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Abstract

Tectono-stratigraphic analysis coupled with digital 3D surface modelling derived from high-
resolution seismic profiles is performed along a narrow turbidite basin offshore E-Sicily to increase
understanding on the processes that contributed to the shaping of the Western lonian Basin. Seismic-
reflector patterns of the identified Pliocene-Quaternary sequence point to syn-depositional
deformation during the Pliocene associated with the simultaneous activity of regional faults and
underlying ductile units. Long-wavelength sediment fanning results from the extensional activity of
the Malta Escarpment faults. Conversely, internal reflector architecture and lateral terminations
indicate localized subsidence associated with the growth of uprising structures in the easternmost part
of the basin. Lateral shifting of basin depocenters is in line with withdrawal effects observed in basins
floored by ductile units (salt or shale). 3D modelling of time-reference surfaces highlights sub-
circular depressions associated with nearby structural culminations. This pattern is similar to salt-
withdrawal minibasins commonly reported in evaporite-floored basins. Accordingly, salt
migration/flow triggered by sediment loading, locally enhanced by fault activity, is proposed as the
process controlling basin evolution during the Pliocene in the Western lonian Domain. Nevertheless,

the possibility of shale/mud tectonics as ductile source of deformation cannot be discounted.
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1. Introduction

Patterns of sedimentation within basins formed along continental margins are generally governed by
a number of factors among which regional tectonic instability and climate changes may play a
significant role. Apart from these large-scale processes, other local factors such as basin-bounding-
fault activity, subsidence by sediment loading, and the occurrence of mobile material in the
sedimentary record may also control the internal architecture of a basin (Gemmer et al., 2004; Wood,
2010; Ge et al., 2020; Rojo et al., 2020). In basin analysis, discriminating between these factors is
however challenging and additional methods and approaches are required to address the issue. When
combined in a suitable workflow, subsurface imaging along with 3D modellingmay help in this regard
providing powerful tools to (i) successfully interpret the tectono-stratigraphic evolution of a basin
and (ii) discriminate between processes that have contributed to the final basin architecture.

The Calabrian Accretionary Wedge (hereinafter CAW), in the eastern Mediterranean Basin
(Fig. la and b), formed during the Nubia-Eurasia plate convergence in response to the subduction of
the lonian oceanic lithosphere beneath the European margin (Minelli & Faccenna, 2010; Polonia et
al., 2011). The wedge is currently sandwiched between the Calabrian backstop (upper plate) to the
North and the still underplating lonian crust (lower plate) to the South (see schematic cross-section
in Fig. 1e). Within this framework, the CAW has been internally deformed and pushed toward the
African foreland. The migration of the CAW outer front is favoured by the occurrence of Messinian
evaporites that act as a basal detachment (see Minelli & Faccenna, 2010; Valenti, 2010; Polonia et
al., 2011).

The CAW presently forms a large (250 x 250 km-wide) fold and thrust system in the lonian
Sea where sediments, scraped from the top of the descending lonian oceanic crust, have been
tectonically stacked (in the last 6-5 Myr, see Gutscher et al., 2016), giving rise to a complicated
tectono-stratigraphic setting of the accretionary wedge. According to available literature (Minelli &
Faccenna, 2010; Polonia et al., 2011; Gallais et al., 2012), the wedge is divided into an inner and

outer part: the Pre-Messinian wedge and the Post-Messinian wedge respectively (Fig. 1a). The Pre-
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Messinian wedge includes stacks of Mesozoic-Tertiary units migrating over a basal detachment at
the top of the Mesozoic carbonates. Conversely, the more advanced post-Messinian wedge is formed
of Plio-Quaternary units confined at depth by a basal detachment located within the Messinian
evaporites (see Valenti, 2010 and schematic cross-section in Fig. 1e).

The CAW front, currently about 250 km SE from the Calabrian backstop, exhibits a lobe-
shaped geometry and it is surrounded by foredeep basins such as the lonian Abyssal Plain in the South
(Tugend et al., 2019; see Fig. 1a). Here, youngest basin-fill sequences, drilled at DSDP Site 374 (Hsu
et al., 1978), consist of Messinian evaporites and Pliocene-Quaternary terrigenous and turbidite
sediments. A still unshortened branch of the foreland basin also occurs to the West of the CAW front
in the near-offshore of Eastern Sicily (see Fig. 1b and schematic cross-section in Fig. 1d). This
roughly N-S elongated marine basin, named the ‘Turbidite Valley’ (Gutscher et al., 2016; Rebesco et
al., 2021, Fig. 1b), is filled by Pliocene-Quaternary turbidite sediments with evidence of E-W
extension rather than compression (as might be expected close to the front of the wedge). Sequential
restoration analysis previously performed over the turbidite basin (Gambino et al., 2022a) indicates
an uneven deformation rate during the Pliocene. A diffuse extensional strain, in the order of 0,2-0,4
mm/yr, affected the basin during the Messinian-lower Pliocene transition and decreased over-time
before strain localized on major faults (Gambino et al., 2022a). This anomalously high extensional
rate in the early stage of basin shaping was thought by these authors to be caused by plastic
deformation occurring in the basin-flooring Messinian units, although this topic was not addressed in
detail.

Internal adjustment of basins due to migration of ductile units (e.g., salt or shale) driven by
sediment loading have been widely observed around the globe (Ge et al., 2020) and in the
Mediterranean domain as well (Loncke et al., 2006; Reiche et al., 2014; Soto et al., 2022). The
occurrence in the sedimentary sequence of salt and shales/mud (Barreca, 2014; Butler et al., 2014;

Polonia et al., 2017; Dellong et al., 2020), buried under a significant thickness of sediments (as in the
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case of the CAW surrounding basins), may play a significant role on the patterns of sedimentation
and deformation within the basin.

