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ARTICLE INFO ABSTRACT

Editor: Michele Rebesco High-resolution marine geophysical surveys conducted in 2004 revealed submarine morphologies offshore Cape
Licosa (Tyrrhenian Sea, Italy), whose origin remains debated for years. Remote and direct data collected within
the CORSUB project between 2024 and 2025 identified a field of subcircular to polygonal mounded structures
distributed between approximately 75 m and 90 m of water depth along a ridge. These bedforms were analyzed
using multibeam bathymetry and backscatter data, side-scan sonar, sub-bottom profiling, and video observa-
tions. CHIRP profiles indicate that these morphologies occur above a rugged acoustic basement attributed to the
Miocene Cilento Flysch, which is draped by a thin, discontinuous Holocene sedimentary cover. Morphometric
analysis delineated 565 discrete features with average dimensions of 8.6 x 6.1 x 0.4 m and a prevailing
northeast to southeast orientation. They exhibit a distinctive high-reflectivity ring surrounding a lower-
reflectivity core, producing a regular beehive-like seabed texture. Videos document a wavy-profiled seascape
characterized by coarse-grained biogenic sediments, including abundant boxwork rhodoliths, and localized en-
crustations of coralline algae and bivalves on rocky outcrops.

The data suggest that an inherited, complex paleo-topography of the Flysch substrate formed during subaerial
exposure of the ridge at the Last Glacial Maximum. Holocene sedimentation draped this surface, involving both
sediment accumulation driven by intense hydrodynamic activity and benthic colonization of sparse rocky sub-
strates, thereby preserving this complexity and resulting in a wavy seafloor profile. These findings highlight the
control of paleo-topography and post-glacial sedimentary dynamics in shaping mesophotic seabed morphology
and distinctive seabed landforms along Mediterranean continental shelves.
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1. Introduction Bottner et al., 2024; Aiello and Caccavale, 2025; Innangi et al., 2025).

Their scientific importance lies in their value as indicators of poorly

Recent advances in marine exploration, combined with the pro-
gressive refinement of remote and direct survey techniques, have
revealed a wide range of unusual submarine morphologies that vary in
form, size, and extent, and often remain enigmatic in both origin and
nature. The formation of these bedforms is not always straightforward
and can result from complex interactions among fluid seepage, subma-
rine currents, sediment transport, biogenic accretion, glacial processes,
and tectonic activity (e.g.: Parsons et al., 2019; Meredyk et al., 2020;
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understood processes, whose correct interpretation may be crucial for
resource and hazard management and for understanding the geological
record.

In particular, the exploration of shelf environments, from coastal to
offshore areas, has revealed the essential role of organogenous bio-
construction in characterizing seabed and seascape. This process in-
volves developing complex mobile and stable structures that alter the
seabed's physical properties over time (Harris, 2020), thereby
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contributing to the formation and maintenance of unique habitats.
These features are no longer simply sedimentary accumulations; they
are accretions capable of influencing the morphological development of
the shelf profile and the seascape through time.

Moreover, sea level variations associated with Pleistocene climatic
phases modified the paleo-topography of the actual continental shelf
and contributed in providing complex paleo-topography available for
colonization by benthic organisms over time. This effect was particularly
pronounced during the Last Glacial Maximum, when sea level dropped
by 120 m (mean value) (Lambeck et al., 2004), exposing submerged
coastal and offshore paleo-seascapes, that were markedly different from
present conditions. This subsequentially influenced the shelf develop-
ment during the Holocene (Micallef et al., 2013; Deiana et al., 2021).
Biogenic activity often exploits such conditions and contributes to the
formation of biogenic substrates in geomorphological settings shaped by
recent seafloor modeling events (e.g., Varzi et al., 2023; Ximenes Neto
et al., 2025).

Seafloor morphologies can now be studied using quantitative ap-
proaches which allow to better distinguish and characterize bedforms.
Geomorphometry applies image-processing techniques to quantify the
shape of Earth's topography across various spatial scales. It focuses on
the calculation of surface parameters, which can improve the mapping
and modeling of landforms, vegetation, land use, natural hazards, and
other phenomena (Pike and Dikau, 1995; Pike et al., 2009) as well as
revealing spatial patterns more effectively.

