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Seafloor bathymetry, combined with multi-scale seismic reflection profiles, were used to describe the mor-
phostructural setting of the Bradano Foredeep (Gulf of Taranto, northern Ionian Sea), where a submerged por-
tion of the Southern Apennines is facing the Apulia Platform in the Calabrian Arc convergent margin. In this
complex area, marine geophysical data highlight the presence of two mega-slide deposits at the shelf-slope tran-
sition, which are most likely the largest ever described in the region. These slid masses, named the Bradano
Basento MegaSlide (BBMS) and Bradano Basento MegaSlide 1 (BBMS1), form a Mass Transport Deposit Complex
(MTDC) affecting and eroding the topmost portion of the outer Apennines deformation front and the Apulian
Foreland Ramp. It was emplaced in late Pleistocene times inside the narrow (about 10km wide) Bradano Fore-
deep basin, a Plio-Pleistocene submarine trough developing at the chain front. The youngest of these deposits
(BBMS1) likely predates the Last Glacial Maximum. Location of the MTDC within the subduction complex sug-
gests that active tectonics and seismic shaking might represent the main triggering mechanisms for gravitative
instability in this area, although gravitational tectonics and sediment creeping mechanisms cannot be excluded.
On the other hand, size and distribution of the MTDC in the sedimentary record of the Bradano Foredeep suggest
the need of re-evaluating the potential for large earthquakes/tsunamis, and more in general geological hazard
related to submarine sliding masses, along the coast of this highly populated area.

1. Introduction

Along convergent margins, mass-transport represents an important
mechanism for sediment distribution within sedimentary basins. This
process can be triggered or favored by several causes, including: seis-
mic shaking (Satake, 2012; Strasser et al., 2013); sea-level changes
(Maslin et al., 1998; Rothwell et al., 1998); gas hydrate dissociation
(Maslin et al., 1998; Brown et al., 2006); volcanic activity (Urgeles et
al., 1999); changes in pore-pressure (Grall et al., 2014); and asperities
(e.g. sea-mount) of the subducting plate that interacts with the over-
riding plate (Ruh, 2016). In such settings, sediment transfer is occa-
sionally sudden and, especially if related to seismic activity, mass fail-
ure can generate tsunamis (Von Huene et al., 2004; Lo Iacono et al.,
2012; Kawamura et al., 2014). The destructive potential of these events
is proportional to the volume, vertical displacement, water depth and
speed of the mobilized masses (Alvarez-Gémez et al., 2011; Lo Iacono
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et al., 2012; McAdoo and Watts, 2004; Murty, 2003; Schnyder et al.,
2016). Relatively small bodies can cause tsunami waves as high as tens
of meters (Bohannon and Gardner, 2004; Von Huene et al., 2004).
Because of their geo-hazard potential, Mass Transport Deposits
(MTDs) have received greater attention, and have been extensively rec-
ognized and investigated in the historical and geological records (Zitter
et al., 2012; Festa et al., 2014; Martin-Merino et al., 2014). MTD units
are characterized by chaotic acoustic facies, and their emplacements
may strongly modify the seafloor morphology (Rebesco et al., 2009;
Yamada et al., 2012; Katz et al., 2015; Eruteya et al., 2016). Although
MTDs are easily recognized in high resolution seismic images, detailed
mapping allowing for volume evaluation of the transported material is
still lacking in many regions (Craig Shipp et al., 2011; Yamada et al,,
2012; Moscardelli and Wood, 2015), including the Gulf of Taranto. Mass
movements of different sizes and ages have been identified through
geophysical investigation in the Bradano Foredeep (Rebesco et
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al., 2009; Ceramicola et al., 2014; Meo et al., 2016) but without a de-
tailed quantitative analysis of geometry, origin and triggering mecha-
nism. In this work, we describe two large Mass Transport Deposits in the
Bradano Foredeep that were large enough to have potential for generat-
ing destructive tsunamis. Mapping of the deposits by seismic reflection
techniques and borehole data provides the dimensions, evidences for
recognizing their thixotropic properties and useful constraints to mod-
elling possible tsunami wave/s generated by the MTD in the Gulf of
Taranto. These data are used to assess the geohazard associated with
such mass failures in the region surrounding the Gulf of Taranto and the
Central Mediterranean.

Marine Geology xxx (2018) xxx-xxx

2. Regional setting

The Gulf of Taranto is site of pervasive tectonic deformation as
part of a complex orogenic system that includes the Calabrian Arc, the
Calabrian Accretionary Wedge, the Southern Apennines and the Apu-
lian Foreland Ramp (Fig. 1). The Calabrian Arc is a tight arcuate oro-
gen connecting the Southern Apennines with the Maghrebian chain in
Sicily (Gueguen et al., 1998; Bonardi et al., 2001; Rossetti et al., 2004)
(Fig. 1a). It is characterized by an active front in the Ionian Abyssal
Plain, segmented by across-strike transcurrent and trans-tensional fault
zones (Bortoluzzi et al., 2017; del Ben et al., 2008; Polonia et al., 2011,
2016a, 2017b; Van Dijk et al., 2000). The Sangineto Line, one of these
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Fig. 1. The Gulf of Taranto in the Central Mediterranean region; a) working area (red box) and main geodynamic domains (SA = Southern Apennines; CAW = Calabrian Arc Accretionary
Wedge; AP = Apula-Adria plate) modified after Van DijK et al. (2001). b) Regional cross section across the Gulf of Taranto from Calabrian Arc to Apulia Foreland ramp (after (Van Dijk et
al., 2000). (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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fault zones, is a major ESE-WNW trending lithospheric structure that
separates the Calabrian Arc from the Southern Apennines; it forms
the oblique contractional belt of the Amendolara Ridge in the south-
ern Gulf of Taranto (Bonardi et al., 2001; Ferranti et al., 2014; Van
Dijk et al., 2000; Volpi et al., 2017) (Fig. 1a). North of the Sangineto
Line, the Southern Apennines are made of eastward verging stacks of
Mesozoic oceanic-derived units, overthrusting Mesozoic-Cenozoic car-
bonate platform sediments (Figs. 1la, b) and the basin units of the
Apulia plate (Mostardini and Merlini, 1986). These latter comprise
a 35km-thick continental crust containing Paleozoic basement and a
~6km thick Mesozoic carbonate sedimentary succession, that is un-
conformably overlain by a Paleogene to recent succession. This latter
unit mainly consists of shallow-water deposits (Ricchetti et al., 1988;
Doglioni et al., 1999).

The external fronts of the Calabrian Arc and the Southern Apen-
nines progressively migrated toward the ESE above the subducting Apu-
lia and Ionian lithospheres during the Neogene and Quaternary (Fig. 2)
(Billi et al., 2011; Jolivet and Faccenna, 2000; Malinverno and Ryan,
1986; Reilinger and McClusky, 2011; Rossi et al.,, 1983). The fronts
suffered a significant reorganization since the Messinian Salinity Cri-
sis (Reitz and Seeber, 2012; Rouchy and Caruso, 2006; Roveri et al.,
2014) (Fig. 2). The collisional setting was responsible for the forma-
tion of the Bradano Foredeep Basin starting from the Pliocene (Fig. 2)
with the Apulian Foreland Ramp down-flexed toward the west (Doglioni
et al.,, 1994). The Southern Apennines units moved eastward of about
40km during the early-late Pliocene (~4Ma) (Van Dijk et al., 2000;
Butler, 2009) (Fig. 2). A major tectonic pulse (Pescatore and Senatore,
1986; Patacca and Scandone, 2004) was recognized coeval with an up-
lift of the Apulian swell (Doglioni et al., 1994) and underthrust of the
foredeep basin below the Apennines in the early Pliocene (Figs. 1b, 2).
Uplift and isostatic rebound processes prevailed after the early Pleis-
tocene (Palano et al., 2012; Faccenna et al., 2014), as marked by recent
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shelf deposits sealing the outermost front of the subduction/collisional
system. Recent geological and geophysical data outline that during the
last 1 Ma (Middle Pleistocene, Fig. 2) the Calabrian Arc and the South-
ern Apennines were uplifted at a rate of up to 1 mm/y (Billi et al., 2011;
Faccenna et al., 2014) and this uplift rate could have enhanced erosion,
gravitational instability and sediment remobilization during seismic ac-
tivity.