Our goal in this study is to understand if non-tectonic processes have operated in the shaping
of the Western lonian Basin, and if so, how they have affected detailed stratigraphic geometries. We
address this issue via a targeted analysis of seismic reflector patterns performed over parts of a set of
previously interpreted high-resolution seismic lines (see Gambino et al., 2021, 2022 a,b), which were
also exploited as baseline findings to support the novel outcomes from the present paper. We also
present additional basin analysis generated by 3D modelling of time-reference surfaces which enables
a better insight into the spatial-temporal deformation experienced by the basin. This combined
approach allows us to now depict the Pliocene evolution of the turbidite basin in relation to flow of
viscous material under increasing sediment loading. This study also opens stimulating research
perspectives that may enable future investigations in the Mediterranean area focussing on large salt-
shale floored basins where the impact of flowing ductile material on sediment patterns and fault

nucleation/activity is still poorly explored.

(Please insert Fig.1 here)

2. Geological setting

2.1. General outlines

The lonian Basin is a remnant of a Mesozoic oceanic domain connected to the Permo-Triassic
opening of the Neo-Tethys Ocean (Sengor, 1979), and it is considered the oldest sea rooted by an “in
situ” oceanic crust (Speranza et al., 2012; Dannowski et al., 2019). The lonian oceanic lithosphere
began to subduct beneath the European margin 35 Ma ago (Malinverno & Ryan, 1986; Jolivet &
Faccenna, 2000). After that, subduction was characterized by slab roll-back, trench migration toward
the SE, and opening of large back-arc basins (see Faccenna et al., 2014 and references therein). All

of these geodynamic processes finally contributed to the intricate tectonic evolution of the
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Mediterranean region. Lateral tearing ( Govers & Wortel, 2005; Barreca et al., 2016; Gutscher et al.,
2016) also accompanied roll-back dynamics leading to the progressive narrowing of the subducting
lonian slab (Schellart et al., 2007; Rosenbaum et al., 2008). The active portion of the subduction
system is currently confined between southern Calabria and north-eastern Sicily (Scarfi et al., 2018).
Migration toward the African foreland of the Calabrian backstop, along with subduction of the lonian
lithosphere, have led to the shaping of a large accretionary prism in the lonian Sea, the Calabrian

Accretionary Wedge (CAW, see Fig. 1).

The CAW, emplaced between the Apulian margin to the NE and the Malta Escarpment in the
SW, consists of a stack of SE-verging thrust sheets made up of Mesozoic-Cenozoic sediments
originally deposited over the lonian oceanic domain (Finetti, 1982; Cernobori et al., 1996; Catalano
et al., 2001). Pliocene-Quaternary sedimentary units are deformed and piled-up along the more
advanced portion of CAW where they form a relatively shallow fold and thrust system (Polonia et
al., 2011). Tectonic shortening is here mostly accommodated along a basal detachment favoured by
the occurrence of thick evaporitic layers. To the West, the CAW is bounded by the Malta Escarpment
(hereafter MESC), a 300 km-long structural discontinuity inherited from the Permo-Triassic
paleogeography (Scandone, 1981) along which the Mesozoic Hyblean sequences were stretched and
strongly down-faulted. The MESC hanging-wall basin was later filled by Cenozoic sediments (
Micallef et al., 2018; Dellong et al., 2020; Rebesco et al., 2021) and currently it forms a narrow (7-
10 km wide) and long (>50 km) corridor confined between the front of the CAW and the MESC slope
(Gutscher et al., 2016; Micallef et al., 2018; Gambino et al., 2021; Rebesco et al., 2021). The turbidite
basin can be considered part of a foreland basin controlled by the activation of normal faults in the
lower plate of the collisional system. Seismic imaging across the basin (Gutscher et al., 2016; Micallef
et al., 2018; Rebesco et al., 2021), along with sediment waves found at various depths, (see Fig. 3b),
reveals it as a Pliocene-Quaternary turbidite system mostly fed from the North. Another sediment
source is represented by the steep MESC slope (Fig. 1c) as testified by Pliocene-Quaternary sediments

dredged and cored along it (Scandone, 1981).
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The turbidite basin is internally deformed by extensional tectonics (Gutscher et al., 2016;
Gambino et al., 2021, 2022b), and has escaped compression related to the CAW front. The
advancement in the area (toward the West) of the CAW front was probably inhibited by inherited
NE-dipping, Meso-Cenozoic extensional structures bordering the Alfeo Seamount block to the NE
(see Maesano et al., 2020). These inherited structures were reused during Quaternary times by the
propagation of a large NW-SE trending wrench fault system (North Alfeo Fault, NAF, see Gutscher
et al., 2016 also known as the Alfeo-Etna Fault, Polonia et al., 2016; Gambino et al., 2022b - Fig. 1)
that currently represents a boundary between the contractional domain of the wedge (to the East) from
the extensional one (to the West). According to available literature (Butler et al., 2014; Micallef et
al., 2018; Camerlenghi et al., 2020), a ~1 sec. T.W.T.-thick evaporite layer flooring the investigated
basin is inferred from geophysical data. Wide-angle seismic data across the Western lonian Basin
(Dellong et al., 2018), also reveals the occurrence of a high seismic velocity body (‘4.3 km/s) at a

depth of 3-6 km that is interpreted as 1-2 km-thick evaporite layer.