In 2004, a geophysical survey offshore Cape Licosa in the Tyrrhenian
Sea (Cilento Promontory, Campania Region, Italy) documented previ-
ously unknown seabed morphologies. They were located at that time
approximately between 80 and 100 m water depth (mwd), along a ridge,
and they showed a beehive-like arrangement (Bracchi, 2006). Only side-
scan sonar imagery was available, which revealed circular to hexagonal
clusters of “cells” forming a regular geometric pattern on the seafloor,
suggesting an organized and repetitive texture. The acoustic signal was
interpreted as the combined response of mobile sediments and rigid
seafloor. Limited grab sampling conducted in 2004 provided pre-
liminary insights indicating the presence of boxwork rhodoliths on a
detrital seafloor. This initial evidence led to the hypothesis of a biogenic
origin of these bedforms (Bracchi, 2006), as reef-building organisms can
form persistent and stable structures that sustain benthic ecosystems.
While corals are generally the most widely recognized reef-builders,
other organisms, including mollusks, bryozoans, sponges, and particu-
larly crustose coralline algae can also play a significant role. This is
particularly true for the Mediterranean Sea, where coralline algae are
considered as the most effective biogenic reef engineers, capable of
colonizing both euphotic and mesophotic settings (Ballesteros, 2006;
Bracchi et al., 2017). In mesophotic environments, they generate both
mobile rhodolith deposits and more stable seafloor structures, such as
coralligenous reefs, including discrete pillars (Di Geronimo et al., 2002;
Bracchi et al., 2017) and (kilometer-wide) biogenic banks (Bracchi et al.,
2017). Moreover, coralline algae are known for their ability to develop
distinctive geomorphological build-ups, such as the coralligenous atolls
of Corsica (Bonacorsi et al., 2012), the mounds of the Marmara Sea
(Aksu et al., 2018), and the table-to-spiral cones of Linosa (Innangi et al.,
2025).

After 2004, despite several exploratory efforts offshore Cape Licosa
(Ferraro et al., 1997; Pennetta et al., 2013; Savini et al., 2012; Grande
et al., 2015; Martelli et al., 2016; Aiello, 2019; Aiello and Caccavale,
2021; Savini et al., 2021; Aiello and Caccavale, 2023, 2024, 2025), no
further occurrences of these subcircular morphologies have been
observed. The CORSUB (To the CORe of the SUBstrate: inception and
development of Mediterranean algal reefs) project was developed to
investigate the origin, evolution, and potential ecological significance of
Cape Licosa bedforms by collecting and integrating geophysical, strati-
graphic, sedimentological, and paleontological data. In this paper, we
provide a geomorphological and morphometric description and char-
acterization of these enigmatic features and an interpretation of their
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origin.
1.1. Geological setting

Punta Licosa Promontory (= Cape Licosa) corresponds to the north-
ern boundary of the Cilento peninsula, between Castellabate Plain and
Ogliastro Bay (Fig. la, b). The subaerial part of the promontory lies
within the Cilento and Vallo di Diano National Park, while the sub-
merged part is partially included in the Marine Protected Area of Santa
Maria di Castellabate (Fig. 1b). The coastal landscape is dominated by
siliciclastic units of the Cilento Flysch Group (Martelli et al., 2016),
which form high cliffs (Valente et al., 2017), and by Quaternary units
(Fig. 1b), composed of marine, transitional and alluvial sediment in
angular unconformity on the siliciclastic turbiditic substrate, often
associated with Middle to Late Pleistocene terraced surfaces (Aiello,
2019; Savini et al., 2021; Aiello and Caccavale, 2024).

Offshore, the continental margin is characterized by the seaward
extension of the promontory. The seabed topography is complex.
Seismic data revealed a deformed acoustic basement, displaced by
Quaternary faults with sharp, steep scarps similar to those identified on
land. The width of the continental shelf is variable, ranging from 30 km
to the north of Punta Licosa (Trincardi and Field, 1991) to only 6 km to
the south. Moreover, a series of submerged terraces, sculpted by Qua-
ternary sea-level fluctuations and linked to both erosional and deposi-
tional processes have been identified in the area (De Pippo and Pennetta,
2000; Aiello, 2019; Savini et al., 2021; Aiello and Caccavale, 2024). The
area experienced uplift until the Middle Pleistocene and has remained
tectonically stable since then (Antonioli et al., 2004; Lambeck et al.,
2011). Lambeck et al. (2004) reported that the sea level dropped to 140
m below present sea level during the Last Glacial Maximum, followed by
a rapid rise that stabilized around 7500 kyrs BP.

Previous studies showed that the continental shelf stratigraphy
comprises four seismo-stratigraphic units, often associated with shallow
gas accumulations (Aiello and Caccavale, 2021). These units constitute
the Quaternary basin in the study area and overlie the acoustic basement
identified as Cilento Flysch accumulations (Aiello and Caccavale, 2021).

