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The Taranto Landslide Complex (TLC) is a large submarine landslide area located along the continental margin of the Puglia Region, in the Gulf of Taranto (North Ionian Sea), between 200 and 800 m water depth. Based on very high-resolution multibeam data, a morphological analysis was performed by measuring different physical and spatial parameters (i.e., surface, headwall height and length, slope in the source area, and blocks in the accumulation zone). In addition, we use nine high-resolution sub-bottom CHIRP profiles to reconstruct the stratigraphic architecture. The main results show five phases of Quaternary mass transport deposits (MTDs) in the study area. The oldest to the youngest are MTD1, with a volume of about 0.032 km3 and an area of about 4 km2; MTD2, which is the largest of the identified deposits, covering an area of ∼26 km2 and having an estimated volume of ∼0.35 km3; and MTD3 and MTD4, with volumes of about 0.033 km3 and 0.035 km3 and an area of 7 km2 and 5 km2, respectively. The final submarine landslide is represented by MTD5, which has a volume of 0.02 km3. The deposits are internally characterized by chaotic acoustic facies with reflectors with moderate amplitude and laterally continuous in time, showing likely erosive characteristics defined as “bounding surfaces”. The main transport direction of the MTDs is from north/northeast to south/southwest. This represents the trend of the continental slope, but there is also slope failure evidence coming from west/northwest to east/southeast (MTD5). The correlation between topographic and seismo-stratigraphic features allows the documentation of the characteristics, distributions, sources, and the triggering mechanisms of the Late Quaternary MTDs in the area. We suggest that still the unknown trigger mechanisms could be based on the performed analysis, related to the anomalously high sedimentation rates and/or sea level fluctuation.
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1 INTRODUCTION
Submarine landslides have occurred in several geological contests worldwide, covering a wide range of geological settings from passive to active continental margins, rivers, pro-deltas and submarine fans, on volcanic islands, and glaciated and sediment-starved margins (Hampton et al., 1996; Hühnerbach et al., 2004; Masson et al., 2006; Twichell et al., 2009; Huhn et al., 2019). Submarine landslides are a coherent translational movement along a planar glide surface without internal deformation (Mulder and Cochonat, 1996; Moscardelli and Wood, 2008). During sediment destabilization, a slide may evolve into a coherent rotational movement (Huhn et al., 2019). When it is not possible to define a single slide, we speak of composite events (mass transport complexes). These have been increasingly recognized along different continental margins through enhanced resolution bathymetric maps (Lastras et al., 2002; 2004; Gamberi et al., 2011; Rovere et al., 2014) and 2D/3D seismic reflection data (Moscardelli et al., 2006; Dalla Valle et al., 2013) and by combining diverse data sets across different scales and resolutions (Georgiopoulou et al., 2018). Mass transport complexes are the result of the emplacement of sedimentary bodies with a high variety of internal geometries (translated or thrusted blocks and chaotic facies), which are termed “mass transport deposits” (MTDs).
MTDs are sedimentary bodies formed by sediment instability in marine environments (McAdoo et al., 2000a; Moscardelli et al., 2006; Bull et al., 2009; Alves, 2015). They are important not only because of their volumetric significance in the sedimentary record (Gamboa et al., 2010) but also because they reshape the seafloor morphology and continental margins (Gee et al., 2007; Alves, 2010; Strasser et al., 2011; Gamboa and Alves, 2015). Submarine geohazards are often linked with MTDs (Tappin et al., 2001; Locat and Lee, 2002; Masson et al., 2006; Lee, 2009; Chiocci and Ridente, 2011; Talling et al., 2013; 2014; Alves, 2015; Casalbore et al., 2020a; Sulli et al., 2021a). The genesis of MTDs can be influenced by a number of factors, such as sea level change (Smith et al., 2013; Urlaub et al., 2013), high sedimentation rates (Locat and Lee, 2002; Dalla Valle et al., 2013), earthquakes (Davies and Clark, 2006; Moscardelli et al., 2006; Kawamura et al., 2014), slope gradient (Canals et al., 2004; Owen et al., 2007), tectonic and volcanic activities (Lamarche et al., 2008; Masson et al., 2008; Alves, 2015; Casalbore et al., 2020b; Sulli et al., 2021b), and free gas accumulation (Huhnerbach and Masson, 2004; Sultan et al., 2004; Maslin et al., 2005; Talling et al., 2014; Horozal et al., 2017; Gross et al., 2018). Another precondition factor for mass-westing processes can be the role of fluid seepage on the seabed (Skarke et al., 2014; Spatola et al., 2018a; Spatola et al., 2018b; Micallef et al., 2019; Spatola et al., 2020).