2.2. The MESC fault activity

The MESC faults, bounding the turbidite basin to the west (Fig. 1b), have been the focus of
investigations in the past decades due to their seismotectonic nature and associated hazards
(Scicchitano et al., 2022 and references therein). At the base of the MESC slope, a 250 m-high scarp
has been produced by the activity of three main fault splays (F1, F2 and F3 referred as MESC faults,
see Gambino et al., 2021). The recent activity of MESC faults has been highlighted by offshore
geophysical data that shows steep fault scarps and Pliocene-Pleistocene sediment thickening
(Scandone, 1981 and references therein). Further investigations in the early 2000s (Bianca et al.,
1999; Argnani & Bonazzi, 2005), provided insights on the seismotectonics and fault tectonic rates
deforming the Western lonian basin. According to last authors, the Quaternary reactivation of the
MESC involved only the northern portion of the MESC discontinuity with an estimated vertical rate

up to 3.7 mm/yr. The kinematics of the MESC faults has been a matter of debate for the last 30 years
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following the December 13, 1990, M.=5.4 earthquake. Available focal mechanisms (Amato et al.,
1995) suggest left-lateral kinematics on a rougly N-S trending nodal plane. This trend generally
contrasts with the geodetic (D’Agostino & Selvaggi, 2004; Mattia et al., 2012; Palano et al., 2012),
structural (Monaco & Tortorici, 2000; Cultrera et al., 2015), and borehole breackout data (Ragg et
al., 1999; Montone et al., 2012), that suggest a right-lateral transtensional kinematics for the MESC
faults.

High-resolution seismic profiles and bathymetric data (Gutscher et al., 2016, 2017) provide a
better sub-seafloor imaging and seabed expression of the ~ 60 km long MESC fault system.
Exploiting these data, Gambino et al., (2021, 2022a) redefined faults vertical tectonic rates (i.e., 0.1-
0.4 mm/yr for the Pliocene, and 3 - 7 mm/yr for the Quaternary). The double-bell-shaped
throw/distance patterns computed for the three fault splays (F1, F2, and F3) , suggests that,during the
Messinian-lower Pliocene (see Fig.4a), each fault splay nucleated as two separated segments and

after, during the Quaternary, they merged into a single tectonic structure.

3. Data and Methods

High-resolution seismic lines from different marine expeditions (Poseidon cruise POS496, R/V
Poseidon, March—April 2016, see Krastel, 2016, and the CIRCEE-HR cruise, R/V le Suroit, October
2013, see Gutscher et al., 2016), have been used in our work to explore the sub-seafloor tectono-
stratigraphic setting of the turbidite basin. Seismic data acquisition and processing workflows are
reported in the quoted literature for detailed information. The two seismic datasets were integrated
with other published seismic lines (Argnani & Bonazzi, 2005; Argnani et al., 2012; Gutscher et al.,
2016; Polonia et al., 2016, 2017) to spatially cover the entire turbidite basin and to perform 3D
modelling. Tectono-stratigraphic interpretation over the seismic datasets was initially based on
seismic facies analysis (amplitude, lateral continuity, and frequency of internal reflectors) and then
on picking the main discontinuities bounding seismic units with homogenous seismic characters (see

section 4.1). A TWT/Depth conversion was then applied to all the interpreted seismic datasets using
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a velocity model achieved from available literature (Kokinou et al., 2003; Gallais et al., 2011; Butler
etal., 2014; Maesano et al., 2017; Micallef et al., 2018; Camerlenghi et al., 2020) and summarised in
Tab.1. The 2D linear discontinuities were spatially interpolated through common statistical methods
(Kriging) to obtain pseudo-3D surfaces of selected horizons (S2 and S3, see section 5). Seismic data
interpretation, TWT/Depth conversion, and 3D modelling were performed using the MOVE 2020.1

software package (Petex Ltd.).

4, Basin analysis of the Pliocene-Quaternary section

A detailed basin analysis was performed over the high-resolution seismic datasets with the aim to
better understand the tectono-stratigraphic evolution of the turbidite basin. The analysis was
particularly focused on the internal sedimentary pattern to achieve information on what controlled

the final shaping of the basin.
4.1. Seismo-stratigraphy

Interpretation of seismic profiles follows previous studies in the area concerning fault activity
(Gambino et al., 2021), and sequential restoration methods aimed at assessing the rate of crustal
extension in the area (Gambino et al., 2022a). According to the seismic facies analysis performed by
Gambino et al., (2021), four main seismo-stratigraphic units were recognized to have filled the
turbidite basin during the Pliocene-Quaternary. These seismic units, from the bottom to the top, are
Pre-MES, MES, PQ1 and PQ2 (Fig. 2a). The units are bounded by well-defined discontinuities
generally consisting of angular unconformities and/or erosive truncations (S1 to S4 in Fig. 2).
(Please insert Fig.2 here)

