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The sedimentology of upper flow regime bedforms represents an important research topic at the present. De-
posits interpreted as those of supercritical flows arewidely recognized inmodern fan systems, but their recovery
is challenging. Most of the sedimentological information has come from channel thalwegs but supercritical
bedforms are also frequently downslope from the channel mouths. Such an environment has been identified
in the Paola basin, where erosive and depositional cyclic steps have been imaged and identified in a sandy sub-
marine lobe of the Amantea Fan. High-resolution sub-bottom profiles provide insight into the bedform internal
architecture and their relationships with a frontally-confining ridge. For the first time, supercritical bedforms
in a submarine lobe have been interpreted in two distinct positions: in the scour of an erosional cyclic step and
in the stoss side of a depositional cyclic step. Coarse to medium-grained massive sand with flame structures, in-
dicating rapid sediment fall-out and frequently associatedwith the occurrence of hydraulic jumps, has been iden-
tified in the scour and at the toe of the ridge. The latter represents an example of topographically induced
hydraulic jumps driven by a frontal confinement. Top-cut-out medium to fine sands with tractive structures
have been interpreted as the deposits related to the stoss side of a cyclic step or small-scale antidune
superimposed on the cyclic step surface. The presented data broaden the understanding of the range of processes
that are driven by the interaction between turbidity currents and seafloor topography and the dip of the slope.
The recognition that topography influences the density structure and thedegree of criticality of theflowand, con-
sequently, themorphodynamics and facies of the relative depositsmay help to explain sediment distribution and
improve depositional models of fan lobes in confined settings.

© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Deep-sea fans are largely composed of packages of turbidites and
contribute to the growth of sedimentary successions along continental
margins (Mutti and Normark, 1987). In submarine fans, sandy deposi-
tional lobes commonly accumulate at the terminus of submarine
sediment-feeder conduits, where flows lose their confinement and,
eventually, a break in slope occurs. They spread unimpeded in the
basin plain, creating the classical radial-shaped lobe, if the flow size is
minor compared to the basin area (Normark, 1970, 1978; Shanmugam
and Moiola, 1988). In contrast, where the seafloor is characterized by
morphologic unevenness and the size of the flow is enough to interact
with them, the spreading of sediment gravity flows can be hindered
hia), roberto.tinterri@unipr.it
).

.V. This is an open access article und
influencing flow behavior and the distribution of facies and lithology
in fan lobes. The highly varied related deposits have been investigated
both in modern (Deptuck et al., 2008; Gamberi et al., 2014) and ancient
confined basins (Kneller et al., 1991; Kneller and McCaffrey, 1999; Amy
et al., 2004; Remacha et al., 2005; Tinterri and Tagliaferri, 2015; Tinterri
et al., 2017, 2022; Tinterri and Civa, 2021) and by relevant experimental
analogs (Kneller, 1995; Amy et al., 2004; Nasr-Azadani et al., 2013;
Nasr-Azadani and Meiburg, 2014; Patacci et al., 2015; Howlett et al.,
2019; Soutter et al., 2021).

A flow is supercritical when its velocity exceeds the influence of
gravity, and this relation is expressed by the Froude number (Fr) that,
for open-channel flows, coincides with Fr > 1; while, for density
flows, it can be non-unity or non-existent (Huang et al., 2009). Com-
pared to open-channel flows, density flows (i.e. turbidity currents)
can reach supercritical conditions even with low flow velocity since
the buoyancy force reduces the influence of gravity (Komar, 1971;
Sequeiros, 2012). For this reason, supercritical bedforms are widely rec-
ognized in modern and ancient marine systems. The majority of the
er the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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supercritical bedforms (i.e. antidune and cyclic step endmembers)may
result from rapidly-moving high-density stratified flows (Postma et al.,
2009; Postma and Cartigny, 2014; Hughes Clarke, 2016; Fildani et al.,
2021). In fact, the progressive increase of the basal density, leading to
the consequent formation of a bipartite stratified flow, led to the down-
ward expansion of the supercritical flowdomains in the bedform stabil-
ity field due to the suppression of the turbulence (Cartigny and Postma,
2017). Antidunes form through supercritical turbidity currents, while
cyclic steps are related to alternating flow regimes since each step is
bounded at its upstream and downstream ends by a hydraulic jump,
a short zone over which the flow experiences a rapid transition from
shallow and supercritical to thick and subcritical (Fildani et al.,
2006; Cartigny et al., 2014; Fedele et al., 2016; Cartigny and Postma,
2017; Covault et al., 2017; Kostic, 2011, 2014; Slootman and Cartigny,
2020). Cyclic steps are generally classified as net-erosional or net-
depositional, depending on whether erosion or deposition dominates
across the bedforms (Cartigny et al., 2011, 2014). Net-erosional cyclic
steps are manifested as scours, whereas net-depositional cyclic steps
Fig. 1. (a) Shaded reliefmap of the Paola Basin, with contour lines spaced at 50m (see locationw
area in thewhite box. (b) Shaded reliefmap of the study areawith the location of the CHIRP pro
CHIRP profiles shown in Figs. 3 and 5. The different colors of the CHIRP lines correspond to dif
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take the form of upstream-migrating sediment waves (Cartigny et al.,
2011; Fildani et al., 2006; Kostic, 2011; Spinewine et al., 2009). Cyclic
steps and antidunes, eventually comprising the intermediate terms
(chutes-and-pools and unstable antidunes), may form a downflow suc-
cession of bedforms recording how flow conditions change in space
(Lang and Winsemann, 2013; Cartigny et al., 2014; Zhong et al., 2015)
while how they are stacked vertically represents how the flow condi-
tions change over time (Kostic, 2014; Lang et al., 2017a, 2017b; Kostic
et al., 2019). Recognition of supercritical deposits in outcrops is chal-
lenging but fossil, on-land examples of cyclic steps have been exten-
sively identified and described. Thus, the sedimentology of upper flow
regime bedforms has been described more frequently in outcrop
(Cartigny et al., 2014; Postma et al., 2009, 2016; Gong et al., 2017;
Lang et al., 2017a, 2017b; Ono and Plink-björklund, 2018; Postma and
Kleverlaan, 2018; Cornard and Pickering, 2020; Ono et al., 2021) than
in the deep modern marine environment. The difficulty of sampling su-
percritical bedform deposits on the seafloor, where they are frequently
recognized in proximal fan settings (channel thalweg, channel–lobe
ithin the Tyrrhenian subduction system in the inset). The study area correspondswith the
files and of the gravity cores. The bold black and red lines correspond to the segments of the
ferent acquisition surveys as shown in the upper left legend.
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transition zone, proximal lobe) where the coarsest grain-sizes settle
down, accounts for this mismatch (Hughes Clarke et al., 1990; Postma
et al., 2009, 2014; Ono and Plink-björklund, 2018; Ono et al., 2021). In
fact, at present, very few seafloor sediment samples are available to pin-
point the sedimentology of cyclic steps, and they are prevalently located
in channel thalwegs (Fildani et al., 2006; Hage et al., 2018). However,
what are interpreted as upper flow regime bedforms are also frequently
identified downslope from the channel mouths, as shown by most of
the above cited outcrop studies.

