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The evolution of submarine canyon systems along the lonian Calabrian Margin (ICM) in
the central Mediterranean Sea, isstill poorly described as their unique morphological
expression and occurrenceis not fully understood. By focusing on the relationships
between tectonic activity, sedimentary processes, and shallow fluid migration we
investigatedacross various spatial and timescales onto which past and recent geological

processes concurin shaping the seabed.

The ICMhosts a complex forearc basin characterised by active tectonics and rapid
margin uplift, where the interplay of structural, sedimentological, and fluidrelated
factors governs seded morphology and slope stability. Through the integration aghip-
based multibeam and autonomous underwater vehicles (AUV)-based bathymetry
datasets, high-resolution seismic profiles, gravity coresand remotely operated vehicle
(ROV) imagery, this work provides new insights into the mechanisms driving canyon
development, headwallinitiation and retreat, as well asslope failure processes in an area

of significant geohazard potential.

Bathymetric and seismic data reveaéd that canyon evolution is strongly controlled by the
spatial distribution of structural highs, shallow gas migration pathwaysand the proximity
to ephemeral terrestrial riversd WA 1J g q 1J | filim&rétsSEisthic fpridfites revealed the
presence of widespread acoustic blanking zones, chimneys, and mounded features
indicative of active or recent fluid seepageand demonstrating a close relationship
between subsurface free gas andhe occurrence of submarine drainage systemsThe
evidence suggests that canyon iitiation occurs through the coalescence of fluidescape
depressions, which progressively evolve intesubmarine gullies and subsequently into

mature canyon systems throughretrogressiveheadward erosion

The use of newly acquired ultrehigh-resolution datasets from AUVsurveys and ROV
dives provided the opportunity to identify centimetre to metre-scale geomorphic
features indicative of active erosionalprocesses directly leading to instability along

canyon walls, particularly within the Squillace Canyon systemROVdatasets revealed

Y



that fracture networks act as precursors to wall failure, evolving into spalling surfaces
that promote further retrogressive failures. In addition, biological activity exerts a
significant control on wall stability: benthic organisms colonize freshly exposed surfaces,
producing intense bioturbation and localized weakeningf canyon walls,which can lead
to the development of new unstable sectorsThe comparable temporal scales of benthic
community development and offshore infrastructure lifespans underscore the practical
relevance of these smaliscale erosional processes for risk assessment and earkgtage

infrastructure planning.

To further quantify slope stability mechanisms, threedimensional slope stability models
were developed by coupling geotechnicaanalysiswith seabed mappingfrom multibeam
and seismic datasets. These models demonstrate that preonditioning factors such as
sediment density, acoustic velocity, and slope gradient alone are insufficient to trigger
landslides under static conditions. However, when earthquakerelated cyclic loading is
introduced with peak ground accelerations of 0.2gthe modelled factors of safety (FoS)
fall below unity, particularly in areas characterized by multiple overlapping slide scars.
This finding emphasizes the critical role of seismic shaking in triggering slope failures
tectonically active areas and highlights the inherent instability of the Calabrian forearc

under dynamic loading conditions.

In conclusion, this study provides a comprehensive, multiscale analysis of the
processes governing submarine canyon initiation and evolution along the lonian

Calabrian Margin. By integrating geomorphological, geophysical, and geotechnical

datasets, our approach moves beyond conventional geophysics 6 RH 6 WG| Y HRIT 13t L¢
YI TRITWWD q RN RAC qRY U WY \ILG Y q I8 (i dREDGATE Ly M@ Yoy GReYAD TT ¢t g ¢ t |
I 132 1J¢ O W ofscl ORI 1Y #1191 + BEIWH 201 qé DU RO DWW 0 YGUILW q¢
COt YWe adVYst We t dued I iR2 ihiRRI#DE IRG MalRBIDWN IY T YNRHAC O L
¢ Ul Wal RNNUIs G URE@EARE GRYBHat 1Jt We qqlUqRYUWY U Wq
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[ RN 1AL OdaNON of the study area; B) map of the lonian Calabrian Margin showing
main structural features and submarine canyon system discussed in this study. Canyon

headwalls are marked with grey polygonswhile their thalwegs are marked in red.
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Fig. 3.5High-resolution seismic profile across the Squillace Canyon headwall domain
showing acoustic blanking in the upper 20 m of sediment, gas chimneys on a canyon

flank with acoustic wipeout due to active fluid seepage in the water column.

