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b IFREMER, Géosciences Marines, Z.I Pointe du Diable, BP70, Plouzané, France   
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A B S T R A C T   

This study presents novel findings on the Pliocene and Quaternary evolution of the Gela Basin (Strait of Sicily, 
Mediterranean Sea), an area recording the interaction between tectonics, climate change at Milankovitch and 
sub-Milankovitch timescales, and dynamic water masses exchange between the eastern and western Mediter-
ranean Sea. The calibration of seismic profiles with exploration boreholes allowed for the refining of the chro-
nostratigraphic framework of the Gela Basin and highlighted the main phases of margin growth. Since the 
Pliocene, the margin has recorded the deposition of 100 m high shelf-edge clinothems, accompanied by sediment 
drifts on the slope and mass-transport deposits (MTDs), possibly triggered by seismic activity. Through the Plio- 
Quaternary the locus of deposition of sediment drifts migrated upslope due to a progressive shift of bottom 
currents. After the Middle Pleistocene Transition (MPT) the margin experienced an accelerated outbuilding with 
the deposition of a 700 m thick succession in only 0.8 Myr. At this time, a marked change in sedimentary ar-
chitecture reflects the growth of shelf-edge clinothems and associated MTDs on the slope, and the spreading of 
contourite deposits over a broader and generally shallower area. Sediment flux to the basin and the intensity of 
bottom currents appear both paced at 100 kyr eccentricity orbital cycles. The growth of bottom current deposits 
on a large portion of the upper slope and outer shelf likely reflects constraints to the bottom current flow by the 
margin morphology, inherited from Miocene and Pliocene tectonics. Overall, a combination of long-term tectonic 
activity, climate change and shifts in oceanographic regime resulted in a complex along-strike variability of the 
margin morphology and stratigraphic architecture and affected where and when MTDs were emplaced. These 
conclusions show how climate cyclicity influence sediment supply which combined with margin morphology can 
promote slope instability in continental margins.   

1. Introduction 

Continental margins preserve a unique long-term sedimentary record 
that offers the opportunity to study changes in eustasy (Tziperman and 
Gildor, 2003), modified by local tectonic-driven uplift/tilting/subsi-
dence of the margin, sediment supply (Llave et al., 2011) and oceano-
graphic regime (Thiéblemont et al., 2019). Stratigraphic successions 
therefore reflect a combination of changing climate, oceanographic 
regime and tectonic conditions (e.g. Gong et al., 2018; Pellegrini et al., 
2020; Steckler et al., 1998). Stratigraphic successions represent ideal 
archives to solve: i) variation in strata geometries as physical expres-
sions of long-term climatic components; ii) relation between climate 
regime, tectonic activity and fluctuations in sediment flux from 

catchment(s) to the basin; iii) impact of glacio-eustatic cycles on the 
processes that govern how the sediment is delivered, transported, 
deposited and ultimately remobilized into the basin. 

A variety of sedimentary bodies may deposit and coexist along a 
continental margin, including clinothems, turbidite, mass-transport 
(MTDs) and contourite deposits (e.g. Anell and Midtkandal, 2017; 
Faugères et al., 1999; Johannessen and Steel, 2005; Paumard et al., 
2019). The Pliocene and Quaternary are ideal time intervals to study 
these sedimentary bodies; specifically after the Middle Pleistocene 
Transition (MPT), high-amplitude (ca. 120 m) fluctuations caused var-
iations in sediment supply and played a crucial role in continental 
margin outbuilding (Somoza et al., 1997). These fluctuations forced 
systematic shifts in the position of the shoreline across the continental 
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shelves, resulting in progradational, retrogradational and aggradational 
stratal stacking patterns (Patruno and Helland-Hansen, 2018). In these 
contexts, clinoforms and clinothems (clinoform-bounded sedimentary 
units) represent fundamental building blocks of the margin character-
ized by different geometric elements with a topset (low angle, shallow 
sector), a foreset (steepest angle and dip seaward) and a bottomset (low 
angle, deep sector) (Steel and Olsen, 2002). In addition, the MPT was 
likely accompanied by a global reorganization of the thermohaline cir-
culation (Pena and Goldstein, 2014) with enhanced deposition of con-
tourite systems after the MPT, as documented along the 
Atlantic-Mediterranean water mass exchange, with the more saline 
Mediterranean Water Outflow affecting the Algarve margin in the Gulf 
of Cádiz (Roque et al., 2012) and the Cantabrian margin in the NE 
Atlantic (Van Rooij et al., 2010). Similarly, in the Mediterranean Sea, 
thermohaline circulation enhanced contourite deposition after the MPT 
in the Corsica Trough (Miramontes et al., 2016), the southwestern 
Adriatic margin (Pellegrini et al., 2016) and the Balearic Promontory 
(Vandorpe et al., 2011). 

The higher rates of sediment accumulation during the Pleistocene 
resulted in high rates of deposition and caused mass movement of sed-
iments that were deposited too rapidly to allow for stable accumulation 
along the slopes. While submarine mass failures are indeed well-known 
along the fronts of rapidly prograding depositional systems from deltas 
to continental slope settings (Thöle et al., 2016), other studies have 
investigated the relationships between contourite deposits and MTDs 
(Laberg and Camerlenghi, 2008; Martorelli et al., 2016; Miramontes 
et al., 2018; Stoker and Haflidason, 2005). However, the role of con-
tourite deposits on margin stability is not yet fully understood. 

Here, we document the case of a sector of the Mediterranean 

continental margin, the Gela Basin (GB), characterized by the deposition 
of clinothems, contourite deposits and MTDs through the Plio- 
Quaternary. The added value in studying the GB is threefold: 1) its 
location in the Strait of Sicily is a key area of water masses circulation 
and exchange between the Atlantic Ocean and the eastern and western 
Mediterranean Sea; 2) its limited extent (90 km along-strike) offers the 
opportunity to study the variability of stratal geometries and margin 
morphology; 3) it has relatively high sedimentation rates which allow to 
study the effect of long-term climate change on different depositional 
systems. 

In this study, we focus on the eastern side of the basin and document: 
1) the predominance of tectonics as a predisposing factor for margin 
instability during the Pliocene; 2) the onset of contourite deposits and 
their role in favouring slope instability from the Late Pliocene, as an 
additional predisposing factor for slope failure; and 3) climate vari-
ability as the main driver of stratigraphic architecture and margin 
instability after the MPT. 

2. Background 

2.1. Geodynamic and tectonic setting of the Gela Basin 

The Gela Basin (GB), located in the northern Strait of Sicily (Fig. 1), 
represents the Pliocene-Quaternary foredeep of the Maghrebian fold- 
and-thrust belt, which developed at the subduction-collisional bound-
ary between the European and African plates (Colantoni et al., 1975). In 
the north, the GB was overthrusted during the late Pliocene–early 
Pleistocene by the southern movement of the Gela Nappe, the south-
ernmost migrating thrust wedge of the Maghrebian chain (Argnani, 

Fig. 1. Relief and bathymetric map of the Strait of 
Sicily; red and blue arrows represent the Levantine 
Intermediate Water (LIW) and the Modified Atlantic 
Water (MAW) (adapted from Lermusiaux and Rob-
inson, 2001). 1–4 = previously studied contourite 
deposits: 1 = Marani et al. (1993), 2 = Martorelli 
et al. (2011), 3 = Micallef et al. (2013) and 4 =
Verdicchio and Trincardi (2008). AIS = Atlantic 
Ionian Stream, ATC = Atlantic Tunisian Current, PG 
= Pantelleria Graben, MG = Malta Graben, LG =
Linosa Graben. Inset: general oceanographic circula-
tion in the Mediterranean Sea. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   
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1987; Butler et al., 1992). The Maghrebian fold-and-thrust belt reached 
its current position during the middle–late Pleistocene, concomitantly to 
a general uplift of the Hyblean Plateau (Ghielmi et al., 2012). The GB is 
delimited in the south and southwest by a NW–SE trending extensional 
rift system comprised of banks and grabens (Finetti, 1984, Fig. 1). The 
rift system formed in the late Miocene to early Pliocene, continued 
through the Quaternary forming the deep (> 1000 m) Pantelleria, Malta, 
and Linosa grabens (Gardiner et al., 1995, Fig. 1). Normal faults 
belonging to the same extensional system extend across the GB, where 
they are buried below the late Pliocene–Quaternary sediment infill 
(Argnani, 1987; Ghisetti et al., 2009). 