In the Tyrrhenian Sea, supercritical flows and relative upper flow re-
gime bedforms form preferentially in the steep slope environment
where canyon heads are generally connected with short subaerial
drainage systems and narrow shelves (Casalbore et al., 2014, 2017;
Bosman et al., 2017; Lo Iacono et al., 2017; Scacchia et al., 2022). In
this setting, swift sand-rich high-density turbidity currents flow on
high-gradient slopes and basin floors. Such an environment in the
Paola intraslope Basin, located in the Calabrian margin, the southern
portion of the Italian peninsula, is investigated in this paper.

In the Paola basin, erosive and depositional bedforms have been
imaged and sampled in a sandy submarine lobe of the Amantea Fan
(Fig. 1). High-resolution sub-bottomprofiles provide insight into the in-
ternal architecture of the lobe and its relationships with a frontally-
confining ridge (Paola Ridge). The main objectives of this paper are to:
i) Characterize the different depositional and erosional elements that
compose the lobe through seismo-stratigraphic observations and sedi-
mentologic facies analysis and ii) interpret the downflow changes of
the bedforms and the behavior of their parent flow. Our findings wish
to bridge the resolution gap between outcrop studies and morphody-
namic studies inmodern systems andmay help in evaluating the results
from recent flume tank experiments. The description and manipulation
of the data, results, and related interpretations presented in this paper
have been revised based on the Ph.D. thesis of the corresponding author
(Scacchia, 2023).

2. Geological setting

The Paola Intraslope Basin is 60 km long (about 700 km2), and trends
NNW–SSE along the eastern Calabrian margin, in the offshore between
the towns of Cetraro and Sant'Eufemia (Fig. 1a). It has a narrow shelf
and steep slope that connects with the basin plain at a depth of around
700 m. The Paola Basin is a confined, margin-parallel trough (Gamberi
et al., 2019) bounded seaward by the Paola Ridge (Fig. 1a) interpreted
by Gamberi and Rovere (2010) as the surface expression of a mobile
mud belt, connected to a set of extensional faults trending NW–SE to
NNW–SSE while other authors interpreted those structures as
transcurrent faults (Milia et al., 2009; Corradino et al., 2020). The
Paola ridge hosts cold seep structures identified as large fields of pock-
marks (Gamberi and Rovere, 2010; Rovere et al., 2014, Fig. 1a).

The Coastal Chain, a mountain range located in the western part of
Calabria is the source of sediment for the Paola Basin and is composed
of ophiolitic and crystalline basement unconformably overlapped by
Tertiary to Quaternary sedimentary deposits (Fig. 1a). The Coastal
chain is carved by steep and short rivers with torrential regimes, locally
known as Fiumara streams (Sabato and Tropeano, 2004). Flash floods
periodically occur within these short-rivers, and, in entering the sea,
can originate hyperpycnal flows and transport a large amount of debris
into the sea (Casalbore et al., 2011).