Pre-MES shows chaotic and locally transparent seismic facies with isolated highly reflective
bodies (Fig. 2a). The unit represents a paleo-slope (Malta Escarpment) on which the younger
sedimentary units lay with on-lap and/or off-lap terminations (Fig. 2a). The Pre-MES unit is truncated
upwards by the S1 discontinuity. Although the MES unit is a rather heterogeneous seismic marker,

some low- to medium-amplitude, medium frequency, sub-parallel- to chaotic and discontinuous
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reflectors are observed (Fig. 2a). Where the units get shallower (i.e., eastwards of NAF), a threefold
internal subdivision of the MES unit can be observed (see Fig. 6b). The upper portion is a transparent-
to chaotic seismic facies with a high-reflective top-surface. The central portion shows high-reflective
and sub-parallel continuous reflectors, while the lower portion again exhibits a transparent- to chaotic
seismic marker. The upper limit of the MES unit is an erosive and locally highly-reflective
discontinuity (S2) on which the upper units lay in para-conformity and/or onlap geometry (Fig. 2).
The PQ1 unit is characterized by low to high-amplitude, low-medium frequency, subparallel and
continuous reflectors. Within the turbidite basin, the unit PQ1 shows sediment waves at various
depths that indicate a turbiditic infilling of the basin with sediments coming mostly from the North
(Fig. 3, see also Rebesco et al., 2021). The PQ1 unit has been further subdivided in three sub-units
by Gambino et al.,, (2022a) (PQla, PQ1lb and PQlc) according to S3a and S3b bounding
discontinuities (Fig. 2a). The S3 discontinuity is interpreted as an erosive truncation separating PQ1
from the younger PQ2 unit. The PQ2 unit shows high-frequency, high-amplitude, continuous and
parallel reflectors that lays unconformably on the PQ1 and locally terminating with onlap geometry.
(Please insert Fig.3 here)

Despite the absence of drill data for the investigated section, seismic facies analysis along
with the stratigraphic position of seismic units allows correlation to chrono-stratigraphic sequences
drilled in similar marine setting along the lonian Basin (i.e., in the lonian abyssal plain, see Hsu et
al., 1978) and illuminated by seismic lines (Butler et al., 2014; Micallef et al., 2018; Camerlenghi et
al., 2020). Pre-MES seismic facies is coherent with carbonate sequences widely outcropping on land
(Hyblean Plateau) and sampled along the MESC slope (Scandone, 1981). The MES unit is interpreted
as Messinian deposits for its locally high-reflective top-discontinuity and internal chaotic- to layered
markers (Lofi et al., 2011). Moreover, the internal subdivision observed eastward of NAF (Fig. 6b)
resembles the threefold subdivision proposed by (Butler et al., 2014). The PQ1 unit correlates with
the PQb and PQc units by (Camerlenghi et al., 2020) and partially with the “Unit one” of (Micallef

et al., 2018). Moreover, the S3 discontinuity (top-PQ1), correlates with the erosional surface dated
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by Camerlenghi et al., (2020) at 650 ka (DSDP site 374 cores, (Hsu et al., 1978). In line with previous
studies, the PQ1 unit is interpreted as a Pliocene-Quaternary sediment section. The PQ2 unit, laying
on the S3 discontinuity, is therefore assumed to be Pleistocene-Holocene in age.

Among the recognized top-reflectors, the S2 and S3 horizons represent reliable time-
references since they correlate well with the top of evaporitic units (5.32 Ma, see Hsl et al., 1977;
Lofi et al., 2011) and with the'650 ka erosive discontinuity (Camerlenghi et al., 2020; Rebesco et al.,
2021), respectively. Chrono-stratigraphic interpretation and related seismic velocities (from

literature) are reported in Tab. 1.
(Please insert Tab.1 here)
4.2. Depositional architecture

A detailed seismic-stratigraphic analysis was focused on the to the Pliocene-Quaternary sedimentary
section and particularly on its pattern of internal reflectors in order to define the depositional evolution
of the basin. The basin has been explored transversally through the CIR-01 seismic profile (Fig. 2),
and longitudinally through the P701 line (Fig. 3).

The overall geometric pattern of the Pliocene-Quaternary sequence (PQ1 and PQ2 units,
Fig.2), in the eastern portion of the basin, is characterized by a slight W-wards fanning of the
sediments approaching the F3 fault of the MESC system (Fig. 2a). In the western portion, in the
footwall of MESC system, the sediment section appears undisturbed and gently-tilted toward the East
according to the MESC slope. Apart from this general pattern that testifies the Pliocene-Quaternary
sin-sedimentary activity of MESC faults, sediment down-bending is evident in the easternmost part
of the turbidite basin where a trough is observed along the western flank of a folded and uplifted
structure limiting the basin to the East (Fig. 2). The reflector’s geometry within the PQ1 section
indicates localized subsidence that, being far (4-5 km) from the MESC faults (F3), should be

associated with another deformation process. Down-bending of sediments is more pronounced in the
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S2 horizon (MES top-reflector) and progressively reduces upward as indicated by the geometry of
the S3a and S3b horizons.

The PQ1a sub-unit, between S2-S3a (Fig. 2a, b), is characterised by concave-up reflectors
with a progressive lateral thinning toward the uplifted area. The more reflective lower part of the
PQ1a sub-unit unconformably rests on the MES unit with on-lap geometry (Fig. 2c), whereas the
less-reflective upper part appears to drape the uplifted area with a converging geometry of strata.
Within the unit, depocenters are observed to migrate eastwards during sedimentation (Fig. 2c). The
PQ1b sub-unit, between S3a and S3b discontinuities, is characterised by west-dipping reflectors
terminating against the S3a discontinuity with down-lap geometry. Toward the East, the sub-unit is
geometrically concordant with the S3a surface and a gentle convergence of reflectors is observed as
the unit thins away (Fig. 2c). The PQ1c sub-unit is separated from the previous unit by the highly-
reflective S3b discontinuity. The sub-unit appears laterally continuous and its internal reflectors are
concordant with the basal S3b horizon. The youngest PQ2 unit is characterized by a sub-horizontal
pattern of reflectors and is confined at the base by the erosive S3 discontinuity (Fig. 2a, b).