The GB is rimmed by a narrow (8 km) continental shelf in the north, 
broadening to several tens of kilometres in the 100–150 m deep Malta 
Plateau, a structural horst of the Pelagian African foreland (Bishop and 
Debono, 1996). Following the Africa–Europe collision, moderate 
inversion tectonics affected the Malta Plateau (Argnani and Torelli, 
2001), and regional uplift occurred in late Pliocene between Malta and 
SE Sicily, generating NE-trending normal faults (Gardiner et al., 1995). 
The uplift may have favoured the development of westward-prograding 
Quaternary wedges observed on the western sector of the Malta Plateau 
(Ghielmi et al., 2012; Minisini et al., 2007). 

2.2. Oceanographic circulation 

The Mediterranean Sea is a semi-enclosed basin connected to the 
Atlantic Ocean through the Strait of Gibraltar (inset of Fig. 1). The 
oceanographic circulation in the Mediterranean Sea is mainly composed 
of the Modified Atlantic Water (MAW), a relatively fresh and light water 
from the Atlantic and the Levantine Intermediate Water (LIW), saltier 
and relatively warmer formed in the Levantine Sea (Béranger et al., 
2004). The flow of these two water masses generates oceanic currents 
across the Strait of Sicily: the MAW, directed eastward at 0–200 m water 
depths (w.d.) and the LIW, flowing westward between 200 and 500 m w. 
d. (Lermusiaux and Robinson, 2001; Astraldi et al., 2001). On the 
western side of the Strait of Sicily, the MAW is partially deviated 
northward by the Skerki Bank and then split into three main branches 
(Astraldi et al., 2001, Fig. 1). The first branch directly flows into the 
Tyrrhenian Sea along the northern coast of Sicily, while the remaining 
two turn southward (Astraldi et al., 2001, Fig. 1). The Atlantic Tunisian 
Current (ATC) flows south of the study area at the edge of the Tunisian 
shelf along the 200 m isobath, while the Atlantic Ionian Stream (AIS) 
circulates in the GB and Malta Plateau (Lermusiaux and Robinson, 2001, 
Fig. 1). The path of the LIW is influenced by the seafloor morphology 
and, due to Bernoulli’s effect, its flow speed in the Strait of Sicily 

Fig. 2. A. The eastern Gela Basin bathymetric map 
showing the location of the MCS profiles (green 
lines), deep boreholes (circles) and piston cores 
(squares) used in this study. The deep boreholes cross 
section is on depositional strike, whether the piston 
core cross section is on depositional dip. NTS: 
Northern Twin Slide, STS: Southern Twin Slide, FS: 
Father Slide. B. Regional stratigraphic correlation 
between the boreholes B1–B3 and the piston cores 
M1–M3. See also Table 1. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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(Astraldi et al., 2001) increases in the GB (Lermusiaux and Robinson, 
2001). 

2.3. Stratigraphy and late Quaternary depositional sequences 

A widespread shallow-water carbonate platform covered the Malta 
Plateau since the late Triassic and until the Oligocene. Since the 
Oligocene, clastic sediments started to spread over the Malta Plateau 
from the emerging Maghrebian fold-and-thrust belt. During the Messi-
nian Salinity Crisis, when a regional desiccation event led to basin-wide 
accumulation of evaporitic and post-evaporitic deposits, a marked 
erosional unconformity formed across the margin (Base Pliocene in this 
study), overlain by 2.5 km of shallowing-upward Pliocene-Quaternary 
marine sediments (Colantoni et al., 1975). 

Seismic stratigraphic analysis carried out in the western GB revealed 
several unconformity-bounded depositional sequences consisting of 
Pliocene and Pleistocene deposits up to 1.9 km thick in the deepest part 
of the basin (Di Stefano et al., 1993). On the shelf, well-developed 
prograding complexes correlating to turbidites in the basin charac-
terize Pleistocene deposits (Di Stefano et al., 1993). 

Two piston cores, 55 m and 27 m long, located at the shelf edge and 
on the slope of the northern GB (Fig. 2A), sampled almost entirely the 
sedimentary succession emplaced during the last 100 kyr glacio-eustatic 
cycle, spanning from Marine Isotope Stage 5 (MIS 5) to the Holocene 
(Kuhlmann et al., 2015 and Fig. 2B). Radiocarbon dates bracket the 
hiatus associated with the Erosional Surface (ES1) between the Last 
Glacial Maximum (LGM) and ~30 kyr cal BP (Kuhlmann et al., 2015). 
Seismic reflection profiles across the coring sites indicate that the last 
phase of clinothem aggradation occurred during MIS 5. To explain the 
enhanced sediment accumulation rates (SAR) of up to 200 cm kyr− 1 

during highstand conditions, an intensification of LIW activity associ-
ated with the flooding of the Malta Plateau and highlighted by the 
presence of contourite deposits was invoked (Kuhlmann et al., 2015). 

2.4. Contourite deposits in the Gela Basin 

Within the Strait of Sicily, Marani et al. (1993) first described con-
tourite deposits along the Adventure Bank (Fig. 1). Small, mounded 
drifts and irregular patch drifts as well as zones of scours were described 
within the deep rift basins (Reeder et al., 2002) and around Pantelleria 
Island (Martorelli et al., 2011, Fig. 1). Shallow contourite deposits (<
300 m w. d.) were discovered in the upper slope of the northern GB 
(Verdicchio and Trincardi, 2008a, b; Fig. 1) and along the northern coast 
of Malta (Micallef et al., 2013). Well-defined contour-parallel elongated 
moats (700 m wide and 50 m deep) possibly developed in response to the 
LIW flow along the shelf edge (Verdicchio and Trincardi, 2008a). 

2.5. Mass-transport deposits in the Gela Basin 

Several mass-transport deposits (MTDs) were highlighted by previ-
ous studies in the northern part of the basin. The Gela Slide, with a 
thickness of 700 m and an inferred volume of 1050 km3, was probably 
emplaced 600 ka (Di Stefano et al., 1993), likely involving the surface 
slope of the frontal area of the Gela Nappe (Trincardi and Argnani, 
1990). 

Slope instability after the early Pleistocene affected progradational 
sequences characterized by a progressive steepening (Minisini and 
Trincardi, 2009). A large MTD (18.9 km3), named Father Slide (FS in 
Fig. 2A), was emplaced ~87 ka and involved MIS 5e to MIS 5c sedi-
mentary units The Father Slide was followed by eight major slope failure 
events with a ~10 kyr return frequency (Kuhlmann et al., 2017). In 
particular, during the late Holocene, frequent failures affected 
post-glacial unconsolidated deposits with the emplacement of two larger 
MTDs: the Northern Twin Slide with a volume of 0.57 km3 and the 
Southern Twin Slide with a volume of 0.36 km3 (Minisini et al., 2007; 
Minisini and Trincardi, 2009, Fig. 2A). In the late Holocene, mudflows 

have also been observed in bathymetric data affecting the downslope 
flank of contourite deposits along the northern slope of the basin (Ver-
dicchio and Trincardi, 2008a, b; Fig. 1). 

Preferential failure planes for the largest MTDs are provided by 
surfaces at the base of the lowstand progradational wedge or at the base 
of the post-glacial contourite deposits (Minisini and Trincardi, 2009). 
Occasionally, they include volcanic ash layers (Kuhlmann et al., 2017). 
Rapid deposition of Quaternary units and progressively increasing slope 
angles of prograding units explain the frequent recurrence of slope 
failures in the Gela Basin (Kuhlmann et al., 2017). 