In this study, we used very high-resolution morphobathymetric data and sub-bottom profiles to analyse the Taranto landslide complex (TLC) on the continental slope of the Gulf of Taranto in the North Ionian Sea. This area has been interpreted as a single mass transport event (Meo et al., 2018a; Senatore et al., 2022), but new results show the presence of five different MTDs. We studied seafloor morphology, internal geometry, and stacking architecture, and identified specific echo facies of the mass transport complexes. We present interpretation of triggering mechanisms for the failure events and propose an evolutionary model for the TLC.
2 GEOLOGICAL SETTING
The Gulf of Taranto is the northern tip of the Ionian Sea (Figure 1A), bordered by the Calabria, Basilicata, and Puglia regions. It is located between an orogenic belt (southern Apennine Chain and Calabrian Arc) and the Apulia foreland. It represents an area of foredeep (Figure 1A) in a mature stage since the front of the thrust sheets is close to the Apulia foreland (Senatore, 1988).
[image: Figure 1]FIGURE 1 | (A) Location of the study area with high-resolution multibeam data along the Gulf of Taranto (North Ionian Sea) with allochthonous thrust front of the Southern Apennines (red line). Yellow points show earthquake epicentres (1985–2023) with Mw >3 (from ISIDe working Group, 2016 (Italian Seismological and instrumental Data-BasE) and European-Mediterranean Seismological Centre CSEM-EMSC, 2013 Catalogue). (B) Shaded relief of the sector impacted by the Taranto Landslide Complex (TLC). Red lines represent the location of the sub-bottom CHIRP profiles; orange line is the shelf break brow; dashed line represents the morphologically divided the upper continental slope (UCS) and lower continental slope (LCL). Contours are also shown (brown lines)—contour interval is 50 m.
The southern Apennine chain is composed of units derived from the subduction of neo-Tethys oceanic lithosphere beneath the European plate (Cosentino el al., 2010; Carminati et al., 2012; Vitale & Ciarcia, 2013; Vitale et al., 2019). During the Mesozoic, this margin was characterized by a prevalently tensile tectonic regime, and the sedimentary domains were represented by a succession of carbonate neritic platforms and deep basins (D’Argenio et al., 1973; Carannante et al., 1997; Catalano et al., 2001; Mazzoli et al., 2001; Iannace et al., 2011; Vitale and Ciarcia, 2022). Some authors hypothesise transcurrent movements as a major structural control (Horvarth and D’Argenio, 1985). Tectogenesis shifted eastwards and southwards in the Neogene and Quaternary (Catalano et al., 2004); the Southern Apennines have consequently assumed their present configuration, with the Gulf of Taranto as the foredeep, located between the allochthonous thrust sheets of the chain to the west and the Apulia foreland to the east (Pescatore and Senatore, 1986; Senatore et al., 1988; Finetti, 2003; Senatore et al., 2021a; Senatore et al., 2021b).
The eastern units of the Gulf of Taranto lie over the Apulia carbonate succession (Mostardini & Merlini, 1986; Patacca & Scandone, 1989), which represents part of the Adriatic foreland of the Apennine chain mainly affected by tensile movements. During the Quaternary, Apulia was still affected by mild brittle deformation with rare faults and characterized by small offset (Di Bucci et al., 2011; Mastronuzzi et al., 2011). Distinctive tectonic behaviours have been recognised on the basis of extensive outcrops of marine deposits ascribed to Marine Isotopic Stage MIS5. Since the Middle Pleistocene, the Ionian coast from Taranto to Gallipoli was characterized by uplift values from 0.31 mm/year to 1.21 mm/year (Bordoni and Valensise, 1999; Ferranti et al., 2006). Several authors have determined that the rate of uplift of this area since the Middle Quaternary was an uplift-rate of 1.7–1.8 to 0.4 mm/year from SW to NE (Caputo and Bianca, 2005; Caputo et al., 2010; Teofilo et al., 2018) and have hypothesised that, along the coastal sector of the Gulf of Taranto, a compressive regime is still active (Figure 1A).
3 MATERIALS AND METHODS
The dataset used to study the TLC is composed of multibeam (MBES) data and sub-bottom CHIRP profiles collected during two research expeditions (CONISMA 11/10 and SAND) on the R/V Minerva Uno.
The multibeam data were acquired using a 50-kHz Reason Seabat 8160 MBES system for a total of 670 nautical miles from the outer shelf at a depth of 150 m down to the base of the Apulian continental slope at a depth of 1,000 m. The MBES data were processed using Caris HIPS™ and SIPS™ software applications, corrected for the tidal variations and merged to produce a DEM (digital elevation model) of the seafloor. We gridded the bathymetric data with Global Mapper software (https://www.bluemarblegeo.com/global-mapper/) to create a bathymetric map with a spatial resolution of 20 m.
The dataset includes nine sub-bottom CHIRP profiles (on the slope 8 strike and 1 dip oriented—Figure 1B) acquired with a hull-mounted 16-transducer GeoAcoustic GeoChirp II at 0.5–13 kHz with decimeter-scale resolution. Kingdom suite software was used to interpret the seismic profiles.