Present-day sedimentation along Cape Licosa includes toe-of-coastal-
cliff deposits, submerged-beach deposits, inner- and outer-shelf de-
posits, low-stand system tract and Pleistocene relict marine units (Aiello
and Caccavale, 2025). The littoral, inner shelf, and outer shelf envi-
ronments have been interpreted as the high-stand system tract of the
Late Quaternary depositional sequence (Aiello and Caccavale, 2025).
Inner shelf deposits include fine- to coarse-grained sediment; Posidonia
meadows (EMODnet Seabed Habitats product, 2023) and rhodolith beds
(Savini et al., 2012). Outer shelf sediments include medium- to fine-
grained sand with bio- and litho-clasts rich in rhizomes of marine
phanerogams; as well as pelites. In addition, coralligenous formations
occur on rocky substrates in the submerged portion of Cape Licosa
(D'Angelo et al., 2020). Specifically, previous maps of the studied area
(Fig. 1) classify the seabed as “Undifferentiated substrate - Silicoclastic
and carbonate deposits, Tertiary” (D'Angelo et al., 2020).

1.2. Oceanographic setting

De Ruggiero et al. (2016, 2020) developed high-resolution models of
water circulation along the Campania coastal system, reconstructing
scenarios at 100, 200, and 500 mwd that include the studied area. The
model indicates that circulation is strongly influenced by the interaction
among wind forcing, topographic constraints, and the remote large-scale
circulation in the Tyrrhenian Sea. In the study area, the 200 m depth
scenario shows that currents flow southwesterly, with peak velocities up
to 10 cm/s and seasonal variations in flow intensity.

2. Materials and methods

The study area corresponds to a ridge located offshore Cape Licosa
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Fig. 1. a) Geographical and b) geological setting of the study area with the indication of the studied area (red box). b) reports the main geological units outcropping
on land and along the coast of Cape Licosa. c¢) close-up of the study site which indicates the data collected for this paper: bathymetric surface (1 m resolution) on
shaded relief (z factor = 5) (TREMOR) (red solid line), Chirp profiles (TREMOR), ROV tracks (CORSUB-2). Light-gray polygon indicates the area covered by Side Scan
sonar data (CORSUB-1). Service Layer Credits: Esri, HERE, Garmin, © OpenStreetMap contributors, and the GIS user community. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

(Tyrrhenian Sea, Italy) (Fig. 1c).

2.1. Data acquisition

High-resolution geophysical and geological data were collected
within the framework of the CORSUB-1 (06/2024), TREMOR (12/
2024), and CORSUB-2 (04/2025) oceanographic cruises (Fig. 1c).

The CORSUB-1 cruise was conducted aboard the catamaran motor
vessel “Enviroconsult” operated by Enviroconsult S.r.l. to collect high-
resolution backscatter data using the Klein System 3900 Side Scan
Sonar (SSS). Approximately 0.70 km? of SSS data were acquired at
depths ranging from 65 to 100 m, where the seabed features are present
(Fig. 1c). The sonar was operated at an average altitude of approxi-
mately 20 m above the seabed, with a lateral swath set at 75 m to ensure
high-resolution acquisition. During the TREMOR cruise, conducted
aboard the research vessel Gaia Blu, owned by the National Research
Council of Italy (Consiglio Nazionale delle Ricerche, CNR), morpho-
bathymetric and stratigraphic data were collected. The morpho-
bathymetric data were collected using a Kongsberg EM2040 high-
resolution multibeam echosounder (MBES), capable of acquiring both
bathymetry and backscatter data. The MBES was hull-mounted in a T-
configuration of linear transducer arrays. A Seapath 380 system was
used for ship positioning, supported by a Fugro HP differential Global
Positioning System, with Marinestar GNSS signal accuracy better than 5
cm. The Kongsberg MRU motion sensor and a dual-antenna GPS inte-
grated into the Seapath were used to correct for pitch, roll, heave, and
yaw movements (Foglini et al., 2015). A 20% overlap between the
bathymetric lines was mantained to ensure 100% bathymetric coverage

of the entire study area. Stratigraphic data were collected using a
Knudsen 3260 — CHIRP sonar profiler operating at 12 kHz and
completed by nine 3.5 kHz transducers (Fig. 1c).

During the CORSUB-2 cruise, the Remotely Operated Vehicle (ROV)
Perseo was used to acquire seafloor video footages across in the study
area. Two linear transects were conducted (Fig. 1c). Transect ROV 1
(479,306.49 E, 4458958.73 N) was acquired in the western sector, along
a bearing of 180°, covering a depth range of 90-94 mwd, and a length of
approximately 600 m. Transect ROV 2 (479,312.55 E, 4458397.62 N)
was acquired in the southern sector, along a bearing of 122°, covering
depth range of 84-90 mwd, and a length of 570 m.