3. Material and methods 

3.1. Boreholes and sediment cores 

Three deep industry boreholes located on the shelf (Fig. 2A) were 
used for core-seismic correlation, together with the information from 
three published long piston cores (M1 and M2 from Kuhlmann et al., 
2015; M3 from Kuhlmann et al., 2017) (Fig. 2B, Table 1). The log data of 
the boreholes (Plinio Sud 001, Pellicano Ovest 001 and Merluzzo Mare 
001; B1–B3 in Fig. 2B) recovered along the northern shelf (accessible 
online at http://www.videpi.com/videpi/progetto.asp) reached the 
Mesozoic by drilling 4332 m, 4524 m and 2906 m, respectively. In this 
study, we used the stratigraphic information from the Base of Pliocene, 
which represents the marine sedimentation after the Messinian Salinity 
Crisis; for sub-epochs, we used the informal spatial subdivision i.e. 
Lower, Middle, Upper (Haile, 1987; Pearson et al., 2017). Borehole 
“Plinio Sud 001” (B1 in Fig. 2) allowed us to correlate three key seismic 
reflections corresponding to: Lower Pliocene, Upper Pliocene and Lower 
Pleistocene. The reported taxa Globorotalia bononiensis, G. puncticulata, 
G. margaritae (rare), and Sphaeroidinellopsis Spaeroidinellopsis sp. Globo-
gerinoides obliquus, G. extremus, G. sacculifer (frequent), G. trilobus, 
Orbulina universa was equated to the time interval spanning the Medi-
terranean Pliocene (MPl) 1 (5.33 Ma) – MPl 4a (3.57 Ma) biozones 
(Lower to Early Middle Pliocene). The taxa G. crassaformis, G. aemiliana, 
G. extremus, G. obliquus are planktonic key taxa present in this interval, 
indicating an age not older than MPl 4b biozone (3.57 Ma) and not 
younger than MPl 5b biozone (2.09 Ma) (Upper Pliocene to Lower 
Pleistocene after Gibbard et al., 2010), according to Lirer et al. (2019) 
and references therein. The taxa G. inflata (frequent) and G. extremus 
(rare) correspond to MPl 6 biozone (2.09–1.79 Ma) (Lower Pleistocene 
after Gibbard et al., 2010) according to Lirer et al. (2019) and references 
therein. The last interval between 505 and 470 m shows planktonic taxa 
(G. pachyderma, G. truncatulinoides, G. inflata) of Pleistocene age, from 
MPl 6b (2 Ma) to MPl e2e2 (present) biozone, according to the updated 
biochronology (Lirer et al., 2019). 

3.2. Multi-channel seismic (MCS) reflection profiles 

A set of unpublished MCS profiles (Fig. 2A) was made available by 
Eni S.p.A. and accessed through the virtual data room at their premises 
in San Donato Milanese (Italy). The interpretation software package 
used was Halliburton-Landmark Decision Space® G1 Edition. To inter-
pret the stratigraphy of the margin, we identified reflection configura-
tions and terminations, described the seismic facies (Table 2) and 
selected key unconformities in MCS profiles. On the shelf, these un-
conformities show an erosional character highlighted by top-lapping 
reflections and for this reason have been labelled Erosional Surfaces 
(ESs) in earlier works (ES1 and ES2; Kuhlmann et al., 2015; Minisini 
et al., 2007). Eight erosional surfaces (ES1–ES8) were thus identified on 
the topsets with ES8 coinciding with the MPT horizon traced and 
correlated at 800 ka in the northern GB by Di Stefano et al. (1993). The 
sequences above the erosional surfaces show onlapping terminations on 
the upper slope and pass basinward to correlative conformities (Fig. 6A). 

The term clinoform denotes surfaces which gently prograde sea-
wards (Rich, 1951) characterized by three geometric elements (topset, 
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Table 1 
Boreholes and sediment piston cores used in this study.  

Core/ 
Borehole 

Type Total 
drilling 
depth (m) 

Map 
key 

Coordinates Year Operator Water 
depth 
(m) 

Length 
used 
(m) 

Stratigraphy comments Reference 

Latitude Longitude 

Plinio Sud 
001 

Well 4332 B1 36◦53.607′N 14◦16.232′E 1981 AGIP 100 733 Plio- 
Quaternary 

missing 
Upper 
Quaternary 

website 
Videpi 

Pellicano 
Ovest 001 

Well 4524 B2 36◦47.46′N 14◦19.042′E 1973 AGIP 145 370 Plio- 
Quaternary 

missing 
Upper 
Quaternary 

website 
Videpi 

Merluzzo 
Mare 001 

Well 2906 B3 36◦39.387′N 14◦27.83′E 1982 ELF 94 79 Plio- 
Quaternary 

missing 
Upper 
Quaternary 

website 
Videpi 

GeoB14403 Piston 
core 

55 M1 36◦51.410′N 14◦13.910′E 2010 MARUM 182 55 MIS 1 - MIS 2 - 
MIS 3 - MIS 4 - 
MIS 5  

Kuhlmann 
et al. (2015) 

GeoB14414 Piston 
core 

27 M2 36◦48.130′N 14◦18.170′E 2010 MARUM 146 27 MIS 1 - MIS 2 - 
MIS 5 

GeoB14401 Piston 
core 

36 M3 36◦47.20‘N 14◦11.90’E 2010 MARUM 613 36 MIS 1 - MIS 2 no recovery 
3–15 m 

Kuhlmann 
et al. (2017)  

Table 2 
Seismic facies F1 to F5 observed in MCS profiles, complemented with illustrative images, sketches, facies descriptions and inferred sedimentary 
processes. 
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foreset and bottomset), separated by morphological breaks in the slope 
(points of maximum curvature) called rollover points (Pirmez et al., 
1998). Clinothem characterization was performed following the 
nomenclature and parameters proposed in Pellegrini et al. (2020) and 
was integrated with shelf-edge trajectory analysis that was originally 
proposed by Helland-Hansen and Martinsen (1996). 

Isobath maps of two key reflections (Base Pliocene and ES5; Fig. 9A 
and B) were obtained from contour maps of the traveltimes to the 
seismic reflections, depth-converted using an inferred seismic velocity of 
1500 m s− 1, and interpolated using algorithms available in the package 
Halliburton-Landmark Decision Space® G1 Edition. Isopach maps 
display lines of equal thickness in the stratigrahic units measured 
perpendicular to the layer boundaries Base Pliocene – ES5 (Fig. 9C), ES5 
– seabed reflection (Fig. 9D) and were automatically calculated from the 

depth-converted contour maps. Whereas, the depocenter thickness map 
between Base Pliocene and seabed reflection was obtained with ESRI 
ArcGIS 10.5.1 by importing the ASCII points of the respective contour 
maps, that were interpolated into surface rasters using the kriging al-
gorithm and processed using a cut/fill calculation (Fig. 9E). 

3.3. Sub-bottom seismic reflection (SBS) profiles 

SBS profiles were collected with a Teledyne Benthos CHIRP-III sys-
tem, composed of a 16 hull-mounted transducer array, using a 2–20 kHz 
sweep-modulated bandwidth and 4 kW power per-channel, which al-
lows a vertical resolution of about 50 cm and shallow penetration (<
100 m). Profiles were acquired during several surveys on board R/V 
Urania between 2005 and 2009. An additional SBS profile (RSM line in 

Fig. 3. A. Original seismic section and line drawing of MCS profile 1 crossing the borehole “Plinio Sud 001” (location in Fig. 2A). B. Enlargement of the prograding 
shelf-edge of MCS profile 1. C. Bathymetric map showing the location of B (black rectangle) and of SBS profile (white line) shown in D. D. Interpretation of SBS profile 
“HE81” showing the geometry of the seismic units A and B (Table 3) at the shelf edge. This profile was used to correlate the unconformity ES1 on MCS profile 1. 
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Fig. 7B), acquired with a similar system, was obtained from RINA 
Consulting S.p.A. All SBS profiles were post-processed with Geo Marine 
Survey Systems, Version 2.6. SBS profiles allowed to map ES1 (~30 kyr 
cal. BP; Kuhlmann et al., 2015) and ES2 (predating MIS 5e; Kuhlmann 
et al., 2015) that were correlated with MCS profiles (Figs. 3A, 4A and 
5A). Isopach maps were obtained for stratigraphic units bounded by ES2 
and ES1 (Fig. 9F), ES1 and the seabed reflection (Fig. 9G) with ESRI 
ArcGIS 10.5.1 and the same methodology described above. In addition, 
SBS profiles helped to characterize different surficial seismic facies, 
including contourite deposits and MTDs (Fig. 10). 

3.4. Bathymetric data 

The swath bathymetry data used in this work derive from several 

surveys undertaken on board R/V Urania with different multibeam 
systems, including: 30 kHz Kongsberg-Simrad EM300, 50 kHz Reson 
Seabat® 8160, 70–100 kHz Kongsberg EM710, the latter used in 2007 
during the MAKROS-CORSARO survey. The swath bathymetry data was 
merged with the 1/8 x 1/8 arc minutes resolution EMODnet compila-
tion, where areas are not covered by actual soundings (EMODnet Ba-
thymetry Consortium, 2016) . From a 20-m-resolution swath 
bathymetry DTM (Fig. 11A), we obtained a slope gradient map 
(Fig. 11B), a slope aspect map (Fig. 11C) and a curvature map (Fig. 11D) 
using the tools provided in ESRI ArcGIS 10.5.1. 