Fig.3.6 Submarine gullies in the Corigliano basin. A lateral migratiooan be observedof
throughout the Holocene sedimentary unit on a seismic profile crosscutting the thalwegs

of the gullies.

Fig. 3.7 Fluid chimneys disrupt the seabed in the Corigliano Basin. The disruption is
visible from highresolution seismic data, where acoustic wipeouts may be observed in

proximity of the chimneys.

Fig.3.8 From left to right: Type | canyon headwalls are characterised by three phases of
evolution mainly influenced by the presence of subsurface fluid migrationthrough
preferential pathways and coalescence of small depressions; Type Il evolution is
characterised by high uplift values of the onshore sector; Type Il describes the evolution
of shelf-incising canyon headwalls connected to the onshore drainage system both
during lowstands and hidnstands, while characterised by low values of uplift of the

onshore areas.
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Sensor Specifics

*Diameter: 20 cm.

*|ength: 3633 mm.

*INS: 1070 mm from the port/2163 mm from the back, 3mm to starboard, 41 mm below
centerline

AUV size

*GPS is 442 mm behind INS: INS reference point is 660 mm in fort of the rear seam of the

control module, GPS reference pointis 218 mm in front of the rear seam of control module

GPS (non- |*GPSis 3 mmto port of INS: INS reference point is 3 mm to starboard of centerline, GPS
RTK) reference pointis on centerline

*GPSis 389 mm above INS: INS reference point is 41 mm below centerline, GPS reference

pointis 348 mm above centerline

*Pressure sensor is 219 mm behind INS: INS reference point is 660 mm in front of the rear
seam of the control module, pressure sensor is 441 mm in front of rear seam of control module
Pressure |*Pressure sensor is 34 mm to starboard of INS: INS is 3 mm to starboard of centerline,

sensor |pressure sensoris 37 mm to starboard of the centerline
*Pressure sensor is 22 mm below INS: INS reference pointis 41 mm below centerline,
pressure sensoris 63 mm below centerline

*USBL Transponder is 785 mm behind INS: INS reference point is 660 mm in front of the rear
seam of the control module, centre of USBL transponder is 125 mm behind the fron seam of
the science key

*USBL Transponder is 3 mm to port of INS: INS is 3 mm to starboard of centerline, USBL
transponder is on the centerline

*the top of the USBL Transponder is 186 mm above the INS: INS reference pointis 41 mm
below centerline, USBL transponder sits on top of the cylinder with a radius of 100 mm, and it is
45 mm high

USBL

*both Klein transducers sit 1316 mm behind the INS: INS reference point is 660 mm in front of
the rear seam of the control module, the science bay of 360 mm is placed between the control
centre and the Klein, The Klein reference point is 296 mm behind the front of the Klein module
eStarboard Klein transducer sits 97 mm to starboard of INS: INS is 3 mm to starboard of

Klein [centerline, reference point for starboard transducer is 1000 mm to starboard of centerline
transducer|*Port Klein transducer sits 103 mm to port of INS: INS is 3 mm to starboard of centerline,
reference point for the port transducer is 100 mm to port of centerline
*Klein reference for both transducers is 24 mm below INS: INS reference point is 41 mm below
centerline, Klein reference point is 65 mm below centerline
eroll for starboard transducer is -56.670 degrees, roll for port transduceris -57.120 degrees
eheading for starboard transducer is 000, heading for port transducer is 180
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Using a GeoTek ScoutXcanX-Ray Imaging Scanner2D radiographic images under
different angles were taken.This technique allowed to build a pseude3D laminographic
image of the core samples. No specific sample preparation was needed prior to imaging
with the XRay Imaging Scanner. The-Ray Imaging Scanner holds core samples between
two adjustable and movablearms. The sample is fed through the -Xay imaging area in
the middle of the machine; a strong source sends -Xays through the sample to the
detector, positioned at the bottom of the instrument. The arms can rotate around their
axes so that multiple 2D radbgraphs can be taken. The computer software combines
these images into a pseude3D laminograph. The products were radiographat three
different orientations relative to the long axis: 000 degrees, 045 degrees and 090 degrees;
b) laminography slices with depth relative to core centre at 0, +15, +3@15, -30mm (0
mm being the slice crossing the central axis of the core); c) cimenferential laminography

at 10mm, 20 mm 30mm radii(Fig. 2.10).