The continental shelf is generally narrow (2 km) and steep (1°–2.5°)
(Fig. 1a). Beyond the shelf break, located at 140–150 m depth, several
small canyons often indent the shelf break and deeply incise the conti-
nental slope (Fig. 1a). They usually have straight courses and develop
down to the base of the slope, at about 650–700 m of depth. The basin
floor is confined to the west by the counter-slope of the Paola ridge
and deepens to the north. It reaches about 12 km in width to the
south and narrows to 8 km northward. The southern portion of the
basin is the focus of this study (Fig. 1b).
3

The Paola basin infill is composed of a Plio-Quaternary sequence that
reaches a maximum thickness of about 5 km and consists mostly of tur-
bidite deposits that onlap on the Paola Ridge (Trincardi et al., 1995;Milia
et al., 2009; Gamberi et al., 2019). Vertically stacked, highly reflective
mounded and channelized deposits indicate the recurrence of turbidity
currents associated with sediment input mainly occurring during the
low-stand periods. Mass-transport deposits and hemipelagic sedimen-
tation formdrapes and intercalations, with acoustically transparent seis-
mic facies,within the turbidite succession. Themost recent of the drapes
consists of late Quaternary sediment, which correlates with the trans-
gressive and highstand deposits on the shelf (Trincardi et al., 1995).

3. Methods

Multibeam bathymetric data, high-resolution CHIRP sub-bottom
profiles and gravity cores represent our dataset. A major part of
the study area is covered by a digital high-resolution terrain model.
The latter consists of a mosaic of multibeam data acquired during
three oceanographic surveys carried out in 2011, 2014, and 2017
(MVP11, MARBEEP14 and STRADE17 respectively, Fig. 1b). The first
two cruises were carried out on board the R/V Urania equipped with
the multi-beam system Kongsberg EM710 (frequency 70–100 kHz). In
general, given the frequency of the multibeam instruments and the
depth range of the study area, the bathymetric data have a vertical res-
olution of <0.5 m. During the cruises, the bathymetric soundings were
carried out between 300 and 1300 m of depth. The shallowest areas,
from 700 m to 150 m depth, were investigated recently during the
cruise STRADE17 executed with the R/V Minerva UNO vessel with the
multibeam system Seabat7160 (frequency 44 kHz) with a resolution
of about 0.5 m. The acquired data has been merged with the EMODnet
Project bathymetric data available on the continental shelf. The
multibeam bathymetric data were imported and analyzed using the
Global Mapper® software for the production of contour and slope
maps. High-resolution subbottom data consists of CHIRP (Compressed
High Intensity Radar Pulse) profiles, collected using the CHIRP Benthos
179 III technology (frequency 2–7 kHz). Their location is shown in
Fig. 1b. This system penetrates up to 100m in the sub-seafloor sediment,
with a vertical resolution in the order of 0.5 m. Observations from high-
resolution profiles are combined with the sedimentologic interpretation
of five gravity cores. The cores penetrated the surficial sediments down
to a depth of about 5mandhave been analyzed in order to infer the detail
of the depositional processes involved in bedform formation. Three grav-
ity cores have been acquired in the basinfloor (56–55-50) and twoon the
Paola ridge (51–52) (Fig. 1b). Cores were split lengthwise, photographed
with a digital camera, and detailed with visual sedimentological descrip-
tions. The sedimentological characterization focused on bed thickness,
grain size (according to the Udden–Wentworth grain-size scale,
Wentworth, 1922), sedimentary structures, bioturbation, description of
volcanic products (femic tephra, pumice), and accessory elements (i.e.
presence of bioclast, foraminifera, ichnofossil, oxidized layer).

4. Results

4.1. Morphological features in the study area

On the continental margin of the Paola Basin, the bathymetric data
show a complex physiography resulting from the presence of several
distinct morphologic features (Fig. 2). In the northern part of the
study area, numerous landslides, shown by widespread erosional fea-
tures, involve the upper slope sediment, and their deposits extend
downslope to about 700 m of depth (Fig. 2). In front of the Amantea
town, distinct shelf-break indentations are the heads of two canyons
named the Licetto and the Oliva Canyons, from the homonymous rivers
locally called “fiumare” flowing to the coast (Fig. 2). The connection be-
tween “fiumare” (i.e. riverswhose catchments developedmainly in high
mountain areas and characterized by episodic catastrophic flash floods)



Fig. 2. (a)Map of themorphological elements in the study area. Contour line spacing is 10m. (b–c) Seafloor profiles show thephysiography of the basinfloor,where theupper basinfloor is
broadly 0.3–0.4° steep. While the lower basin floor is almost flat (0.04°) to the north (profile A–B in b) and halved (0.2°) to the south (profile C–D in c).
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and canyon systems is widely recognized in the Calabrian margin
(Casalbore et al., 2011; Gamberi and Marani, 2006, 2008). In fact, land-
ward from the head of the Licetto Canyon indentations, gullies are pres-
ent in the shelf, which, due to the indentation, narrows to 2 km. Similar
gullies have been identified in other systems of the Tyrrhenian Sea and
were interpreted to be related to flash-flood hyperpycnal flows, favored
by steep drainage basins and torrential regimes (Clementucci et al.,
2022). In the area of the Licetto Canyon, the upper slope dips at about
8–10°, while the lower slope dips at about 1.5°. In the lower slope, all
the canyons evolve into straight channels bounded by levee deposits
with depositional bedforms (Fig. 2). To the south of the Amantea
town, the shelf break is carved by three canyon heads of the Oliva can-
yons. Only the northern of them is connected through a channel to the
lower slope (Fig. 2). Here the upper slope is less steep compared to
the northern areas, reaching about 5–7° while the lower slope dips at
1.5°. The basin floor, between the base of the slope and the base of the
Paola ridge, can be subdivided into two sectors, an upper and lower
basin floor, according to the slope value. The upper basin floor occurs
from 650 to 700 m of depth, and dips at about 0.3–0.4°, while in the
lower basin floor, downslope from 700m of depth, the slope is reduced.
To the north, the lower basin floor is almost flat, dipping on average at
0.04° (Fig. 2b), while to the south is steeper (0.2°) but halved compared
to the slope value in the upper basin floor (Fig. 2c). A saddle in the Paola
ridge forms a corridor that connects the Paola basin to a deeper
intraslope basin.

