Marine Geology 441 (2021) 106596

o %

ELSEVIER

Contents lists available at ScienceDirect

Marine Geology

journal homepage: www.elsevier.com/locate/margo

Bottom current-controlled Quaternary sedimentation at the foot of the
Malta Escarpment (Ionian Basin, Mediterranean)

Michele Rebesco™ ", Angelo Camerlenghi “, Vanni Munari®, Renzo Mosetti®, Jonathan Ford *”,
Aaron Micallef““, Lorenzo Facchin?®

& National Institute of Oceanography and Applied Geophysics — OGS, Italy

Y Department of Geoscience and Mathematics, University of Trieste, Ttaly

¢ Marine Geology & Seafloor Surveying, Department of Geosciences, University of Malta, Malta
4 Helmholtz Centre for Ocean Research, GEOMAR, Kiel, Germany

ARTICLE INFO

Editor: Adina Paytan

Keywords:
Sediment waves
Seismics
Bathymetry
Oceanography
Cyclicity
Mediterranean

ABSTRACT

A better understanding of the evolution of bottom current circulation and associated deposits is significant for
many applications including paleoclimatology and geological hazard. Besides the large contourite drifts, bottom
currents may generate fields of large sediment waves that, depending on their height and velocity of migration,
may pose severe risk for infrastructures. Conversely, the time span of their paleoceanographic record is generally
relatively short. We use bathymetry data, sub-bottom and seismic reflection profiles and legacy oceanographic
data to analyze the sediment waves occurring in a deep environment (from 2400 to 3800 m water depth at the
foot of the Malta Escarpment in the Mediterranean Sea) to understand their evolution in time, their significance
for paleoceanography, and their relation to present day hydrographic conditions. In the absence of direct
stratigraphic information, we use the information from nearby studies and from ODP Site 964 and DSDP Site 374
to constrain the age of the sedimentary successions. We discover that these waves (about 2.5 km in wavelength,
50 m in height, with crest sub-perpendicular to the continental slope trend) have been steadily growing and
migrating northward since about 500 ka, although an irregular growth and unsteady migration is distinguishable
since about 1800 ka. The waves are generated by predominantly alongslope southward flowing bottom currents
compatible with modern hydraulic conditions (mean flow speed of ~5 cm s~%, peaks of 15 cm s™1). The rate of
crest migration (~ 2.0-3.2 mm a’l) and the average sedimentation rate (0.64-0.69 mm a’l) are unusually high
for deep sea environments away from turbidity currents paths. We infer that the steady development of sediment
waves is produced by a drastic increase in sediment input to the Ionian Basin resulting from the tectonic uplift in
NE Sicily and Calabria and the onset of a relatively steady, low energy bottom current regime following the Mid-
Pleistocene Transition. We attempt to extract information on orbital cyclicity preserved in the seismic record
from the power spectra of virtual seismic traces from the well preserved succession of 5 visually discernible,
regularly spaced sub-units consisting of alternation of high-amplitude and low-reflectivity packages within the
last 500 ka. Peaks in the power spectra can be identified around orbital obliquity and precession periodicities,
while eccentricity appears not to be recorded. We discuss the results of seismic cyclicity analysis relative to
uncertainties of stratigraphic and petrophysical constraints. The sediment waves along the foot of the Malta
escarpment are an excellent candidate for the extraction of a long, continuous and high resolution sedimentary
record of the paleo circulation changes and climate cycles in the Mediterranean Sea since about 500 ka.

1. Introduction

et al., 2016; Mosher et al., 2017). New findings of contourites - sedi-
ments deposited or substantially reworked by the persistent action of

The influence of bottom-water circulation in deep-sea sedimentation bottom currents (Heezen et al., 1966; Stow et al., 2002a) - have been
is still poorly understood, but the perception of its widespread impor- reported in many different settings in every ocean basin and even in
tance is steadily increasing (Rebesco et al., 2014; Hernandez-Molina lakes (Ceramicola et al., 2002; Van Daele et al., 2016). Contourite
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research is crucial for hydrocarbon exploration, paleoclimatology and
paleoceanography. In fact, the persistent action of bottom currents may
create large sedimentary bodies (contourite drifts) that provide valuable
insights into paleoenvironmental and paleoclimatic conditions (Griitz-
ner et al., 2003; Villa et al., 2003; Lucchi and Rebesco, 2007; Hill-
enbrand et al., 2008). Bottom currents, predominantly unidirectional
water currents that are in contact with the sea-floor or a sidewall (Zenk,
2008), are in fact pervasive and observed at all latitudes. Such currents,
affected by tides, eddies, deep-sea storms, internal waves and tsunamis,
are focused against continental slopes, escarpments and around topo-
graphic obstacles (see in-situ observations in Giorgetti et al., 2003; Zhao
et al., 2015, Miramontes et al., 2019; Tallobre et al., 2016; Zhang et al.,
2016).

Alongslope bottom currents flowing across the seabed are capable of
actively eroding, transporting and depositing sediments on the seafloor,
generating bedforms and relief, including sediment waves (Hernandez-
Molina et al., 2018). In early studies of the 1960s, which relied to a large
extent on sub-bottom and seismic profiles, sediment waves were
generally assumed to indicate the presence of bottom currents (Heezen,
1959), but in the 1970s it was recognized that sediment waves may be
related to either bottom and turbidity currents (Embley and Langseth,
1977; Damuth, 1979). Subsequently, it was recognized that bottom
current waves reflect a long-term response to environmental conditions
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(Flood and Shor, 1988) and the model for the generation of sediment
waves beneath steady, sediment-laden bottom currents was put forward
(Flood, 1988; Blumsack and Weatherly, 1989). It was also recognized
that bottom current direction and velocity, both in present-day and in
the past, may be estimated from sediment waves characteristics (Ken-
yon, 1986; McCave and Carter, 1997). Global reviews of seafloor bed-
forms were conducted by Wynn and Stow (2002) and Symons et al.
(2016). Since then, many studies on sediment waves focused on the
implications for the migration history of bottom water flows, but also on
the associated geo-hazard (Putans et al., 2010; Bastia et al., 2011; Martin
et al., 2015; Chen et al., 2017; Li et al., 2020). In fact, bottom currents
are significant for slope-stability and assessment of geological hazards.
The currents may pose a risk to deep-sea infrastructure such as pipelines
and telecommunication cables, subsea oil and gas installations, moor-
ings, or multidisciplinary observatories like the KM3NeT-It Cherenkov
neutrino telescope (Margiotta, 2016), which is being constructed off-
shore the Malta Escarpment in the central Mediterranean Sea.

In the 1990s, large-scale asymmetric, climbing bedforms interpreted
as sediment waves were identified at the foot of the Malta Escarpment
(Marani et al., 1993). They were later imaged by Gutscher et al. (2016)
and San Pedro et al. (2017) and regarded as being consistent with
downslope turbidite transport. We now describe these sediment waves
on the basis of recently acquired multi-channel seismic, sub-bottom
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Fig. 1. Location map. Bathymetry base from a compilation of datasets including the compilation published by Gutscher et al. (2017) and CUMECS-3 data. Positions
of Fig. 3 and S1 (sediment wave field), sub-bottom (Fig. 4) and seismic profiles (Figs. 5-7), Fig. 12 (average current field), of moorings (see Table 1) and of KM3NeT-

It, of DSDP Site 374 and ODP Site 964 are shown.
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echosounder and multibeam bathymetry data, and discuss their origin
by considering available hydrographic information. The general aim of
this study is to improve our understanding of sediment wave evolution
in a deep sea environment. The specific aims are twofold: (i) to under-
stand whether these features are still actively migrating and if they are a
potential hazard for infrastructures; and (ii) to decipher their origin and
their paleoceanographic significance.

2. Regional setting
2.1. Geological background

The study area is located within the Ionian Sea, at the foot of the
Malta Escarpment between about 37°N and 35°N latitude (Fig. 1). In
particular, we focus on a southward deepening deep-sea passageway at
2400 to 3800 m water depth between the Malta Escarpment and the
Calabrian Accretionary Wedge.

The Malta Escarpment is a steep carbonate cliff about 300 km long
and 3 km high that extends from offshore SE Sicily southwards and that
locally reaches slope gradients of several tens of degrees (Micallef et al.,
2016, 2019). The escarpment originated through a process of Tethyan
continental rifting from Permian to Early Cretaceous, followed by lith-
ospheric spreading in the Ionian basin. The passive margin transformed
into an active tear fault with an additional sinistral strike-slip compo-
nent in response to plate subduction of the Calabrian Arc system (e.g.
Gutscher et al., 2016; Finetti, 1982; Nicolich et al., 2000; Polonia et al.,
2016).

