tends to be
a mix of partly serpentinized mantle and intrusive gabbroic plutons (Figure 13; Cannat, 1996). The exposure of
gabbroic intrusions at the seafloor may explain local higher velocities in the upper oceanic crust (Figure 13)
close to fracture zones (Muller et al., 1997). Serpentinite diapirs near fault contacts (Polonia et al., 2017), and
atypical velocity structure (Dellong et al., 2018), led these authors to suggest that the Ionian oceanic crust
formed at a slow-spreading ridge. The atypical Ionian crust may thus relate to both initial slow-spreading
regime and postaccretion evolution with aging. Furthermore, the Ionian Basin likely formed subsequent to
breakup in an overall cold environment (Panafrican Basement). The absence of constraint on spreading rate
estimates prevents a direct confirmation of the slow-spreading hypothesis.

7.3. The Ionian Basin in the Context of the East Mediterranean Evolution

7.3.1. Kinematic Context

Paleomagnetic studies found no clear evidence for differential rotation between Adria and Africa since the
Early Cretaceous time, with the exception of a modest post-Eocene counterclockwise rotation (Channell,
1996; Rosenbaum et al., 2004; Van Hinsbergen et al., 2014). Adria and Africa actually seem to share the same
paleomagnetic poles since the Early Permian, although this conclusion is based on a limited number of
samples for parautochthonous Adria (Muttoni et al., 2013). Paleolatitudinal shift between Adria and
Africa is difficult to extract from paleomagnetism, which is inherent to the relatively small north-south
extent of the Ionian Basin. Treating Adria as one single rigid block has proven to be challenging in the
paleoreconstructions of the Alpine domain (Le Breton et al., 2017; Van Hinsbergen et al., 2014). If attached
to Africa, Adria remains too far south (see discussion in Handy et al., 2010, and Le Breton et al., 2017). A
number of scenarii thus include post-Eocene NE-SW extension between Adria and Africa, which would
require intraplate deformation of the Ionian Basin lithosphere amounting to 60 to 420 km. The reverse fault
system that reactivated the spreading fabric of the Ionian Basin near the Medina Seamounts (or Medina
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Figure 14. Tectonic context related to the formation of the Ionian Basin during Middle Jurassic time. The Ionian Basin formed during a late propagation of the Neo-
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Jurassic time. Modified after Frizon de Lamotte et al. (2011), Guiraud et al. (2005), and Leprétre et al. (2018).

Ridge) may have accommodated a component of strike slip, but no clear evidence for extension within the
basement has been found so far. If at all present, Neogene intraplate deformation may be buried beneath the
Calabrian or Mediterranean wedges or, alternatively, Adria may have been fragmented into several blocks,
both hypothesis being evaluated in Le Breton et al. (2017).

Our age calibrations suggest that the Ionian Basin formed in the late Lower Jurassic to Middle Jurassic after
a Triassic to Lower Jurassic rifting phase recorded over the adjacent margins (Figure 5). This timing overlaps
with the age of the opening and propagation of the Central Atlantic oceanic basin, which separated North
America/Europe from the African plate (Biari et al., 2017; Labails et al., 2010). A crucial constraint for the
kinematics of opening of the Ionian Basin, and more generally for the opening of the eastern
Mediterranean Basins, is thus the relative motion of Africa with respect to Eurasia. The post-Cretaceous
motion is quite well constrained using the magnetic anomalies of the Central Atlantic, in contrast to the
Jurassic stage. The Ionian Basin opened during an overall left-lateral motion of Africa relative to Europe
in relation with the opening of the Central Atlantic (Figure 14). According to Rosenbaum et al. (2004), trans-
current left-lateral motion was active between 175 Ma and anomaly MO (120 Ma), after which Africa started
to converge toward Eurasia. We speculate that this motion actually started with the early rifting of the
Central Atlantic, that is, around 200 Ma (Sinemurian, Labails et al., 2010). The rifting of the Central
Atlantic, left-lateral motion of Africa with respect to Eurasia and opening of the Ionian Basin are thus con-
temporaneous events. The corollary to this timing is that the early direction of the eastern Mediterranean
Basins opening had to be compatible with the sense of shear, that is, NW-SE directed (Chamot-Rooke
et al., 2005; Barrier et al., 2008; Frizon de Lamotte et al., 2011). This opening direction is compatible with
the observed narrowness of the Malta margin (Dellong et al., 2018) and to some extent of the Apulian
margin, interpreted as formed in a transtensional to transform setting (Figure 12). The details of the segmen-
tation and the associated partitioning of the deformation between transform, oblique, and orthogonal
segments remain to be established in the Ionian Basin, but we can nevertheless conclude that the Malta
and Apulian segments were initially not conjugate margins. The NW-SE direction of opening is now firmly
established for the Levant and Egyptian margins at the same period (Gardosh et al., 2010; Garfunkel, 1998,
2004; Tassy et al., 2015). Le Pichon et al. (2019) recently proposed an end-member solution to this overall
NW-SE opening of the eastern Mediterranean Basins. The eastern Mediterranean would have opened as a
pull-apart between two major strike-slip faults, one running along the North African margin and the other
following the Apulian escarpment and Hellenic margin. Rather than one single strike slip, our model sug-
gests a set of oblique but not parallel transfer faults along the northern margin of Africa (Figure 14;
Chamot-Rooke et al., 2005; Barrier et al., 2008; Frizon de Lamotte et al., 2011).