4.2. Seismic stratigraphy

4.2.1. Acoustic facies
Taking into account the presence or absence of reflections, their

relative amplitude and their geometry (parallel, irregular, etc.), five dif-
ferent acoustic facies have been distinguished. In our seismic facies
4

classification, the first word describes the reflection geometry (parallel
or irregular) or their absence (transparent facies); the second word de-
scribes the strength of the acoustic reflection (high or low amplitude):

Transparent Low-reflectivity (TL) Intervals lacking coherent reflec-
tions with faint reflectivity.
Parallel Low-reflectivity (PL) Parallel to subparallel low-amplitude
reflections.
Parallel High-reflectivity (PH) Parallel to subparallel high-
amplitude reflections.
Convex High-reflectivity (CH) Large and small-scale convex-
shaped high amplitude reflections.
Structureless High-reflectivity (SH) Intervals lacking continuous
reflections with high reflectivity, commonly reducing the penetra-
tion of acoustic energy.

4.2.2. Seismic profile interpretation
The upper 20m of stratigraphy consists of six units: Drape 1, MTD 1,

Amantea Fan, MTD 2, Drape 2 and Drape 3, each characterized by a
specific acoustic response (Fig. 3). The Amantea lobe corresponds
with a strongly reflective unit, sandwiched between faintly reflective
(TL) units (Fig. 3). Its seismic facies most likely indicates coarse-
grained stratified deposits, corresponding to the deposits of turbidity
currents. Conversely, the acoustically transparent units are generally as-
sociated with homogeneous fine-grained deposits and, when their dis-
tribution is uniform throughout the study area, have been interpreted
as hemipelagic drape deposits (Drapes 1–2–3). When they form local
bodies, not continuous over the whole area, they have been interpreted
as mass-transport deposits (MTDs 1–2).

The Amantea Fan lobe extends from the upper basin floor to the
lower basin floor, where it reaches the maximum thickness of 7.5 m at
the base of the Paola ridge, while it gradually thins and finally pinches



Fig. 3. (a) CHIRP profile (profile track is reported in Fig. 1a and cross-section in Fig. 2c) crossing the upper and lower basin floor and the Paola Ridge in a WNW–ESE direction. Below the
interpreted line drawing of the principal reflectors and the units comprised between them and the seismic facies aremarked by colors. (b) Detail of the upslopemigrating bedforms in the
upper basin floor. (c) Detail of the tabular beds in the lower basin floor and on the surface of the ridge, the exact location of gravity cores (50–51–52) is reported.
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out westward onto the Paola ridge (Fig. 3). Its extent, as reconstructed
through the seismic profiles, amounts to about 240 km2; it pinches
out to the south and spreads to the north (Fig. 4). The eastern limit of
the fan lobe is uncertain since the overlying mass-transport deposits
5

on the upper basin floor reduce the penetration and the resolution of
the seismic profiles (Fig. 4).

In the upper basin floor, the fan pinches-out toward the SE and
thickens toward the NW (Fig. 5a). In the same position of Fig. 5a, the



Fig. 4. Amantea lobe and its seismic facies distribution through the study area. Note the preferential orientation of the SH and CH seismic facies toward NW. Available seismic profiles and
gravity cores are reported as well as the principal morphological elements.
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fan forms a 5 m-thick body with mounded morphology and internally
presents high-amplitude seismic facies (SH). Only some small-scale
depressions truncate the reflectors of the upper portion of the Amantea
fanunit. They are interpreted as scours (Fig. 5a–b)which are 150m long
and <1 m deep.

Downslope, the lobe has a wavy surface (Figs. 3a, 5c) and CH facies
and is arranged in distinct depositional bodies interpreted as a train of
depositional bedforms. The internal reflections dip toward the SE, high-
lighting the upslope direction of migration of the bedforms (Figs. 3a–b,
5c–d). In section view, bedforms have a steep lee side and gentle stoss
side resulting in asymmetric bedforms with about 100–200 m wave-
length and 1 m of amplitude.

The distribution of both the SHandCH facies in theAmantea fan lobe
clearly outlines a depositional area elongated in a NW–SE direction
(Fig. 4). Moreover, bedform cross-sections, that are parallel to the flow
direction, are directed toward the NW (Fig. 3). This shows a direct con-
nection with flows exiting the Oliva canyon and channel system, whose
distal part is close to the proximal part of themapped Amantea fan lobe
(Figs. 2 and 5). The SE–NWdirection is thus assumed as the lobe axis re-
gion. However, a contribution from the Licetto Canyon is also possible
since themouths of the southern channels of the system are located up-
slope from the Amantea fan lobe.