Estimating the volume of sediment accumulated in the downslope depositional section involved defining an MTD’s areal extension and the mean thickness of deposits. An average P-wave velocity of 1,600 ms-1 was used to define the thickness of the slide deposits (Omeru and Cartwright, 2015).
Finally, in order to reconstruct the phases of the MTD emplacement, we developed an implementation model based on the analysis of high-resolution morphobathymetric data and of sub-bottom CHIRP profiles, and spatial and temporal relationships between each MTD.
4 RESULTS
4.1 General morphology of the area
The study area is located on the Apulia continental slope, which starts at the shelf break at about 120 m depth. The continental slope can be divided into the upper continental slope (UCS) and lower continental slope (LCS). The UCS develops between 120 m and 450 m water depth with an average slope gradient of 3°. In this sector, the seafloor has a smooth topography and is locally characterized by a few morphological features. The LCS extends between 450 m and 900 m water depth with an average slope gradient of 4°–5°. The main morphological feature of this part of the slope is represented by widespread slope instability features (Figure 1B).
4.2 Morphology of the Taranto Landslide Complex (TLC)
The TLC is a complex along the slope of the northern part of the Gulf of Taranto located at 200–800 m water depth (Figure 1B). It is the most northern landslide area of the Gulf of Taranto and is also one of the largest (in terms of extension) submarine mass movements identified along the Apulian continental slope. Through the integration of high-resolution multibeam data and sub-bottom CHIRP profiles, we identified five buried MTDs: MTD 1–5 (Figure 2A).
[image: Figure 2]FIGURE 2 | (A) Multibeam bathymetry maps showing the location of the TLC with the areal extension of its building MTDs (MTD1, MTD2, MTD3, MTD4, and MTD5). Location of the sub-bottom CHIRP profiles is reported. (B–F) The morphological features (Headwall and Sidewall) for each MTD and the limit of the deposit are shown. (G) Secondary slide scar along the MTD2 headwall characterized by a rough surface texture defined as “fresh slide scar”. Contour interval is 50 m.
4.2.1 MTD1
MTD1 is the oldest mass transport deposit, located in the northern part of the TLC and affects the continental slope about 0.6 km from the shelf-edge (Figures 2A, B). It is sub-circular in shape; it has a length from headwall to the lower part of about 2 km and a width of 1–2 km. The headwall has a length of about 2 km, a height of up to 30 m (Table 1), and an area of about 4 km2 (Table 2). The high resolution bathymetric and seismic profiles datasets show that MTD1 is truncated by the headwall of MTD2, the second oldest landslide in the complex (Figure 2A).
TABLE 1 | MTD unit and morphometric parameters of the Taranto Landslide Complex.
[image: Table 1]TABLE 2 | MTD units with relative time of occurrence, source direction, areal extent and thickness, and volume of each corresponding unit.
[image: Table 2]4.2.2 MTD2
MTD2 is the largest mass transport deposit of the area and develops from 400 to 800 m water depth from the toe of MTD1 down to the base of the slope, covering an area of about 26 km2 (Figures 2A, C; Table 2). The headwall has a NW–SE trend, a length of about 6 km, and an area of 1.5 km2 (Table 1). The slope gradient is about 8° with a maximum height of 95 m. The headwall surface is furrowed by gullies, which extend perpendicularly with an average length of about 600 m. The accumulation zone of MTD2 begins at a depth of 570 m, where a rough morphology is present due to blocks 100 m–150 m long and 10–20 m high (Figure 2C) on the seafloor. MTD2 covers a length of 7.3 km and a width of 3.7 km. The toe domain, which represents the terminal part of the displaced sediments, is located between 770 m and 800 m water depth; it is possible to observe that the sediments involved in the landslide have undergone intense erosive processes due to currents flowing inside the Taranto Canyon (Figure 2A).
The left sidewall, developed from about 550 m to 900 m water depth, shows good spatial continuity extending for a length of about 6 km with a slope gradient of about 4°. The right sidewall is affected by the evidence of several scars linked to minor mass movement that has reshaped the morphology by forming a ridge extending approximately 10 km with slopes ranging from 10° to 20° from a depth of about 400 m–750 m.
4.2.3 MTD3
MTD3, which is NNW–SSE tending, covers an area of about 7 km2 (Table 2). Its source area is located within the MTD2 headwall area (Figure 2A). In the upper part, MTD3 has a width of about 1.7 km, enlarging progressively downslope and reaching about 3.5 km in its terminus (Figure 2D). The headwall of MTD3 is about 2.5 km long with an area of about 1 km2 and a maximum height of 95 m (Table 1). The northern MTD3 sidewall is a part of the MTD2 headwall, while the southern sidewall corresponds to the headwall of MTD4 (Figure 2D). The accumulation area is found at a depth of 570 m, and its runout distance is about 3.3 km (Table 1).