Multi-angle radiographs Laminography slices Circumferential laminography

000 degree scan

090 degree scan

J9joWelp 2100

(View of core from end to end) (View of core from end to end) (View of core from end to end)

Detector I Detector » Detector
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All radiographs had rulers added tahem. Theradiographs with rulers have undergone a
Detail Enhancement filter set at 85%with the Geotek GQuickView softwareThis has not

been saved to the original radiograpfiles, rather only on the copyof the original files with

no


https://www.geotek.co.uk/x-ray-ct-system/geotek-scoutxcan/

added rulers. Thehistogram onto which enhancement of images were based owas set
to intensities between 35,00048,000, after a detail examination of the most suitable

values.

After splitting the cores at the BOSCORF Research Facility, slice asdcumferential
laminographies histogram intensities have been set in a range between 18,0&%,000
using the Geotek GQuickView software. We modified the histogram intensities of
laminography slices at 0 mm as the cores have been cut at this depth, while for the
circumferential laminographies we chose those acquired at 20 mm as they represent the
central section of the coreswhere the cores were splitted. After the histogram intensity
modification, we added a ruler to the analysed data and saved thenodified file

separately.
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Fig. 2.12 Equipment used for the shear vane test.
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Submarine canyons along the lonian Calabrian Margin (ICM) record a complex interplay
between tectonic activity, sediment dynamics, and fluid migration in an active
subduction setting. Using highresolution multibeam bathymetry and high-resolution
seismic data, this study reconstructs the evolution of submarine canyon headwalls,
characterise their internal architecture, and provides insights into the role of fluid-
charged sediments in shapingthe continental slope. The continental shelf and upper
slope of the ICM host nhumerous canyon headvalls and erosional submarine gullies
associated to acoustic blanking and vertical fluid conduits, which provide evidence of
shallow gas escape. These structures occur preferentially neastructural highs and fault
terminations, suggesting tectonic focusing of fluids. We proposehree different models
for canyon headwall inception and early evolution along the ICM: (1) initiation by fluiel
drivenescape alignment andsubmarine gully formation ongently dipping slopesfor Type
| canyon headwalls, (2) terrestrial river incision followed by canyonheadwall erosion
through retrogressive slope failures for complex headwalls approaching the shelf break

in areas with higher uplift rate (Type thand (3) canyorheadwall development linked to

> M



sustained sedimentdeliver by terrestrial rivers combined with sedimenbypassoperated

by bottom currents in areas of lower uplift (Type IlI)

Our findings highlight the role of subsurfacefluids and margin architecture in driving
different submarine canyon headwall evolution and emphasize their significance for

geohazard assessment along the Calabrian Arc.

f Oql YT efAqRYU

Submarine canyons ardarge steep-walled valleys andmajor erosional features incising

continental margins. They are considered among the major pathways that funnel
sediment-laden flows and litter (Pierdomenico et al. 2020; Bernhardt et al. 2021Their
morphology, origin, and evolution vary widely depending orthe tectonic setting,

sediment supply, and subsurface fluid migration (May et al. 1983;Harris & Whiteway,

2011; Berné et al., 2014Huang et al. 2014;Li et al. 2023.f UWaq 6 YW~ T Rl | ¢ 01
teHAGe!l RUDWHe U! YUt mud Y YOI Epvig &l e dlfioef RIVRU HOLLO & Y+ 1]
6RNGIVI WHI ¢ URGRUOUNDWIT NI WWAWt deaaldl wWel YeweUl wi
NUY G Y R dibilg JJab Rt Ldf Rigec TR DR We U1 Wi 6 RaglJs ¢! AW=MNN
7101 0U6¢! T qlaJegdlcRINOMUESGMEENSG FORIE V& & @IS IHE I ROMUE RIA 1L 1J q LU
MEBHARE&G tHIJt Waqd6 DG WUFHIIGqER Y Wd aIWw sl 8 opcriORIR U N L
H#¢ U! YULWRUR q R dTopRoNidh lO&dbar Margin KIEMD Ibcated at the junction of

the Apennine and Hellenic subduction systems, represents a key natural laboratory to

study the interactions between natural processes that acton different space and time

scales (Ceramicola et al. 2024)
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While previous studies have focused on deepvater mud volcanoes and pockmark

provinces along the Calabrian Accretionary Prism Ranieri et al. 2013 Loher et al. 2018;