2.1. Seismicity

The Gulf of Taranto area has been tectonically active since the
Pliocene (Doglioni et al., 1999; Catalano et al., 2001). However, de-
formation rates appear to have recently decreased in response to a
plate boundary reorganization and the deactivation of the Apulia plate
roll-back (Faccenna et al., 2014; Ferranti et al., 2014). Despite this
deactivation should have resulted in a lower seismic activity, recent
earthquakes are observed in this area (Fig. 3), and the historical earth-
quake catalogue shows rare (4-5 events) but significant large-magni-
tude events (maximum magnitude 6.18) between 1000/461 BCE and
the present (Guidoboni et al., 2015; Locati et al., 2016). Few earth-
quakes aligned along major known structures occurred after the 1977
with Mw >3.5 whose focal plane solutions are representative of thrust,
extensional and strike-slip events (DISS Working Group, 2015). Seismic
epicenters are mainly located onshore, in the accretionary wedge and
along the Southern Apennines front, with hypocenter depths generally
shallower than 10km, but reaching up to 400km (Fig. 3). In the Apu-
lian Foreland Ramp, seismic activity is more diffused and less well con-
strained due to the lack of seismometer stations in the marine region.
No paleoseismological reconstructions are available to date for the Gulf
of Taranto region, except for few studies dealing with onshore fault sys-
tems (Galli et al., 2008; Galli and Peronace, 2015). Despite the small
magnitude diffuse seismicity, seismic hazard in the Gulf of Taranto is
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Fig. 2. Neogene tectonics of the Gulf of Taranto, in the frame of collision between Calabrian arc, Southern Apennine and Apulian Swell modified after (Capozzi et al., 2012; Zecchin et
al., 2015). The evolutionary steps since middle-late Miocene to present are related to the tectono-sedimentary cycles in Fig. 5.
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Fig. 3. Mw > 3 earthquake epicenters (1990-2016) from ISIDe Italian Seismological and Instrumental Data-basE AHEAD Working Group the European Archive of Historical Earthquake
Data (DISS Working Group, 2015; ISIDe working Group, 2016; Locati et al., 2014). Main focal mechanisms calculated since 1977 are also included. Bathymetry is from EMODnet Digital

Bathymetry (DTM) (http://portal.emodnet-bathymetry.eu/).

associated with expected maximum magnitude events reaching up to
Mw 7 (Rovida et al., 2011), similarly to surrounding areas in the Cal-
abrian Arc.

3. Data and methods
3.1. Morphobathymetry

Bathymetric data were derived from the Global Multi-Resolution
Topography (GMRT) dataset, available at http://www.geomapapp.org
and https://www.seadatanet.org/, which host high-resolution (~100m
in the deep sea) bathymetry from various databases (Table 1). Data were
analyzed and displayed using the Global Mapper v. 16 software (http://
www.bluemarblegeo.com/) and artwork software Adobe Illustrator CS5.

3.2. The subsurface dataset: exploration wells and seismic reflection profiles

A total of 25 exploration well-logs are available in the study area
(Videpi database at http://unmig.sviluppoeconomico.gov.it/videpi/).
The geological and geophysical logs available for the wells are reported
in Table 1. Seven well-logs, listed in Fig. 4, were used to define a strati-
graphic framework in the vicinity of the studied MTD and to correlate
these data to the stratigraphic units described in the Gulf of Taranto
(see Section 4.1; Figs. 5, 6). Analysis was carried out considering lithol-
ogy, unconformity surfaces, faunal content and biozones provided by
the composite well-logs (Fig. 6).

About 2000km of commercial multichannel seismic profiles of the
Italy offshore (zones D and F) were used to map and reconstruct the
geometry of the studied MTD and to define the morpho-structural
framework of study area (Fig. 7; Suppl. mat. 1). These seismic profiles,

acquired for deep subsurface hydrocarbon exploration by ENI Spa be-
tween 1970 and 1990, are available at http://unmig.
sviluppoeconomico.gov.it/videpi/ (Table 1). The commercial multi-
channel seismic reflection profiles of the Zone F dataset (Table 1)
were migrated in time with Seismic Unix (Cohen and Stockwell, 2010;
Stockwell, 1997, 1999) and interpreted with the aid of Kingdom Suite
2D/3Dpack Module (IHS Kingdom® - v. 8.15) together with seismic
reflection profiles of the other datasets (Zone D dataset in Table 1)
(Figs. 8, 9). Eight seismic reflection profiles were selected to map the
MTD (Fig. 4) with the aid of the Move Software (Midland Valley™
v. 2017). The regional multichannel profile, Line-A of Zone D dataset
(Fig. 9; Table 1), was selected as the most representative among the
whole dataset, since it is close to the exploration wells (Fig. 4). It
was depth-converted (Suppl. mat. 2) and used as a reference section
for the depth-conversion of the other seismic reflection profiles. The
depth-converted seismic reflection profiles were used to reconstruct the
geometries, bounding surfaces and volume of MTD (see Section 5.2).
Lithological changes and dip meter measurements in well logs as well
as changes in the dips of the reflections were key data to define the de-
tachment of the MTD (see Section 5.2.3).

3.3. 3-D modelling

Mapping of the MTD was carried out through different steps and
after comparing among solutions of different interpolation methods of
the software Move™ (Midland Valley v. 2017) (see Appendix 1). The
3-D modelling of the MTD extension and volume was performed af-
ter depth-conversion of seismic profiles (Suppl. mat. 2). The MTD was
reconstructed on eight selected seismic profiles with different orienta-
tions. The seismic reflection profiles form a grid in between ~2 x 10km
and ~10x10km (Fig. 7). In between the interpreted
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Table 1
List of the dataset employed in this study.
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Table 1 (Continued)

Bathymetry and topography

Seismic reflection profile

Geophysical

multi-scale Acquisition Main processing Vertical

dataset parameters sequence resolution

Zone D dataset ~ Acquisition date: 1968 Seis edit ~9-15m
Source: air gun NMO in the first 2s
(average seis depth Deconvolution velocity

11m)

Cable: 1600 m
Group interval: 65m
Shot point interval

240 ms windows
500-2300 msec
(below seabottom)
1900-3600 msec

1600-2200m/s

Dataset
used in
Dataset this

Source available study resolution

Shuttle Radar Topography Mission (SRTM) 1 Arc- Land 30m cell
(https://earthexplorer.usgs.gov) Second area size
or void filled (Figs.