The Calabrian Accretionary Wedge is part of the Apennine accre-
tionary system and consists of SE-verging thrust sheets composed of
deformed Mesozoic and Cenozoic sediments scraped from the subduct-
ing Ionian oceanic lithosphere (Rossi and Sartori, 1981; Cernobori et al.,
1996; Volpi et al., 2017). The seafloor of the western Ionian Basin is
intensely affected by tectonic deformation, amplified by Messinian salt
deformation in the shallow subsurface (Camerlenghi et al., 2020), which
has resulted in a complex seafloor morphology to the east of the Malta
Escarpment (Gutscher et al., 2017).

The presence of contourites east of the Malta Escarpment (in the form
of large sediment waves, sediment drifts and associated moats) has been
associated with the flow of bottom currents of Modified Atlantic Water,
Levantine Intermediate Water and Adriatic Deep Water (Marani et al.,
1993; Micallef et al., 2016; Pepe et al., 2018). The whole Plio-
Quaternary sedimentary succession in the western Ionian Basin is
interpreted to consist of fine-grained pelagics, contourites and turbidites
with the shallower succession locally shaped into sediment waves
(Micallef et al., 2018). On the basis of single-channel sparker seismic
reflection profiles, large-scale asymmetric, climbing sediment waves
were identified at the foot of the Malta Escarpment (Marani et al., 1993).
These were tentatively ascribed to the action of bottom current inten-
sification due to boundary current focussing along the very steep Malta
Escarpment. More recently, the corridor between the north-western
extremity of the Calabrian Accretionary Wedge and the Malta escarp-
ment has been interpreted based on bathymetric data as a “turbidite
valley” being formed by canyons and channels shaped by turbidity
currents and the sediment waves therein as being consistent with
downslope turbidite transport (Gutscher et al., 2016; San Pedro et al.,
2017).

2.2. Hydrographic setting

The circulation patterns in the area are relatively well known only in
the upper surface layer. In the upper hundreds meter depth, the Atlantic
water flows eastward through the Sicily Channel and the northern
branch (Atlantic Ionian Stream, Robinson et al., 1999) after the Malta
escarpment is a broad open ocean free jet located approximately around
36—35°30’ N (Pinardi et al., 2015). The main water mass flowing along
the western Mediterranean continental slope is the Levantine
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Intermediate Water (LIW; Wiist, 1961), which is by far the largest water
mass produced in the Mediterranean Sea (Skliris, 2014).

The Adriatic Deep Water, formed mainly by the mixing of the surface
water in the center of the South Adriatic Pit during periods of deep
convection and exported to the Ionian in the bottom layer of the Strait of
Otranto, represents the most important component of the bottom water
of the entire Eastern Mediterranean (Gacic et al., 2001).

The upper lonian Sea is a region where water masses of the main
thermohaline circulation cell of the central and eastern Mediterranean
converge. Permanent and seasonal eddies are present. The Ionian Basin,
floored by a 4000 m deep abyssal plain, is filled by dense water from
Adriatic and Aegean sources. Conductivity, temperature and depth
(CTD) casts conducted between the years 2003 and 2010 as part of an
international investigation program of the Eastern Mediterranean
(Sparnocchia et al., 2011) are the only existing data that constrain
abyssal water mass circulation in this area.

The distribution of dissolved oxygen concentration (DO), tempera-
ture, salinity and density in the central Ionian Sea demonstrates a strong
interaction between the Adriatic outflow and waters of Aegean origin
positioned above them, especially in the northern Ionian Sea (Bensi
et al., 2013).

The Ionian abyssal circulation plays an important role in the redis-
tribution of water masses to adjacent seas. Dense water masses formed
by convection are often spread through the abyss by bottom-arrested
currents (Hainbucher et al., 2006), which represent a significant
mechanism for mixing in deep layers (Jungclaus and Backhaus, 1994).
Because mesoscale eddies are often very efficient in transferring parti-
cles and passive tracers vertically or horizontally, both mean and
mesoscale flows can contribute to the propagation and mixing of water
masses in the Ionian Sea.

In the framework of the KM3NeT-It project (Margiotta, 2016), an
intense programme of oceanographic observations was conducted in the
Ionian Sea, mainly south-east of Capo Passero (Sicily), one of the three
candidate sites to host the abyssal neutrino telescope. The activity
included six hydrographic cruises and continuous bottom current hourly
records from moorings in about 3100 m water depth from May 2007
until May 2009 at site KC1, and until March 2008 at two sites, KC2 and
KC3 (Fig. 2). In general, current intensity is variable, even though the
direction is relatively constant (Sparnocchia et al., 2011). In Sites KC1
and KC3, located far to the east with respect to the Malta Escarpment,
the predominant direction of bottom water flow is northward. At Site
KC2, located at the foot of the Malta Escarpment and closest to the
sediment waves under investigation, the predominant direction is
constantly to the SSW (Fig. 2). Measured bottom current flow directions
in the area are also available at the EMSO-SN1 and KM3 sites (respec-
tively LoBue, 2019 and Manca et al., 2002, 2003). Table 1 provides a
summary of the bottom current flow direction at all available sites.

Rubino et al. (2012) attributed the variability of abyssal currents in
the Ionian sea to mesoscale vortices (order of 10 km in the horizontal
dimension) generated by baroclinic instability.

3. Data and methods

The study is based on geophysical data collected during the
CUMECS-3 cruise, performed on board the R/V OGS Explora in March
2015 as part of a joint collaboration between OGS and the University of
Malta.

3.1. Multibeam echosounder

Hull-mounted Reson Seabat 7150 (12/24 kHz) and a Reson Seabat
8111 (~100 kHz) echosounders were used during the cruise. The
bathymetric data were acquired using PDS2000 software whereas
editing and processing were carried out with MB-System software. The
final bathymetry grid has a cell size of 60 m. The new bathymetric data
covers the area along the foot of the Malta Escarpment and into the
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Fig. 2. Current data collected in the frame of KM3NeT-It project. A) Current
stick plots at the three sites in the study area (from Sparnocchia et al., 2011).
For a simplified visual representation, original hourly data are passed with a
low-pass filter (48 h cutoff period) and resampled every 24 h. For the location
of the mooring sites see also Fig. 1) Progressive vector diagram of the bottom
current measured at KC2 site from 09/05/2007 to 11/03/2008 showing a di-
rection towards SSW of the current. X-axis is representing the East coordinate
(km) and y-axis the North coordinate (km). The average speed (computed from
the data) is of the order of 5 cm s~ ! with persistent peaks of 15 cm s~ 1. From
Schroeder and Borghini, 2008.

Heron Canyon, a total of 3400 km? (Fig. 1).

We also used other bathymetric datasets for the maps in this paper.
These include the compilation published by Gutscher et al. (2017) using
data from the following projects (cell size in parentheses): CIRCEE (60
m), M111 DIONYSUS (60 m), M112 (60 m), M86-2 (30 m), SHOM (60
m), CHIANTI (60 m), EMODNET (250 m), SRTM (75 m).

3.2. Sub-bottom profiler

A hull-mounted sub-bottom profiler Benthos CHIRP II was used
during the CUMECS-3 survey simultaneously with the multibeam and
reflection seismic acquisition. This instrument has a non-impulsive high
frequency source that generates a continuous frequency sweep from 2 to
7 kHz. The transducer, model AT471, is composed of 16 elements that
emit the sweep, with a maximum ping rate of 12 pings per second. Data
were processed using the SwanPro and ChirpScanll software for appli-
cation of automatic gain control (AGC) and cross-correlation.

3.3. Reflection seismics

The survey consisted of a short-offset, high-resolution multichannel
seismic reflection data acquisition set up that was used along one
composite profile following the flat seafloor at the foot of the Malta
Escarpment. The composite profile comprises profiles CUMECS15-01,
02, 03 with a total length of 260 km (Fig. 1). The acquisition parame-
ters are described in Table 2. Data processing was carried out at OGS
using “Vista Seismic Processing 7.0” software. The processing flow
involved band-pass filter 12/24-250/500 Hz, trace editing, geometric
spreading correction, re-sampling (to 1 ms), velocity analysis and
stacking, post-stack spiking deconvolution, post-stack time migration
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with finite difference method, and time-variant filtering. Although the
velocity analysis was performed in order to stack the common midd-
point traces, the short streamer length compared to the depth of the
target is insufficient to derive meaningful interval velocities to be used
to locate key-reflectors in depth and calculate thickness of seismic units.
All illustrations in this paper show the final processed post-stack time-
migrated sections. All data have been interpreted with (IHS) Kingdom
8.8 software.