The P701 seismic profile illuminates the turbidite basin longitudinally for about 45 km from
offshore Mt. Etna in the North to Siracusa in the South (Fig. 3). Overall, the P701 seismic profile
highlights that S2 and S3 discontinuities are affected by about 15 km-wavelength down-bending,
resulting in the shaping of two distinct depocenters (‘Troughs’ in Fig. 3). Diffused sediment waves
and internal unconformities (section 4.1, see also Rebesco et al., 2021) within the PQ1 unit are in line
with the turbiditic nature of the basin and their pattern is consistent with a sediment supply from the
North. Down-bending is more pronounced in S2 than S3, suggesting that deformation occurred
overtime during the deposition of sedimentary sequences. Such a bending is also slightly shown by

the Quaternary PQ2 unit, that appears undeformed (horizontal) in Cir-02 (Fig. 2).

Here, we develop a new 3D model of reference horizons (top Messinian and top PQ1 units)
with the aim of providing an overview of how deformation may have controlled sediment architecture

at basin scale (Fig. 4). Following the seismic-stratigraphic interpretation (see section 4.1 and



280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

Gambino et al., 2021 for the complete interpreted seismic lines dataset), S2 and S3 discontinuities
have been used as reference surfaces according to their constrained ages. Interpreted seismic sections
have been TWT-to-depth converted following a seismic velocity model based on literature (Tab.1,
see Gambino et al., 2022a and references therein). Depth-converted 2D horizons (S2, S3), have been
spatially interpolated across the entire seismic database (see section 3 and Fig. 1c for location) using
Kriging algorithm. A pseudo-3D model of the selected reference surfaces is thereby obtained (Fig.

4b, ¢).
(Please insert Fig.4 here)

The S2 modelled surface (top-MES) shows a quite irregular morphology characterized by the
occurrence of sub-circular basins and ridges (Fig. 4b). Two lowered areas are resolved in the hanging
wall of the F3 fault (MESC system); one located in the central part of the fault, the other about 10 km
northward, respectively. Dome-shaped reliefs occur about 15 km SE of the subsided areas and have
a comparable areal extension (Fig. 4b).

The S3 surface (Top-PQ1, Fig. 4c), shows slight similarity with the older S2 surface but with
a smoother morphology according to deformation reducing upwards (see section 4.2). A thickness
map of PQ1 unit is derived by subtracting the depth of S3 from S2 (Fig. 4d). The map highlights how
the greatest thickness (>700 m) is resolved along the circle-shaped subsided areas adjacent to the
MESC faults (F3). Furthermore, the area with maximum thickness is observed to be located where

the maximum throws of MESC faults occur.

5. Data interpretation and Basin evolution

The analysis of depositional patterns reconstructed through the seismic dataset and 3D modelling of
reference surfaces, provides constraints for interpreting the Pliocene evolution of the turbidite basin.
MESC faults activity influenced part of the basin architecture characterised by long-wavelength
sediments fanning toward the West (Fig. 2). However, major effects of deformation in the sediment

pattern have been mostly recorded by the PQ1 unit away from the MESC faults. Approaching the
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uplifted area bounding the basin to the East, syn-kinematic PQ1 deposition is evidenced by the sub-
units’ internal reflectors pattern and by their lateral terminations that appear primarily controlled by
the localized subsidence (Fig. 2, see section 4.2). Onlapping and converging reflectors on the eastern
margin of the subsided basin (Fig. 2a), are consistent with a syn-depositional uplift involving the
culmination to the east (uplifted area in Fig. 2). Overtime depocenters migration toward the East,
observed within the PQ1la sub-unit (Fig. 2c) contrasts with the CAW-front pushing in the opposite-
way. Further, the 15 km-long wavelengths folding observed in p701 line (Fig. 3) could not be related
to the general N-S compression observed in the accretionary wedge (West of NAF, Fig.1, 2). In fact,
the fold-spacing (wavelength) observed within the Calabrian Accretionary Wedge is in the order of
2-5 km, or even less (Valenti, 2010; Polonia et al., 2011; Gutscher et al., 2016), so way shorter than
that in the turbidite basin. Accordingly, a different source of deformation should be invoked to explain
the depocenters migration pattern and the anomalous down-bending observed along the seismic

dataset (e.g., S2 in Fig. 2, 3).

Depocenters migration of PQ1a (Fig. 2c) may suggest the latter deposited over a mobile layer
substratum (see also Ge et al., 2020; Rojo et al., 2020). 3D modelling revealed the morphology of
reference surfaces, corresponding to the top of Messinian (MES) and Pliocene (PQ1) units, and how
Pliocene sediment thickness varies along the turbidite basin. A peculiar point in the reconstructed
MES top-surface (S2), is the occurrence of sub-circular troughs systematically associated with dome-
shaped culminations in the nearby (toward SE, Fig. 4b). Sub-circular basins and domes morphologies
have a comparable dimension, suggesting therefore a cause-effect relation between subsidence and
uplift. This pattern resembles salt-withdrawal minibasins commonly observed in evaporite-floored
basins (Hudec et al., 2009; Goteti et al., 2012; Ge et al., 2020). In this framework, a syn-kinematic
depositional model may be explored in view of the occurrence of mobile layers underlying the
analysed turbidite basin, and considering that formation of minibasins generally requires localized

sediment loading.
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6. Discussion

6.1.  General outcomes

A comprehensive basin analysis performed over a turbiditic basin located offshore eastern Sicily
revealed that different kinds of deformation have controlled the internal architecture of the infilling
Pliocene sediment section. While long-wavelength sediment fanning can be related to the activity of
basin extensional faults (MESC system, Fig. 2), localized subsidence in the eastern portion of the
basin suggests additional factors may have operated.