4.2.4 MTD4
MTD4 is located in the western sector of the TLC at a depth of 540 m. The MTD4 headwall is up to 2.3 km long, between 80 and 85 m high, and is carved into the MTD2 sidewall (Figures 2A, E). MTD4 covers an area of 5 km2 (Table 2), extending down to 670 m with a total runout distance of about 4.5 km (Table 1). It is impossible to identify the developed sidewalls of MTD4. Moreover, the presence of the oldest MTDs (MTD2 and MTD3) influences the shape of MTD4.
4.2.5 MTD5
MTD5 covers an area of about 5 km2 (Table 2) and is the smallest and the youngest deposit. The MTD5 headwall has a length of about 1 km and height of about 60 m (Table 1) and corresponds to a part of the MTD3 headwall (Figures 2A, F). The sidewalls are represented by the headwalls of MTD2 (northern sidewall) and MTD4 (southern sidewall), respectively. The measured runout is about 2.0 km.
A secondary slide scar crossing the eastern side of the MTD2 headwall has been observed (Figure 2G). This scar has a relief of 95–120 m, a length of about 1.5 km, and extends along the slope up to ∼500 m depth. This scar, characterized by a rough surface texture and lacking a substantial sediment drape, could be a relatively “fresh feature.” Although the multibeam data clearly show this scarp, it was not possible to identify, in the sub-bottom CHIRP profiles, the related MTD.
4.3 MTD seismic facies
The sub-bottom CHIRP profiles (Figure 1) allow identification of the seismic facies of the mass-wasting events. The five mass transport deposits mapped in the area are characterized by facies from chaotic with intermittent, indistinct discontinuous reflectors, at times with regular small hyperbolas. Furthermore, each MTD is separated by reflectors with moderate to low amplitude and continuity (Bull et al., 2009; Cheng et al., 2021). These reflectors are defined as bounding surfaces (BSs), all of which have erosive characteristics. In order to define the stratigraphic framework for each mass transport event and to reconstruct the evolution of the TLC, five BSs (1–5 from oldest to youngest) were tracked (Figures 3–9). The main seismic characteristics of each MTD are shown in Table 3.
[image: Figure 3]FIGURE 3 | (A) CHIRP seismic profile Tsv1, illustrating the stratigraphic framework of the TLC and the relations between MTDs. The brown and blue boxes represent the zoom shown in (B,C). (B) CHIRP profile illustrating internal geometries and spatial relationships between MTDs (see Figure 1B for the location of the profiles); the green box is the blow-up reported in (D). (D) Blow-up showing the seismic characteristics and relationship between MTDs identified in the TLC. The morphological features are also indicated (see Figure 1B for the location of the profile).
[image: Figure 4]FIGURE 4 | (A) Uninterpreted and (B) interpreted images of the CHIRP profile L45. The interpreted section shows the position of the MTD1 in the sub-bottom and the location of the sidewalls. The morphological features are also indicated (see Figure 1B for the location of the profile).
[image: Figure 5]FIGURE 5 | (A) Uninterpreted and (B) interpreted images of the CHIRP profile L39. The interpreted section shows the relation between MTD2 and MTD3 separated by a bounding surface. (C) Uninterpreted and (D) interpreted image of the CHIRP profile L37, showing the position and relation between MTD2, MTD3, and MTD4. The morphological features are also indicated (see Figure 1B for the location of the profile).
[image: Figure 6]FIGURE 6 | (A) Uninterpreted and (B) interpreted images of the CHIRP profile L35. The profiles show the bounding surfaces between MTD2, MTD3, and MTD4 and the relationships between them. The morphological features are also indicated (see Figure 1B for the location of the profile).
[image: Figure 7]FIGURE 7 | (A) Uninterpreted and (B) interpreted images of the CHIRP profile L33. The seismic profile shows the upper boundary of MTD4, which is characterized by the presence of the acoustic anomalies. The morphological features are also indicated (see Figure 1B for the location of the profile).
[image: Figure 8]FIGURE 8 | (A) Uninterpreted and (B) interpreted images of the CHIRP profile L31. The area is characterised by hummocky morphology, suggesting the presence of blocks in MTD2. Furthermore, acoustic anomalies are shown above the upper MTD4 boundary. (C) Uninterpreted and (D) interpreted images of the CHIRP profile L30bis. The profiles show only MTD2 with hummocky morphology and acoustic anomalies. The morphological features are also indicated (see Figure 1B for the location of the profile).
[image: Figure 9]FIGURE 9 | (A) Uninterpreted and (B) interpreted images of the CHIRP profile L28. The hummocky morphology and acoustic anomalies are shown. The morphological features are also indicated (see Figure 1B for the location of the profile).
TABLE 3 | Table showing identified acoustic facies in sub-bottom CHIRP profiles.