3.4. Data interpretation

The nomenclature of Messinian Salinity Crisis (MSC) seismic markers
follows Lofi et al. (2011). Data interpretation of the MSC seismic units,
the Zanclean megaflood mass-transport deposit (MTD) and the overlying
Plio-Quaternary cover follows the scheme published by Camerlenghi
et al. (2020), Micallef et al. (2018, 2019) Spatola et al. (2020), and
Garcia-Castellanos et al. (2020). Here the MTD was produced by the
instantaneous invasion of Atlantic sea water that, after filling the
western Mediterranean, spilled over the Sicily Sill to fill the eastern
Mediterranean basin at the end of the Messinian Salinity Crisis.

Litho- and chrono-stratigraphic correlation of the seismic reflection
data makes use of the closest scientific drilling boreholes (at about 150
km from our study area), namely Deep Sea Drilling Project (DSDP) Leg
42A, Site 374, located in 4088 m water depth in the Ionian Abyssal Plain
(Shipboard Scientific Party, 1978), and Ocean Drilling Program (ODP)
Leg 160 Site 964 located in 3662 m water depth on the outer reaches of
the Calabrian Accretionary Wedge bordering the Ionian Abyssal Plain
(Shipboard Scientific Party, 1996).

Megaturbidites below the Ionian Abyssal Plain, used for seismic and
lithologic data correlation, were described by Hieke (2000): the ~650
ka old, up to 35 m-thick “Thick Transparent Layer - TTL”; the ~230 ka
old, up to 7 m-thick “Deeper Transparent Layer — DTL”; and the CE 365
up to 20-25 m-thick AT (Augias Turbidite, dated by Polonia et al.,

Table 2
Acquisition parameters of CUMECS-3 multichannel seismic reflection data.

Vessel OGS EXPLORA

Recording date March 2015

Recorder Geometrics GeoEel Digital

Data length 7s

Sample rate 0.5 ms

Field filters Low Cut 3 Hz

Coverage 8-10 fold

Navsystem GPS - XSEA Octans interfaced with PDS2000

Pneumatic source GI-Guns

1x cu.in GI-Gun in Harmonic Mode and 1x Mini GI-Gun in
Harmonic Mode. Total volume 270 cu.in (4.4 1)

Depth of source  1.5m + 0.5m

Streamer length 300 m

Energy source
Source array

Number of 96
traces

Group interval 3.125m

Shot interval 15.625 m and 18.75 m

Depth of 1.5m+0.5m
streamer

Near offset 18 m

Far offset 318 m

Table 1

Synthesis of available current meter data (see text for data references).
Station Lat N Lon E Max current Mean current Mean direction (from N) Direction

ems! cm st

KC1 36°18'58.00” 16°05'33.00” 12 5 337.5 NNW
KC2 36°23'58.00" 15°40'60.00” 15 5 190.0 SSwW
KC3 36°26'57.64" 16°25'59.46" 10 5 22.5 NNE
KM3 36°30'00.00” 15°49'60.00” 10 5 0.0 N
EMSO (SN1) 37°26/31.98” 15°25/35.22" 13 3.5 337.5 NNW
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2013).
3.5. Seismic cyclostratigraphy

The approach to extract sediment cyclicity from the power spectrum
of seismic traces follows that of Horn and Uenzelmann-Neben (2016),
adapted for the dipping stratal geometry of the sediment waves. Virtual
seismic traces are extracted on the stoss flank of the sediment waves, in
the direction of increasing age, i.e., roughly perpendicular to the
bedding reflections. The traces are trimmed to include only the target
interval, i.e. the sediment wave-dominated succession from the seabed
reflection to the onset of sediment wave deposition. The Two-Way
Travel Time (TWTT) is converted to geological age by assuming the
age in ka of the bounding reflections. A Hamming taper (with a half-
width of 50 samples) is applied to the beginning and end of the traces
to prevent high amplitudes from the bounding reflections from
contaminating the power spectrum. The age-domain power spectrum of
the virtual traces is estimated from the squared absolute Fast Fourier
Transform (FFT) of the virtual traces.

Because we have no reliable information on the seismic velocities
within the selected interval, and because we assume a constant rate of
deposition, the intermediate step of converting the traces from TWTT to
depth domain before converting to age domain is unnecessary (as in
Horn and Uenzelmann-Neben, 2016).

4. Results
4.1. Seabed morphology

The CUMECS-3 bathymetric swath shows a wide field of undulations
characterising sediment waves on the seafloor at the foot of the Malta
Escarpment in water depths between ~2450 m and ~ 3800 m (Fig. 3).
The seafloor undulations are elongated in a roughly NE-SW direction,
approximately perpendicular to the trend of the Malta Escarpment. They
are characterized by variable heights, from ~30 m to ~50 m (Fig. 4),
with maximum height in the northern part, while their wavelength is
around 2500 m. The wave crests are clearly marked by sinuosity and
bifurcations (Fig. S1).

The compilation of existing bathymetric data reveals that similar
undulations are present in an extensive area (Fig. 3), located preferen-
tially in bathymetric lows that mark the transition between the steep
continental slope of Sicily and the Malta Escarpment, to the west, and
the gentle topography created by incipient sediment deformation of the
outer Calabrian Arc, to the east.

4.2. Shallow subsurface structure

The sub-bottom profiler data reveal that the geometry of the seafloor
defining the sediment waves is also replicated, in two dimensions, in the
shallow subsurface (~ 50-70 m below the seafloor) by seismic re-
flections with wavy geometry that maintain the surface asymmetry of
the sediment waves (Fig. 4). Sediment wave crests have clearly migrated
towards the NNW through time. The seismic reflections are more widely
spaced on the NNW flank, representing a thicker sedimentary succes-
sion, and closely spaced on the SSE flank, outlining thinner successions
or even erosion. The dimensions of crests and troughs are generally
comparable (about 2.5 km), with troughs not markedly narrower than
the crests.

4.3. Deep sub-surface structure

4.3.1. Messinian Salinity Crisis units

The most obvious Messinian Salinity Crisis (MSC) marker is the
Mobile Unit (MU - 3b) composed of halite and characterized by appar-
ently transparent seismic facies that typically display ductile deforma-
tion. MU represents the seismic basement in our seismic reflection data
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Fig. 3. Location of the field of sediment waves (outlined by the dashed red line)
in the bathymetric low (“turbidite valley” of Gutscher et al., 2016; San Pedro
et al., 2017) between the Malta Escarpment/Eastern Sicily margin and the
gentle topography created by incipient sediment deformation of the outer
Calabrian Accretionary Wedge superposed onto the regional shaded-relief
multibeam bathymetry (from Gutscher et al., 2017 in addition to that of the
CUMECS3 project). AS: Alfeo Seamount. Location of the area displayed in
Fig. 1. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

(Figs. 5-7).

MU is overlain by a high-amplitude reflective Upper Unit (UU - 3a)
mainly composed of gypsum and anhydrite, with intercalated marls and
dolomites. UU is well expressed in the southernmost part of the survey
(Figs. 6, 7). Northwards, instead, UU is not detected either because it is
absent, or because it was eroded during the deposition of the overlying
unit.

Above UU or MU (when UU is absent) is a thick complex (Unit 2)
with predominantly apparently chaotic internal configuration. In Fig. 6
Unit 2 thins gradually towards the SSE and its internal configuration
changes laterally and vertically from apparently chaotic to laminated,
and the geometry changes from basin-fill to drape. The unit is not pre-
sent in the southernmost part of the survey (Fig. 7). This unit coincides
with the Mass Transport Deposits (MTDs) originating from the Zanclean
megaflood (see Section 3.4 Data Interpretation). The Miocene-Pliocene
boundary (M-P traced with a red line in Figs. 5-7) can therefore be
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Fig. 4. CHIRP sub-bottom profile (acquired simultaneously with bathymetry) showing the internal character of the seafloor undulations. The internal reflections,
conformable with the seafloor topography, show a thinning and pinching-out on the steeper SSE flank and crest migration towards the gentler NNW flank. The
inferred SSE flow direction and respective stoss and lee flanks of the undulations are also shown. Location is displayed in Fig. 1.

confidently identified by following the tie to the existing seismic-
stratigraphic data, and is delineated by the top of Unit 2 (Zanclean
Megaflood deposit) where present, or the top of UU.

4.3.2. Post-Messinian units

The seismic character of Unit 1, overlying the Miocene-Pliocene
boundary, is extremely variable, and is further subdivided from top-
down into subunits a;, a, b, c.