Sequential restoration methods previously applied to assess the rate of crustal extension
(Gambino et al., 2022a), demonstrates that a high extensional rate was experienced by the basin
during its early stage of deformation (Fig. 5a). Moreover, restored sections (Fig. 5b, ¢) revealed that
part of the deformation remained unrestored. In sequential restoration analysis, unresolved (residual)
deformation may be associated with out-of-section migration of ductile material or, alternatively, to
evaporite dissolution (Rowan & Ratliff, 2012). Following this point, the predicted plastic deformation
controlling basin evolution was carefully tested through a detailed sediment pattern analysis and 3D
modelling.

(Please insert Fig.5 here)

The internal reflectors’ architecture of the whole PQ1 unit (sediment thickening and lateral
terminations, Fig. 2¢), suggests a coeval subsidence (sinking of S2 and S3 top-surfaces) and uplift in
the easternmost portion of the basin (Fig. 2). Moreover, depocenter shifting (black dots in Fig. 2c-
right panel) observed within the PQ1a sub-unit indicates a mobilization of the underlying ductile body
toward the East. According to previous studies, this process is generally associated with the shaping
of withdrawal minibasins widely recognized in salt-bearing basins as observed in the field (Lopez-
Mir et al., 2014), seismic profiles (Ge et al., 2020) and predicted by sandbox experiments (Rojo et
al., 2020). Ductile migration triggered by sediment load is however reported in the literature both for
salt (Brewer & Kenyon, 1996; Goteti et al., 2012; Peel, 2014; Ge et al., 2020; Rojo et al., 2020) and

shales tectonics (Soto et al., 2010; Wiener et al., 2010; Wood, 2010). Even though the mechanical
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behaviour of the involved ductile substrate is different, migration of salt or over-pressured shales may
result in similar structures (diapirs, domes, walls, mini-basins etc., see Morley & Guerin, 1996; Wood,
2010).

Information on the nature of the inferred ductile layer under the S2 discontinuity remains
elusive since penetration of seismic lines do not aid in this regard. The occurrence of Messinian salt
flooring the Western lonian Basin is however commonly reported in several studies exploiting
geophysical data (Butler et al., 2014; Gutscher et al., 2016; Micallef et al., 2018; Camerlenghi et al.,
2020). Wide-angle seismic surveys (Dellong et al., 2018), point to a high seismic velocity body (*4.3
km/s) underlying the turbidite basin, interpreted by the authors as an evaporite body. A roughly 1 sec.
TWT-thick transparent/chaotic layer is interpreted as a halite layer in the southern part of the
Turbidite basin (Butler et al., 2014), and its proposed internal seismic subdivision matches the internal
seismic character of the MES unit within the Cir-01 line (Fig. 6b). Nevertheless, over-pressured
serpentinite-derived muds have been inferred in the CAW (Polonia et al., 2017) and directly observed
on-land along the western margin of the turbidite basin (Manuella et al., 2012; Barreca, 2014).

(Please insert Fig.6 here)

It is worth noting that, shale migration triggered by sediment loading is created when burial
is greater than 1 km (Soto et al., 2021), a condition that is not achieved by the turbidite basin during
the early Pliocene (at the onset of observed deformation) when the thickness of PQ1la sub-unit was
less than 0.5 km (see Tab.1). Progressive sediment accumulation toward the South, also favoured by
MESC fault activity, provides the necessary load for withdrawal processes in the underlying MES
unit and its consequent lateral migration toward the unconstrained side (i.e., eastern side) of the basin
forming, as a whole, basin and dome structures. In particular, effects of lateral inflation such as domes
(Fig. 2, 6d) or diapir-like structures (Fig. 6f) occur in the eastern margin of the basin where their
emplacement was likely controlled by inherited structural discontinuities, as sand-box experiments
suggest (Rojo et al. 2020). Furthermore, the subsequent Quaternary strike-slip deformation (i.e., the

NAF system, Gutcher et al., 2016; Polonia et al., 2016; Gambino et al., 2022b, Fig. 6f) exploited these
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mechanically weak corridors and previous foreland faults to propagate, probably triggering further
uprising of ductile material (see Fig. 6d).

Ductile migration of buried salt/shale/mud bodies under sediment loading, and its role in
sediment deformation and fault propagation may be of interest in redefining the seismotectonics of
salt-floored basin such as the Mediterranean region, especially in areas characterized by high-levels
of seismicity, such as the Western lonian Basin (Gambino et al., 2022b and reference therein). Salt
migration and diapirism also imply intense plastic deformation so that preexisting faults in the
overlaying sediments could be reactivated. The diagram in Fig. 5a (see also Gambino et al., 2022a)
clearly shows that high extensional rates (solid lines in Fig. 5a) related to the ductile migration during
the Messinian-Pliocene did not play a significant role on recent MESC fault activity (dashed lines in
Fig. 5a). The tectonic origin of MESC faults is consistent with the diverging GPS vectors measured
on the lower plate of the collisional system (see Ward 1994; Mastrolembo et al., 2014; D’ Agostino
and Selvaggi, 2004; Grenerczy et al., 2005), and with raised marine terraces on land on its footwall

block (Bianca et al., 1999; Meschis et al., 2021).