The coinciding opening of the Central Atlantic Ocean (Biari et al., 2017; Labails et al., 2010) and its propaga-
tion toward the Alpine Tethys where extension focused in the Middle Jurassic (Mohn et al., 2010, and
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references therein) may have inhibited any farther westward propagation of the Ionian Basin and eastern
Mediterranean Basins, in general, during the Late Jurassic (Figure 14). In that sense, the Ionian Basin,
and possibly Herodotus Basin, represents narrow short-lived oceanic basins recording the formation of a
transient plate boundary between Africa and Adria during the cessation of the Neo-Tethys propagation
(Frizon de Lamotte et al., 2011). The junction between the Ionian Basin and Alpine Tethys at the end of
spreading during the Late Jurassic is poorly documented and currently debated. The two systems could be
connected through an oceanic passway (Frizon de Lamotte et al., 2011). However, the discovery of
Tithonian to Late Cretaceous Gondwanian dinosaur tracks in the Apulian platform supports the presence
of a narrow continental block connecting the African and Adriatic plate (Bosellini, 2002; Zarcone
et al., 2010).

7.3.2. Impact of the Lower Cretaceous Extension

The Lower Cretaceous to early Upper Cretaceous rift event recorded over the Cyrenaica margin (Arsenikos
et al., 2013), the Sirte Basin (Abadi et al., 2008), and basins onshore Tunisia (Gabtni et al., 2013; Figure 5)
seems to have had a limited impact within the Ionian Basin itself (Figure 12). In the deep offshore, normal
faults that recorded this event are restricted to the Sirte Abyssal Plain close to the transition with the Sirte
Basin (Figures 7 and 10-12b). Most of these faults seem to root onto the Albian-Aptian shales, accommodat-
ing a limited amount of finite motion. The same type of structures is reported along the Egyptian margin
close to the margin edge (Tari et al., 2012). Steckler and ten Brink (1986) addressed this type of selective reac-
tivation close to former continental margins, with a specific application to the Levant margin. The strength
of the lithosphere is minimum on the landward side of the hinge zone, whereas regions cored with mantle
(i.e., where low-strength crust was replaced by high-strength mantle through stretching) remain rigid,
including the oceanic lithosphere itself. Cretaceous rifting mainly involved parts of the margins that were
previously weakly thinned during the Late Triassic-Early Jurassic rifting, while the Ionian Basin itself
remained untouched, as predicted in Steckler and ten Brink model. An interesting implication is that the
Ionian Basin lithosphere had already acquired sufficient strength at the time of the rejuvenation of the
margin (Cretaceous), which would require more than ~60-My thermal equilibration (Leroy et al., 2008;
Naliboff & Buiter, 2015). This is again fully compatible with the ages we propose. An additional structural
explanation for the lack of significant Ionian Cretaceous deformation is that the original structures were
inappropriately oriented relative to the N-S Cretaceous extension direction (Dercourt et al., 1993; Frizon
de Lamotte et al., 2015; Jolivet et al., 2015), except in the vicinity of the approximately E-W trending
Cyrenaica ridge (Figures 7 and 10-12b). Rheological and structural hypotheses are not mutually incompati-
ble. At a regional scale, multiphase rifting with tectonic quiescence in between results in the individualiza-
tion of continental ribbons along the margins (Naliboff & Buiter, 2015; Steckler & ten Brink, 1986). We infer
that the Cyrenaica Ridge at large is one of these ribbons that more or less escaped the Cretaceous Sirte rifting.