In the northern part of the study area (Fig. 5) the complex topog-
raphy of the Zanclean flood deposit includes a large channel about 2 km
wide in the middle part of Fig. 5 (profile CU15-01 approximately be-
tween SP 500 and 600, ~3.7 s TWTT), which is filled by Unit 1lc
markedly onlapping Unit 2 with a poor to moderate lateral continuity of
reflections. There is a clear trend of increasing reflection continuity from
NNW to SSE. The upper boundary of Unit 1c is erosional, as demon-
strated by reflection truncations. Above is Unit 1b, an apparently
transparent to chaotic seismic lens-shaped sedimentary body terminat-
ing at about SP 800 and reappearing in the form of two thin isolated
lenses further to the SSE.

Unit 1b correlates with the MTD defined by Spatola et al. (2020) and
is not present in the southern sector of the study area (missing in Figs. 6
and 7).

Above Unit 1b is Unit 1ay, which is characterized by high-amplitude
reflections with a highly variable internal configuration, comprising
small channel systems (width not exceeding 200-300 m) with levees,
mounds outlined by reflection divergence, frequent reflection termina-
tions denoting erosion, downlap and onlap terminations. Small lenses of
apparently transparent acoustic facies are also present. From bottom to
top a wavy internal configuration is gradually more distinguishable. In
the northern part (Fig. 5) numerous undulations defining discontinuous
sediment waves are visible. Their dimensions show significant variation,
which indicates irregular growth and/or that the rate of migration was
not constant, and they display frequent cross-cutting structures. Sedi-
ment wave asymmetry in Unit la, often displays opposite trends
(compare wave shapes at S.P. 200-300 with S.P. 400-500 in Fig. 5).

The character of Unit 1lay is different in the southern part of the
survey (Fig. 6). The variety of internal configurations seen in the
northern part of the survey is not found and the unit is dominated by
continuous reflections that fill the gentle topography of the distal part of
the megaflood deposit (Unit 2), displaying moderate reflection diver-
gence alternating with channel-fill and drape characters. However, one
asymmetric sediment wave with a gentler, thicker NNW flank and a
steeper, thinner SSE flank is visible (Fig. 6, S.P. 4500-4400). It grows
above the subparallel and conformable layers of the lowermost part of
Unit 1a,, which uniformly drape the underlying convex shape of the top
of Unit 2, and then distinctly migrate through time towards the NNW.
Moreover, in the upper part of Unit 1a; at least two sediment waves are
visible (Fig. 7, S.P. 830-430). These are asymmetric with gentler, thicker
flanks towards the SSE and steeper, thinner flanks towards the NNW,
indicating a migration towards the SSE of a few hundreds m.

4.3.3. Onset of Sediment Waves unit

A regional continuous reflection separates Unit 1a, from the over-
lying Unit 1a;. We name this reflection Onset of Sediment Waves (OSW)
(Figs. 5-7). This reflection marks the appearance of well-developed and
steadily migrating sediment waves all along the foot of the Malta
Escarpment, although evidence of sparse sediment waves is found also in
the underlying Unit lap. Unit la; is dominated by asymmetric un-
dulations with a gently-sloping flank towards the NNW and a wave-
length around 2.5 km. Wave amplitude generally increases upwards and
there is a consistent migration of wave crests to the NNW of 1.0-1.5 km.
Although in some cases seismic reflections seem displaced due to the
thinning of the reflections along the steep SSE flank of the sediment
waves (especially where erosion or non-deposition occurs), in most cases
individual reflections can be traced across the troughs of the sediment
waves, from one wave to the next. The steady growth and migration is
more evident (persisting throughout the entire unit) in the northern part
(Fig. 5), but it is clearly observable also in the southern part (Fig. 6,
especially between SP 4800 and 4100, and Fig. 7). However, this pattern
is more complicated in the southern part, where only a few sediment
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Fig. 5. Multichannel seismic reflection profile showing the internal geometry of the seafloor undulations offshore Siracusa. A) Uninterpreted profile. B) Interpreted
profile following a modified stratigraphic scheme of Spatola et al. (2020). 1a; = Pleistocene succession deposited after the onset of growth of sediment waves; OSW
= Onset of Sediment Waves; 1la, = Pleistocene succession deposited before the onset of growth of sediment waves and after the deposition of MTD 1b; 1b =
Quaternary Mass Transport deposits (MTD); 1c¢ = Early Pliocene turbidites and pelagics; M-P = Miocene- Pliocene Boundary; Unit 2 = Upper Chaotic Body Zanclean
Megaflood Deposit; 3b-MU = Mobile Unit (Messinian halite). 3a-UU = Upper Unit (Messinian Gypsum) is missing in this area. Yellow rectangular areas identify
sections of seismic profiles illustrated in Fig. 8. Location is displayed in Fig. 1. See text for details. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

waves show steady growth from the bottom of the unit to the seafloor. In to 4600) or several undulations being smoothed in a single undulation
the uppermost part of the unit (less than 100 ms TWTT), the geometry is (e.g. Fig. 6 between about SP 4650 to 4950). This is also apparent in
more complex, with some crests appearing displaced towards the NNW Fig. 7, though the lateral continuity of the reflections in the uppermost

with respect to the lower part of the unit (e.g. Fig. 6 from about SP 4550 part of the unit is more frequently interrupted by apparent diffractions
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Fig. 6. Multichannel seismic reflection profile showing the internal geometry of the seafloor undulations at the foot of the Malta Escarpment west of the Malta Island.
A) Uninterpreted profile. B) Interpreted profile following a modified stratigraphic scheme of Spatola et al. (2020). 1a; = Pleistocene succession deposited after the
onset of growth of sediment waves; OSW = Onset of Sediment Waves; 1a, = Pleistocene succession deposited before the onset of growth of sediment waves; 1c =
Early Pliocene turbidites and pelagics; M-P = Miocene- Pliocene Boundary; Unit 2 = Upper Chaotic Body Zanclean Megaflood Deposit; 3a- UU = Upper Unit
(Messinian Gypsum); 3b-MU = Mobile Unit (Messinian halite). Yellow rectangular areas identify sections of seismic profiles illustrated in Fig. 8. Location is displayed
in Fig. 1. See text for details. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

associated with a dog-leg in the profile. In general, the thickness of the
wavy unit varies between 300 and less than 100 ms TWTT. The waves
are best preserved where the unit is thickest.

The seismic succession in each sediment wave is made of a regularly
spaced alternation of reflectivity packages and low-reflectivity, nearly
transparent, packages. Overall, reflection amplitude increases upwards.

We can identify a regular succession of five sub-units between OSW and
the seafloor throughout the study area (Figs. 5-7), each with high-
amplitude reflections at the base that decrease upward more or less
gradually in amplitude, to become nearly transparent at the top, where
they are in turn overlain by the high-amplitude reflections of the sub-
sequent sub-unit (Fig. 8). The thickness of the sub-units is highly
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variable, with the thinnest being U2 in Fig. 7 (0.028 ms, ~24 m), the
thickest being U5 in Fig. 7 (0.138 ms, ~116 m) and the mean thickness
being 0.053 ms or ~ 44 m. The lowest sub-unit is generally the thickest,
followed by sub-units of decreasing thickness with the uppermost one
being again thicker. A similar trend, initially decreasing and then
increasing at the top, is observable also for the thickness of the high-
amplitude package of each sub-unit (highlighted in yellow in Fig. 8).

4.3.4. Litho- and chrono-stratigraphy

The area of the seafloor covered by the sediment waves considered in
this study has never been sampled by coring and drilling. As a conse-
quence there is no direct information on lithology, sedimentology or
stratigraphy. DSDP Site 374, recovered a 457.5 m long succession, with
limited core recovery, including a 381.2 m long Plio-Quaternary, mainly
terrigenous sedimentary succession. ODP Site 964 contains a 112.2 m
long, full-recovery condensed hemipelagic succession of early Pliocene
to Holocene age (Fig. 9). Both sedimentary successions display an
increasing terrigenous component and an increasing sedimentation rate
upwards.

In Site 374, a lithologic change from nannofossil marl and mud (Unit
1B) below, to nannofossil marls with graded foraminiferal quartzose
sand and silt (Unit 1A) above occurs between 100 and 110 mbsf, with a
Quaternary sedimentation rate of 0.154 mm a~. The lithologic transi-
tion in Site 374 coincides with the base of turbidite layer TTL. Its age was
estimated by Hieke (2000) 650 ka with an error of 100 ka, extrapolated
from the constant sedimentation rate. The Quaternary sedimentation
rate of 0.154 mm a ™! calculated for DSDP Site 374 must be corrected for
the instantaneous deposition of the three megaturbidites. Assuming the
thickness maps of Hieke and Werner (2000) and Hieke (2000), AT is
~10 m, DTL ~ 4 m and TTL ~ 27 m, totalling 41 m. The resulting
Quaternary sedimentation rate is 0.129 mm a~! and the age of TTL
averaged for the 100-110 m thickness range of unit 1B is ~500 ka.