4.3. Sedimentological analysis

4.3.1. Reference facies scheme
The sedimentological analysis of 5 gravity cores in the Amantea lobe

has been interpretedwithin two reference facies schemes: the one elab-
orated by Postma and Cartigny (2014) reporting the facies association
produced by a depositional cyclic step and the facies scheme from
Tinterri et al. (2023) that links the sedimentological facies to flow criti-
cality (Fig. 6). The facies scheme by Postma and Cartigny (2014) distin-
guishes high- and low-density flow deposits and their sedimentary
structures as a function of the Froude number and fallout rate. The
scheme from Tinterri et al. (2023), based on the facies scheme of
6

Mutti (1992) andMutti et al. (2003), represents the ideal facies tract re-
corded by a bed deposited by a single sediment gravity flow undergoing
transformations (i.e. flow regime) during its basinwardmotion. There is
good correspondence between the two facies schemes, but the latter in-
cludes a further subdivision based on grain size and for this reason, it
will be the reference facies scheme in our paper. In particular, the prin-
cipal facies are coarse (F5f) or medium (F8f) massive sand with flame
structures; coarse (F5m) or medium (F8m) massive sand, coarse (F7)
or medium (F8cl) sand with spaced lamination (>0.5 cm); medium
sand with plane lamination (<0.5 cm) (F8l) and fine sand with plane
lamination and ripple (F9) (Fig. 6).

4.3.2. Gravity-core sedimentology
Two cores (56 and 55) sampled the upper basin floor, one core (50)

sampled the lower basin floor, and two cores (51 and 52) sampled the
Paola ridge (Fig. 1b). Cores 55 and 56 form a 3.1 km long SW–NE ori-
ented transect perpendicular to the flow direction (Fig. 7) in the upper
basin floor, and cores 56, 50, 51 and 52 form a 9.6 km long NW–SE-
trending downflow transect that crosses the basin floor and onto the
Paola Ridge along the CHIRP line of Fig. 3 (Fig. 8). The upper part of all
the cores consists of Drape 1 muddy sediment (Figs. 7–8). Within
Drape 1, the 79 CE tephra layer (tephra layer 1) of the Plinian eruption
of Mount Vesuvius (Trincardi et al., 1995) forms a 2 cm thick layer com-
posed of femic black fragments with a medium grain-size, 30 cm b.s.f.
(Figs. 7–8). Below Drape 1, the onset of sandy layers marks the turbi-
dites of the upper part of the Amantea fan lobe. Another tephra bed
(tephra layer 2) interlayered between turbidite beds 2 and 3 of the fan
lobe, consisting of femic tephra and pumice fragments, represents a
deeper key layer that supports the core-by-core correlation. Since the
core location is along sub-bottom profiles, their facies associations can
be tied to specific morphologic elements of the fan.

4.3.2.1. Gravity core 56 (scour). Core 56 sampled the trough of a scour in
the proximal lobe area (Fig. 5b) where the Amantea fan lobe presents
SH seismic facies (Fig. 4). The Amantea Fan lobe deposits, below Drape



Fig. 5.CHIRP profile (profile track is reported in Fig. 1a), and below the interpreted line drawing of the principal reflectors and the units comprised between them and the seismic facies are
markedby colors. (a) CHIRP profile crossing the upper basinfloor. Note thepinching of the lobe toward SE and the presence of scours towardNW. The red rectangle (b) contains thedetails
of the scours where a sample (56) has been acquired. (c) CHIRP profile crossing the upper and lower basin floor. The red rectangle (d) highlights the detail of the upslope migrating
bedforms in the upper basin floor characterized by CH seismic facies, a gravity core (55) sampled the stoss side of one of those bedforms.
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Fig. 6. The facies scheme by Postma and Cartigny (2014) and Tinterri et al. (2023). The latter allows more detailed classification with emphasis on the grain sizes of the different facies.
(Modified from Postma and Cartigny (2014) and Tinterri et al. (2023).)
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1, consist of very thin (2 cm) to thick (45 cm) turbidite beds composed
of very coarse to medium-grained sand (Fig. 7a). Two thin-bedded top-
cut-out (sensu Walker, 1965) coarse-grained turbidites with a slightly
erosive base (turbidites 1 and 2, Fig. 7b) are below the tephra layer 2.
Turbidite 2 presents inversely graded (highlighted with red arrows in
Fig. 7b) parallel-spaced laminations of very coarse-grained sands (F7)
interpreted as deposited by traction carpets (sensu Lowe, 1982;
Hiscott, 1994; Sohn, 1997). Turbidite 3, above the tephra layer 2, has
an erosional base that scours the substrate, reworking the underlying
tephra layer and shows flame structures (Fig. 7b). It has a massive,
basal interval of medium-grained sand (F8f) and a laminated top (F8l)
(Fig. 7b). Turbidite 4 has an erosional base and is composed of very
coarse-grained massive sand with mudclasts (F5f) occurring at the
base and near the top (Fig. 7b). An abrupt grain-size increase, associated
with aligned mudstone clasts, marks an amalgamation surface that is
the base of turbidite 5. The latter is composed of massive very coarse
to coarse-grained sandstone. Turbidites 1, 2, 3 and 5 are characterized
by sharp tops with evident grain-size breaks (i.e., the upper fine-
grained laminated portions are absent).