2.2. Geophysical data processing

Bathymetric data processing was conducted using QPS Qimera
software (Quality Positioning Services BV, Zeist, Netherlands) following
a standard procedure, that includes sound-speed correction, removal of
erroneous soundings, and correction of vertical offsets from previous
swaths. A light spline filter within Qimera was applied to remove
soundings beyond the local mean water depth. Remaining offsets were
removed manually using the Qimera “Slice Editor”, to ensure data ac-
curacy and preserve morphological structures. The processed bathy-
metric data were exported in GFS format for backscatter processing
using the QPS Fledermaus Geocoder Tool (FMGT). The processed MBES
data (.gfs) were used to apply backscatter corrections, beam pattern
correction, and angle-varying gain corrections to the backscatter data.
Following these corrections, FMGT applied the sonar's navigation data
(i.e., XY coordinates, roll, heading, pitch, and heave) to georeference the
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backscatter values. Finally, the backscatter lines were mosaicked using
an algorithm designed to minimize blending between overlapping areas
by 30-40%.

The final acoustic image was generated at 50 cm pixel resolution in
gray-scale colour, with darker tones indicating higher reflectivity
(Figs. 2, 3).

SSS data were processed using the latest release of Seaview Mosaic
(Moga Software © Inc), which exploits modern computational capacity
to preserve data at full resolution without the need for reduction. Geo-
metric (slant range) and radiometric corrections were applied to each
line, and a Beam Angle Compensation algorithm was used to equalize
signal intensity along- and across-track while accounting for tow fish
altitude variations. A de-striping procedure further removed artifacts
associated with the tow fish roll motion. Advanced navigation process-
ing tools were used to accurately reposition SSS lines, enabling precise
adjustment of each ping without fanning. The final mosaic is a 20-cm-
resolution acoustic image of the seafloor, generated by assembling
grayscale SSS lines, where darker areas indicate higher reflectivity and
lighter areas correspond to absorption or shadow zones beyond seafloor
reliefs.

CHIRP data processing and interpretation were conducted using the
GeoSuite AllWorks software package. This software enables the
sequential application of various correction and enhancement algo-
rithms, ensuring a clear, interpretable representation of the main strat-
igraphic discontinuities. Following this procedure, CHIRP data were
converted subsequentially from raster to SEG-Y to JPEG format (Fig. 4).
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2.3. ROV analysis

ROV videos were analyzed to identify substrate type (sediment or
rock) and to document the presence of seafloor morphologies and
benthic organisms, including build-ups and rhodoliths, with particular
focus on the enigmatic seafloor structures (Fig. 5). Video frames corre-
sponding to these morphologies were extracted using Avidemux 2.8.1
([http://www.avidemux.org], last accessed on 23 September 2025).

2.4. Derivation of terrain attributes

The mathematical representation of the bathymetric surface through
terrain and topographic variables enable geomorphological interpreta-
tion, and is also employed as a proxy in benthic habitat mapping, suit-
ability modeling, and the assessment of ecological patterns (Lecours
et al., 2016). In this study, topographic variables were generated to
evaluate their potential for delineating specific seabed features. A set of
terrain attributes (Table 1), derived from pixel-based analyses, and
related to slope, curvature, and terrain variability was generated to
support both manual and automatic pixel-based mapping. Using the
Digital Elevation Model as a starting point, terrain attributes were
calculated using GIS-based tools: the ArcGIS Spatial Analysis, the
Benthic Terrain Modeler (NOAA) (Walbridge et al., 2018), and the
Terrain Attribute Selection for Spatial Ecology (TASSE) Toolbox v. 1.1
(Lecours, 2017).
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Fig. 2. MBES (a) and Backscatter (b) data of the studied ridge, with the indication of the —90 and — 130 contour lines. Black arrow indicates the zone where seafloor
shows a complex topography. The area has been rotated of 35° with respect to the North. Black line contour indicates the zone where the studied features occur. Red
boxes in a) and b) indicate the close-up in Fig. 3. (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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2.5. Delineation of seabed forms

To map the seabed forms targeted in this study, a semi-automatic
process was employed using the Confined Morphologies Mapping
(CoMMa) toolbox version 1.3 (Arosio et al., 2024) for ArcGIS Pro (©
Esri) followed by expert manual supervision. The CoMMa Boundary-
based delineation tool was used to delineate the seabed forms

(positive features) from the raster obtained at the pre-processing stage
using the CoMMa Local Topographic Position (LTP) tool. LTP metrics
quantify how elevated or low-lying a site is relative to local topographic
variability; providing a scale-dependent measure that varies according
to the size of the neighboring area used for comparison (Lindsay et al.,
2015). In this study, a mean-derived LTP metric was applied with a
deviation from mean elevation (DEV) of 3.5. The Mean-DEV LTP raster
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ented. The acoustic basement, corresponding to the Miocene Cilento Flysch
Group (Martelli et al., 2016), is indicated and the limit (yellow line) is marked
by an angular unconformity. A. Quaternary units (1-2—3) and discontinuities
among them (blue line B, red line C) are also indicated. PF indicates paleo-
channels filled by Quaternary sediment. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

obtained during the pre-processing was used as input for classification,
with the following thresholds: vertical cutoff = 0.23, minimum vertical
threshold = 0.2, minimum width = 4, minimum width-to-length (W/L)
ratio = 0, and buffer-to-delineation = 0.5. The output is a vector file
containing the delineated seabed forms. A final manual revision step was
required to verify the quality of the identified bedforms.