[image: Table 3]MTD1 is identified by the presence, at the base, of the reflector BS1. Its maximum thickness is 13.7 ms reached in correspondence with both the TSV1 and L45 crossing profiles (Figures 3C, 4). MTD1 is almost entirely characterized by seismic facies from chaotic sub-bottom to intermittent, indistinct, discontinuous sub-bottom with regular small hyperbolae. The estimated volume of the sediments involved in the movement is about 0.032 km3. To the south, MTD1 is truncated by the presence of MTD2, which is the second oldest and biggest MTD of the complex. It is bounded by BS2, which corresponds to the basal shear surface of MTD2 and is characterized by seismic facies from chaotic sub-bottom to intermittent, indistinct, discontinuous sub-bottom. The maximum thickness of MTD2 is about 45 ms. Its depocenter is elongated in a N–S direction and is located in the central TLC along the profile L31 (Figures 8A, B); in the seismic profile downslope of the headwall area (along the profile L31 and L30bis), several blocks were imaged (Figure 8). These show a hummocky seafloor and no sub-bottom reflectors, indicating that they are associated with landslides. Towards the toe, above MTD2, several acoustic anomalies are shown (Figure 9). The volume of MTD2 is about 0.35 km3.
BS3 marks the base of MTD3, which is shown from chaotic to intermittent seismic reflectors and indistinct background, discontinuous with some small hyperbole. It has a NW–SE flow direction with a runout of about 3.5 km; its depocenter is identified at the intersection between profiles L39 and Tsv1 (Figures 3D, 5A, B), with a thickness of about 20 ms. MTD3 covers MTD2 up to 580 m water depth along an area of about 7 km2 and has an estimated volume of about 0.033 km3.
MTD4, showing from chaotic to intermittent, indistinct, discontinuous sub-bottom seismic reflectors with some small hyperbolas, is located along the sidewall of MTD2; its source area is WNW–ESE (Figures 3D, 5C, D; 6, 7; 8A, B). The estimated volume of sediment involved is 0.035 km3, and it covers an area of about 5 km2 with a runout of 4.5 km and an almost N–S trend. The related bounding surface is BS4, and the maximum thickness is 21 ms (in the WNW part of the L37 profile—Figures 5C, D) that represents the depocenter of the deposit. MTD4 has mantled the underlying MTD2, and, in correspondence of the blocks, the onlap geometry of the reflections is present (Figures 8A, B).
MTD5 shows seismic facies from chaotic sub-bottom to intermittent, indistinct, discontinuous sub-bottom. Its areal extent is very limited, and it is bounded by another erosional surface (BS5) on both MTD3 to the north and on MTD4 to the south. Therefore, between MTD5 and MTD3 (to the north) and between MTD5 and MTD4 (to the south), a thickness of sediments with regular and continuous reflectors is present. The latter is thicker to the north, about 17.5 ms, while, to the south, it reaches about 12.5 ms (Figures 3D, 5). The source area is NW–SE, the runout is about 2 km, the thickness is 17.5 ms, and the estimated volume involved is about 0.02 km3.
5 DISCUSSION
5.1 MTD source direction, volume, and age
The proposed distributions and flow directions of the MTDs in the study area are shown in Figure 10. Their source areas are mainly from the north and north–northwest sectors of the continental slope, except the MTD4 source area, which comes from the west. The main trend probably depends on predisposing factors (continental slope trend) and/or triggering factors. The approach to calculate the volume of sediment accumulated in the downslope depositional section involved the attribution to the slide deposit at an appropriate P-wave velocity. We used an average seismic velocity of 1,600 ms-1 (Omeru and Cartwright, 2015).
[image: Figure 10]FIGURE 10 | Proposed scenario for relative slide timing based on the overlap and location of different mass transport deposits: (A) MTD1, (B) MTD2, (C) MTD3, (D) MTD4, and (E) MTD5. The arrows represent the flow direction. The size of the arrow represents the volume of each MTD. The line of the same colour as the deposit is the headwall.
The estimated volumes of the investigated MTDs are between 0.02 and 0.35 km3 (Table 2). The biggest MTD (in terms of estimated volume) of the TLC is represented by MTD2, which has a volume of about 0.35 km3—very similar to the landslides of the catalogue of the Mediterranean Sea (Urgeles and Camerlenghi, 2013). Regarding the age of the deposits, we tried to make a correlation with the sedimentation rate measured in the Gulf of Taranto by Grauel (2012). We propose a sedimentation rate in this area of 70 cm/ky. Therefore, by analysing the CHIRP seismic profiles, we measured the thicknesses of the overlying post-mass-flow sediments between each MTD phase, particularly in profiles L35 and L33 (Figures 6, 7). The relation between the sedimentation rate and the thickness of the overlying post-mass-flow sediments allowed us to identify two moments of activation for MTDs. The first likely occurred about 25–26 ky BP when MTD1 and MTD2 were triggered. The second involved MTD3 and MTD4 and happened approximately 20–21 ky BP. Furthermore, we defined the thicknesses of the overlying post-mass- flow sediments between MTD4 and the seafloor. This measure, carried out along the profile L33—where the post-mass-flow sediments are well-developed (Figure 6)—determined a thickness of about 13 m. Finally, MTD5 is observed; its location on the seafloor probably testifies to an actual mass-wasting process of the TLC (Figures 3D, 5).