4. Results 

The eastern side of the Gela Basin can be subdivided into three 

Fig. 4. A. Original seismic section and line drawing 
of MCS profile 2 highlighting the initiation of con-
tourite deposits during the Upper Pliocene and their 
evolution through time. B. Enlargement of the pro-
grading shelf-edge of MCS profile 2. C. Bathymetric 
map showing the location of B (black rectangle) and 
of SBS profile (white line) shown in D. D. Interpre-
tation of SBS “HE29” highlighting the timing of con-
tourite growth in Sector 1. E. 3D bathymetric view of 
the area in C. See Fig. 3A and Table 3 for the 
description and interpretation of seismic units.   
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Fig. 5. A. Original seismic section and line drawing of MCS profile 3 showing the largest prograding set of the eastern Gela Basin. B. Bathymetric map showing the 
location of the enlarged area in Fig. 6A (black rectangle) and of SBS profile (white line) shown in C. C. Interpretation of SBS “MKR19” showing seismic units A, B and 
C (Table 3). D. Original seismic section and line drawing of MCS profile 4 showing oblique clinoforms during the Pliocene, top truncated strata and a net change in 
shelf aggradation after the MPT; same vertical and horizontal scales as in Fig. 5A. See Fig. 3A and Table 3 for the description and interpretation of the seismic units. 
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sectors along a NW–SE direction, based on the Pliocene morphology 
(Fig. 9A). The map of the horizon corresponding to the Base of the 
Pliocene in fact shows two sub-basins up to 2.7 km deep located in 
Sector 1 (Fig. 9A), a headland at the shelf edge in Sector 2 and a bowl- 
shaped sub-basin in Sector 3 confined to the east by the Malta Plateau. 
The Pliocene–Quaternary sedimentary succession reached up to 2.4 km 
in thickness in Sector 1 and up to 1.2 km in Sector 3 (Fig. 9E) and can be 
subdivided in the units described in the following paragraphs. 

4.1. Seismostratigraphic units 

A total of eight seismostratigraphic units from Lower Pliocene (Unit 
H) to MIS 1 (Unit A) were recognized between each key reflection in 
MCS and SBS profiles (Figs. 3–8 and 10), and were characterized by 
distinctive seismic facies (Table 2). 

4.1.1. Unit H (Base Pliocene – Upper Pliocene) 
The H unit is characterized by a sheet drape external geometry at the 

base of the Pliocene–Quaternary succession (Fig. 7). From foresets to 
bottomsets, the unit increases in thickness reaching a maximum 

thickness of 225 m in the bottomsets (Fig. 5A). In the along-strike pro-
file, a decreasing in thickness is observed towards the south (Fig. 7). 
Overall, unit H shows a dominance of seismic facies F3 (Table 2) char-
acterized by onlapping terminations in the two sub-basins of Sector 1 
(Figs. 7A and 9A). Seismic facies F3 in the unit include both high and low 
amplitude reflections of interbedded layers (Table 2). The onlapping 
deposits of facies F3 reach a volume of almost 300 km3 in Sector 1 for 
unit H (Figs. 3A and 4A and Table 4). 

4.1.2. Unit G (Upper Pliocene – base Pleistocene) 
The G unit shows an overall sheet drape external geometry (Fig. 4A) 

and is characterized on the topsets by a sigmoid configuration (Fig. 5A). 
The unit has a maximum thickness of 250 m in the bottomsets (Fig. 3A) 
and is up to 220 m deep in the topsets (Fig. 5A). The G unit is mainly 
characterized by seismic facies F3 (Fig. 5A, Table 2). 

4.1.3. Unit F (Base Pleistocene – Lower Pleistocene) 
The F unit shows an oblique tangential progradational configuration 

with a descending shelf-edge trajectory (Fig. 5A). The unit has a varia-
tion in thickness along the dip-oriented profile 1 from 100 m in the 

Fig. 6. A. Enlargement of the shelf-edge clinothems of MCS profile 3 of Fig. 5A bounded by the last eight erosional unconformities and highlighted by toplaps and 
onlaps (red arrows), showing a descending shelf-edge trajectory. B. Sea-level curve adapted from Spratt and Lisiecki (2006) with the corresponding rollover point for 
each erosional surface. Given the depth of rollover points (shoreline position) on the seismic profile, we estimated an average tectonic component of 0.1 mm/yr after 
the MPT, except for the last sea-level cycle when the tectonic vertical component is estimated at 2.5 mm/yr. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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topsets to 350 m in the bottomsets (Figs. 3A and 4A). The topsets display 
also a lateral variability along the strike of the basin reaching up to 400 
m thick towards the south (Fig. 5A). The unit is characterized by seismic 
facies F4 in the upper foresets (Fig. 5A) and by seismic facies F3 in the 
bottomsets (Fig. 3A, Table 2). Overall, onlapping deposits of seismic 
facies F3 have volumes of 4 km3 in unit F (Table 4). In Sector 1, the unit 
is characterized by seismic facies F1 in the bottomsets, which corre-
sponds to MTDs (Table 2) as thick as 200 m (Fig. 7). 

4.1.4. Unit E (Lower Pleistocene – MPT ~ 800 ka) 
The E unit shows an overall sheet drape external geometry (e.g. 

Fig. 5D) and develops only in the north of the basin, where it reaches a 

maximum thickness of 260 m in the foresets (Fig. 7). The unit is char-
acterized by seismic facies F3 in the topsets-foresets (Fig. 3A) and 
seismic facies F1 in the bottomsets (Fig. 7, Table 2). The unit marks a 
change in the overall stacking pattern of the margin, with the appraisal 
in the foresets of seismic facies F2a, characterized by mounded re-
flections (Fig. 4A, Table 2). 

4.1.5. Unit D (MPT ~ 800 ka – ES5) 
The D unit is represented by a complex sigmoid-oblique prograding 

reflection configuration with an ascending shelf-edge trajectory and 
reaches a maximum thickness of 350 m in the foresets (Fig. 3A). On the 
along-strike profile, the D unit shows a lateral variability in thickness 

Fig. 7. A. Original seismic section and line drawing of MCS profiles 5 and 6 showing the along-strike variability (NW–SE direction) of the Pliocene–Pleistocene 
succession. See Fig. 2A for location. 

Fig. 8. SBS profile “RSM” which shows the younger clinothems (units A and B) crossed by SBS profiles “HE122” and “MKR19” (NE–SW direction) to highlight the 
changes in clinothem thickness along the shelf and the overall along-strike variability of the margin. 
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with higher values in the north (Fig. 7). The unit is characterized by 
seismic facies F3 in the topsets (Fig. 5A), by seismic facies F2a in the 
foresets (Fig. 4A) and by seismic facies F3 and F1 in the bottomsets 
(Table 2, Figs. 3A, 4A and 5A, 5D and 7). 

The isobath map of the ES5 reflection shows that the depocenters in 
the bottomsets of Sector 1 were partially filled during the Upper Plio-
cene and Lower Pleistocene (Fig. 9B), and depositional thickness 
reached up to 1.5 km in the two depocenters in the north and up to 1 km 
in the depocenter in the southeast (Fig. 9C). The shelf edge migrated < 5 
km in Sector 1, < 1 km in Sector 2 and more than 20 km in Sector 3, 
before reaching the current position (Fig. 9B). 

4.1.6. Unit C (ES5 – ES2) 
The C unit presents a stack of prograding clinoform sets that from 

north to south can be described as oblique (Fig. 4A), complex sigmoid- 
oblique with alternation of descending and ascending shelf-edge 

trajectories (Fig. 5A), and oblique to complex sigmoid-oblique reflection 
configurations (Fig. 5D). The descending trajectories are highlighted by 
top truncated reflections at the outer shelf, whereas ascending trajec-
tories are associated with minimum aggradation of the topsets (in the 
order of 10 ms; Figs. 5C and 8). The unit shows a maximum thickness of 
up to 385 m in the foresets (Fig. 5D, Table 3). In the basin, the unit is 
characterized both by seismic facies F1 (Figs. 3A, 4A and 5A, 5D and 7) 
and F3 (Fig. 5A and D, Table 2). The thickness between ES5 and the 
seabed is up to 450 m in Sector 1 and 400 m in Sector 3 (Fig. 9D). 

4.1.7. Unit B (ES2 – ES1 ~ 30 ka) 
The B unit shows a complex sigmoid-oblique reflection configuration 

(Fig. 3A) and an increase in thickness in the lower foresets, where it 
reaches more than 200 m (Figs. 3A and 7B). The B unit is characterized 
by seismic facies F4 in the topsets (Fig. 3D) and seismic facies F3 in the 
bottomsets passing laterally to seismic facies F1 at the base of the slope 

Fig. 9. Isobath maps (A and B) of key stratigraphic horizons and isopach maps (C, D, E, F, G) of significant stratigraphic units in the study area. C shows evidence of 
three sub-basins in Sector 1. D shows that sediment deposition was limited to the shelf edge during the corresponding time interval. E represents the overall Plio- 
Quaternary deposition showing maximum thickness in Sector 1. F and G are the sedimentation thickness between ES2 and ES1 and between ES1 and the seabed. H 
represents the sediment accumulation since ES2 until today (seismostratigraphic units A + B, Table 3) where it concentrated mainly on the slope of sectors 1 and 3. 
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(Figs. 3A, 5A and 5D, Table 2). 
From ES2 to ES1, sedimentation is limited in the foresets and bot-

tomsets with a deposition thickness up to 100 m (Fig. 9G). MIS 5 de-
posits are 150 m thick in the topsets, however SBS profiles penetrated 
the deposit until the rollover point between the foresets and topsets and 
ES2 is not visible. 