6.2. Sediment loading and ductile migration

Localized subsidence, sediment internal pattern and uplift to the East of the investigated turbidite
basin, have been interpreted to be produced by migration and relative inflation of salt under sediment
loading (Fig. 6). Our interpretation is supported by models of withdrawal minibasins based on natural
outcrops (Lopez-Mir et al., 2014), sand-box analogues (Rojo et al., 2020), and numerical simulations
(Goteti et al., 2012). The models postulate that sinking of a portion of a basin over a ductile layer may
result from sediment loading. Sediment supply and loading may also trigger migration and lateral
inflation of underling ductile material (salt, shales, mud) producing a number of structures spanning
from plateau, diapirs, (salt-) walls etc. (Wood, 2010; Rojo et al., 2020 ) among many others. Basin
analysis supported by 3D modelling indicates that most of the conditions required for such a

mechanism can be found in the investigated basin. Sediment pattern and structural features are also
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in line with analogue and numerical modelling concerning ductile migration under sediment loading.
To support ductile migration in the turbidite basin, the interpreted seismic-stratigraphic pattern has
been compared with available analogue simulations dealing with syn-depositional deformation of
sediments over a salt layer (Rojo et al. 2020). In particular, our data show strong similarities with
syn-kinematic basin deformation shown in Model 1 of Rojo et al. (2020), which simulates salt

migration triggered by loading of prograding sediments in a fault-bounded basin (Fig. 5c, e).

The sandbox experiments model salt migration as the prograding sediment load increases by
progressive accumulation. Localized sinking of the basin, related to salt withdrawal and lateral
squeezing, results in depocenters’ migration in the same direction as sediment transport. Salt lateral
migration may also produce salt inflation (plateau or diapir) generally favoured by the occurrence of
a structural or morphological discontinuity against which the flowing material is pushed. These
features are consistent overall with the syn-depositional pattern and structures observed within the
turbidite basin, even if some minor differences concerning boundary conditions exist between the
natural example and models (i.e., Model 1 of Rojo et al., 2020). For instance, in the natural example,
Pliocene sediment thickening in the western part of the turbidite basin has been favoured by the
activity of basin internal faults (i.e., the MESC system) rather than by a progradational sediment
system. In the studied case, accommodation space and sediment thickening appear, in fact, to be
primarily controlled by the fault activity resulting in a higher and localized sediment load approaching
them. This pattern corresponds with maximum throws measured along the MESC faults (Fig. 4a, see
Gambino et al., 2021).

Even if the seismic lines here presented do not provide robust constraints on the occurrence
of a ductile layer flooring the investigated basin, sub-circular troughs, associated dome-shaped reliefs
(Fig. 4) and uprising structures (i.e., diapirs and plateau, Fig. 6d, f), support withdrawal and inflation
mechanism affecting the investigated area. Syn-depositional patterns, notably the depocenters

shifting in the PQla sub-unit, strongly support underlying lateral migration of ductile material
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controlling basin shaping and evolution at least during the Pliocene. Ductile deformation during the
Pliocene is in agreement with the anomalous extension rate that affected the turbidite basin at the
Messinian-lower Pliocene transition as reported in Fig. 5a (see Gambino et al., 2022a). Fig. 5
highlights the main results of the 2D section restoration performed by (Gambino et al., 2022a). The
cumulative extensional deformation (solid lines) observed at the Messinian-lower Pliocene transition
(Fig. 5a) rapidly decreases overtime while MESC faults activity (dashed lines) maintain a relatively
constant offset. To explain such a deformative trend, the authors concluded that the diffuse
deformation mechanism was likely related to the presence of a ductile body underlying the
investigated basin, while the relatively constant MESC faults activity represents the expression of

regional tectonics.

7. Conclusions

Basin analysis performed via high-resolution seismic lines crossing a narrow turbidite basin offshore
eastern Sicily provides the opportunity to better understand what processes operated in the evolution
and shaping of the investigated sedimentary basin. Reflector patterns within the Pliocene units are
indicative of syn-depositional deformation in response to localized basin deepening and the growth
of dome-like structures in the eastern part of the basin. Depocenter shifting towards the East is
unexpected considering a CAW-front pushing in the opposite-way, and clearly suggests that sediment
architecture in this part of the basin was controlled by a non-tectonic deformation mechanism. 3D
modelling of time-reference surfaces in the area reveals sub-circular depressions and associated
culminations. This pattern resembles salt-withdrawal minibasins commonly reported in evaporite-
floored basin (Goteti et al., 2012; Peel, 2014, Ge et al., 2020; Rojo et al., 2020). Long-wavelength
sediment fanning driven by the extensional activity of the MESC faults and the basin sinking to the
east coexisted during the Pliocene, denoting therefore that the two processes worked simultaneously

to shape the internal sediment architecture of the basin. Considering that salt layers have been inferred
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by many studies to floor the investigated turbidite basin, we propose that salt migration was triggered
by fault-controlled sediment loading with this interactive process controlling basin evolution in the
Western lonian Domain. Nevertheless, the occurrence of serpentinite-derived mud observed and
inferred in the surrounding area (Manuella et al., 2012; Barreca, 2014; Polonia et al., 2017), means
that the possibility of shale/mud tectonics (rather than salt) as the ductile source of deformation cannot
be ruled out. This paper therefore opens stimulating research perspectives that may enable future

studies on sediment patterns in salt-shale floored basins like the Mediterranean area.
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Figure captions

Fig. 1 - (a) Structural setting of the Calabrian Accretionary Wedge and Eastern Sicily. (b) The investigated
turbidite basin in the framework of the Western lonian Basin. MESC: Malta Escarpment, NAF: North Alfeo
Fault (c) Location of seismic profiles offshore Eastern Sicily used for the 3D modeling of reference surfaces
(see also Argnani and Bonazzi, 2005; Argnani et al., 2012; Gutscher et al., 2016; Polonia et al., 2016, 2017).
White arrows indicate the main direction of sediment supply in the investigated area. (d-e) Schematic (not to

scale) crustal profiles across the Western lonian basin. Fig. 1a-c modified from Gambino et al., (2021b).
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Fig. 2 - (a) Seismo-stratigraphic interpretation of the Cir-01 seismic line (see location in Fig. 1c) following
Gambino et al., (2021). (b) Details of the subsided area (trough) in the easternmost sector of the investigated
turbidite basin. (c) Line-drawing of the subsided area showing the internal seismo-stratigraphic pattern and

reflectors’ lateral termination within PQ1 and PQ2 units.