In Site 964 there are no major lithologic transitions in the Plio-
Quaternary, and it is all composed of nannofossil clay, clayey

2400m 3500m 3750m

1a, 1a,

1a,

1a,

Fig. 8. Sections of seismic reflection profiles extracted perpendicularly to
bedding within most representative sediment waves in Unit 1a;. See yellow
rectangular areas in Figs. 5-7 respectively for their location. Each sediment
wave appears to be composed of an alternation of 5 sub-units made of repeated
pairs of high- and low-amplitude reflection packages, numbered from 1 to 5.
(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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nannofossil ooze, and nannofossil ooze. However, above ~25 mbsf, an
increase in quartz content, clay fraction and foraminifera combined with
a decrease in nannofossil content coincides with an increase in sedi-
mentation rate from 0.023 to 0.063 mm a . This change further reflects
an upwards increase of the variability in sea surface temperature from
alkenone unsaturation index (Usy). The age of this transition cannot be
younger than 460 ka corresponding to the Lower Occurrence of
G. Lacunosa.

Therefore, the two wells indicate that in both the abyssal plain and
on surrounding abyssal hills, there is one main lithologic change that
occurred during the Plio-Quaternary. This change reflects increased
terrigenous sedimentary input and increasing sedimentation rate at
~460 ka.

We correlate this lithologic change to the seismic reflection OSW
representing the only regional marker of a drastic change in sedimentary
style reflecting the onset of sediment wave deposition, whose age can be
placed between ~460 and 500 ka (Mid-Pleistocene) (Fig. 10).

Virtual seismic traces were extracted from each of the seismic pro-
files displayed in Figs. 5 and 6, and virtual traces were extracted from
the seismic profiles displayed in Figs. 7, all representing a best estimate
of the sedimentary succession above the OSW reflection (Fig. 11A, Figs.
S2A, S3A). Fig. 11B,C, S2B,C and S3B,C display the resulting virtual
traces and their conversion to age-domain assuming a linear age model
between the OSW (500 ka) and seafloor reflections (0-age). The
normalized power spectra of these virtual traces are shown in Fig. 11D,
S2D and S3D.

5. Discussion

5.1. Modern hydrographic conditions and actively migrating sedimentary
waves

We identify a wide field of undulations in the elongated bathymetric
low between the Malta Escarpment and the Calabrian Accretionary
Wedge (Fig. 3).

Similar undulating seabed geometry and subseafloor strata may be
generated by soft sediment deformation, for example, creep (e.g.
Rebesco et al., 2009; Li et al., 2016). According to the criteria discussed
in Wynn and Stow (2002), such an origin is excluded for the following
reasons:

1) Creep folds do not display lateral migration and sediments on either
flank of individual folds are identical.

2) Creep folds show clear evidence of displacement along fault planes
and individual reflections cannot be traced across the troughs.

3) Creep folds are oriented parallel to the slope and are generally
arcuate in plane view, without bifurcation.

The internal wavy geometry generally shows conformable reflections
that are widely spaced on the NNW flank of the undulations, and closely
spaced or even truncated on the SSE flank (Fig. 4). This geometry is
common for sediment waves that actively migrate by increased sedi-
mentation rate on the upcurrent flank and reduced sedimentation or
erosion on the downcurrent flank (Wynn and Stow, 2002). Sediment
waves are generated beneath currents flowing over the seabed either in
the form of downslope-flowing turbidity currents (e.g. Normark and
Piper, 1991; Normandeau et al., 2019), alongslope-flowing bottom
currents (e.g. Flood, 1988; Baldwin et al., 2017) and internal waves (e.g.
Ribo et al., 2016; Li et al., 2019).

We exclude an origin by downslope-flowing turbidity currents for the
following reasons (analogous with the criteria suggested by Wynn and
Stow, 2002):

1) most turbidity current waves occuring in turbidite environments, are
situated on channel levees, which are not identified in the “turbidite
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Fig. 10. Stratigraphic scheme illustrating the lateral extent
of the seismic succession along the foot of the Malta
Escarpment and its prolongation to the Ionian Abyssal Plain.
Sediment waves at the foot of the Malta Escarpment, and
megaturbidites in the abyssal plain mark the sedimentary
patterns after the MPT, once the 100 ka climatic cyclicity is
well established (after 500 ka - OSW and overlying Unit 1a;).
The sediment waves record 5 glacial cycles as repetition of
high- and low-amplitude reflection packages. Evidence of
sediment waves exists in Unit 1a2, whose base is dated 1800
ka according to Spatola et al. (2020). A large Mass Transport
Deposit (Unit 1b) is present at the foot of the NNW side of the
section, with provenance from the Malta Escarpment-Sicily
margin, dated 1800 ka (Spatola et al., 2020). Unit 2 repre-
sents the Zanclean megaflood deposit (Micallef et al., 2018,
2019).

valley” (Gutscher et al., 2016; San Pedro et al., 2017) at the base of 4) in turbidity current wave fields, the stratigraphic interval over which

the sediment-starved Malta Escarpment; the waves occur often shows a progressive downslope thinning (up to
2) turbidity current waves are scarce in basin floor environments, 40-60%) associated to upslope sourcing, which is not observed here;

where their crest alignment is normally slope-parallel or oblique to

the regional slope if found on levee backslopes, whereas in this case Though the area is affected by internal solitary waves as identified by

the crest alignment is almost perpendicular to the Malta Escarpment; satellite SAR images (e.g. Alpers et al., 1996), we further exclude an
3) turbidity current waves usually show a progressive decrease in origin by interaction of internal waves with the continental margin, as

dimension downslope, which is not observed here; the characteristics of the sediment waves produced by internal waves

reported in the neighbouring Messina Strait area (Droghei et al., 2016)
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Fig. 11. Seismic cyclostratigraphic analysis (corre-
sponding to Fig. 6). a) Section of seismic profile
CU15-03 showing location of five virtual traces (a-e)
picked on the stoss flank of the sediment waves
approximately perpendicular to the internal bedding,
between the seafloor (light blue horizon) and the
OSW reflection (dark blue horizon). b) Virtual traces
in TWTT. c) Virtual traces, tapered and converted to
geological age, assuming linear age model between
the seafloor (present) and OSW reflections (500 ka).
d) Age domain power spectra of the virtual traces,
Milankovitch cyclicity highlighted. The red colour
indicates the stack of the traces. See text for discus-
sion. (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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are different:

1) sediment waves produced by internal waves form at a much shal-
lower water depth reflecting the boundary between the Levantine
Intermediate Waters and the Tyrrhenian Surface Waters (200-300 m
water depth);

2) the wavelength of the sediment waves in the Messina Strait area is
one order of magnitude smaller with respect to the waves at the foot
of Malta Escarpment;

3) the sediment texture is sandy (consistent with the small dimension of
the waves);

4) inferred bottom water velocity is 50 cm s L.

Also other reported cases of sediment waves produced by internal
waves show wavelength smaller than those under study: 130-200 m
(Belde et al., 2015), 280-350 m (Reeder et al., 2011), 600-650 m (Karl
et al., 1986), 500-1000 m (Ribo et al., 2016).

An additional criterion to classify sediment waves is the sediment
type, but unfortunately we do not have samples available. Sediment
waves composed of coarse grained material generally have small
dimension (<300 m wavelength and < 8 m wave height), are restricted
to confined settings (channels and canyons), tend to have downslope
crescentic crests, can lack internal stratigraphy and are termed “small
sediment waves” (Symons et al., 2016). Conversely, “large sediment
waves” (sensu Symons et al., 2016) have wavelengths of up to 7200 m
and wave heights of 220 m. They exhibit mixed relief compared to the
overall slope and are typically located in relatively unconfined settings
where they are characterized by straight to sinuous crests. Because the
sediment waves at the foot of the Malta Escarpment share these char-
acteristics we classify them as “large sediment waves”. Overall the most
likely origin of the sediment waves at foot of the Malta Escarpment is
thus from alongslope-flowing bottom currents, confirming the inter-
pretation by Marani et al. (1993).