4.1.8. Unit A (ES1 ~ 30 ka – present) 
The A unit shows an overall sheet drape external geometry in the 

topsets (Figs. 3D and 5C) with a sigmoidal configuration (Fig. 8) which, 
along with the continuous coastal seismic reflections, suggest the pres-
ence of a mud belt up to 50 m thick (Fig. 8). On the dip-oriented profile, 
the A unit increases in thickness towards the lower foresets reaching up 
to 40 m in the south (Fig. 10A). Here, the A unit is characterized by the 
occurrence of moats oriented along the contours (Fig. 10). The unit is 
characterized by seismic facies F3 in the topsets (Fig. 8) and the lower 
foresets (Fig. 10D) and by seismic facies F2b in the upper foresets (Figs. 4 
and 10). This unit exhibits two depocenters, a 50 m thick depocenter 

Fig. 10. A. SBS profile “MEDCORE-138” showing the internal structures of the most prominent contourite deposit in the upper slope of Sector 3. Seismic units A and 
B show that the deposition of the drift crests occurred mainly during MIS 5 (see also Table 3). B. SBS profile “MA87” showing the continuity of the contourite deposits 
along the shelf edge and upper slope. C. SBS “MA1” showing the presence of a buried drift developed on top of ES2. D. SBS “MA80” shows a moat and the Gela Drift 
Slide (GDS) gliding on top of the erosional surface ES2. E. Bathymetric map with location of the seismic profiles shown in A, B, C and D. F. 3D bathymetric view 
showing the GDS deposit located downslope the failed drift crests. Horizontal and vertical scales of SBS profiles are given in Fig. 10D. 
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Fig. 11. A. Shaded-relief map of the 25-m-resolution DTM of the eastern margin of the Gela Basin subdivided in three sectors and highlighting the mass-transport 
deposits (MTDs) described in previous studies (Northern Twin Slide–NTS and Southern Twin Slide–STS). B. Slope gradient map showing an average gradient of 2.1◦

and up to 32◦ at the shelf edge of sectors 1 and 3. C. Aspect map showing a southern direction in Sector 1 and an N–NW direction in sectors 2 and 3. D. Curvature map 
revealing hummocky surfaces corresponding to the MTDs discovered by this study (Southern Gela Basin Slide–SGBS and Gela Drift Slide–GDS). 
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located in the topsets in Sector 1, and a 40 m thick depocenter in the 
foresets in Sector 3 (Fig. 9G). Inside unit A, sediments deposited after 
ES2 mostly occur along the slope of sectors 1 and 3 (Fig. 9H). 

4.2. Seafloor morphology and seismic facies 

The high-resolution bathymetry shows a shelf edge at 200 m w.d. 
and a basin as deep as 936 m w.d. in Sector 1 (Fig. 11A). The average 
slope gradient is 2.1◦ with maximum local values of 32◦ at the headwall 

scars of the Twin Slides (NTS and STS in Fig. 11A) and in the south of 
Sector 3 (Fig. 11B). The slope angle is 1–10◦ in sectors 2 and 3 (Fig. 11B), 
and both sectors display changes in the slope direction from SSW to 
NNW (Fig. 11C), forming a curvature of the margin and creating large 
amphitheatre-like morphologies, characterized by upwardly convex and 
concave structures (Fig. 11D). 

The short-distance changes in slope direction and gradient define the 
contourite moats located in 200 m w.d. in Sector 1 (Fig. 4C and E) and in 
Sector 3 (Fig. 10F). The moats are 3.5 long and 40 m deep (Fig. 4D) in 

Table 3 
Details of seismic units A to H identified in the seismic profiles and correlated with borehole and sediment core data. For the descriptions of seismic facies refer to 
Table 2.  

Seismic 
units 

Lower 
boundary 

Upper 
boundary 

Age Thickness 
range (m) 

Seismic 
facies 

Description Interpretation 

A ES1 Seafloor MIS 1 MIS 2 0–119 HACP and 
HADCh 

Sheet drape Low sedimentation since 
last sea-level lowstand 

B ES2 ES1 MIS 3 MIS 4 MIS 5 50–250 HACP and 
HADCh 

Complex sigmoid-oblique configuration 
with toplap terminations and chaotic 
reflections in the basin 

Changes in relative sea 
level and presence of 
MTDs 

C ES5 ES2 Middle Pleistocene - Stage 2 0–385 HACP and 
HADCh 

Complex sigmoid-oblique configuration 
with alternation of descending and 
ascending trajectories along with chaotic 
reflections in the basin 

Changes in relative sea 
level and presence of 
MTDs 

D MPT ES5 Middle Pleistocene - Stage 1 10–350 HACP, 
HACM and 
HADCh 

Complex sigmoid-oblique configuration 
with ascending trajectories and onlap 
terminations along with chaotic 
reflections in the basin 

Growth of contourite 
deposits and presence of 
MTDs 

E Lower 
Pleistocene 

MPT Lower Pleistocene - Stage 2 0–260 HACP, 
LADCh and 
HACM 

Sheet drape and mounded reflections 
along with chaotic reflections in the 
basin 

Initiation of contourite 
deposits and presence of 
MTDs 

F Base 
Pleistocene 

Lower 
Pleistocene 

Lower Pleistocene - Stage 1 0–400 HACP and 
LADCh 

Complex sigmoidal to oblique tangential 
configuration with descending 
trajectories along with chaotic 
reflections in the basin 

Relative sea-level fall 
and presence of MTDs 

G Upper 
Pliocene 

Base 
Pleistocene 

Upper Pliocene 0–250 HACP Sheet drape and sigmoid configuration End of the Zanclean 
flood and initiation of 
the progradation 

H Base 
Pliocene 

Upper 
Pliocene 

Lower Pliocene 0–225 HACP and 
HAD 

Sheet drape and onlap terminations Start of sedimentation 
after the Zanclean flood  

Table 4 
MTDs and turbidite deposits observed in the seismic profiles available in the study area, accompanied by their inferred recurrence times, dimensions, source directions, 
location along the margin sectors and likely controlling factors.  

Time Seismic Unit Type Recurrence (Myr) Area (km2) Thickness (km) Volume (km3) Source Sector Name Controlling factors 

Upper Pleistocene-Holocene A þ B MTD 0.1 15.5 0.037 0.5735 NE 1 NTS Eustasy 
MTD 0.1 14.4 0.025 0.36 NE 1 STS Eustasy 
MTD 0.1 8 0.05 0.4 SE 3 GDS Oceanographic 
MTD 0.1 350 0.05 17.5 NE 1 FS Oceanographic 
MTD 0.1 100 0.05 5 NE 1  Oceanographic 
MTD 0.1 120 0.05 6 NE 1  Oceanographic 
MTD 0.1 580 0.04 20 SE 3  Eustasy 
MTD 0.1 580 0.04 17 SE 3  Eustasy 

Middle Pleistocene-Stage 2 C MTD 0.35 800 0.12 96 N 1  Tectonic 
MTD 0.1 48 0.05 2.4 SE 3  Eustasy 
MTD 0.1 26 0.05 1.3 SE 3  Eustasy 
MTD 0.1 47 0.05 2.35 SE 3  Eustasy 
MTD 0.1 25 0.05 1.25 SE 3  Eustasy 
MTD 0.1 760 0.12 91 SE 2/3  Eustasy 

Middle Pleistocene-Stage 1 D MTD 0.3 375 0.12 45 NE 1  Oceanographic 
MTD 0.1 286 0.04 11.44 SE 3  Eustasy 
MTD 0.1 550 0.066 30 N 1  Tectonic 
MTD 0.1 550 0.066 35 N 1  Tectonic 
MTD 0.1 550 0.066 40 N 1  Tectonic 

Lower Pleistocene-Stage 2 E MTD 0.6 1032 0.1 100 N 1  Tectonic 
MTD 0.6 1032 0.1 120 N 1  Tectonic 
MTD 0.6 1032 0.1 80 N 1  Tectonic 
MTD 1.8 119 0.04 4.76 E 1  Oceanographic 

Lower Pleistocene-Stage 1 F MTD 0.5 1032 0.1 110 N 1  Tectonic 
MTD 0.5 1032 0.1 90 N 1  Tectonic 
Turbidite 1 411 0.34 139.74 E 1   

Upper Pliocene G Turbidite 1.7 1740 0.17 295.8 NE 1    

T. Gauchery et al.                                                                                                                                                                                                                              



Marine and Petroleum Geology 123 (2021) 104767

15

Sector 1 and 9 km long and 70 m deep (Fig. 10A) in Sector 3. Contourite 
deposits display mounded reflections in SBS profiles that highlight the 
internal structures of the drift crests in Sector 1 (Fig. 4B and D) and 
Sector 3 (Fig. 10). Drift crests that developed on top of ES2 are mainly 
composed of sediments deposited during MIS 5 with a 60 m thick 
accumulation in Sector 3 (Fig. 10A). 