4.3.2.2. Gravity core 55 (bedform stoss side). Core 55 sampled the stoss
side of one of the upslope-migrating bedforms in the proximal lobe
area with CH seismic facies (Figs. 4 and 5d). Here, turbidites 3, 4 and 5
are medium/fine-grained with thickness ranging from thin- (8 cm) to
thick-bedded (37 cm) (Fig. 7a). The base of the turbidites is sharp (tur-
bidite 3 and 4) or slightly erosive (turbidite 5) and some chondrite trace
fossils occur at the base of turbidite 4. Turbidites 3, 4 and 5 have a mas-
sive fine-grained basal sand (F8m) capped by parallel laminations and
ripples (F9, Fig. 7c) and turbidite 5 presents mudclasts at the top. The
silt fraction is absent in all the turbidites and consequently, the beds
pass upward into a clay division through a sharp contact (top-cut out-
bed, Fig. 7c).

4.3.2.3. Core 50 (frontally-confined tabular beds). The core sampled the
distal lobe area, in the lower basin floor, where tabular beds with PH
seismic facies occur (Figs. 3c and 4). Turbidites 2, 3 and 5 are composed
of medium-grained sand and have an almost constant thickness of
about 15 cm (medium-thick beds) (Fig. 8a). These beds are normally
graded with massive basal facies made up of medium-grained sand
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with small flame structures in turbidites 2 and 5 (F8f), and sporadically
pumice laminae are found (turbidite 3); these basal divisions pass up-
ward into fine-grained sandstones and siltstones (F9) (Fig. 8b). The
base of beds 2, 3 and 5 is erosional or slightly erosional (Fig. 8b).

4.3.2.4. Cores 51 and 52 (turbidites approaching the pinch out: beds on
Paola Ridge). Cores 51 and 52 sampled the proximal part of the Paola
Ridge (Fig. 3c). Core 51 sampled the PH facies of the Amantea fan
(Fig. 4), consisting of thin-bedded fine-grained turbidites (turbidites 1,
2, 3, 4 and 5, Fig. 8a). The latter are mainly plane-parallel laminated
and normally graded beds with a sharp base (F9, Fig. 8c). Core 52 sam-
pled the PL facies of the Amantea fan lobe (Fig. 4). The core correlation
(Fig. 8a) and the picking of the reflector in the seismic profile reveal that
the tephra layer 2 is the only bed present in core 52 that is also present
in the other cores.

The sedimentological analysis of the cores combined with the seis-
mic facies interpretation allowed the calibration of the lithology with
the seismic facies (Table 1).

5. Discussion: from the data to the flow dynamics

Recent experimental and field studies have indicated that sub- and
super-critical turbidity currents can be distinguished on the basis of
the nature of their sedimentary products and specific facies associations
(Postma and Cartigny, 2014; Lang et al., 2017a, 2017b; Hage et al., 2018;
Cornard and Pickering, 2019; Postma et al., 2021; Tinterri et al., 2023). In
the Amantea Fan lobe, some of the turbidites have characteristics that
match the facies association recognized as typical of supercritical
flows (Fig. 6). Sedimentary structures occurring in the scour (turbidite
2 in core 56, Fig. 7b) consist of thin-bedded top-cut-out beds with
very coarse-grained traction carpets. The traction carpets can be associ-
atedwith tractive rapid flows, related to high-density turbidity currents
(Lowe, 1982; Hiscott, 1994; Sohn, 1997; Postma et al., 2009; Lang et al.,
2017a; Tinterri et al., 2023). According to Postma et al. (2009), traction
carpets can formunder both super and subcriticalflows, and they can be
discriminated since in the first case traction carpets are deposited as
large back sets that cannot be detected from cores. Turbidite beds 3, 4
and 5, in the trough of the scour located parallel to the principal flow di-
rection, are characterized by massive, coarse-graded sediments with
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flame structures and other deformed and reworked sediment (i.e.
mudclasts) (Fig. 7b). The described facies and related sedimentary
structures, indicative of rapid fall-out values, have been frequently
Fig. 7. Correlation of cores 56–55 (locations in Fig. 1b). Core 56 shows predominantly coarse-gra
the turbidite beds of cores 56 (b) and 55 (c) and relative sedimentary structures. Turbidite bed
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interpreted as the sedimentary signature of hydraulic jumps (Postma
et al., 2009, 2014; Postma and Cartigny, 2014; Tinterri et al., 2016,
2023; Lang et al., 2017a; Hage et al., 2018; Ono et al., 2021). Scour
ined turbidite bedswhile core 55 presentsmedium to fine-grained turbidite beds. Detail of
numbers are indicated in the yellow boxes to the left of the core photographs.
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Table 1
Summary of the depositional and erosional elements recognized according to their seismic facies and relative lithological interpretation derived from the sedimentological description of
gravity cores sampling the elements.