2.6. Morphometric parameters

Morphometric analysis was performed using CoMMa Toolbox v1.3
and the CoMMa Descriptor 2.0 tool (Arosio et al., 2024). A series of
geometrical and statistical attributes was calculated for each feature.
The “Basic Descriptors” tool calculates a set of geomorphometric pa-
rameters for each polygon feature, ranging from shape metrics to zonal
statistics of slope, depth, and relative elevation compared to the global
median. The “Texture Descriptors” tool provides additional metrics
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describing the surface quality, including zonal vector ruggedness mea-
surement, aspect variability index, and, optionally, backscatter statis-
tics. The “Volume Descriptors” tool estimates the relief and volume of
each feature. These tools were used to characterize morphologies using
the bathymetric surface (1 m resolution), shapefiles of seabed feature
derived from semi-automated mapping, and backscatter data (60 cm
resolution) for texture description.

3. Results
3.1. Seabed morphology of the study area

The study area ranged between 65 and 147 mwd (Fig. 2) and it
corresponded to an elongated ridge with a gentle slope from the north to
southwest and a steep slope towards northeast (Fig. 2a).

The seafloor surrounding the ridge was flat (Fig. 2a). Between 120
and 90 mwd the ridge was characterized by complex topography
(Fig. 2a, black arrows), whereas between approximately 85 mwd and
the top, the slope was more regular and gentler (Fig. 2a).

Between approximately 90 and 75 mwd (Fig. 2a, features area), the
seafloor displayed, in its southwestern flank, mound-shaped morphol-
ogies that are sub-circular to polygonal in plan view (Fig. 2a, 3). In some
instances, they appeared quite aligned in along directions consistent
with the ones of the deepest rocky outcrops (Fig. 2a, black arrows, 3).
The topographic profile in northwestern-southeaster direction (Fig. 3c)
showed the occurrence of a series of bedforms which had asymmetry
and a steep, higher side towards southeast than northwest. Interestingly,
the topography of each feature seemed to range between conical
(Fig. 3cA and C), rounded (Fig. 3cB) or squared (Fig. 3cD). The topo-
graphic profile in northeast-southwest direction (Fig. 3d) showed that
the seafloor was gently steep with a wavy surface where the studied
bedforms occurred (Fig. 4dC, F, G). Only E in Fig. 3d showed a squared
profile.

Backscatter intensity was higher at shallower depth than at deeper
depths (Fig. 2b). The studied bedforms exhibited a distinctive texture
(Fig. 3b), with a high-reflectivity ring, not always completely closed, and
a center that was characterized by low reflectivity (Fig. 3b).

3.2. Stratigraphy of the study area

CHIRP profile 007_346_1821 crossed the ridge in a northwest-to-
southeast direction (see Fig. 1lc for location), whereas profiles
0012_346_2055 (Figs. 1c, 4) and 0009_346_1945 (Figs. 1c, 4) crossed it
in a southwest-to-northeast direction, orthogonal to the previous one.
The stratigraphy of the sector outside the ridge showed a thicker sedi-
mentary sequence (up to 20 m), composed of several seismo-
stratigraphic units (Fig. 4). Based on seismo-stratigraphic criteria,
three regional unconformities (A, B and C in Fig. 4) were identified,
separating the seismo-stratigraphic units corresponding to the Quater-
nary deposits (1, 2, and 3 in Fig. 4). Profile 0009_346_1945 also revealed
at least two paleochannels filled with sediments (PF in Fig. 4c). The
ridge showed the acoustic basement, where the signal corresponds to a
layered, inclined unit. The stratification exhibited an anti-dip slope to-
wards the southwest and a dip-slope towards the northeast (Fig. 4b, c).
The acoustic basement was locally exposed at the surface (Fig. 4a, black
arrows), which corresponds to the sector characterized by high complex
topography (Fig. 2a, black arrows), whereas it was overlain by a thin
sedimentary layer (up to 5 m) at the ridge crest and along its flanks.
Where visible, the contact between the top of the acoustic basement and
the overlying sediments corresponded to an angular unconformity
(Fig. 4, yellow lines).