GMRT dataset available from http:// global 3,4,7,
www.geomapapp.org (Ryan et al., 2009) elevation 10)
data

EMODnet Bathymetry Consortium (2016) EMODnet Marine 175m
http://portal.emodnet-bathymetry.eu/ Digital area cell size
http://doi.org/10.12770/ Bathymetry  (Figs.
c7b53704-999d-4721-bla3-04ec60c87238  (DTM). 3,4,7,
or 10)

GMRT dataset available from http://
www.geomapapp.org (Ryan et al., 2009)

Italian Navy Hydrographic Office http:// Figs. 100m
seadatanet.maris2.nl/v_edmo/print.asp?n_ 11,12 cell size
code=1338

Exploration well

Dataset
used in

Source Dataset available this study

Ministero dello sviluppo economico DGS- Well contains various 11 well-
UNMIG (Direzione Generale per la logs: lithology log; logs listed
Sicurezza anche Ambientale delle Attivita cuttings log; in Figs. 6,
Minerarie ed. Energetiche - Ufficio stratigraphy. 17
Nazionale Minerario per gli Idrocarburi e Well contains
le Georisorse) geophysical logs:
http://unmig.sviluppoeconomico.gov.it/ spontaneous
ViDEPI (Visibilita dei Dati afferenti potential (SP);
all'attivita di Esplorazione Petrolifera in resistivity; dipmeter;

Italia) sonic
http://unmig.sviluppoeconomico.gov.it/
videpi/

Seismic reflection profile

Geophysical

multi-scale Acquisition Main processing Vertical

dataset parameters sequence resolution

Zone F dataset Acquisition date: 1975 Amplitude ~7-15m

Source: Vaporchoc recovery in the first 2s
(depth 6m) WAPCO velocity

Streamer: 2400 m
(depth 18 m)

Groups 48 group
interval: 50 m

Field recorder SN 338
filter 1/8-125 floating
point_sampling 4 msec
Geophones type HC
201 n°48/group
Coverage: 48fold
Sampling rate: 4 msec

(stabilization by
vaporchoc signal)
Muting
Deconvolution
240ms

windows
500-2300 msec
(below seabottom)
1900-3600 msec
(below seabottom)
Velocity analysis
NMO (linear
interpolation
between functions)
Stack 4800%
Time variant filter
(origin sea
bottom)

1600-2200m/s

4Xx33m (below seabottom)
Average shot offset Stack 24-fold
397m

Record length 5
Sampling: 4 msec

seismic profiles, the software generated the modelled surfaces based
on sample density of additional 100 lines and resampling along line
at an interval between 30m and 1000m forming a modelling grid of
~30 X 30m or ~1000 X 1000 m over an area of 28 x 26km (Fig. 18).
Appendix 1 shows details of data interpolation and modelling.

4. Stratigraphic and structural setting of Gulf of Taranto

4.1. Stratigraphy

Based on published data (Fig. 5) and data used in this study (Fig.
4), the main stratigraphic framework of the Taranto Gulf in the sur-
rounding of the studied MTDs is defined for the Messinian to Holocene.
The Messinian Salinity Crisis deposits are represented by primary and
resedimented evaporites accreted within the accretionary prism and by
discontinuous, few tens of meter thick and shallow water limestone
and marly sediments deposited on the Apulian Foreland Ramp (Fig.
6). In both tectonic settings, regional major unconformities bound the
Messinian deposits (Bonardi et al., 2001; Roveri et al., 2014; Zecchin
et al., 2013). The topmost section of the Gulf of Taranto sedimentary
sequence is made of Pliocene to present-day shallowing-upward de-
posits (Pescatore and Senatore, 1986; Zecchin et al., 2015). The se-
quence starts with deep-water, fine-grained turbidite layers, passing to
continental shelf, deltaic, coastal and alluvial deposits (Pescatore and
Senatore, 1986; Zecchin et al., 2015).

East of the Metaponto Ridge, the Bradano foredeep is a
Pliocene-Holocene subsiding basin filled by fine-grained deep-water tur-
bidites and shelf deposits onlapping the Apulian Foreland Ramp (Figs.
8, 9). Neogene tectonics, coupled with eustatic sea level changes, were
the main controls on sedimentation feeding the wedge-top basins of
the Southern Apennines fold and thrust belt, the Bradano foredeep and
the Apulia Foreland Ramp. The Pliocene-Pleistocene sequences have
been described and correlated onshore (Patacca and Scandone, 2004;
Zecchin et al., 2004, 2009; Tropeano et al., 2013; Amorosi et al., 2014)
and offshore (Pescatore and Senatore, 1986; Zecchin et al., 2015). Four
tectono-sedimentary cycles (P1-P4) are bounded by three major re-
gional unconformities (MPCU, EPSU, MPSU from older to younger,
Fig. 5) that are related to main tectonic pulses of the Calabrian Ac-
cretionary Wedge and of the Southern Apennines (Fig. 2) (Zecchin et
al., 2015) and observable also in the study region (Fig. 6). The four
first-order sedimentary cycles show higher frequency variations mainly
related to the interplay between regional uplift and eustacy (Zecchin et
al., 2011, 2016). The transgressive post Last Glacial Maximum (LGM)
deposits, starting from ~20,000years BP (Lambeck et al., 2014) pre-
serve the transition from alluvial to deltaic, then shelfal and finally to
basin plain environments prograding southward during the Holocene.
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This sequence is up to 100m thick (Caputo et al., 2010; Tropeano et al.,
2013; Zecchin et al., 2015, 2016) onland and in shelfal area (Fig. 6).

4.2. Structural setting

Re-interpretation of seismic reflection profiles integrated with pub-
lished structural maps (Bigi et al., 1990; Carbone et al., 2013; Ferranti
et al., 2014; Rossi et al., 1989; Teofilo et al., 2018) image main tectonic
features in the study area (Figs. 7-9 and Suppl. mat. 1).

The northern portion of the Gulf of Taranto contains the oblique
contractional belt of the Amendolara Ridge and the submerged South-
ern Apennines fold and thrust belt, represented by the Metaponto Ridge
(Fig. 1b). This NW-SE oriented structural high corresponds to the west-
ern flank of the Bradano Foredeep and represents the outermost thrust
front of the Southern Apennines (Figs. 7-9). The latter merges to-
ward the south with the southern termination of the Amendolara Ridge
(Fig. 7). The Metaponto Ridge is made of imbricated thrust sheets,
which generate thrust-related folds with complex hinges and hinge-re-
lated extensional faults in form of minor localized deformations (Figs.
8-9; Suppl. mat. 1). Exploration wells show that the frontal thrust of
the Metaponto Ridge is actually made of two stacked thrust sheets
made of Mesozoic-Cenozoic allochthonous units (Figs. 6, 8, 9; Suppl.
mat. 1). The deeper of these tectonic units lays on the roof of the
subducting Apulia Plate (Figs. 8, 9). It detaches at the top of the
Messinian/early Pliocene deposits and is made of Pliocene accreted de-
posits (A_P3/2 in Figs. 8-9). The shallower thrust sheet brings Creta-
ceous to late Miocene sedimentary units above middle-late Pliocene

foredeep deposits (Figs. 6, 8, 9; Suppl. mat. 1). Late Pliocene-Pleistocene
gently folded deposits seal the Metaponto Ridge Frontal Thrust (Figs. 8,
9).

East of the Taranto Valley, the Apulian Foreland Ramp plunges un-
derneath the submerged Bradano Foredeep basin and below the south-
ern termination of the Southern Apennines front (Figs. 8-9; Suppl. mat.
1). Combined analysis of seismic reflection profiles and well-logs show
that thrust and thrust-related anticlines affect the whole Apulian Fore-
land Ramp, even underneath the Apennines (Figs. 8-9 and Suppl. mat.
1). These deep thrusts form very open anticlines accommodating incip-
ient collision expressed by NW-SE and N-S striking thrust-related folds
(Fig. 7).

Inside the Pleistocene deposits of the Bradano Foredeep, the re-in-
terpreted seismic reflection profiles image a lens shape body that affects
the sea-floor morphology and shows internal geometries that change
from shelf to basin plain (from NW to SE; Figs, 8, 9 and Suppl. mat. 1).
This body results to be a Mass Transport Complex described in the fol-
lowing chapters.

5. Results
5.1. Seafloor morphology

The tectonic structures described above (Section 4.2) control the
complexity of seafloor morphology in the area, characterized by scarps,
drainage patterns and sedimentary basins, resulting from the interplay
between deep faults, shallow deformations and sedimentary processes
(Figs. 7, 10). Analysis of morphobathymetric data suggests the ex-
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istence of three morpho-structural domains, all affected by mass-wast-
ing processes (Fig. 10): 1) the western domain, west of the Taranto Val-
ley, characterized by the presence of ridges, valleys and intervening in-
tra-slope basins; 2) the central depression, i.e., the Taranto valley; and
3) the eastern domain, east of the Taranto Valley, made of a wide west-
ward-dipping shelf and slope with smooth morphologies.