Depositional/erosional
element

Unit Setting Seismic
facies

Seismic facies
description

Sample Sample lithological description

Hemipelagic drape Drape 1 Expanded all throughout
the study area

TL Transparent, faintly
reflective

56–55–50–51–52 Relatively homogeneous and bioturbated mud

Beds on confining
topography (Paola Ridge)

Amantea
Fan lobe

Paola ridge PL Parallel, low-amplitude
reflections

52–51 Well stratified beds with laminated fine sands (F9)

Frontally-confined tabular
beds

Amantea
Fan lobe

Lower basin floor PH Parallel, high-amplitude
reflections

50 Well stratified beds with massive medium sands
with basal flame structures (F8f)

Bedforms (stoss side) Amantea
Fan lobe

Upper basin floor CH Large-scale convex,
high-amplitude reflections

55 Well stratified beds with massive (F8m) to
laminated fine sand (F9) with variable thickness

Scours Amantea
Fan lobe

Upper basin floor SH Structureless, highly
reflective

56 Sporadically amalgamed beds with massive very
coarse to coarse sands with basal flame structures
(F5f) and laminated coarse sands (F7)
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formation can be addressed: i) to the action of supercritical flows
developing hydraulic jumps caused by flow expansion and thus repre-
senting the erosive portion characterizing the trough of cyclic steps, or
ii) excavation of an initial bed defect involving flows, not necessarily su-
percritical, but thicker than the scour depth (Symons et al., 2016).
According to our data, the first hypothesis is preferred here also consid-
ering the sedimentary facies identified in the turbidites filling the scour.
The same facies have been recognized in channel–levee environments
where scours, interpreted as related to the formation of large-scale
cyclic steps, are filled by massive or normally graded infills, strong
amalgamation, abundant rip-up clasts and soft-sediment deformations
(Lang et al., 2017a; Ono and Plink-björklund, 2018; Cornard and
Pickering, 2019). For these reasons, the scour is interpreted as the
trough of erosional cyclic stepswhere the erosion, due to the occurrence
of hydraulic jumps, is immediately followed by deposition of relatively
amalgamed coarse-grained massive sands with mudclasts and basal
flame structures (F5f in Fig. 9a). Since cyclic steps are characterized by
upslope migration (Cartigny et al., 2014; Covault et al., 2017; Slootman
and Cartigny, 2020), the occurrence of traction carpets below hydraulic
jump deposits can thus eventually represent the deposits from the
stoss side of an underlying cyclic step (Fig. 6, F7 in Fig. 9a).

Downflow, in the stoss side of a depositional bedform, part of a train
with internal upslope migrating reflectors (Fig. 3d), consists of massive
medium/fine-grained top-cut-out beds (turbidites 3, 4 and 5 in core 55,
Fig. 7c). The depositional bedforms identified in the Amantea Fan lobe
present morphometric characteristics that match the category of
small-scale bedforms (Wynn and Stow, 2002; Symons et al., 2016).
Generally, small-scale asymmetric upslope-migrating bedforms are
associated with supercritical turbidity currents and in particular with
cyclic step deposition (Cartigny et al., 2014; Postma and Cartigny,
2014; Symons et al., 2016; Lang et al., 2017a; Slootman and Cartigny,
2020). Similar architectures, where beck-sets are well visible and
preserved (Fig. 5d), occurwhen the deposition on the stoss side exceeds
erosion of the lee side reflecting high aggradation rates resulting in net-
depositional cyclic steps (Kostic, 2011; Cartigny et al., 2014; Slootman
and Cartigny, 2020). On the stoss side of cyclic steps, the flow is subcrit-
ical and prone to deposition (Fig. 6). Traction is the prevalent transport
mechanism resulting in massive top-cut-out turbidites (Postma and
Cartigny, 2014). Cyclic steps can present small-scale antidunes on
their surface sometimes one order of magnitude smaller compared to
cyclic steps (Zhong et al., 2015; Lang et al., 2017a, 2017b). A similar
architecture could not be resolved by the resolution of sub-bottom
seismic profiles. Moreover, the occurrence of massive sand can also be
interpreted as deposits of stable antidunes with high aggradation rates
(Lang et al., 2017a, 2017b). For this reason, it cannot be excluded the
Fig. 8. (a) Correlation of cores 56–50–51–52 creating a transect in a NW–SE direction (locations
Ridge and are absent in core 52. (b) Core 50 sampled tabular beds in the lower basin floor (Fig
Ridge) predominantly sampled thin-bedded fine-grained beds. Turbidite bed numbers are ind
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hypothesis that the described turbidites composing the bedform stoss
side could belong to net-depositional antidunes. The facies in the
bedforms of the Amantea Fan lobe conform therefore with a model of
deposition associated with the stoss side of a net-depositional cyclic
step or superimposed antidune on the surface of the cyclic step
(Fig. 9a). In the lower basin floor of the Amantea fan, turbidity currents
encounter the obstacle of the southern tip of the Paola Ridge. Numerical
modeling (Nasr-Azadani et al., 2013; Nasr-Azadani and Meiburg, 2014;
Howlett et al., 2019), tank experiments (Lane-Serff et al., 1995; Patacci
et al., 2015; Soutter et al., 2021) and field studies (Kneller et al., 1991;
Kneller and McCaffrey, 1999; Tinterri et al., 2016, 2022) on frontally-
confined basins show that in approaching a counter-slope, turbidity
currents decelerate, inflate and pass from supercritical to subcritical.
Topographically-induced deceleration and possible hydraulic jumps
(defined as upstream hydraulic jumps by Soutter et al., 2021) have
been observed in tank experiments (Hamilton et al., 2017; Pohl et al.,
2020; Soutter et al., 2021) and numerical modeling (Howlett et al.,
2019). However, the relative deposits in sandy lobe or basin plain
deposits have rarely been recognized in outcrops and in seismic studies
(e.g., Tinterri et al., 2023). Massive facies and flame structures, charac-
terizing the frontally-confined tabular beds at the base of the Paola
ridge (turbidites 2, 3 and 5 in core 50, Fig. 8b), are indicative of the
high fall-out rate of the basal dense part of the flow. Their facies could
be a proof of hydraulic jumps associatedwith flow confinement and de-
celeration due to seafloor topography (Fig. 9b).Moreover, turbidites 2, 3
and 5 exhibit a normal grading trend, which records the passage and/or
the partial collapse of the upper turbulent low-density part of the flow
(Fig. 8b). In fact, when the current is completely blocked by a barrier,
as in this case, the fluid velocities may be negative and thus resulting
in a current “reflection” that propagates perpendicular to the reflecting
surface (Kneller et al., 1991; Kneller, 1995; Kneller and Buckee, 2000;
Patacci et al., 2015; Howlett et al., 2019). This interpretation is in agree-
ment with the normally-graded fine-grained facies that can be related
both to the deposition from awaning and depletive flow and a reflected
and ponded turbidity current (Pickering and Hiscott, 1985; Felletti,
2002; Tinterri et al., 2016, 2022) (Fig. 9b).