In Sector 1 the Twin Slides deposits show a southern slope direction 
while areas in the south of Sector 3 show a northern and eastern slope 
direction, which contrast with the main NW slope direction of sectors 2 
and 3 (Fig. 11C). Upward convex or concave features are observed 
downslope steep headwalls and are thus interpreted as mass-transport 
deposits (MTDs) and named South Gela Basin Slide (SGBS) and Gela 
Drift Slide (GDS; Figs. 10D and 11D). Their headwall scars reach lengths 
of 12.1 km and 3.6 km, respectively. The GDS in particular is charac-
terized by transparent to chaotic seismic facies and reaches a maximum 
thickness of 50 m with an estimated volume of 0.41 km3 (Fig. 10D and 
Table 4). 

5. Discussion 

5.1. The Pliocene–Quaternary stratigraphic architecture of the Gela Basin 

The Pliocene–Quaternary stratigraphic architecture of the Gela Basin 

records two main phases of margin outbuilding characterized by 
changes in depositional patterns as well as a drastic change in sediment 
accumulation rates. 

5.1.1. Progradational phase (Pliocene – MPT) 
The Lower Pliocene was characterized by the deposition of parallel 

strata draping the uneven pre-existing morphology and marking the 
inundation of the Mediterranean Sea from the Atlantic Ocean after the 
opening of the Gibraltar Strait (Zanclean flood in Table 3; Garcia-Cas-
tellanos et al., 2009). The inherited uneven morphology, characterized 
by two deep sub-basins, determined the position of the Plio-Quaternary 
depocenters. Above sub-parallel strata, a 300-m-thick sediment wedge 
deposited during the Upper Pliocene recording a basinward migration of 
the shelf edge of ca. 10 km in Sector 3 (Fig. 5A), and with the 
concomitant infilling of the structural sub-basins in sectors 1 and 3 by 
onlapping strata ascribed to turbidite deposits by Ghielmi et al. (2012) 
(Figs. 3A, 7 and 13). In the Pleistocene, progradation extended to the 
south with the emplacement of oblique shelf-edge clinothems (Fig. 5D). 
The top truncated strata of these clinothems coupled with the flat to 
slightly descending shelf-edge trajectory may reflect the Lower Pleisto-
cene uplift of the Malta Plateau documented by Gardiner et al. (1995) 
(Fig. 12). From Pliocene to MPT, the sediment wedge increased in 
thickness by 150 m/Myr, with the main depocenters located in Sector 1 

Fig. 12. N–S oriented chronostratigraphic cross-section summarizing the evolution of the eastern Gela Basin since the Pliocene. The temporal distribution of the 
deposits is schematic. SAR: sediment accumulation rate. 
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and in the east of Sector 3 (Fig. 12). 

5.1.2. Progradational-aggradational (MPT – present) 
The MPT horizon (Table 3) coincided with a general reorganization 

of the margin growth and of the stratigraphic architecture (Fig. 12). The 
margin outbuilding evolved from a progradational to a progradational 
with strongly aggradational motif (e.g. Fig. 5A), suggesting an overall 
increase in accommodation on the continental shelf accompanied by an 
increased sediment flux in all three sectors of the margin (Fig. 13). Like 
other continental margins (Ercilla et al., 1994; Fatoke and Bhattacharya, 
2010; Gong et al., 2016), the deposition of thick sedimentary bodies 
after the MPT was accompanied by the increased occurrence of MTDs 

and the Gela Basin recorded the destabilization of the entire eastern 
slope with the emplacement of several submarine landslides (Figs. 10, 
11D and 15B). 

The sedimentation rate of the progradation-aggradation phase 
reached 900 m/Myr, likely contributing to increased sediment load and 
causing subsidence of the shelf. The subsidence was previously docu-
mented by Gardiner et al. (1993), however they attributed the sinking to 
normal faulting. From the comparison with the underlying Plioce-
ne–Lower Pleistocene progradational phase, a six-fold increase in the 
rate of margin outbuilding occurred after the MPT. This finding has 
implications for the geological time recorded by clino-stratified suc-
cessions, and suggests that the physical scale of the lithosomes recorded 

Fig. 13. A. Recurrence time plotted against reconstructed volumes of mass-transport deposits (MTDs) and turbidite deposits mapped in the eastern Gela Basin since 
the Pliocene (see also Table 4). B. Time sketch of the eastern Gela shelf-edge margin growth (black lines) for the Pliocene to Quaternary along with the distribution of 
sedimentary bodies and MTDs. 
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in the stratigraphic succession is unrelated to the time elapsed during 
their deposition as observed on other margins (Miall, 2016; Pellegrini 
et al., 2017a; Smith et al., 2015). 

5.1.3. Slope instability and different types of MTDs 
We analysed the morphology of the accumulation areas of MTDs, the 

orientation and shape of their headwall scars and their volumes to infer 
which predisposing factor (tectonics, shelf progradation, bottom cur-
rents) was predominant in their mobilization during the Pliocene and 
Pleistocene (Table 4). In the north (Sector 1), tectonic vertical move-
ments were prevailing until the MPT, likely reflecting the proximity of 
the Maghrebian fold-and-thrust belt (Fig. 1) and the Messinian defor-
mation that initiated the general uplift and exhumation of the accre-
tionary wedge while the Hyblean Plateau locally forced uplift at the 
orogenic front (Henriquet et al., 2020). Transtentional movements 
concentrated during Late Miocene to Pliocene, resulting in a N–S 
extension in the Pantelleria Graben (PG in Fig. 1; Martinelli et al., 2019), 
with minimum effects in the study area. MTDs linked to extensional 
tectonics have distinct signatures, including blocks, debris-flow deposits 
and chaotic volumes from turbidites (Alves and Gamboa, 2019). The 
MTDs emplaced in the Upper Pliocene and Lower Pleistocene in the 
study area have prominent headwall scars, blocky to chaotic seismic 
facies and are sourced from the north (Table 4, Figs. 12 and 13), similar 
to the Gela Slide, which was triggered by the uplift of the Gela Nappe 
(Trincardi and Argnani, 1990). These tectonic-related MTDs are in the 
range 30–120 km3 and have been deposited roughly every 400 kyr 
(Table 4, Fig. 13A). 

After the MPT, only minor local subsidence on the Malta Plateau 
(Gardiner et al., 1993) and regional uplift in the Hyblean Plateau 
(Ghielmi et al., 2012) occurred, with no significant impact on sediment 
supply. In sectors 2 and 3, contourite-related MTDs formed downslope of 
contourite deposits involving volumes from 0.4 km3 to 45 km3 with a 
recurrence possibly influenced by the 100 kyr glacial/interglacial 
timescale climate variability (Figs. 10D, 12 and 13, Table 4). 

In sectors 1 and 3, the high sediment accumulation rate at the shelf 
edge caused an increase of the slope gradient, which contributed to the 
margin instability, as previously suggested by Minisini and Trincardi 
(2009). Clinothem-related MTDs were thus emplaced where the margin 
had the highest sediment input, possibly related to the occurrence of 
river networks as suggested by Kuhlmann et al. (2015), coupled with the 
activity of persistent bottom currents (Fig. 8). The clinothem-related 
MTDs have volumes averaging at about 23 km3 and reflect an eustatic 
control with a pacing similar to the contourite-related MTDs (Table 4, 
Figs. 12 and 13). 