3.3. ROV images of the study area

ROV 1 revealed a flat seascape, characterized by coarse-grained
sediments containing abundant skeletal remains and sparse boxwork
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Fig. 5. Videoframes extracted from ROV 1 (b, c, d, e, f) and ROV 2 (g) with the indication of the localization on the studied ridge in a). a) view of the ridge and the
studied bedforms with the ROV tracks (ROV 1 yellow and ROV 2 blue lines) and black points which indicate the position of the videoframes. Solid line outlines the
zone with the studied bedforms. Dashed line outlines the zone used for morphometry in Figs. 6 and 7; b) rocky outcrops at one of the studied features; c) detail of the
rocky outcrop with the encrusting benthic flora and fauna, in this case crustose coralline algae, bryozoans and sponges. d-e) wavy-profile seascape (orange dotted
lines) showing the irregular distribution of coarse- and fine-grained sediments. Coarse fraction is marked by abundant boxwork rhodoliths on detrital coarse-grained
biogenic sediment (brown dashed lines and black arrows in d) and e), whereas fine-grained sediments devoid of rhodoliths (white arrow in d); f) another example of a
rocky outcrop showing heavy incrustations of benthic organism, in this case abundant bivalves; g) wavy-profile seascape (orange dotted line) in ROV 2 with
sedimentary bottoms including abundant boxwork rhodoliths. b-h). In all frames, laser points as scale = 10 cm. (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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rhodoliths (Fig. 5). At approximately 82 mwd, the ROV 1 encountered
rocky outcrops (Fig. 5b), consisting of blocky sandstone partially
encrusted by calcareous red algae and other benthic organisms (Fig. 5c).
From points b and c in Fig. 5, the seafloor showed an increase in box-
work rhodoliths cover on a detrital coarse-grained biogenic sediment
(Fig. 5d, e), and the seascape exhibited a wavy profile (Fig. 5d, e, orange
dotted lines). The distribution of rhodoliths was uneven across the
seafloor, allowing the distinction between bands of coarse-grained and
fine-grained sediments (Fig. 5d, e, black and white arrows, brown-
dashed lines). In addition, we observed sparse rocky outcrops, similar
to the first outcrop, with heavy encrustation by calcareous benthic or-
ganisms, including abundant bivalves (Fig. 5f).

ROV 2 documented a seafloor sector marked by elongated rocky
outcrops, whereas the surrounding sedimentary bottom was character-
ized by fine-grained sediments with sparse rhodoliths. At approximately
84 mwd, ROV 2 crossed a sector characterized by sediment rich in
boxwork rhodoliths and other coarse-grained biogenic fragments
(Fig. 5g). The seascape exhibited a wavy profile (Fig. 5g, orange-dotted
line) corresponding to the studied mound-like features. Interestingly the
wavy profile of Fig. 5g was observed when the ROV was exploring the
seafloor in a northwest-to-southest direction, comparable to the direc-

Increase the readability of elevation data by simulating a light source, showing shadows and illumination, and improve the visibility of features

This is a component of the aspect that informs on the orientation of the slope, i.e., its deviation from east. It ranges between —1 (fully West) and 1
This is the second component of the aspect that informs about the orientation of the slope, i.e., its deviation from north. It ranges between —1

Stability of sediments (grain size); local acceleration of currents (erosion, movement of sediments, creation of bedforms).

Flow, channeling of sediments/currents, hydrological, and glacial processes; useful in the classification of landforms.

Benthic Terrain Modeler (NOAA) This method effectively captures variability in slope and aspect into a single measure. Ruggedness values in the output raster can range from
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Fig. 6. Maps of the terrain variables and attributes extracted for the studied zone (see Fig. 5 for location). a) Bathymetric surface (1 m resolution) on shared relief (Z
factor = 5 and isobaths = 5 m contour); b) Acoustic image from Side Scan Sonar (SSS) (20 cm resolution). Red arrows indicate the peculiar texture described in the
text. c) Seafloor reflectivity from multibeam backscatter (60 cm resolution). Red arrows indicate the peculiar texture described in the text. d) Slope in degree. Red
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deviation from mean value measuring the relative position, that means identify peaks (higher values) and pits (lower values). Red arrows indicate where the relative
standard deviation is high due to the occurrence of a complex topography on the sea floor, corresponding to the studied bedforms. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. a) Mean-derived Local Topographic Position quantifying how elevated or low-lying a site is relative to the local topographic variability. b) Map of the seabed
morphologies, identified with the semi-automatic process, displayed on the bathymetric surface and with isobaths (white lines).