Turbidity currents impacting above a morphologic high result in
the progressive onlap of the beds against the barrier. Fieldwork studies
revealed that the topographic confinement promotes the decoupling of
the upper turbulent flow which can ascend the morphologic high and
finally collapse depositing its fine-grained load on the slope of the
high (Pickering and Hiscott, 1985; Kneller et al., 1991; Kneller and
McCaffrey, 1999; Tinterri and Tagliaferri, 2015). Fine-grained turbidites
with low regime tractive structures such as plane lamination (turbidite
beds 1 to 5 in core 51, Fig. 8c) are found on the slope of the Paola ridge.
in Fig. 1b). The correlation highlights thatmost of the beds onlap on the surface of the Paola
. 3c) where medium-grained turbidite beds occur, while (c) core 51 (located on the Paola
icated in the yellow boxes to the left of the core photographs.



Fig. 9. Interpretation of theflowdynamics according to the sedimentological facies. (a) Cyclic step constructionwith supercriticalflowon the lee side, resulting in traction carpets, hydraulic
jump in the scour, equivalent to the massive facies, and subcritical flow on the stoss side where tractive structures occur. (b) Flow dynamic relative to the interaction between turbidity
currents and frontal confinement possibly producing a hydraulic jump at the toe of the ridge (marked by massive facies with flame structures) and the production of a reverse flow.
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Therefore, they substantiate that only the upper part of the flow reaches
the slope of the high and forms low-density subcritical turbidity current
(Postma and Cartigny, 2014; Tinterri et al., 2023).

In conclusion, Fig. 10 summarizes the effects of the various interac-
tions between seafloor topography and turbidity flow dynamics and
relative facies distribution. In the upper and steeper basin floor high-
density erosive supercritical turbidity currents characterize the most
proximal region of the fan lobe where erosive cyclic steps occur. Down-
slope, the still supercritical but aggrading turbidity currents result in
prevalent depositional upslope-migrating cyclic steps with possible
superimposition of antidunes. In the lower basin floor, less steep than
the upper basin floor, the turbidity currents are interpreted to have a
supercritical character, before returning into a subcritical stage passing
through the hydraulic jump at the toe of the ridge. Finally, only low-
density subcritical flows can overcome the frontal morphological
Fig. 10. Summary sketch of thedifferent facies associations according to their different locations in
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obstacle represented by the Paola ridge and deposit on the associated
counter-slope.

6. Conclusions

The lobe of the Amantea Fan is an example of a frontally confined
sandy lobe, whose deposition occurred during the last falling stage, in
which seafloor topography plays an important role in controlling the
style of deposition. Interpretation of the lobe geometry and its internal
stratifications allowed the identification of the feeder system coinciding
with the Olivia Canyon. The interpretation of the seismic profiles and
the analysis of the samples acquired on the surface of the lobe, parallel
and perpendicular to the principal flow direction (SE–NW), resulted in
the identification of different depositional styles. In the upper steep
basin floor, the lobe is composed of erosional and depositional cyclic
the lobe. Thegraded colors represent the interpreted grain-size distribution inside theflows.
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steps that evolve in the lower basin floor in tabular stratification that
progressively onlap the surface of the Paola Ridge. For the first time,
supercritical bedforms in a submarine lobe were identified in two
distinct positions, in the scour of an erosional cyclic step and in the
stoss side of a depositional cyclic step or antidune. Coarse to medium-
grained massive sand with flame structures, generally associated with
the occurrence of hydraulic jumps, has been identified in the scour of
a cyclic step and at the toe of the ridge. The latter represents an example
of a topographically induced hydraulic jump driven by frontal confine-
ment, a phenomenon previously observed in tank experiments and
numerical modeling and rarely in the field. Top-cut-out beds with mas-
sive basal facies and upper tractive structures compose the stoss side of
a bedform interpreted as a net-depositional cyclic step or superimposed
antidunes. The distance from the source area and the dip of the slope are
here assumed as the major factors controlling the observed fan-lobe
depositional style. Overall, the present study broadens the understand-
ing of the range of processes that are driven by the interaction between
turbidity currents and seafloor topography. The recognition that the
topography influences the degree of criticality of the flow and conse-
quently the morphodynamics and facies of the relative deposits may
help to explain sediment distribution and improve depositional models
of fan lobes in confined settings.
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