5.2. Contourite deposits as key markers of stratigraphic architecture 

5.2.1. Onset of contourite deposits 
Despite having been described in previous studies (Marani et al., 

1993; Martorelli et al., 2001; Micallef et al., 2013; Verdicchio and 
Trincardi, 2008a,b), the timing of the onset of contourite deposits in the 
Strait of Sicily remains elusive. Our data show that the Upper Pliocene 
horizon marks the onset of contourite deposition on the lower slope of 
sectors 1 and 3 of GB, where mounded and plastered drifts (sensu Stow 
and Faugères, 2008, Table 2) developed, respectively (Figs. 12 and 13). 
The mounded drifts onset at the toe of the slope and progressively 
migrated upslope (Figs. 4B and 12). We ascribe the presence of thicker 
contourite drifts in Sector 1 (Fig. 4B and D) to the activity of a paleo 
bottom current interacting with the uneven topography inherited since 
the base of the Pliocene (see the structural high in Figs. 8, 9A and 9E). 
Integrated sedimentological and oceanographic analyses have recently 
shown that such mounded drifts typically characterize slope sectors 
where deceleration of bottom current promotes deposition, whereas 
plastered drifts tend to form in sediment-starved margin sectors (Mir-
amontes et al., 2018). In our case, the presence of the structural high 
with a pronounced shelf-edge bulge (Fig. 8) led to the deposition of 

contourite deposits on its up- and down-current sides (Fig. 13) as dis-
cussed elsewhere by Falcini et al. (2016) and Rovere et al. (2019). 

5.2.2. Evolution of contourite deposits 
After the MPT, the accelerated growth of contourite deposits along 

the whole margin (Figs. 12 and 13) implies the enhanced activity of 
near-seafloor water masses along the slope similar to the modern LIW, as 
suggested in other basins of the Mediterranean Sea (Amelio and Mar-
torelli, 2008; Miramontes et al., 2016; Pellegrini et al., 2016). A bottom 
current should have a speed range > 10–12 cm s− 1 and < 20 cm s− 1 to 
initiate erosion and subsequent deposition of mounded sediment drifts 
in fine-grained sediments (e.g. McCave and Hall, 2006; Stow et al., 
2009). The LIW circulates in the Strait of Sicily with a velocity of 13 cm 
s− 1 (Lermusiaux and Robinson, 2001), but may undergo intensity fluc-
tuations, as observed in the Corsica Channel, possibly influenced by 
climatic changes on Milankovitch timescales (Toucanne et al., 2012). 

5.2.3. Bottom currents strength and sea level variations 
In an attempt to define when and where contourite deposits grow in 

relation to sea-level variations, Verdicchio and Trincardi (2008a) 
inferred an increased strength of the LIW during interglacials in the 
Central Mediterranean, while Miramontes et al. (2016) inferred faster 
bottom currents during cold intervals in the Corsica Channel. Our SBS 
profiles indeed show that the most recent growth of contourite deposits 
occurred during late MIS 2 and MIS 5 (Figs. 4D, 8 and 10) in the Gela 
Basin, supporting the action of bottom currents during both late glacial 
and interglacial periods, as envisaged in other contexts (e.g. Brack-
enridge et al., 2011). 

High sediment accumulation rates (200 cm kyr− 1) in the prograding 
clinothems during MIS 5 in Sector 1 were observed in previous studies 
(Kuhlmann et al., 2015). Our data show a thickness decrease of MIS 5 
deposits proceeding southward from Sector 1 to Sector 2 (Fig. 8). 
However, MIS 5 deposits increase their thickness in Sector 3 with a 
sediment accumulation rate at 100 cm kyr− 1, where contourite drifts 
formed (Fig. 10). This evidence seems to indicate that sediments 
by-passed Sector 2 along a seaward bulge of the shelf edge (headland) 
and accumulated downcurrent in Sector 3, under the action of the LIW 
(Fig. 1). 

5.2.4. Contourites and erosional surfaces as predisposing factors to margin 
instability 

In the Gela Basin, the growth of contourite deposits is concomitant 
with an increase in the occurrence and decrease in the size of MTDs in 
the basin (Figs. 12 and 13). This finding suggests a causal relation be-
tween the development of contourites and the emplacement of MTDs. 
Since the growth of contourite deposits on the slope, large sectors of the 
slope destabilized, involving in some cases the entire stratigraphic suc-
cession (Fig. 12) and promoting an increase in the number of MTDs, with 
volumes ranging from 0.5 to 40 km3, named contourite-related MTDs 
(Fig. 13A). In Sector 3, the Gela Drift Slide (GDS) affected a large extent 
of a contourite drift with the Erosional Surface ES2 at its base, possibly 
acting as a glide plane (Fig. 10D). Previous studies suggested that weak 
layers such as intercalated volcanoclastic layers (Kuhlmann et al., 2017) 
create a basal change in mechanical properties which, together with 
increased pore pressure induced by rapid deposition (Urlaub et al., 
2013) and higher slope gradient (Miramontes et al., 2018) as in the case 
of contourites, may favour the initiation of margin destabilization. In the 
case of the GDS, we suggest that the ES2 might have acted as a weak 
layer, due to a change in grain size, as reflected by the change in acoustic 
impedance in the seismic profiles (Fig. 10D). Contourite deposits are 
comprised of fine-grained sediments in the Gela Basin, alike in the 
Mediterranean Sea due to the average limited availability of coarser 
grained deposits on the shelf (Mulder et al., 2008), and differ in grain 
size from sediments deposited during lowstands. This mechanism has 
been suggested also for the Brazilian margin (Alves, 2010) and is sup-
ported by the evidence that, since the MPT, MTDs in the Gela Basin 
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consistently develop atop of regional lowstand unconformities (Fig. 5A). 

5.3. Climate as main driver of clinothem architecture and margin 
instability after the MPT 

We analysed reflection terminations to define sequence boundaries 
and related depositional sequences reconstructing timing of sediment 
delivery in the Gela Basin. There commonly are, however, a variety of 
erosional surfaces of different duration and lateral extents observable on 
shelves that can be interpreted potentially as sequence boundaries (e.g. 

Pellegrini et al., 2017b; Madof et al., 2017, 2019). 
Sequence-stratigraphic models refer to the formation of a sequence 
boundary either at the beginning (e.g. Posamentier et al., 1992) or the 
end of the eustatic fall (e.g. Hunt and Tucker, 1992). Following the 
classic definition of sequence boundary by Mitchum et al. (1977), we 
were able to distinguish sequence boundaries from other erosional 
surfaces by differentiating the types and extents of their toplaps and 
onlaps at the shelf and on the slope, respectively (Figs. 5A, 6 and 14). We 
analysed the character of these surfaces along a ca. 100 km stretch of the 
Gela Basin (Figs. 5A, 6 and 14) and observed: i) the flat to slightly 

Fig. 14. Along-dip shelf stratigraphic reconstructions illustrating the changes in sediment deposition during the current Holocene highstand (A) and the Last Glacial 
Maximum (B). C. The occurrence of an elongated area of non-deposition adjacent to contourite deposits on the Malta Plateau indicates the path of bottom currents 
flowing at around 100 m w.d. 
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descending shelf-edge trajectory of the clinothems bracketed between 
ES1 and ES8 unconformities; ii) no evidence of relevant tectonic activity 
after the MPT (Fig. 12). ES1-ES8 unconformities therefore represent the 
sequence boundaries formed until the end of each eustatic fall (Fig. 6B). 
Independently constrained calibration of the youngest (ES1) and oldest 
(ES8) unconformities, dated at 30 kyr BP (Kuhlmann et al., 2015) and 
ca. 800 ka (Di Stefano et al., 1993), respectively, support this interpre-
tation (Fig. 6B). Clinothems above the sequence boundaries show onlap 
terminations on the slope and have erosional topsets (highlighted by 
toplap terminations; Fig. 6A), and correlative MTDs in the basin and on 
the slope, here named clinothem-related MTDs (Fig. 14B). The erosional 
nature of their topsets can be explained by a fluvial system docked at the 
shelf edge, as documented in tank experiments (Martin et al., 2009). The 
depths of the rollover points of each sequence boundary indicate a 
quasi-steady subsidence rate of 0.1 mm/yr (Fig. 6B) and suggest, like in 
the western Adriatic Sea (Maselli et al., 2010), the formation of these 
erosional surfaces by subaerial exposure as reported in Kuhlmann et al. 
(2015) in the adjacent study area. However, the presence of ES1 rollover 
point at 200 m w. d. on the Malta Plateau (Figs. 6A, 8) and 75 m below 
the position of sea level during the last eustatic lowstand, would imply a 
subsidence rate of 2.5 mm/yr solely in the last 30 kyr. Instead, we 
suggest that ES1 can be the result of subaerial erosion during the last 
lowstand on the inner and mid shelf and of subaqueous erosion on the 
outer shelf, presumably by waves and bottom currents (Fig. 14B). The 
subaqueous erosion on the outer shelf may have further contributed to 
the emplacement of MTDs in the basin (Fig. 14B). The clinothems pro-
graded at the shelf edge until further sea-level rise brought about the 
flooding of the continental shelf. During flooding phases and highstands, 
the shoreline shifted landward accompanied by: i) the formation of a 
condensed succession in the basin detected as single and laterally 
continuous reflections observed in MCS profiles (Fig. 14A). These re-
flections can be interpreted as hemipelagites and shelf-derived sedi-
ments as reported elsewhere in similar contexts (e.g. Paumard et al., 
2020); ii) the deposition of sediment drifts on the outer shelf (Fig. 14A 
and C). We indeed found evidence of contourite deposits as shallow as 
100 m w.d. on the Malta Plateau (inset of Fig. 8), similar to those sug-
gested close to Malta by Micallef et al. (2013) (Fig. 1). We thus infer the 
presence of bottom currents constrained in their paths by the structural 
highs of the Malta Plateau during highstands suggesting an 
along-contour sediment redistribution, under the influence of the MAW 
from north to south along the shelf edge (Fig. 14C). Overall, this evi-
dence suggest that sea level was the main driver in determining the 
position of the depocenters with a systematic shift of the depocenters 
towards the shelf edge during glacial periods. Therefore, sea-level var-
iations concur in promoting margin destabilization under 
high-amplitude glacio-eustatic fluctuations (Fig. 12). This implies 
orbitally-controlled climatic cycles as the key predisposing factor of 
margin instability after the MPT, with clinothem-MTDs paced roughly at 
100 kyr cycles (Table 4). 