Table 2

Morphometric parameters of the studied bedforms extracted using the CoMMa
toolbox and descriptor. N° counting indicates the numbers of structures
considered for each parameter. Values are expressed as mean value (mean),
standard deviation (sd), minimum (min) and maximum (max) values.

n° counting mean sd min max

Length 565 8.62 2.90 2.03 24.16
Width 564 6.14 1.82 2.02 10.80
Elongation ratio 565 1.44 0.41 1.00 4.82
Orientation 494 76.83 55.87 0.00 170.50
Perimeter 565 23.93 7.16 6.67 58.46
Area 565 44.28 23.90 3.48 167.08
Circularity 565 0.91 0.08 0.47 0.99
Rectangularity 565 0.79 0.03 0.60 0.89
Volume 920 12.07 7.27 3.91 46.14
Relief 20 0.42 0.16 0.15 1.12
Slope MIN 565 2.0 1.8 0.1 11.0

Slope_ MAX 565 10.8 4.0 0.9 33.2

Slope MEAN 565 5.7 2.1 0.9 16.3

scales (Mumby and Edwards, 2002); often exhibiting fractal patterns
that influence benthic community distribution (Purkis et al., 2006). In
spatial analyses, a “patch” is defined as a discrete, relatively homoge-
neous domain with properties distinct from those of surrounding areas
(Rankey, 2002). Patch shapes, quantified using morphometric parame-
ters such as elongation and circumscribed circle metrics, can reveal
differences in structural complexity. Reef development is a gradual
process influenced by oceanographic, sedimentary, and tectonic factors
over long timescales. Consequently, the geological history of the sub-
strate is critical for understanding benthic patterns.

Mesophotic bioconstructions with patchy seafloor distributions are
widespread in the Mediterranean (Bonacorsi et al., 2012; Aksu et al.,
2018). Along the coast of the Campania Region, rhodalgal reefs and
rhodolith beds are abundant (Toscano et al., 2006; Bracchi and Basso,
2012; Aiello, 2020a, 2020b); however, none exhibit the peculiar pattern
observed at Cape Licosa. Given evidence from 2004 of a repeated geo-
metric texture in space, and the collected material potentially corre-
sponds to bioconstructions of crustose coralline algae, we hypothesized
that the origin of the Cape Licosa morphologies may be related to these
concepts.

CORSUB data confirm the persistence of these bedforms over more
than 20 years. They are evident on the bathymetry and backscatter data
(Figs. 2, 3, 5, 7). ROV images show that the seafloor has a wavy profile
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with variable substrate composition: rocks encrusted by coralline algae,
bryozoans, and bivalves, as well as coarse-grained sediments rich in
boxwork rhodoliths (Fig. 5). Sediment distribution is controlled by in-
teractions between topography and bottom currents; however, it does
not extend uniformly across the investigated site (Fig. 5) and cannot
univocally account for the peculiar morphology or texture observed
(Figs. 3, 7). Notably, a weak correspondence exists between individual
bedform and the type of sediment. Most of them correspond to mound-
shaped accumulation of coarse-grained sediments, including boxwork
rhodoliths (Fig. 5), whereas only in rare cases do they correspond to
rocks encrusted with calcareous red algae, bryozoans, and bivalves
(Fig. 5). These mound-shaped morphologies occur on the gently inclined
summit of a ridge, between approximately 75 and 90 mwd, exhibiting an
asymmetric, low-relief aspect with mean dimensions of 8.6 x 6.1 x 0.4
m (Figs. 3, 4, 5, 9; Table 2). The upslope flank of each feature is generally
gentle, whereas the downslope edge is steeper (Figs. 3, 6), and they show
a conical, rounded or squared outlines in northwest-to-southeast direc-
tion (Fig. 3c)

4.1. Origin of the studied seabed morphologies

Because no direct correlation exists between the studied structures
and specific sediment type or habitat at seafloor, the origin of this
occurrence must be reconstructed by considering additional factors,
from a long-term perspective (Fig. 9).

In the Cape Licosa area, Quaternary sea-level fluctuations led to
alternating phases of subaerial exposure and marine transgression,
influencing sedimentary regimes and providing opportunities for
biogenic activity (Savini et al., 2021). In particular, the Last Glacial
Maximum reached a paleodepth exceeding 140 mwd in an area
considered tectonically stable (Lambeck et al., 2004). Consequently, the
study area including the ridge experienced prolonged subaerial expo-
sure (Fig. 9b). Sub-bottom profiles clearly show an acoustically-
transparent basement (Figs. 4; 9a) corresponding to the Miocene Cil-
ento Flysch Group (Martelli et al., 2016), overlain by a thin Holocene
sediment drape (Figs. 4; 9a). The contact between the two is an angular
unconformity corresponding to an irregular paleosurface over which
sediment has accumulated during the last millennia (Figs. 4; 9a). Filled
paleochannels in the stratigraphy (Fig. 3 PF) further indicate intense
erosion during low-stand phases, consistent with regional records
(Amorosi et al., 2012; Aiello et al., 2017; ITorio et al., 2024). Subaerial
erosion of stratified rocks, such as the Cilento flysch group, at LGM could
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have generate the basal complex topography (Fig. 9b), which is similar
to the outcrops we can observe today along the coastline of Cape Licosa
(Valente et al., 2017).