The western domain belongs to the Ionian-Calabrian margin and
is part of the submerged Southern Apennines chain. It is character-
ized by a relatively wide shelf (~11km) delimited by the Sinni River,
to the north, and the Ferro Stream, to the south (Fig. 10). North and
south of this area, the shelf is very narrow (~2-3km) (Fig. 10). The
ridges and intervening intra-slope basins (e.g. Sinni and Sibari basins)
are the morphologic expressions of interactions between the Apennine
belt and the Calabrian accretionary wedge (Fig. 10). The Taranto Valley
is about 317 km long and up to 10km wide, and connects the Bradano
and Basento alluvial plains (NNW), to the deep abyssal plain (Fig. 10),

reaching depths of about 2200 m below sea level (m b.s.l.). The val-
ley shows a western 15-30° steep flank and a relatively gentler east-
ern flank (~5-10°). The drainage network includes the Bradano sub-
marine valley to the NW and two major canyons from the eastern do-
main, the Gallipoli and the Torre dell'Ovo canyons (Fig. 10). The head of
the Bradano submarine valley is aligned with the mouth of the onshore
Bradano River and they appear to cut and erode the shelf (Fig. 10). Sim-
ilarly, Basento, Agri, and Cavone rivers incise the shelf and merge into
the Taranto Valley (Fig. 10).

The NW-SE elongated eastern domain coincides with the western
part of the down-flexing Apulia Peninsula, gently dipping to the SW. It
is characterized by a ~3-30km wide shelf that passes to a ~15-35km
wide continental slope incised by the Torre dellOvo and Gallipoli
canyons. The steeper region (darker shades) at the base of the slope
forms the eastern flank of the Taranto Valley (Fig. 10).
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5.2. Geophysical and geological evidences of slope instability processes

At the head of the Taranto submarine valley, at the confluence be-
tween the Bradano, Basento, Cavone and Agri submarine valleys (yellow
square in Fig. 10), the seafloor morphology shows peculiar characters
which cannot be assigned to any of the three morpho-structural domains
defined above (Section 5.1). Short wavelength ridges and intra-slope
basins shape the upper continental slope where the mouths of the rivers
merge into the Taranto valley through a complex network of subma-
rine valleys (Fig. 11). Marine geophysical data show that this area hosts
a chaotic deposit never described before extending across a wide area
including the Bradano/Basento submarine valleys and the Metaponto
Ridge (Figs. 11, 12). Its geometry and internal structure can be con-
sidered the stack of two distinct mass transport events that we name
Bradano Basento MegaSlide (BBMS) and Bradano Basento MegaSlidel
(BBMS1). Well-log correlation shows that the BBMS remobilizes mid-
dle-late Pleistocene, fine-grained (clay, silty clay) terrigenous deposits
of Unit P4 (Fig. 6; see also Section 5.2.3).

5.2.1. The Bradano Basento MegaSlide (BBMS)

Bathymetric data and seismic images show that at the toe of the
accretionary complex at the Metaponto Ridge, a uneven seabed mor-
phology (Figs. 11, 12) is present above a lenticular body character-
ized by a chaotic, transparent and discontinuous seismic facies and de-
limited at depth by a high amplitude seismic reflection (Figs. 13-16).
The SW flank of the BBMS is bounded by extensional faults striking
sub-parallel to the Metaponto Ridge and dipping toward the NE (Fig.
12). Seismic reflection profiles Line-A and Line-B show locally some
evidence of disrupted, chaotic and transparent reflections within the
BBMS (Fig. 13a). The resolution of the seismic reflection profiles and
the strong reflection at the seabed-water interface hamper the possi-
bility to clearly identify the BBMS top surface that has been placed at
the seafloor in most profiles (Figs. 13-16). However, some seismic pro-
files and well data suggest that sediments of variable thickness drape
the BBMS (Figs. 14, 17). Despite these uncertainties, the top of the

BBMS, as well as the likely sediment drape above it, appears undulated
by open folds (Fig. 13). Within the BBMS, two main anticline hinges
are visible on the seismic lines (hinges 1 and 2 blue in Fig. 13) and
other hinges are observed at the seafloor (hinges 3, 4, 5 blue in Fig.
11). The limbs of these folds have steepness that generally increases to-
ward the WSW and toward the NW (Fig. 11b and bathymetric profile
A). These open folds are symmetric anticlines and strike E-W. To the
SE, other symmetric anticlines show hinges that strike E-W (hinges 3,
4, 5 blue in Fig. 11) and are associated with extensional faults affecting
the Metaponto Ridge (Figs. 11, 12). Because both extensional and con-
tractional structures are observed, we suggest that the extensional faults
are side-wall scarps, while the anticlines represent lateral compressional
ridges of the BBMS. East and south of the Metaponto Ridge, the BBMS
pinches out, its width tends to decrease to the S (Fig. 14) and it is cut
by a second chaotic body named BBMS1 (see Section 5.2.2). The cen-
tral portion of the BBMS shows plane-parallel reflections up to its flat
top which is characterized by very low slope gradients (Fig. 11); faint
wavy reflections are present and they likely are minor chaotic deposits
(Fig. 16c). The disrupted seismic reflections belonging to theBBMS are
bounded at depth by the basal gliding surface (Fig. 16) that is located
within the clay-rich deposits of unit P4 (Fig. 17 and Section 5.2.3).

The BBMS forms a lens 31 by 19.5km wide, corresponding to an
area of 396 km? (Fig. 18a). Assuming that the average thickness of the
likely draping sediments is about 50m, the depth-conversion of seis-
mic reflection profiles provides a maximum thickness for the BBMS of
about ~600m (0.5-0.7s TWT) (see also Suppl. mat. 2) within an error
of 7-15m (Table 1), implying that the total volume of the sliding mass
is about 132km?.

5.2.2. The Bradano Basento MegaSlide 1 (BBMS1)

Seismic data combined with seafloor morphology suggest that the
overall chaotic body can be better described as a large-scale MTD
formed by two distinct resedimented units, which show different defor-
mation patterns, ramps and gliding surfaces.
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The NE flank of the MTD in the deepest foredeep basin is character-
ized by a lumpy/knobby morphology and a chaotic seismic facies while
moving toward the SE, the MTD shows subtle and gentle folds with
larger wavelengths (Figs. 13, 14). The deepest, more chaotic and de-
formed portion of the MTD body is interpreted as a distinct event of sed-
iment remobilization (BBMS1) containing more chaotic and disrupted
seismic reflections. As for the BBMS, the top surface of the BBMS1 is
assumed to be the seafloor reflector, even though we cannot exclude
that the chaotic body is covered by more recent sediments. The de-
formed layers of BBMS1 form WNW-ESE striking folds that vary from
open to tight and locally verge toward the SSW (hinges 1 to 8 red
in Figs. 11, 13). These folds have variable amplitudes (between 50
and 150m) and wavelengths (between ~1 and ~2km); slope gradi-
ents ranging from 3°-6° to 9°-12° (Fig. 11b). In the NW portion of the

BBMSI, the folds are not associated with side-wall scarps, in contrast to
what observed for the BBMS (Fig. 11). Instead, the headwall scarps vis-
ible on the Apulian margin are interpreted as related to the BBMS1 slid-
ing processes that might have occurred toward SSW in agreement with
the vergence of the folds (Figs. 11, 12). These folds can be described
as compressional ridges perpendicular to the movement direction of the
MTD.

The fold hinges 1 and 2 in red can be traced along the whole
BBMSI1 forming an arcuate belt that bounds the northeastern flank of
the BBMS1 (Fig. 11). At the southeastern termination of the BBMS],
these folds become more gentle suggesting that fold amplitudes de-
crease from the NW to the SE where very open folds form a 1km wide
NW-SE striking compressional ridge (Figs. 13-15). To the SE, close to
the lateral portion of the MTD, contractional features and extensional
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faults coexist and form minor scarps at the seafloor with few meters of
throw (Fig. 15b).