6. Conclusions 

The Pliocene–Quaternary stratigraphic succession of the Gela Basin 
results from the stacking of three main types of sedimentary bodies: 
clinothems, contourite deposits and mass-transport deposits (MTDs). 
Altogether, the stratal stacking pattern records variations in tectonic 
activity, climate (affecting sediment flux from the continent and 
eustasy), and changes in the oceanographic regime at Milankovitch and 
sub-Milankovitch time scales. 

Tectonic-related MTDs are the least recurrent gravity-flow deposits 
in the Gela Basin but the largest in volumes until the Lower Pleistocene 
in the north of the basin. The outbuilding of the margin changed dras-
tically along the Middle Pleistocene Transition (MPT, 0.8 Ma) from a 
shelf-edge progradational phase with an accumulation of 700 m in ca. 
4.5 Myr, to a progradional-aggradational phase with a comparable 
volume of sediment accumulated in a much shorter time span. This high 

sediment accumulation rate promoted the emplacement of MTDs fav-
oured by significantly increased slope gradients of the foresets of pro-
grading clinoforms. Therefore, shelf-edge clinothems and their 
associated MTDs were paced at Milankovitch cyclicity and resulted in 
the systematic shift of the shoreline to the shelf edge during glacial 
periods, revealing sea-level change as the main driver in determining the 
position of the depocenters along the shelf-edge and indirectly favoring 
margin destabilization after the MPT. 

Following the MPT, contourite deposits, confined to the lower slope 
since the Upper Pliocene, progressively migrated upslope, under the 
action of enhanced bottom currents with a flow pattern likely similar to 
that of the modern LIW. Contourite drifts formed on the up and down- 
current side of a shelf-edge headland inherited from the Pre-Pliocene 
morphology of the margin, which probably accelerated bottom cur-
rents locally. Markedly different sediment accumulation rates north and 
south along the margin during interglacial periods (e.g. MIS 5) further 
suggest a re-organization in the sediment dispersal along the shelf, with 
sediment by-pass around the shelf-edge headland. In this context, MTDs 
generated from failed, contourite deposits are systematically found 
above erosional surfaces, which probably acted as glide planes. 

Overall, these findings suggest that:  

1. The contourite- and clinothem-related MTDs are smaller in size 
compared to the tectonic-related MTDs but more recurrent and 
reflect sea-level fluctuations, changes in sediment supply and 
dispersal by bottom currents.  

2. Contourite deposits emplaced over erosional unconformities are 
prone to failure thereby acting as a major control on the architecture 
of the margin.  

3. The physical scale of the lithosomes recorded in the stratigraphic 
succession has no implications on the time elapsed during their 
deposition, as already observed in other margins. 
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foredeep of sicily. Memorie Società Geologica Italiana 38, 419–428. 

Argnani, A., Torelli, L., 2001. The Pelagian Shelf and its graben system (Italy/Tunisia). 
Memoir. Mus. Natl. Hist. 186, 529–544. 

Astraldi, M., Gasparini, G.P., Gervasio, L., Salusti, E., 2001. Dense water dynamics along 
the Strait of sicily (Mediterranean Sea). J. Phys. Oceanogr. 31, 3457–3475. https:// 
doi.org/10.1175/1520-0485(2001)031<3457:DWDATS>2.0.CO;2. 

Béranger, K., Mortier, L., Gasparini, G.P., Gervasio, L., Astraldi, M., Crépon, M., 2004. 
The dynamics of the Sicily Strait: a comprehensive study from observations and 
models. Deep-Sea Res. Pt. II 51 (4–5), 411–440. https://doi.org/10.1016/j. 
dsr2.2003.08.004. 

Bishop, W.F., Debono, G., 1996. The hydrocarbon geology of southern offshore Malta 
and surrounding regions. J. Petrol. Geol. 19, 129–160. https://doi.org/10.1111/ 
j.1747-5457.1996.tb00422.x. 

Brackenridge, R., Stow, D.A.V., Hernández-Molina, F.J., 2011. Contourites within a 
deep-water sequence stratigraphic framework. Geo Mar. Lett. 31, 343–360. https:// 
doi.org/10.1007/s00367-011-0256-9. 

Butler, R.W.H., Grasso, M., La Manna, F., 1992. Origin and deformation of the neogene- 
recent maghrebian foredeep at the Gela nappe, SE sicily. J. Geol. Soc. 149 (4), 
547–556. https://doi.org/10.1144/gsjgs.149.4.0547. 

Colantoni, P., Del Monte, M., Gallignani, P., Zarudzki, E.F.K., 1975. Il Banco Graham: un 
vulcano recente del Canale di Sicilia. Giorn. Geol. 40, 141–162. 

Di Stefano, E., Infuso, S., Scarantino, S., 1993. Plio-Pleistocene sequence stratigraphy of 
south western offshore Sicily from well logs and seismic sections in a high resolution 
calcareous plankton biostratigraphic framework. In: Max, M.D., Colantoni, P. (Eds.), 
Geological Development of the Sicilian-Tunisian Platform. Reports in Marine 
Science, vol. 58. UNESCO, pp. 37–42. 

EMODnet Bathymetry Consortium, 2016. EMODnet Digital Bathymetry (DTM). The 
European Marine Observation and Data Network. https://doi.org/10.12770/ 
c7b53704-999d-4721-b1a3-04ec60c87238. 

Ercilla, G., Farran, M., Alonso, B., Diaz, J.I., 1994. Pleistocene progradational growth 
pattern of the northern Catalonia continental shelf (northwestern Mediterranean). 
Geo Mar. Lett. 14, 264–271. https://doi.org/10.1007/BF01274062. 

Falcini, F., Martorelli, E., Chiocci, F.L., Salusti, E., 2016. A general theory for the effect of 
local topographic unevenness on contourite deposition around marine capes: an 
inverse problem applied to the Italian continental margin (Cape Suvero). Mar. Geol. 
378, 74–80. https://doi.org/10.1016/j.margeo.2016.01.004. 

Fatoke, O.A., Bhattacharya, J.P., 2010. Controls on depositional systems and sequence 
stratigraphy of the Pliocene-Pleistocene strata of eastern Niger delta, Nigeria. AAPG 
(Am. Assoc. Pet. Geol.) Convention, Denver, Colorado. June 7-10, 2009. http:// 
www.searchanddiscovery.com/documents/2010/10220fatoke/ndx_fatoke.pdf. 

Faugères, J.C., Stow, D.A.V., Imbert, P., Viana, A., 1999. Seismic features diagnostic of 
contourite drifts. Mar. Geol. 162, 1–38. https://doi.org/10.1016/S0025-3227(99) 
00068-7. 

Finetti, I., 1984. Geophysical study of the sicily channel rift zone. Boll. Geofis. Teor. 
Appl. 26, 3–28. 

Garcia-Castellanos, D., Estrada, F., Jiménez-Munt, I., Gorini, C., Fernàndez, M., 
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