Sediment waves produced by alongslope-flowing bottom current are
observed to migrate upcurrent and to have their crests aligned perpen-
dicular to oblique (45°) with respect to the dominant flow direction
(Wynn and Stow, 2002; Symons et al., 2016; McCave, 2017). These
waves are formed by weakly stratified bottom currents as they pass over
the sediment wave topography and generate internal lee-waves (Flood,
1988). The internal lee-waves trigger higher bottom current flow ve-
locities on the lee flanks of the sediment waves than on the stoss flanks.
This process favours enhanced deposition on the upcurrent flank and
upcurrent wave migration. Wave migration is predicted to occur at flow
velocities above ~9 cm s~ !, whereas vertical aggradation is expected at
lower flow velocities. Erosion or non-deposition is expected on the
downcurrent wave flank with mean bottom current flow of >16 cm s™*
(Flood, 1988). Blumsack and Weatherly (1989) and Blumsack (1993)
confirmed this model and suggested that in areas where bottom currents
show frequent variations in flow direction, waves are aligned at an
oblique angle to the flow and they are arranged in very small wave
fields, composed of only one or two waves. According to the internal lee-
wave model, the large sediment waves at the foot of the Malta Escarp-
ment would be produced by dominantly south flowing bottom currents
with flow velocities >9 cm s~ ! and occasionally >16 cm s~ in the case
of erosion/non deposition on the southern flank.

The little existing data on modern abyssal water mass circulation
(Adriatic Deep Water) east of the Malta Escarpment come from field
activities between 2003 and 2010 (Sparnocchia et al., 2011) and show
that the predominant direction is relatively constant, though current
intensity is variable (Fig. 1, Table 1). The direction is southward along
the Malta Escarpment (KC2 site, with mean and persistent maximum
flow respectively of 5 and 15 cm s~ 1), and northward more farther away
from the escarpment (KC1, KC3 and KM3 sites with mean and maximum
flow respectively of 5 and 10-12 cm s~ !). As mentioned in the next
chapter, past velocities may have been higher, and thus the sediment
waves were shaped by velocities close or above the higher edge of the
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possible measured/modelled spectrum. The origin of the bottom waters
is ascribed to the Adriatic outflow waters, which interact strongly with
waters of Aegean origin (Bensi et al., 2013), and its variability is
attributed to mesoscale vortices (Rubino et al., 2012).

The average current field from the monthly means of MEDSEA Model
Reanalyses at water depth of 2448.21 m between 1997 and 2018 illus-
trates the dominant southern flow of the current in the area where
sediment waves have been identified (Fig. 12). The dominance of the
southward flow is reflected in the steady growth of the large sediment
waves (Figs. 4-7) and fits with the average of the monthly means
(Fig. 12). However, significant variability of the direction and intensity
of modern abyssal water mass circulation can be observed (Supple-
mentary file S4). In spite of this variability, the flow direction is much
more constrained in the mean direction along the Malta Escarpment
(KC2 site) than on the sites away from the escarpment (KC1 site; Fig. S5).
The more elongated variance ellipses in KC2 site with respect to KC1 site
indicate a less variable, more oriented and energetic flow. Moreover, the
fact that the major axis of the ellipses in KC2 site is aligned with the
mean current vectors indicates that flow is relatively steady along the
SSW direction.

Furthermore, following the discussion on the generation of abyssal
sediment waves under geostrophic currents presented by McCave
(2017), we have computed an estimate of the expected wavelengths of
the sediment waves according to the modern hydraulic condition
(Fig. 13). The expected wavelength of the sediment waves depends on
the density stratification of the bottom waters, the Coriolis parameter
and the mean current speed. As in Blumsack and Weatherly (1989), the
condition for the wave growth is:

N
k

LIRS

<UL (€]

where:

o fis the Coriolis parameter = 8.7 x 10> s™};

_2n

k
A

e ) is the sediment wavelength in km;

e N is the Brunt-Vaisala frequency in the bottom layer and is ~3 x
10~* Hz, as calculated from the analysis of the existing CTD profiles
in the study area (from OGS-NODC and SeaDataNet oceanographic
data bases).

e U is the average bottom current speed of 5-15 x 10 2 m s~ !

The graphic solution for A according to Fig. 13 provides an estimate
of the wavelength in kilometers varying between 1 and 3.2, in good
agreement with the observations (about 2.5 km).

In conclusion, the undulations at the foot of the Malta Escarpment
are interpreted as large sediment waves generated by predominantly
alongslope southward flowing bottom currents and they are compatible
in orientation, migration trend and wavelength with modern hydraulic
conditions.

5.2. Implications for hazards

The maximum thickness in TWTT of the sediment waves above
reflection OSW is ~380 ms, corresponding to ~318 m converted using a
P-wave velocity of 1673 m s~!. This velocity is obtained by linear
extrapolation between seafloor velocity (1500 m s’l) and the base of the
Plio-Quaternary unit (1760 m s~ ') according to data in Micallef et al.
(2018). We were not able to use data from our own velocity analysis as
we used a short-offset set up (seismic streamer of 300 m not allowing
meaningful velocity analysis at over 2.000 m depth). The 1673 m s ! is
consistent with the extrapolation at depth of P-wave velocity measured
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Fig. 12. Average current field (1997-2018) from the monthly means of MEDSEA model reanalyses at the level depth of 2448.21 m. The average field shows the
dominant southern flow of the current at station KC2 according to the bottom topography (Simoncelli et al., 2019). Location is displayed in Fig. 1.

in ODP Site 964 split core sections with the multi-sensor core logger in
the uppermost 100 m of sedimentary section (Shipboard Scientific Party,
1996). Considering the inferred age range of OSW between 460 and 500
ka, it follows that the estimated maximum sedimentary accretion at the
crest of the sediment waves varies between 0.64 and 0.69 mm a~ L. This
is a very high rate for a deep water depositional environment away from
pathways of turbidity currents (0.001-0.03 - 10~® mm a~!(according to
Lyle, 2015). It is more comparable to sedimentation rates found in coast-
proximal depositional environments such as fluvial deltas and prodeltas
on continental shelves (e.g. Liquete et al., 2010; 1.6-10 mm a_l), or
trough-mouth fans in glacial environments (e.g. Lucchi et al., 2013; 34
mm a 1). Since these average rates are estimated across the glacial-
interglacial cycles during the last hundreds of ka, it is most likely that
during low sea level stands, where exposed continental shelves fed the
deep sea with larger amounts of terrigenous sediments, net accumula-
tion rates could have been much higher than the calculated average.

Because the overall up-current migration of the sediment wave crests
has been measured between 1.0 and 1.5 km, the average annual rate of
wave crest migration assuming the inferred onset varying between 460
and 500 ka is between 2.0 and 3.2 mm a'. Nevertheless, these values
are obtained considering a long time interval and higher migration rates
are possible. The measured velocity of bottom water currents is on
average ~ 5 cm s~ ! with peaks exceeding 10 cm s~! and is compatible
with sediment waves of such dimension in water depths exceeding 2500
m. Though long term variability over glacial-interglacial cycles is not
known, higher velocities may have occurred.

Can these rates be considered a hazard for infrastructures deployed
on the seabed? Steady vertical and horizontal sediment displacement of
the order of magnitude of mm a~! under a variable bottom water flow
averaging 5 cm s~ with peaks of 10 cm s~! most probably cannot affect
the stability of seabed structures with a life-time of tens of years.

Nevertheless, these values can be considered unusual for abyssal
depths away from turbidity currents paths, and should be taken into due
consideration in the design of deep seabed installations.
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5.3. Deciphering the origin and palaeoceanographic significance of the
sediment waves

5.3.1. Analysis of cyclicity as recorded by seismic data

The seismic stratigraphic analysis performed visually on the seismic
sections suggests that Unit 1a; overlying OSW, is composed of 5 corre-
latable sub-units each with high-amplitude reflections at the base and a
low-amplitude package at the top (Fig. 8). OSW has been dated 460-500
ka, inferred from indirect calibration to borehole data. We can hy-
pothesize that the 5 sub-units represent the expression of the ~100 ka
orbital eccentricity Milankovitch periods in the physical properties of
the sediment wave succession.

The periodicities identified in the 14 virtual seismic traces analyzed
(Fig. 11, S2, S3) show some consistent correlation to Milankovitch pe-
riodicities. The longest eccentricity (100 ka) periods are very indistinct.
However, obliquity (41 ka) periods match broad age-domain power
spectral peaks in 9 out of the 14 virtual traces from two of the sampled
sediment waves (Figs. S2D, S3D). Precession (19 ka) periods coincide
fairly well with broad age-domain power spectral peaks in all the virtual
traces (Figs. 11, S2D, S3D).