The BBMS1 basal detachment coincides with that of the BBMS in
the external region (Figs. 13-15) while, moving toward SW, it cuts
through a ramp within the chaotic sediment assemblage and it bounds
the more deformed portion of the BBMS1 from the less deformed BBMS
(Figs. 13-16). In map view, the BBMS1 has a triangular shape, narrow-
ing toward the SE where it shows a less pronounced seafloor rough-
ness (Figs. 11, 12). In cross-section, the lenticular BBMS1 is 12km long
and 17.5km wide for a total area of 153km? (Fig. 18b). Its thickness
is variable reaching a maximum of 600m providing a total volume of
40-50km3.

5.2.3. Extent of the BBMS-BMMS1 and the basal detachment

The extent of the MTDs as deduced from our analysis should be
considered conservative because the headwall scarp/s were not de-
tected and the sediments draping the MTDs cannot be constrained ac-
curately; the full extent of the MTDs is thus underestimated. The head-
wall scarps on the Apulian Margin may represent the source zone
of BBMS1 (Fig. 11) while scarps observed along the NE flank of the
Metaponto Ridge (Fig. 12) are side-wall scarps for the BBMS implying
that the main headwall scarps of the BBMS should be located to the
north. Onshore wells located close the NW margin of the BBMS-BBMS1
(Fig. 17) are characterized by logs which show variations in the dip
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meter profile at a depth of about 500m b.s.1. and this is associated with
a lithological change. In Sansone 1 well, at about 500m b.s.1., a sharp
variation in sediment layering (from 5°-6° toward the S-SE to 10°-8°
toward the E-NE) is present (Fig. 17): the shallower sediment package
seems to be tilted toward the S-SW with respect to the deeper sediments
that likely represent the original depositional setting. Sediment dip vari-
ations are associated to lithological changes evidenced by both litho-
logical and geophysical well logs (spontaneous potential and resistivity
logs) across a transition from sand-rich lithologies to clay-rich litholo-
gies at about 500m b.s.l. (Fig. 17). The integrated analysis of dipme-
ter data, lithology and petrophysical information suggests that the ex-
ploration wells cross the MTDs gliding surface which, onshore, can be
placed at about 500m b.s.1. (Fig. 17). The S-SW sediment tilting agrees
well with both the SSW fold vergence of the BBMS1 and BBMS1 move-
ment direction as reconstructed through analyses of seismic reflection
data (see Section 5.2.2).

The MTDs gliding surface as revealed by seismic data is repre-
sented by the strong and high amplitude reflections at a depth rang-
ing between 1000m and 2250m b.s.l. (i.e. 750m and 1000m below
sea floor) separating the chaotic and folded sediments above from the
relatively well layered and undeformed sediment packets below (Figs.
13-16). The detachment surface shows an overall regular, concave up-
ward geometry in SW-NE oriented sections (Figs. 13-14) and has an
overall dip of 2°-3° toward SE along the length of the glided masses
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(Fig. 18d, e). Anomalies in the geometry of the basal detachment are
observed in the NE border of the MTDs (Fig. 18d, e). These anomalies
correspond to the few kilometers wide scours underneath the BBMS1
where truncations of the seismic reflections are visible (Figs. 13c, 14a
and c, 15b). The rather regular geometry of the basal detachment differs
from the more ragged geometry of the seafloor which is highly folded
(Figs. 11, 12).

Since the MTD was sampled by onshore wells (Fig. 17), its NW
boundary onland is placed where SE-dipping extensional faults displace
middle Pleistocene marine terraces and may be associated with large
scale instabilities (Bentivenga et al., 2004). In our reconstruction and
considering the onshore extent, the BBMS-BBMS1 would be ~57km
long, and 22.5km wide with a total area of 700 to 760km? (depending
on the filtering applied in the mesh construction, see Appendix 1) (Fig.
18c, f) and a total volume varying in between ~ 221 km?® and 293 km?
depending on the interpolation method that is applied. These dimen-
sions would turn the BBMS into one of the largest MTD ever observed
in the offshore Gulf of Taranto.

5.2.4. A mass-transport deposit complex (MTDC) of sliding masses

The integrated analysis of marine geophysical data and well logs
suggests that the BBMS and BBMS1 headwall scarps are located to the
NW (Figs. 11, 12), probably reaching onshore (Fig. 18). In the offshore
region, the MTDs preserve their translational and accumulation zones.
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The translational zone is bounded by NW-SE striking side-wall scarps
(Fig. 12) associated with lateral compressional ridges represented by
open and long wavelengths anticlines suggesting that the BBMS has an
overall movement toward the SE (Fig. 12): the mass moves parallel to
the side-wall scarps and oblique to the lateral compressional ridges. The
translation zone contains a portion of the BBMS that is mainly unde-
formed (Fig. 15): sediments preserve their original layering (plane-par-
allel reflections with internal faint wavy reflections) above a gliding sur-
face (disrupted seismic reflections that mark the detachment surface).
Such a slide mass suggests a mechanism of block sliding. The SE ter-
mination of the MTDs is the accumulation zone affected by compres-
sional ridges and long wavelengths anticlines of the BBMS1 (Figs. 11,
12). These anticlines are NW-SE striking folds likely covered by recent
deposits (Figs. 14, 15) while, to the NW, fold hinges of BBMS1 show
higher amplitude and strike toward WNW-ESE (hinges 1-8 red in Fig.
12). These observations suggest a prevailing BBMS1 sense of movement
toward the SSW, perpendicular to the strike of the high amplitude fold's
hinges (Fig. 12).

The different sense of translation of the MTDs and the geometry of
the BBMS1 detachment with a ramp toward the SW, suggest that the
chaotic sediments represent a Mass Transport Deposit Complex (MTDC)
with the more recent BBMS1 deforming the older BBMS. Considering
fold geometry and restoring to horizontal the deformation, we recon-
struct undeformed lengths of the MTDC of ~29km along Line-A (Fig.
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13a) and ~15km along Line-B (Fig. 13b) that allow to assess the over-
all run-out distances for the BBMS and BBMS1 in between ~700m
(shortening along Line A) and ~200m (shortening along Line B). A
minimum run-out distance can also be estimated measuring the dis-
placement along the side walls scarps (extensional faults) in Line-A,
Line-B and line F75-89A + B (Figs. 13a, b, 14a). In the depth-con-
verted model (Suppl. mat. 2), these extensional faults have a cumu-
lative throw of about 100m. Thus, the run-out distance of the MTDC
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should lay between 100m (minimum - extensional faults cumulative
displacement) and 700 m (maximum - unfolded folds).

Concluding, the MTDs are constituted by middle-late Pleistocene
clay-rich deposits that have glided in part toward the SE (BBMS) and in
part toward the SSW (BBMS1) above the basal detachment that has a
modelled slope of ~3° toward the SE (Fig. 15) with a run out distance
between 100 m and 700 m.
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5.3. The MTDC and the structural setting

Comparison of morphostructural maps with distribution and internal
geometries of the MTDC suggests a strong interplay between structural
setting, uplift processes and the emplacement of the MTDC. Geometry
and internal structures show that the MTD complex is aligned parallel
to the Taranto Valley. BBMS appears to move subparallel to the Apen-
ninic front while BBMS1 moves downslope from the downflexing Apu-
lian Foreland Ramp (Fig. 12). Such complex structural framework pro-
duces mass wasting in the two directions, and funnels re-sedimented de-
posits to the center of the Bradano foredeep to form the MTDC (Fig. 12).

Since the MTDC maximum length is aligned with the outermost
thrust front of the Southern Apennines (Metaponto Ridge), mass wast-
ing processes are controlled by the pre-existing topography. The
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basal gliding surface of the BBMS is located, in fact, above the
Metaponto ridge and slip along the bounding thrusts makes the NE limb
of Metaponto ridge steeper, enhancing mass movements. Similarly, the
gliding surface of the BBMS1 is above and parallel to the Apulian Fore-
land Ramp (Figs. 8, 9) (see Section 4.2) which progressively downflexes
toward the SW and increases the steepness of the slope enhancing the
remobilization processes.