5.2 Trigger mechanism
According to Shanmugan and Wang (2015), a triggering mechanism represents a primary process that causes changes in the physical, chemical, and geotechnical properties of soil, resulting in the loss of shear strength that initiates sediment failure and movement.
A triggering mechanism, or a combination of triggering mechanisms, is required to destabilize sediments already prone to failure. Excess pore pressure generation and the presence of mechanically weak layers, or a combination of both, are unequivocally recognized as key parameters influencing slope stability (Sultan et al., 2004; Huhn et al., 2019) and might explain the recurrence of events (Gatter et al., 2021). In the case of the TLC, the exact triggering mechanism is unknown, although we tentatively suggest that the landslide was probably started by the following combination of mechanisms.
5.2.1 High sedimentation rate
An anomalous high sedimentation rate could be one of the possible MTD triggering mechanisms, which can lay the sediment foundation for the formation of MTDs (Dugan and Flemings, 2000; Locat and Lee, 2002; Forsberg et al., 2007; Dugan and Sheahan, 2012; Talling et al., 2014; Yamamoto et al., 2019). The proposed model for the development of the TLC is based on Masson et al. (2008), which described the short-term accumulation of a large amount of sediments on the continental slope; sedimentation rates are highest on the upper slope, creating high pore pressures that lead to slope failure (Figure 11). The resulting landslides then propagate downslope through a combination of slope loading and the erosion of superficial slope sediments (Gee et al., 2007). Indeed, following Grauel et al. (2012) and Leynaud et al. (2009), we infer the age of MTD1 and MTD2 at about 25–26 ky BP, and 20–21 ky BP for MTD3 and MTD4. It is probable that, during sea level fall and the last lowstand stage, a large mass of sediment settled on the continental shelf at the break and caused an increase of pore pressures within the sediments. Subsequently, the migration of pore fluids in overpressured formations caused the downslope area to be unstable and to collapse, thereby forming the MTDs.
[image: Figure 11]FIGURE 11 | Schematic model of the starting mechanisms of the submarine landslides. Landslide initiated from the upper slope due to rapid sedimentation (modified from Masson et al., 2008). Sediment thickness not to scale.
5.2.2 Sea level change
The role of sea level change as a trigger for submarine landslides is still unclear. Smith et al. (2013). Talling et al. (2014) suggest hydrostatic pressure as a possible cause for submarine slope failure. In fact, rapid changes in sea level linked to sediments with very low permeability could generate transient interstitial overpressure (Smith et al., 2013). Urlaub et al. (2013), performed statistical analysis on 68 submarine landslides and identified and described a strong correlation between sea-level rise and slope instability. Others (e.g., Posamentier and Vail, 1988; Christian et al., 1997; Talling et al., 2014) instead propose that excess pore pressure could be generated during sea-level fall and lowstand, as documented in the western African margin (Rothwell et al., 1998), in the Central Adriatic basin (Trincardi et al., 2004), in the SW Iberian margin (Lebreiro et al., 1997), in the western Mediterranean (Rothwell el al., 2000), and in the south Adriatic margin (Minisini et al., 2006). Considering the aforementioned hypothesis and high similarity with the sequence stratigraphic model described in Posamentier and Vail (1988), we interpret sea-level fall as a trigger mechanism of TLC. Indeed, during sea-level fall and then during the last glacial interval (MIS2), when the sea level dropped to 120 m lower than today (Fairbanks, 1989; Siddal et al., 2003), the mapped MTD scars in our study area were characterised by lower hydrostatic pressure probably triggered during sea level fall (MTD1 and MTD2) and during lowstand (MTD3 and MTD4).
5.2.3 The role of weak layers
Weak layers are measured in decimetres or centimetres (L’Heureux et al., 2012; Sammartini et al., 2019; Gatter et al., 2020) and can be buried beneath metres of sediment, making identification very difficult (Gatter et al., 2021). However, Gatter et al. (2021) presented a classification of weak layers based on lithology. In particular, weak layers in siliciclatic sediments can form in softening sediments (clay layers). Clay layers may have poor or reduced shear strength. Although it is not possible to identify one or more layers from sediments sampled in a core (Meo et al., 2008b), it is possible to use the model proposed by Gatter et al. (2021) to define the identified muddy sediments as a probable weak layer in the TLC.