The weak correlation between periods extracted from virtual traces
can be explained in different ways. First, there is no a priori evidence
that Milakovitch cycles, or any cycles, exist in the sedimentary succes-
sion of the sediment waves. This a-priori evidence could come only from
borehole data, against which seismic cyclicity in seismic data could be
tested. In the present state of the knowledge, the presence of Milanko-
vitch cycles is a hypothesis that the analysis performed fails to unam-
biguously demonstrate. Secondly, given the varying stratal geometry
within the sediment waves, virtual traces may not be representative of
the sedimentary succession exactly perpendicular to bedding. The rate
of sediment accumulation within the waves is likely to be highly vari-
able, horizontally and vertically. In particular, the glacial-interglacial
deposition outlined by the 5 seismic facies patterns (sub-units) reflects
varying input of terrigenous sediments into the nepheloid layer from the
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Fig. 13. Contour plot of the velocity U for the con-
ditions for the generation of sediment waves due to
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onshore source areas, whose signal in the age domain is masked by the
linear age model assumed for the conversion of the age-domain virtual
traces. Furthermore, only around five major cycles are captured in the
length of the virtual traces, meaning that the spectral resolution at this
wavelength is relatively low. This means that peaks at, e.g., the eccen-
tricity periodicity may not be sharp enough to be detected in these data.
Tuning from thin beds with thickness below the dominant seismic
wavelength can also distort the spectrum (see Mitchell, 2016).

Proper application of the method should rely on a well-constrained
age model from core data, tied to individual internal seismic re-
flections, a seismic velocity model, and evidence of cyclicity supported
by spectral analysis of proxies from core analysis, such as in Weigelt and
Uenzelmann-Neben (2007) and Horn and Uenzelmann-Neben (2016).
The contribution of the spectral analysis to this study is to reinforce the
evidence for a highly variable rate of sediment deposition within and
among each of the 5 repeated seismic facies patterns above OSW.

Cyclic deposition related to variation in bottom current velocity,
rather than to variations in terrigenous input or biogenic productivity, is
believed to be driven by orbital forcing (Stow et al., 1998). Beside being
recognized in the sedimentary facies in outcrops on land (Stow et al.,
1998) and in sedimentary cores, either from gravity corers (Lucchi and
Rebesco, 2007) or from drilling (Griitzner et al., 2003), such cyclicity in
contourites is clearly identified in the acoustic facies of seismic reflec-
tion data, both by sparker and multichannel airgun seismic data (Stow
et al., 2002b). The cyclic pattern generally observed is that of seismic
facies which alternate between low reflectivity packages and relatively
moderate to high amplitude reflective packages. The low reflectivity
facies are attributed to a continuous succession of relatively homoge-
neous muddy contourites suggesting relatively low bottom current in-
tensity, while the seismic facies containing high amplitude reflections
are interpreted as the product of a succession of higher silt/sand content
contourites deposited under relatively higher bottom current intensity
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(Stow et al., 2002b).

The best known examples of seismic facies cyclicity in contourites
are from the Mediterranean and NE Atlantic area (Llave et al., 2001;
Vandorpe et al., 2011; Liu et al., 2020), inferred to be influenced by
changes in the circulation of the Levantine Intermediate Water (LIW)
and Mediterranean Outflow Water (MOW). In the Faro-Albufeira con-
tourite system (Gulf of Cadiz), the seismic facies cyclicity is identified in
a series of Quaternary depositional sequences controlled by MOW cir-
culation (Llave et al., 2001). An important change in the stacking
pattern is inferred to occur in correspondence of the Mid Pleistocene
Transition (MPT, e.g. Clark et al., 2006), from four more aggrading
depositional sequences each inferred about 200 ky long, to ten clearly
progradational minor sequences related to the Quaternary eccentricity
cycles of 100 ky. In the Mallorca Drift, a pronounced cyclicity is
recognized in the Pleistocene deposits influenced by the Balearic current
that transports the LIW (Vandorpe et al., 2011). There, ten cyclical units
consisting of alternating high- and low-amplitude reflection packages
are identified above the MPT and correlate to MISs 1-19. In the Le
Danois Drift (Bay of Biscay), four distinctive repeated units character-
ized by acoustically transparent, moderate amplitude and high ampli-
tude erosional surfaces are identified between the MPT (~900-700 ka)
and a late Quaternary discontinuity (~470 ka). They are compared with
interglacial/glacial (100 ky) cycles that are known to have influenced
the MOW and the Atlantic Mediterranean Water flow regime (Liu et al.,
2020).

Seismic cycles are thus recognized in many different drifts and the
regular variation of different properties through contourite successions
is referred to as contourite cyclicity (Stow et al., 2019). Where this
cyclicity has been drilled and dated (Gulf of Cadiz, Llave et al., 2001) it
shows more or less regular 100 ka periodicity linked to Milankovitch-
scale climate oscillations (Table 3). Normally, seismic cyclicity in con-
tourites is described as a succession including a lower low-amplitude
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reflection package and an upper medium-high reflectivity package,
inferred to indicate a long-term increase in bottom-current velocity
(Stow et al., 2019). Often, the cycles are capped by a discontinuity or
hiatus in sedimentation, and then revert again to a low-amplitude
reflection package (e.g. Vandorpe et al., 2011; Liu et al., 2020).
Conversely, in the sediment waves at the foot of the Malta Escarpment
we observe the inverse pattern: five sub-units with mean thickness of
~44 m, each consisting of lower high-amplitude packages overlain by
upper low-amplitude reflection packages. The complete sediment cycle
for contourites, according to the most accepted facies model linked to
variation in contour-current velocity (Stow and Faugeres, 2008, based
on Gonthier et al., 1984), includes a coarsening-up and a fining-up cycle
that defines the standard bi-gradational sequence at the scale of tens of
cm to m. However, variability in the facies model has been demonstrated
(Mulder et al., 2013) and the presence of either “topcut-out” and
“basecut-out” partial sequences has been proposed to be equally or more
common than the full bi-gradational sequence (Stow and Faugeres,
2008). The alternations of seismic packages with the low-amplitude
package below (e.g. Llave et al., 2001; Vandorpe et al., 2011; Liu
et al., 2020) would thus resemble a “topcut-out” succession of contourite
sequences, whereas the alternations of packages with the high-
amplitude packages below, detected in the sediment waves at the foot
of the Malta Escarpment, would thus resemble a “basecut-out” succes-
sion of contourite sequences.

5.3.2. Onset of sediment waves: Paleoceanographic change or increased
sediment input?

The influence of bottom water circulation on sedimentation, result-
ing in the deposition of sediment drifts and fields of sediment waves,
depends on the co-existence of sediment suspension in the water column
boundary layer and appropriate bottom water flow conditions. The
onset of contouritic sedimentation evolving from a non-contouritic
depositional environment depends on a changing sedimentary input or
a change in bottom water flow regime, or both.

Here we analyze the known paleoceanographic history of the west-
ern Ionian Basin and its sedimentary evolution to determine which
factors were responsible for the onset of the sediment waves at ~500 ka
when the 100 ka climatic cyclicity was well established after the MPT.
We know from the geophysical survey that the sediment waves are
distributed linearly along the nearly 200 km-long foot of the Malta
escarpment, and from the oceanographic data analysis that they are
consistent with the present-day average southward-oriented bottom
water flow with peaks exceeding 10 cm s~ ! over a muddy seafloor.

The paleo circulation of the Mediterranean Basin has been shown to
reflect paleo-climate dynamics of both high- and low-latitude regions in
the last 5 Ma, and the 41- to 100-ka dominant frequency shift in climate
is recorded in the planktonic foraminiferal record (Colleoni et al., 2012).
Water circulation changes across glacial and interglacial periods have
been modelled (e.g. Myers et al., 1998; Myers, 2002) suggesting that the
present-day vigorous thermohaline overturning circulation (e.g. Pinardi

Table 3
Examples of cyclicity in the seismic facies of contourite drifts.
First Units>  Main Sub- Cyclicity
appearance’ change units®
Llave et al., ~1800 ka 4 ~900 ka 10 ~100 ka
2001
Vandorpe ~2400 ka 6 ~900 ka 10 ~100 ka
et al., 2011
Liuetal., 2020 ~3,000 ka 5 ~900 ka 8 ~100 ka
This work ~1800 ka (Unit 1 ~500 ka 5 ~100 ka
lay) (Unit 1a,)

! First evidence of sediment drift/sediment waves affected by bottom
currents.