Fig. 3 - The p701 profile (see location in Fig. 1c) crossing longitudinally the turbidite basin and showing the
Plio-Quaternary stratigraphic pattern dominated by sediment waves. The latter, indicate sediment discharging
toward the SE.

Fig. 4 - a) Cumulative throw-distance diagram of the MESC faults (F1, F2, F3, see Gambino et al., 2021).(b)
Contour-coloured map of the interpolated S2 (top-MES) 3D surface. Troughs are located where faults
maximum throws are measured, whereas domes are located along the NAF system. (¢) Contour-coloured map
of the interpolated S3 (top-PQ1) 3D surface. (d) Thickness map of the PQ1 units between S2 and S3 surfaces.

Fig. 5 - (a) Displacement curves (horizontal and vertical components) of faults within the Cir-01 line according
to (Gambino et al., 2022a). A relatively constant activity is observed for MESC faults (dashed lines), while a
diffuse extension (red solid line) is observed to decrease from lower Pliocene to Quaternary. (b) Schematic
model of the Cir-01 seismic line exploited for back-restoration (see Gambino et al., 2022a). (c) Restored Cir-

01 seismic line at Upper Messinian time.

Fig. 6 - (a) Location of seismic lines p202 and Cir-01 in the framework of the Western lonian Basin (b) Portion
of Cir-01 showing the internal subdivision of MES unit (see also Gutscher et al., 2016 and Gambino et al.,
2021) (c-d) Comparison and similarity between the sand-box model predicting ductile migration under
sediment loading (inverted view) proposed by Rojo et al., (2020), and the line-drawing of Cir-01 profile. (e-f)
Comparison between the same sand-box model and the line-drawing of the p202 profile showing the
occurrence of uprising material along a distal fault (for the original seismic image of the p202 see Gambino et
al., 2022b). This distal fault in the case proposed is only supposed since the analyzed seismic lines does not

extend far enough

Tab.1l — Seismic velocities and physical parameters (from Gambino et al., 2022a) of seismic units used for

TWT-Depth conversion.
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Fig. 1. (a) Structural setting of the Calabrian Accretionary Wedge and Eastern Sicily. (b) The investigated
turbidite basin in the framework of the Western lonian Basin. MESC: Malta Escarpment, NAF: North Alfeo
Fault (c) Location of seismic profiles offshore Eastern Sicily used for the 3D modeling of reference surfaces
(see also Argnani and Bonazzi, 2005; Argnani et al., 2012; Gutscher et al., 2016; Polonia et al., 2016, 2017).
White arrows indicate the main direction of sediment supply in the investigated area. (d-e€) Schematic (not to
scale) crustal profiles across the Western lonian basin. Fig. 1a-c modified from Gambino et al., (2021b).
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Fig. 3. The p701 profile (see location in Fig. 1c) crossing longitudinally the turbidite basin and showing the

Plio-Quaternary stratigraphic pattern dominated by sediment waves. The latter, indicate sediment discharging
toward the SE.
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Fig. 4. a) Cumulative throw-distance diagram of the MESC faults (F1, F2, F3, see Gambino et al., 2021).(b)
Contour-coloured map of the interpolated S2 (top-MES) 3D surface. Troughs are located where faults
maximum throws are measured, whereas domes are located along the NAF system. (c) Contour-coloured map
of the interpolated S3 (top-PQ1) 3D surface. (d) Thickness map of the PQ1 units between S2 and S3 surfaces.
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Fig. 5. (a) Displacement curves (horizontal and vertical components) of faults within the Cir-01 line according
to (Gambino et al., 2022a). A relatively constant activity is observed for MESC faults (dashed lines), while a
diffuse extension (red solid line) is observed to decrease from lower Pliocene to Quaternary. (b) Schematic
model of the Cir-01 seismic line exploited for back-restoration (see Gambino et al., 2022a). (c) Restored Cir-
01 seismic line at Upper Messinian time.
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Fig. 6. (a) Location of seismic lines p202 and Cir-01 in the framework of the Western lonian Basin (b) Portion
of Cir-01 showing the internal subdivision of MES unit (see also Gutscher et al., 2016 and Gambino et al.,
2021) (c-d) Comparison and similarity between the sand-box model predicting ductile migration under
sediment loading (inverted view) proposed by Rojo et al., (2020), and the line-drawing of Cir-01 profile. (e-f)
Comparison between the same sand-box model and the line-drawing of the p202 profile showing the
occurrence of uprising material along a distal fault (for the original seismic image of the p202 see Gambino et

al., 2022b). This distal fault in the case proposed is only supposed since the analyzed seismic lines does not
extend far enough
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Tab.1. Seismic velocities and physical parameters (from Gambino et al., 2022a) of seismic units used for TWT-

Depth conversion.




Highlights

e Faults activity provided localized sediments loading

Sediments loading triggered flow of underlying ductile material

Simultaneous subsidence and uplift affected the Pliocene section

3D model provides indication of a dome-and-basin structures

Circular-shaped basins resemble withdrawal mini-basins
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