5.2.4 Free gas charge
In the TLC, several acoustic anomalies in the sediments have been identified on the sub-bottom CHIRP profiles. These features show no sub-bottom reflectors and subparallel divergent to convergent reflectors. They were identified on the top of MTD4, making it difficult to define in some parts (Figures 3B, 7, 8A, B). We also identified them on top of MTD2, where they are present close to the seafloor (Figures 8C, D, 9). It is likely that the detected semi-transparent seismic facies can indicate the presence of gas chimneys. Indeed, some authors (Micallef et al., 2019; Spatola et al., 2020) associate similar seismic facies with the presence of gas in the sedimentary layers. Thus, the presence of gas above MTD2 and MTD4 may indicate a possible trigger mechanism for the more recent landslides, suggesting the possibility that it was a trigger for the whole TLC.
5.2.5 Tectonic factors
The evidence of multiple mass-transport deposits at several stratigraphic levels may have required a recurrent trigger (Minisini et al., 2007). In this case, seismicity is the most plausible trigger mechanism (e.g., Syvitski & Schafer, 1996; Schnellmann et al., 2002; Lamarche et al., 2008; Alves, 2015). Several stages of tectonic activity have been identified in the Southern Apennines in the last 0.7 Ma BP (Ciaranfi et al., 1979; Patacca & Scandone, 1989; Patacca & Scandone, 2007).
The Gulf of Taranto is the southern Apennines accretionary wedge, and persistent upwards thrust activity to the latest Quaternary and possibly up to recent times has been documented (Teofilo et al., 2018). According to Teofilo et al. (2018), the estimated slip-rate mean values on the deeper interplate surface are about 4 and 7 mm/y during the Messinian-Late Quaternary. In fact, they identified thrusts which could represent important seismogenic sources that can generate earthquakes of up to magnitudes of 6.8–7.3 (Wells and Coppersmith, 1994). Thus, the energy provided by earthquake shaking can represent a good trigger mechanism for submarine landslides on an open slope, with high gradients and under consolidated sediment conditions.
5.3 Comparison with some landslide complexes at the Mediterranean-global scale
Recent acquisition of morphobathymetric data along the Apulian continental margin has allowed the mapping of several mass movements that allow us to define these as the most widespread sedimentary processes on the slope of this area (e.g., in the framework of MaGIC project, 2007–2012; Chiocci et al., 2021). Controversially, on the Apulian continental slope, the insights from this process have been very few (Ceramicola et al., 2012; Ceramicola et al., 2014), and the process is still poorly known. Comparing the TLC and other mass movements in the same area was thus not possible. Therefore, some important landslides at the Mediterranean-global scale (in terms of mass movement types, shape, area, and estimated volume style of failures) were considered in order to better define the morphological features of the TLC and understand how the geological context influences the evolution of submarine landslides. There are five well-known landslide complexes: Storegga Slide, Afen Slide, Ana Slide, Chandeleur-Mississippi, and BIG ‘95 (Bugge et al., 1988; Farràn and Maldonado, 1990; Graham et al., 1996; Masson et al., 1996; Canals et al., 2004; Haflidason et al., 2004; Lastras et al., 2004; Wilson et al., 2004; Micallef et al., 2008; Lafuerza et al., 2012; Martinez et al., 2022; Sager et al., 2022; Table 4).
TABLE 4 | Comparison between some parameters of the most important submarine landslides worldwide.
[image: Table 4]One of the largest submarine landslides known is the Storegga Slide, located on the open slope of the passive Norwegian Margin (Canals et al., 2004). It was originally interpreted as consisting of three failure events, the first being the largest with a volume of 3,880 km3 (Bugge et al., 1988). Afterwards, Haflidason et al. (2004) identified several more individual failure events in the headwall region. TLC developed at the same depth of the Storegga Slide (200 m water depth) and the headwall region appears similar in morphology. Both show several flow phases while the TLC’s area is much smaller, probably due to both the topography and thickness of sediment of the Apulian continental slope. Another difference concerns their development in space: Storegga has a retrogressive development while TLC shows a downslope development (Table 4).
Similar morphologies were identified with the Ana Slide, offshore of the Balearic Islands (Lastras et al., 2006; Berndt et al., 2012; Lafuerza et al., 2012; Sager et al., 2022). They both present a similar source area, almost completely evacuated with several small headscarps, and two well developed sidewalls. However, the shape of the Ana slide headwall shows a retrogressive development (Micallef et al., 2008) while the TLC evolves downslope. Furthermore, the Ana Slide’s volume (0.06 km3) is smaller than the TLC’s (0.47 km3). Moreover, the areal extension, runout, and depths of development also appear to be different (Table 4).