6. Discussion

The newly described BBMS-BBMS1 deposits integrate the archive of
MTDs in the Calabrian Arc and Gulf of Taranto areas (Ceramicola et
al., 2014; Meo et al., 2016; Rebesco et al., 2009; Zecchin et al., 2018).
Structures and geometries of the MTDC suggest that internal deforma-
tion varies along its length with high sediment disruption and defor-
mation in the NW region (Figs. 13-14), relatively no deformation in
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plane parallel reflectors mark the base of BBMS while a high amplitude reflector marks the base of BBMS1 (see Fig. 16a). For the location of the seismic profiles see inset and Figs. 4, 11.
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the central part (Fig. 15) and slight sediment deformation close to its SE
termination (Figs. 14, 15). The gliding mass is associated with side-walls
scarps corresponding to extensional faults affecting the NW-most por-
tion of the Metaponto Ridge. The gliding mass appears displaced toward
the sea in a direction sub-parallel (BBMS) and perpendicular (BBMS1)
to the Apennines front (Fig. 12). The BBMS-BBMS1 have a modelled
basal detachment that shows a regular and concave upward geometry
which contrasts with the highly ragged and folded top surface. The slid-
ing masses, constituted by clay-rich deposits (Fig. 17), had an overall
movement along the maximum dip (~3° toward SE) of the basal de-
tachment and are internally deformed by at least 13 anticlines reach-
ing the seafloor. Eight of these anticlines are related to the transla-
tion of the younger BBMS1 toward SSW. The SE termination of the
BBMS-BBSM1 appears to be locally covered by about 0.11sec TWT
(about 120m) of stratified slope-to-basin plain deposits of the Taranto
Valley (Fig. 14) that are most likely Holocene fine-grained turbidites
(Falco et al., 2016b). To the NW, at the head of the Taranto submarine
Valley, Holocene sediments might drape the BBMS-BBMS1 but they are
not clearly imaged on seismic profiles.

Although it is not possible to determine whether BBMS1 overprinted
or triggered deformations within an earlier BBMS, its position, geom-
etry, internal deformations and detachment suggest it post-dates
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the BBMS. In our interpretation, the gentle open folds at the SE termina-
tion of BBMS1 (Fig. 11) can be considered folds formed at the accumu-
lation zone of the BBMS and later remobilized and refolded by the em-
placement of BBMS1. Furthermore, the basal detachment of the BBMS1
ramps upward within the BBMS suggesting that the BBMS1 occurred
when the BBMS was already emplaced (Figs. 13-15, Suppl. mat. 1). An
alternative interpretation suggests that the more external fold belong-
ing to the BBMS1 represents the frontal anticline ramp of the Southern
Apennines (Teofilo et al., 2018). However, this interpretation is incom-
patible with the observed concave upward detachment surface that dips
to the SE representing the gliding surface of the MTDC. Thus, the MTDC
does not belong to the accretionary complex of the subduction system,
but rather represents mass wasting processes in the foredeep. BBMS
and BBMSI1, in fact, have seismic characteristic and size estimates in
agreement with a slope-attached Mass Transport Complex (Moscardelli
and Wood, 2008) similar to other MTDs in the area (Ceramicola et al.,
2014). On the other hand, the maximum estimated length/width ra-
tio L/W = 2.53 (Fig. 18c) would imply that the BBMS-BBMSI is a de-
tached-MTD sensu Moscardelli and Wood (2008, 2015). The L/W es-
timated values for BBMS-BBMSI1 reinforce the hypothesis that avail-
able data allow only partial mapping of the complex, and that it most
likely extends onshore toward the NW. In fact, applying the



A. Artoni et al. Marine Geology xxx (2018) xxx-xxx

Line A F75 a1 T lateral accumulation zone of BBMS1
(Fig. 13a) (Fig. 13c) Zuf’;::n covered by Holocene(?) deposits later gently folded
05 sr—1 1 SE diment drape(?) compressional  extensional fault
TR 17 fold hinge s ridge side-wall scarp
d 17  sediment -
. drape(?) - g
e R NNE borderof | & =
] £ §
g
1.58.4 &
a)l _ b2)E ]
—bT Line D reflection truncation
at the detachment surface
Line A Line B F75_91 F75_89 Line C F75_87
(Fig. 13a)  (Fig. 13b)  (Fig. 13c) (Fig. 14a) (Fig. 14b)  (Fig. 14c)
] | — SE
. Fig. 16¢ \ I ! I woe.
translational — ——
slid mass
1s lateral accumulation zone TS;:?
) sediment of BBMS1 remobilizing base of
drape(?) the earlier BBMS g @i—_
/ 1 E
1 fold hinge as labelled
2s. in Fig. 10
5 km F75_44

Fig. 15. a, b) Details NW-SE seismic reflection profiles crossing the BBMS-BBMS1. The more deformed sector is in the NW portion and belongs to the BBMS1. Most of the BBMS is a
translational slid mass and it appears undeformed. The pre-sliding units are white shaded and the detachment surface at the top of the pre-sliding units (see Fig. 16¢). For the locations see
inset and Figs. 4, 11.

wavy reflections
minor chaotic deposits(?)

a) base of BBMS1 c)

Q
g u
S &
g B

3

Tkm  undeformed detachment
deposits surface 1km undeformed detachment
deposits surface
b) base of
BBMS1

o
3 base of
E . BBM
2 S—
g e

Tkm  undeformed - yoiochment sirface
deposits

Fig. 16. Details of the detachment surface of BBMS-BBMSI along a) seismic profile F75_91, b) seismic profile F75_44 and c) seismic profiles F75_44. The BBMS is characterized by discon-
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MTD classification of Moscardelli and Wood (2008, 2015), the measured Several parameters, including variable internal geometries and
width of ~20km for the BBMS-BBMS1 implies a minimum of 80km in run-out distances (100 to 700m) and the occurrence of at least one re-
longitudinal extension thus longer than the estimated 57 km. However, activation episode (BBMS1), suggest that the new MTDC in the Gulf

the dimensions reconstructed through the analyses of seismic data are of Taranto is a composite mega-slide formed during at least two fail-
similar to the recently studied onshore-offshore Crotone Megalandslide ure events displacing, mobilizing and deforming shelfal and slope de-
(Zecchin et al., 2018). posits along the same basal detachment. The geometry of the composite
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mega-slide and its internal characters (nearly undeformed slided
masses), pose the question if the BBMS-BBMSI is the result of a mass
wasting event, either single of multiple, or if it is related to gravi-
tational tectonics. The latter is common in both convergent and ex-
tensional margins (de Vera et al.,, 2010; Espurt et al., 2018; Murray
et al., 2018; Pettinga, 2004; Scarselli et al., 2016; Wang et al., 2017;
Winkelmann et al.,, 2010) and it is invoked for the orogeny collapse
(Espurt et al., 2018; Rey et al., 2001; Tibaldi and Bonali, 2018). Grav-
itational tectonics may generate remobilized deposits with low inter-
nal deformation and may reach size of tens of kilometers. If fluids cir-
culation occurs, these gravity-driven deposits might be preferentially
associated with sediment's creeping (Hsu et al., 2018; Li et al., 2016;
Mountjoy et al., 2014; Thole et al., 2016). However, undeformed re-
gions within Mass Transport Deposits are common (Gafeira et al., 2010)
and available data do not allow to fully discriminate between the two
different processes (i.e. mass wasting deposits and gravitational tecton-
ics deposits). The portion of the BBMS-BBMS1 closest to the coast ap-
pears as wasted masses of sediments, whereas, the deeper portion of the
BBMS-BBMS1 appears as a slide which did not suffer a huge amount
of transport (700 m maximum). The limited number of chaotic deposits
and the observed mild folding of continuous sediment layers are in fa-
vor of gravitational deformations in the SE termination of the MTDC.
We cannot exclude that in the more distal part of our MTDC, inclination
of the submarine slope might have favored gravitational tectonics asso-
ciated with subsurface sediments creeping.