8. Conclusions

Reexamination of wells, dredges, and dives data obtained at platforms and escarpments surrounding the
Ionian Basin provides the basis for a comprehensive stratigraphic framework, which is extended to the deep
offshore using both reflection and wide-angle seismic data. Calibration of the deepest reflectors and correla-
tion of regional horizons allow us to build new regional geological transects across the entire basin, from the
shallow African margin to the two wedges that now drape the Ionian Basin, that is, the Calabrian prism and
the Mediterranean Ridge. Our main results are the following:

1. The Ionian Basin formed during the late Early Jurassic to Middle Jurassic following a Late Triassic to
Early Jurassic rifting. Previous episodes of extension shaped the African margin but did not lead to sig-
nificant thinning and subsidence. Summing up geophysical and geological arguments (crustal thickness,
velocity structure, magnetics, heat flow, depth to the basement, distribution of tilted continental blocks,
continuity of the deep basement reflectors, and style of reactivation), the deep basin is floored with ocea-
nic crust of Jurassic age, possibly sharing similarities with slow-spreading ridges. Analogues of such an
old oceanic lithosphere are scarce, and the postspreading petrophysical evolution toward old ages
remains unknown.

2. The Ionian Basin rifting is contemporaneous with the Late Triassic-Jurassic rifting along the Levant
margin, while the early seafloor spreading is contemporaneous with that of the Central Atlantic. The
Tonian Basin, and most probably all three main eastern Mediterranean Basins (Ionian, Herodotus, and

TUGEND ET AL.

28



~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Tectonics 10.1029/2018TC005472

Acknowledgments

This paper is a contribution of the
Groupe Recherche Industrie (GRI)
South Tethys margin, a research
agreement between TOTAL on one
hand and the Geological Laboratory of
Ecole normale supérieure in Paris
(CNRS/PSL Research University); the
Université Pierre et Marie Curie
(UPMC), now Sorbonne Université;
and the Université de Cergy-Pontoise
(UCP) on the other. We thank G.
Karner, C. Johnson, and M. Delescluse
for stimulating discussions in an early
stage of this work; A. Polonia, F.
Klingelhoefer, and an anonymous
referee for thoughtful reviews; and T.
Schildgen for her detailed edition of the
paper. GMT (Wessel et al., 2013) and
QGIS (QGIS Development Team, 2015)
free softwares were used in this work.
Satellite gravity was extracted from
Sandwell et al. (2014) files and global
topographic grid from Becker et al.
(2009); both are freely available from
the website of the UCSD (https://topex.
ucsd.edu/WWW_html/srtm30_plus.
html). Logs from the Grifone 1, Puglia
1, and Aretusa 1 wells are available
from the VIDEPI Project, 2016n.d.
(http://unmig.sviluppoeconomico.gov.
it/videpi/en/pozzi/pozzi.asp).

Levant), opened as a transient secondary branch of the Neo-Tethys halted with the formation of the
Alpine Tethys (Frizon de Lamotte et al., 2011). These openings accompanied the left-lateral motion of
Africa with respect to Europe that started at the onset of Atlantic breakup, while shearing was accommo-
dated as oblique transcurrent faults along the margin of Africa. The exact kinematics (rate, geometry,
relationships between basins, and reconstructions) remain to be quantified.

3. The Ionian crust and margins recorded postspreading deformation probably related to changing force
balance at northern subductions (Hellenic and proto-Hellenic and Calabrian) with successive periods
of oceanic subduction (slab pulls) and continental collision or resistance to subduction. These include
the Cretaceous opening of the Sirte Basin, subsequent inversion in the Late Cretaceous and late
Eocene offshore Cyrenaic, and, finally, Miocene to recent inversion along the Medina Ridge. Sirte exten-
sion and inversions seem to have reactivated former structures in a selective way, depending on stress
orientation and rheology. Inland Sirte opening isolated the marginal Cyrenaica Ridge, Cretaceous and
Eocene compressions rejuvenated large-scale rift structures, while the most recent Miocene compression
reactivated the oceanic spreading fabric within a narrow corridor offshore Calabria. In all cases, finite
deformation remained small, pointing to a rigid deep Ionian Basin that escaped dislocation through time
and remained a structuring backbone of the eastern Mediterranean.
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