The Afen Slide (Graham et al., 1996; Masson et al., 1996) on the west Shetland Slope is very similar to the TLC. Indeed, the Afen Slide’s overall runout is about 12 km, and the maximum width is about 4.5 km (Wilson et al., 2004) while the TLC runout is 10 km and its maximum width is about 4.0 km. Moreover, the Afen Slide seems to show at least four major phases of failure and the TLC shows five. The shape of both landslide complexes is very similar, with several small headscarps. The main difference between them concerns development: Afen develops from 825 m to 1,120 m and has a slope angle of 1,5° while TLC develops from 200 m to 800 m with a greater slope angle (Table 4).
The BIG ’95 landslide on the Ebro continental slope in the western Mediterranean appears completely different, so it is difficult to compare with the TLC. Indeed, Canals et al. (2004) identified mass transport deposits covering about 2000 km2 with a total volume of about 26 km3. This last is probably due to a volcanic supply coming from some volcanic edifices in nearby areas (Canals et al., 2004). In addition, Farràn and Maldonado (1990) identified a lowstand sedimentary depocentre of the paleo Ebro River on the outermost shelf and upper slope adjacent to the Columbretes Islets. This could have provided significant volumes of sediment.
Likewise, the Chandeleur Submarine Landslide Complex on the upper Mississippi Fan of the Gulf of Mexico (Martinez et al., 2022) appears much larger than the TLC, as develops at 1,100 m water depth, with an area of 1,000 km2 and a volume of about 300 km3. According to the cited authors, the origin of the Chandeleur Submarine Complex is a result of overpressuring caused by upward-migrating salt diapirs. These characteristics are completely different from those of the TLC.
As shown by this comparison, submarine landslides occur in a wide range of settings, including offshore volcanic islands (Moore et al., 1989; Masson et al., 2002; Le Friant et al., 2015), active and passive continental margins (Kvalstad et al., 2005; Moscardelli et al., 2006; Brothers et al., 2016), and even in mid-ocean ridges (Hunt and Jarvis, 2020). Submarine landslides can occur on slopes less than 1° (Prior and Suhayda, 1979; McAdoo et al., 2000b; Masson et al., 2002; Ten Brink U.S. et al., 2009; Urlaub et al., 2015; Scarselli,2020). The failed sediment can evolve into different styles of deformation, processes, and deposits characteristics that have led to a number of descriptive terms such as creeps, slides, slumps, flows, and falls (Hampton et al., 1996; Posamentier and Martinsen, 2011; Sawyer et al., 2012). The TLC has similar characteristics to various landslides identified in different contexts. However, the style and processes of the TLC are uncertain, so the generic name “MTD” has been used (Gee et al., 2007).
5.4 MTD model of implementation
Based on analysis of high-resolution morphobathymetric data, the identification of multiple submarine MTDs on the TLC allows the reconstruction of the phase relationships among successive failures. The relative activity of the landslides is based on the morphology relationships of each MTD. Furthermore, seismic correlation based on CHIRP profiles shows that MTD1 and MTD2, the first mass transport event, were contemporaneous and reached an overall area of over than 30 km2 with a maximum runout of 7.3 km. Furthermore, even following the age defined from the correlation with sedimentation rate of the area (Grauel, 2012), we can establish that MTD1 and MTD2 occurred simultaneously during the falling stage of sea level dated 24–25 ky cal. BP (Figures 10A, B).
Above MTD1 and MTD2, we observe regular sedimentation in the TLC area (Figure 7). According to the sedimentation rate defined by Grauel (2012), the time lapse between the deposition of MTD2 and MTD3 is about 4–5 ky.
During the relative lowstand of sea level (20 ky BP), marginal marine depocentres shifted towards the outer shelf (Posamentier et al., 1992) and overpressure was generated. Therefore, disequilibrium conditions and potential slope failures could have occurred. The trigger of MTD3 and MTD4 in the TLC may have been caused by this mechanism (Figures 10C, D).
The last mass event is represented by MTD5; it covers the seafloor and is spread in a narrow area. It probably occurred asynchronously, possibly resulting from slope readjustments governed by local factors (Figure 10E).
6 CONCLUSION
The Taranto Landslide Complex (TLC) is an example of a group of submarine landslides detected with very high-resolution morphobathymetric data and sub-bottom CHIRP profiles. The results indicate the presence of five mass transport deposits (MTDs). They occurred essentially in two time intervals: the first from 25–26 ky BP during sea level fall and the second about 20–21 ky BP, during sea level lowstand. The rapid sedimentation during the sea level falls and lowstand stage directly at the shelf break and on the continental slope were probably the main conditioning factors for destabilizing the area. These hydrodynamic and sedimentary conditions produce changes of pore pressure within the sediments that could increase the generation of weak layers in the deposit’s stratification, with the consequence of submarine collapses. Moreover, evidence of acoustic anomalies in the sediments, interpreted as free gas charge, could represent potential contributors to slope instability. The thrusts identified by several studies of the area testify that the compressive regime is still active and could represent a good trigger mechanism for submarine landslides on an open slope.
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