While detection of incipient or ancient gravity deposits from inter-
pretation of high resolution seafloor morphology and/or seismic reflec-
tion profiles is relatively straightforward, age determinations and trig-
gering mechanisms of MTD is not trivial. In the next sections, we will at-
tempt to estimate the range of ages for the BBMS-BBMS1 emplacement
and to discuss evidence for possible triggering mechanisms and geo-haz-
ards.
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6.1. Age of MTDs emplacement

Well-logs and seismic stratigraphic correlations suggest that the
BBMS-BBMS1 represents one of the latest depositional events within
the youngest tectono-sedimentary cycle P4 made of middle-late Pleis-
tocene shelf-slope deposits resting above the Middle Pleistocene Uncon-
formity (MPSU) (Zecchin et al., 2015) (Fig. 6). BBMS and BBMS1 show
a morphological expression at the seafloor, although the SE termina-
tion of BBMS is locally covered by Holocene fine-grained deposits (Fig.
14), whose distribution has been constrained in the Gulf of Taranto
offshore (Falco et al., 2016b). On the other hand, if the BBMS-BBMS1
reach onshore up to the Metaponto region (Fig. 18), they are also cov-
ered by alluvial deposits (Fig. 17). In the offshore, there are no age
determinations for deposits immediately capping the MTDs, except for
few cores in Holocene deposits collected in the Taranto Valley (Falco et
al., 2016a, 2016b). Onshore, two C'* ages of 11.853 = 60yr BP (mol-
lusk fragment) and 13.075 *+ 90yr BP (plant fragment) were determined
on samples collected from the Metaponto alluvial plain-shelfal deposits
(Tropeano et al., 2013). The two samples were collected at a depth of
~58m b.s.l., within a 30-100m thick aggrading-prograding wedge of
shelf and alluvial plain sediments overlaying a subaerial erosion sur-
face. This erosion surface cuts through fine-grained shelf-to-slope facies
and is correlated to the LGM (Bentivenga et al., 2004; Caputo et al.,
2010; Tropeano et al., 2013), i.e., between 19.000 and 26.500yr BP
(Clark et al., 2009), or ~20,000yr BP (Lambeck et al., 2014; Zecchin
et al., 2016). Increased sedimentation rates of ~4.5mm/year and a
rapid burial of the LGM topography were reported after the LGM (Falco
et al.,, 2016¢; Tropeano et al., 2013). However, the thalwegs of pre-
sent-day onshore rivers (Bradano, Basento, Agri and Cavone) closely
correspond with the buried LGM incised valleys (Tropeano et al., 2013;
Pieri, 2015). The correspondence
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modelled with the aid of software Move of Midland Valley.

between the present-day incisions and LGM river paths onshore should
also be the case of the submarine drainage system (Figs. 10, 11). The
limited width of the shelf and the presence of a deep incised valley,
such as the Taranto Valley, both suggest that the shelf has been re-
cently eroded (Section 5.1) and it might replicate the LGM incisions.
In addition, we can also note that BBMS-BBMS1 morphologies control
the positions of the Taranto Valley and its tributaries, the Bradano,
Basento, Agri and Cavone submarine valleys (Figs. 10, 11). These trib-
utaries also incise and create levees on top of BBMS1 (Fig. 13a). In this
respect, the relief observed along the slope (Fig. 11) might be relict
submarine morphological highs created by the MTDC. Therefore, the
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relief created by the MTDC might control both the incisions of the LGM
erosional surface and the recent submarine drainage system. This sub-
marine drainage system fed (during the LGM) and feed (at present) the
Taranto Valley with terrigenous deposits that locally cap the BBMS (Fig.
15) and possibly the BBMS1 due to the uncertainties to clearly define
the top surface of the MTDC. In absence of accurate dating and imaging
for such deposits, we can assume that they post-date the LGM erosional
surface and form meters thick sediment drape of the BBMS-BBMS1. The
above observations and assumptions imply that the emplacement of the
BBMS-BBMSI1 should predate the LGM (late Pleistocene).
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We also note that the southeastern termination of the MTDC shows
gentle sediment folding reaching the seafloor (Figs. 11, 14c), suggesting
possible recent (post-LGM) remobilization but the thickness of Holocene
draping is below the resolution of seismic images in most of the seis-
mic profiles (Figs. 13-15). Concluding, though the BBMS1 appears to be
younger than the BBMS, their emplacement dates back to the LGM or
very likely earlier and rough seafloor morphologies might suggest either
a possible Holocene reactivation or relict morphologies.

6.2. Possible triggering mechanisms

Widespread emplacement of megaturbidites throughout the Mediter-
ranean during the last glacial maximum was reported in the western
Mediterranean Sea (Rothwell et al., 2000). Catastrophic destabilisation
of the margins after a long period of accumulation with an increased
rate of sediment supply was invoked as the main triggering mechanism
for the deposition of the Balearic and Herodotus abyssal plain megabeds
(Rothwell et al., 2000). However, LGM sea level low stand should not
play a fundamental role in triggering the deposition of the study MTDs
because their emplacement should pre-dates the erosional surface of the
LGM (see Section 6.1); nonetheless, older sea level changes cannot be
discharged as trigger for the emplacement of the MTDC. In this view,
pre-LGM time sea level fall causing pore pressure variations within sed-
iments may enhance slope instability and mass failures as well as fluid
seepage. Up to now, evidence of fluid circulation associated with ei-
ther past seepages or clathrates was never reported in the area. Then,
fluid seepage and gas hydrate dissociation are unlikely triggering mech-
anisms.

The BBMS and BBMS1 are relatively recent features showing a close
connection with tectonic structures being oriented parallel to the frontal
thrust of the orogenic wedge, i.e., the Metaponto Ridge Frontal Thrust
and Apulian Foreland Ramp (Fig. 7; Section 5.3). This occurrence has
been described also in other regions (Strozyk et al., 2009; Zitter et
al., 2012; Alves et al., 2013; Strasser et al., 2013; Moscardelli and
Wood, 2015). For this reason, and because the study area is tectoni-
cally active with moderate to intense seismicity (Fig. 2), seismic shak-
ing should be considered a likely triggering mechanism for sediment
remobilization. A single earthquake can initiate slope instability and
sediment re-mobilization, especially in confined basins characterized
by high sedimentation rates and bordered by rapidly uplifting coastal
mountains (Polonia et al., 2013, 2016b). Such earthquake triggering
is also reported in oceanic areas such as the Japan trench, where the
Mw 9.0 2011 Tohoku-Oki earthquake generated a slump 2-3km wide
and 13km long (~27.7 km?) affecting the entire trench (Strasser et al.,
2013), and the Mw 7.2 1929 Grand Bank earthquake (Newfoundland,
Canada) (Heezen and Ewing, 1952; Piper and Morrison, 1999). In the
Japan case study, the bathymetry of the trench was completely modi-
fied by the earthquake event, due to the formation of extensional and
contractional faults, the latter being shifted 2km trench-ward. A striking
Mediterranean example linking seismic shaking, giant slope failures and
tsunami generation is the Mw 8.5 365 CE Crete earthquake and tsunami,
which triggered the deposition of up to 20 m thick mega-turbidite on the
basin floor of the eastern Mediterranean (Polonia et al., 2013) in area
>150,000km? (Polonia et al., 2017a) and for a total volume of at least
162 x 10km?3 (Rebesco et al., 2000).