2 Number of units between sediment waves first appearance and main change.

3 Number of sub-units between main change and seafloor.
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et al,, 2019) had to be weaker during periods with wetter climatic
conditions. This implies decreased evaporation and increased fresh-
water input from land, induced by monsoonal cycles. Deep water
ventilation decreased with decreasing evaporation to the point that
periods of deep water anoxia/hypoxia occurred repeatedly in the Plio-
cene and Pleistocene, as demonstrated by sapropel layers in deep sea
sediments (e.g. Rholing et al., 2015). However, these paleoceanographic
changes occurred with a periodicity reflecting the 23-19 ka precession-
driven occurrence of African Monsoon climate (Negri et al., 2012).
Notably, the deep sea sedimentary record of the Mediterranean Basin
lacks sapropels across the MPT, reflecting a period of increased aridity in
northern Africa and the eastern Mediterranean (Almogi-Labin, 2011).
The onset of the sediment wave deposition at the foot of the Malta
Escarpment cannot be related to periodic climatic processes of dramatic
decreased overturning circulation in the Mediterranean, because these
were similarly active well before and after the MPT. At a global scale, the
MPT coincided with a global reorganization of the thermohaline circu-
lation (Pena and Goldstein, 2014) with suggested enhanced deposition
of contourite systems after the MPT in the NE Atlantic (Gulf of Cadiz and
Cantabrian margin, Llave et al., 2001; Vandorpe et al., 2014; Liu et al.,
2020) and in the Mediterranean Sea (Corsica Trough, southwestern
Adriatic, and the Balearic Promontory, Amelio and Martorelli, 2008;
Vandorpe et al., 2011; Miramontes et al., 2016; Pellegrini et al., 2016;
Pepe et al., 2018; Barreca et al., 2018b; Gauchery et al., 2021). However,
the paleo-temperature and oxygen isotopic data in the Ionian Sea (Peral
et al., 2020) suggest that paleoceanographic conditions were relatively
stable across the MPT.

Given the relatively stable paleoceanographic conditions across the
MPT, a drastic increase in sedimentation rate at the foot of the Malta
Escarpment is considered to be the main reason for consistent sediment
wave generation. The inferred drastic increase of sediment input cor-
relates to a less intense increase of sediment input into the distal lonian
abyssal plain and outer Calabrian Accretionary Wedge as demonstrated
by the DSDP and ODP cores. Various evidence exists for an increased
sedimentary input in the Ionian Basin in the Late Pleistocene. A major
geodynamic event is identified in the Mid-Pleistocene, which is inter-
preted to be the result of complete slab detachment in the Calabrian
subduction zone (e.g. Barreca et al., 2016), implying a drastic decrease
in the rate of plate convergence from ~68 to ~2 mm a_'. The conse-
quent elastic rebound caused rapid uplift in NE Sicily (namely the
Peloritan Block and the area now occupied by Mt. Etna) and in the
Calabrian Block (e.g. Gvirtzman and Nur, 1999a, 1999b; Ferranti et al.,
2010) causing a massive terrigenous sediment discharge towards the
Western Ionian Sea.

In the last 500 ka, crustal faulting and associated fracturing triggered
by the changes in subduction processes favoured the growth of the Mt.
Etna composite stratovolcano along the Ionian coast of Sicily (e.g. Bar-
reca et al., 2018a). The offshore sedimentary response of this event is a
widespread erosional surface between the Lower-Middle Pleistocene
Etnean clayey substratum and the overlying highly reflective seismic
units on the upper continental slope (Barreca et al., 2018b). These are
coeval with contourite drifts further north (Barreca et al., 2019). The
continental margin has been dismantled by tectonic deformation
(bulging induced by volcanic processes) and sediment gravity flows
(Argnani et al., 2013). The increased sedimentation rate in the Late
Pleistocene sedimentary record of the Ionian Sea (ODP Site 964 and
DSDP Site 374; Fig. 9) and the unique megaturbitites identified in the
Ionian Abyssal Plain (Hieke and Werner, 2000; Rebesco et al., 2000),
demonstrate that augmented sediment flux is a regional trend in the
Ionian Basin. A similar trend of increased sediment flux from land to sea
favoured by the post-MPT higher amplitude 100 ka sea level oscillations,
enhancing channel development on the Ebro continental margin, has
been identified by Mauffray et al. (2017). The augmented sediment
gravity flows may have travelled along the canyons and channels
identified within the corridor between the north-western extremity of
the Calabrian Accretionary Wedge and the Malta escarpment (Gutscher
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et al., 2016; San Pedro et al., 2017).

As a matter of fact, the majority of the contourite deposits tracked
along Mediterranean continental margins and along the MOW path in
the North Atlantic appear to have developed following the MPT: Le
Danois Drift, Bay of Biscay (Liu et al., 2020), Faro-Albufeira drift, Gulf of
Cadiz (Llave et al., 2001), Pen Duick drift, Gulf of Cadiz (Vandorpe et al.,
2014), Balearic margin (Vandorpe et al., 2011), Pianosa slope, Tyr-
rhenian Sea (Miramontes et al., 2016), Tyrrhenian margin of Calabria
(Amelio and Martorelli, 2008), South West Adriatic (Pellegrini et al.,
2016), Gulf of Taranto, Ionian Sea (Pepe et al., 2018), NE Sicily margin,
Ionian Sea (Barreca et al., 2018b), Gela Basin, Sicily Channel (Gauchery
et al., 2021).

Seismic Unit 1a, (between ~1800 and 500 ka) preceding the onset of
sediment wave formation (Unit 1a;) shows evidence of sediment waves
with poor lateral and vertical continuity due to erosional surfaces and
lateral facies changes. We thus suggest that the bottom current regime
during Unit la, deposition was enough energetic to prevent the devel-
opment of steady sediment waves with a low sedimentary input from
surrounding landmasses. The following onset of sediment waves growth
after ~500 ka was caused by a drastic increase in sediment input com-
bined with the onset of a steady, overall lower energy bottom current
regime installed during the last 100 ka climatic oscillations. We cannot
infer in the sedimentary environment the glacial-interglacial change
suggested by the clear seismic facies pattern repetition. The precession-
driven episodes of decrease, or cessation, of deep water ventilation
leading to sapropel depositions do not show up in the seismic record of
the sediment waves. Only a weak signal for the potential of this pres-
ervation is provided by cyclicity analysis in some of the studied sediment
waves. The appearance of well developed and steadily migrating sedi-
ment waves on this margin seems thus related to an increase in the
sediment suspended in the water column boundary layer possibly
coupled with appropriate bottom water flow conditions.

Continuous coring and physical properties logging through these
continuous, expanded deep-water post MPT sedimentary successions
could shed light on the climatically modulated paleo circulation changes
in the Ionian Sea and increase the potential of extracting climate cycles
from the seismic record.

6. Conclusions

e An elongated field of large sediment waves has been identified along
the foot of the Malta Escarpment, in water depth ranging from 2400
to 3800 m.

The sediment waves have been consistently active since ~500 ka,
coinciding with the onset of the regular 100 ka climatic periodicity
following the Mid-Pleistocene Transition (MPT).

The sediment waves are consistent with the observed bottom water
contouritic flow oriented south-southwestward with peaks exceeding
10 cm s, observed in moorings.

The crests of the sediment waves have consistently migrated
upcurrent.

The chronostratigraphic and geometric reconstruction give an esti-
mated rate of sedimentation of between 0.64 and 0.69 mm a~! and
an estimated lateral migration of wave crests of between 2.0 and 3.2
mm a~'. These rates are unusually high for a deep sea environment,
away from downslope sediment mass transport and point to a highly
dynamic deep sea bottom current-controlled sedimentary
environment.

The seismic facies of the sediment waves retain a well preserved
succession of 5 visually discernible, regularly spaced sub-units con-
sisting of an alternation of high-amplitude and low-reflectivity
packages, suggesting that 100 ka orbitally-driven Milankovitch cli-
matic oscillations are preserved.

The not well constrained age model within the sediment wave suc-
cessions prevents extracting information of climatic cyclicity from
the seismic traces. Nevertheless, age-domain power spectra obtained
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from 14 virtual seismic traces indicate that a climatic signal of
inclination and precession cycles may be preserved.
The onset of the steady growth of sediment waves along the foot of
the Malta Escarpment after ~500 ka is favoured by a dramatic in-
crease of terrigenous sediment to the Ionian Basin as a result of
tectonic uplift in NE Sicily and Calabria, which was likely accom-
panied by a global increased input of sediments favoured by high
amplitude sea level changes after the MPT.

Paleoceanographic changes across the MPT are not considered

essential for the development of the sediment waves. Nevertheless, a

possible overall decrease of bottom current intensity and relatively

steady and consistent bottom water flow installed after the MPT may
have contributed to the excellent preservation of the vertical and
lateral continuity of the sedimentary record.

e The sediment waves along the foot of the Malta Escarpment are an
excellent candidate for the extraction of a high resolution ultra-deep
water sedimentary record of the paleoceanographic evolution of the
Ionian Basin. This record has the potential to be relatively contin-
uous, at least for its uppermost part (last 500 ka?), especially when
obtained by composition from multiple cores.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.margeo.2021.106596.
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