4.2. Development of the studied seabed morphologies

During the Holocene sea-level rise, the sediment distribution and
accumulation patterns were likely controlled by interactions among the
paleo-topography generated during LGM, sediment transport, in situ
sediment production, and bottom currents. However, the resolution of
seismic data does resolve distinct recognizable events within the sedi-
ment package deposited during the Holocene at the study area (Fig. 4).
Preliminary results from box-corers indicate an alternation of muddy
sand and biogenic gravelly sand, with the occurrence of fossil rhodolith
beds (Bazzicalupo et al., 2025). Present-day sedimentation is charac-
terized by coarse-grained biogenic material; boxwork rhodoliths; and
sparse coralligenous-bivalve reefs where rocks outcrop (Fig. 5). There-
fore, it is likely that Holocene sedimentation covered this complex
paleo-topographic surface, inheriting its shape (Fig. 9c-e). Where the
bedrock is exposed and significant bioengineer activity is present, it
corresponds to one of these mounded structures (Fig. 9e). By contrast,
the others correspond to asymmetrical bedforms described in this study
(Figs. 5; 9d), which have inherited their shape from the underlying
paleosurface (Fig. 9d). Irregular alternations of coarse-grained sedi-
ments rich in boxwork rhodoliths and areas largely devoid of such ma-
terial (Fig. 5) correlate with the sub-geometric, patchily, textures
observed in SSS and backscatter data (Figs. 3; 6). This pattern may
indicate a link between these seabed morphologies and sedimentation
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with hydrodynamics, reported as potentially intense in this area (De
Ruggiero et al., 2016, 2020). Notably, in the deepest parts of the ridge
(between 90 and 120 mwd, Fig. 2), where the sedimentary cover is
thinner or null, rocky substrate still outcrops forming mound-like pro-
files (Fig. 9a, white arrows) similar to those examined in this study but
lacking Holocene sedimentary cover.

Finally, the ridge in the study area is an elevated structure, which
represents an ideal setting in mesophotic environments for the forma-
tion of i rhodolith beds (Basso et al., 2017). In this case, the accumu-
lation of sediments over a complex paleosurface can give rise to bottom
forms of varying stability that interact with a driving force such as a
current. This interaction likely helps maintain the wavy seafloor profile
observed in the area and support rhodolith development.

4.3. A synthesis of present knowledge

Based on these considerations, we propose that the enigmatic bed-
forms at Cape Licosa result from Holocene sediment draping over a
rugged, LGM-eroded rocky substrate (Fig. 9). Subsequent sediment
redistribution by bottom currents, coupled with opportunistic coloni-
zation by bioengineers such as coralline algae and bivalves, resulted in
the formation of the observed beehive patterns. Coarse-grained biogenic
sediments, including rhodoliths, have also contributed to the present
configuration of the mesophotic seabed (Figs. 2, 3 and 5). This inter-
pretation emphasizes the combined influence of paleo-topography, post-
glacial sedimentary processes and benthic colonization in shaping
seabed morphology in Mediterranean mesophotic environments.
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Fig. 9. A model of the origin and development of the studied bedforms. a) 3D
visualization of the bathymetry of the ridge from northwest, cut in correspon-
dence of the chirp profile 0012_346_2055 and 007_346_1821, both also in
Fig. 4. The irregular, Holocene sedimentary drape is marked in yellow. Black
line outlines the features area. White arrows indicate deeper rocky outcrops
which present morphology similar to the studied morphologies, but they do not
show any cover by Holocene sediments; b) a model of the ridge during the Last
Glacial Maximum, during which subaerial erosional processes contributed to
the formation of a complex topography. Black line outlines the features area. c)
a model of the ridge as it looks like today. Black line outlines the features area,
which includes both wavy-shaped bedforms with (gray) and without (purple)
rocky outcrops. d) a sketch of the studied bedforms where they correspond to
wavy-shaped sediments on the rocky substrates. e) a sketch of the studied
bedforms where they include the outcrop of the rocky substrates coved by
encrusting organisms. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

5. Conclusions

The enigmatic seabed morphologies offshore Cape Licosa are the
product of complex interactions among inherited paleo-topography,
Quaternary sedimentary processes, and benthic colonization. Formed
on a rugged LGM-eroded Cilento Flysch substrate, and subsequently
draped by a thin Holocene sedimentary layer, these mounded, sub-
circular to polygonal morphologies have been shaped by bottom cur-
rents and opportunistic bioengineers, including coralline algae and
bivalves. Their geometric arrangement and persistence highlight the
combined influence of geological history, hydrodynamic forcing, and
biogenic activity in shaping mesophotic seabed morphology along the
Mediterranean continental shelf.
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