The possible link between BBMS-BBMS1 and a large magnitude
earthquake should be tested with paleoseismological studies. However,
most paleoseismological studies were carried out onshore, and rarely
constrain late Pleistocene or older earthquake events. Only recently,
a paleosesimological study revealed that the Cittanova fault has been
the source of one of the most catastrophic earthquakes in Europe (the
5th February 1783 M,, 7 earthquake of Cittanova fault in the Calabrian
Arc) and caused slip events dated back between 13,080-12,970yr BP
and 12,935-12,681 yr BP (Galli and Peronace, 2015). Precise dating of

19

Marine Geology xxx (2018) xxx-xxx

sediments draping the BBMS-BBMS1 might allow the establishment of
a correlation between the study MTDC and these seismic events. Clear
markers of recent tectonic activity were reported onland, such as folded
marine terraces (Santoro et al., 2013; Ferranti et al., 2014), extensional
faults (Galli and Bosi, 2002; Galli and Peronace, 2015) and transcurrent
faults (Galli et al., 2008) which were active since middle Pleistocene to
present-day. A single earthquake, a cluster of earthquakes or a phase of
intensified tectonic activity at the Metaponto Ridge or at deeper fault-re-
lated folds of the Apulia plate (Figs. 7-9), might thus be considered a
possible triggering mechanism for BBMS-BBMS1 emplacement. Since it
is difficult to identify a specific earthquake among those already known
in the area (Galli et al., 2008), the BBMS-BBMS1, as well as other older
MTDs in the Gulf of Taranto area, might indicate that at geological time
scales, the record of earthquake might be incomplete. This hypothesis
calls for a more detailed study of the sedimentary record in the Bradano
Foredeep basin to define age and the recurrence time of resedimented
deposits.

Seismic data show that portions of the BBMS-BBMS1 maintain their
original sedimentary layering and mild or no deformations, and this in-
dicates that gravitational tectonics might be the mechanism that forms
the MTDC. The gravitational instabilities and sediment remobilization
might be related to both the relatively high uplift rate of the Calabrian
Arc and the downflexing Apulian plate in the last 1 Ma (Billi et al., 2011;
Doglioni et al., 1994; Faccenna et al., 2014). If gravitational tectonics
is considered to have driven the deposition of the BBMS-BBMSI, their
emplacement should not be synchronous with any major earthquakes.
Again, detailed paleoseismological studies are mandatory to better dis-
criminate seismically triggered slope failures versus gravitational tec-
tonics. In both reconstructions, mapping MTDs has important implica-
tions for geo-hazard assessment in coastal areas.

6.3. Implications for geo-hazards

The emplacement of MTDC (BBMS-BBMS1) due to gravitational tec-
tonics, sediment creeping not associated to sudden fault ruptures would
imply slow motion and deformation of the moving masses not able to
generate an instantaneous seafloor rise capable to generate a tsunami.
In this scenario, sediment creeping might represent also a recent process
due to local accommodations above the MTDs (Fig. 11) enhancing shal-
low sliding of thin sediment packages as already recognized in Calabrian
margin (Ceramicola et al., 2014; Rebesco et al., 2009).

However, the emplacement of BBMS-BBMS1 possibly associated
with paleo-earthquakes cannot be excluded for two main reasons: 1) the
MTDC is one of the largest in the area (Fig. 18), despite its onland por-
tion is not well constrained yet; 2) both onland and offshore tectonic
structures are active since middle Pleistocene and presumably associ-
ated with paleo-earthquakes (Ferranti et al., 2014; Galli et al., 2008;
Galli and Bosi, 2002; Santoro et al., 2013). If the BBMS-BBMSI1 is con-
sidered as triggered by seismic shaking a different tsunami-hazard for
the Gulf of Taranto needs to be evaluated. Seismically triggered sub-
marine landslides are considered possible causes of tsunamis (Tappin,
2010) also if they are relatively small. Sliding volumes of 4-8km? have
been modelled and reported to be possible causes of tsunamis in asso-
ciation with seafloor co-seismic ruptures (Satake, 2012). The Taranto
submarine landslide, with an estimated volume of 0.30km?3 (10 to 100
times smaller than the MTDs in this work), has been modelled and
results suggest that it generated a tsunami wave up to 1.75m height
along the coast (Meo et al., 2016). According to historical catalogues
(Ambraseys, 1962; Tinti et al., 2004; Maramai et al., 2014), tsunami
hazard along the Ionian Sea coast is high. Tsunami hazard assess-
ment has necessarily to include also far-field sources in the Mediter-
ranean (Papadopoulos et al., 2014; Polonia et al., 2016b). The ef-
fects of historical tsunamis are reported both along the Ionian
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coast of Calabria and, to a lesser degree, along the Adriatic coast of
Puglia, where, pre-historical and historical tsunami deposits were de-
tected (Mastronuzzi and Sanso, 2000; Mastronuzzi et al., 2007; Milia
et al., 2017). Despite the difficulties in distinguishing local tsunamis
from storm layers in the geological records (Dawson and Stewart, 2007;
Bourgeois, 2009; Engel and Briickner, 2011), faunal mixtures derived
from different near-shore paleoenvironments are indicative of tsunami
waves (Peters and Jaffe, 2010; Engel and Briickner, 2011; Smedile et
al., 2011). Recent detailed stratigraphic work on middle to late Pleis-
tocene deposits carried out onshore along the Gulf of Taranto coasts did
not reveal high-energy facies that could possibly be related to tsunamis
(Amorosi et al.,, 2014; Capraro et al., 2017). However, these strati-
graphic studies are local, and focus on detailed sea-level fluctuations
and global scale stratigraphic correlations. More studies need to be done
in order to exclude tsunamis deposits in the Pleistocene-Holocene sedi-
mentary record onshore the Gulf of Taranto. In this respect, the present
work could provide useful insights to modelling and guide the search for
onshore/offshore, direct/indirect proxies about possible tsunami wave/
s generated by BBMS and BBMS1 emplacement in pre-LGM time or
younger remobilization events.

7. Summary and conclusion

In the Gulf of Taranto, large-size Mass Transport Deposits, named
the “Bradano Basento Mega Slide” (BBMS) and a younger slide mass
(BBMS1), were identified and mapped. They form the largest MTD com-
plex described in the offshore Gulf of Taranto. The BBMS shows an area
of ~396km?, a volume of 130 km?® while the younger BBMS1 shows an
area of ~153km? and a volume of ~40km?3; the run-out distances are
up to few hundreds of meters. These estimates are conservative, since
BBMS and BBMS1 might have an onshore buried extension, not imaged
by our marine data. The BBMS and BBMS1 affected and eroded the top-
most portion of the outer Southern Apennines front, and transported to-
ward the SE and SSW middle-late Pleistocene clay/silty-clay deposits.

Several lines of evidence, including that the BBMS-BBMS1 gliding
surface appears to be controlled by main tectonic structures in the area,
suggest that the most likely triggering mechanism for the emplacement
of the MTDs is seismic activity. For this reason, the BBMS and BBMS1
might be considered paleo-seismological markers of large magnitude
earthquakes in the Bradano Foredeep basin. Based on stratigraphic cor-
relations, carried out using well-logs and the ages of correlative deposits
onshore, the age of the MTDs is late Pleistocene and predates the LGM;
though younger remobilization events cannot be excluded. The analy-
sis of MTDs has thus the potential to reconstruct seismic activity back
in time. The offshore paleo-seismological markers will complete the on-
shore paleo-seismological record and will contribute to better clarify
the seismic behavior of this geologically complex region. On the other
hand, because portions of BBMS and BBMS1 show undeformed seismic
facies or mild deformations at their offshore termination, it cannot be
excluded that the studied MTDC is related to gravitational tectonics and
sediment creeping decreasing the tsunami hazard in the study region.

Nonetheless, the size and the distribution of the Mass Transport De-
posits in the sedimentary record of the Bradano Foredeep emphasize the
need to re-evaluate and to better appraise the potential for large earth-
quakes and tsunamis along the densely populated coast of the Gulf of
Taranto that is also site of industrial infrastructures.
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