Cuffaro et al. 2019;,Ceramicola et al. 202Q Doll et al. 2023 Doll et al. 2025, less attention

has been given to the shelf and uppeslope domains, where canyonsheadwalls incise

the continental shelf and shallow gas accumulated within fine-grained Holocene
sediments.l Ws RT WWNUIYaYI GEYuYNRHAc G W R21JI + Rqa! WHSEcE | ¢
fO~WwPIYEMIMNG IR W2 RiAGdPIRY Gl HG O D aldT6W U W ¢ W1 ¢ GF
YUt 6Y1 JWel et W agWHOY LLGYOLdINAKOIBALING @Ran'$ ¢LIC[SAIL NI dedDap RLLL 1J q) LL
= MBIIY + q 1 SXLFEEAMNING ALY | BALII q LWeé & W= M= 0

High-resolution bathymetric and seismic surveys revealed a dense canyon network
between Capo Spartiventoand the Corigliano Basin, intersecting structural highs such
asthe Stilo Swell,the Crotone Swell,Fedra and Federica domegCeramicola et al., 2014;
Mangano et al. 2021;Mangano et al., 2023 Falsetta et al. 2024;Argnani et al. 2025.
Canyon headwalls classified as retrogressive, deeply incise the continental shelf, and in
some cases reach the coastline posing a direct threat to coastal infrastructure and

communities (Ceramicola et al. 2024).
Thischapter integrates multibeam and high-resolution seismic datato investigate:

7 the distribution and characteristics of fluid-related features in the shallower
sector of the subsurface along thelCM.
1 the mechanisms linking fluid migration, slope instability, and canyorheadwall

inception and evolution.
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The lonian Calabrian Margin extends betweethe Gulf of Tarantoin the north and the
Messina Straitto the south (Fig. 3.1). It comprises the forearc basin of the Calabrian
subduction complex, composed of Neogene accretionary sediments overlying the
downgoing lonian oceanic crust. Structural highs, such as the Amendolara and Crotone
ridges, Stilo Swell and Fedra and Federica domeseparate slope basins filled with Plie
Quaternary turbidites and hemipelagic muds (Polonia et al., 201IMangano et al. 2023;

Corradino et al., 2023 Argnani et al. 202%.

The margin is affected byan ongoing km-scale uplift that led to the formation of
Pleistocene marine terraces(Zecchin et al. 2011 Zecchin et al. 2016§. Compressional
deformation is locally accompanied by strikeslip and normal faulting, generating
fracture networks that facilitate fluid migration (Ceramicola et al., 2024). Seismic profiles
showed wipeout zones and acoustic chimneys ascending from Miocene and Messinian

strata toward the seaed, indicative of deeprooted fluid pathways (Loher et al., 2018).

The continental shelf isnarrow (up to 7km wide), while the continental slopeis severely
incised by submarine canyons andgmall-scale channelised systems such as submarine
gullies. Highresolution seismic data reveakd wide subsurface areas characterised by

acoustic blanking consistent with trapped gas at shallow depthQoste, 2014)
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Fig.3.1 A)Location of the study area; Bjnap of the lonian Calabrian Margin showing &ain
structural features and submarine canyon systens analysed in this study. Canyon

headwalls are marked with grey polygonswhile their thalwegs are marked in red

?2c¢aqcec e Ul W~Jaqb6 YT ¢

NS¢ q6! GUql RAWIT ¢qeéet DaglWet DT WRUWq6 R Wt e ® WIs ¢
st ¢l RUWDW] BYS6¢EAC! T+ Weé b YUIE LY aJIstd +oal7 i Ryds U Ll @)% € § aftl ¢
YAq¢ RUWE W?2E~We#HI Yt Wa6 U Ws~GeYiiadRIG aVNIURTE I URL 9 cUSisCIH | 1.
sRaqEW ROWI WUqW Wt YieqRY WA DGUWUT RUNWY U Wa6 WWs ¢

21



cRPAIt YieqRYUWt DRt ORAWI ¢cqc¢ Ws Ul YWet UI WqYWRU2 1
nY#Het WYUWcEcHY2t qRAWNEHRIY WRUT RACqR2IJWYWila 6 1J LW
RURqBRE @R Cha | g6 13 LOW INBINT YELH BYGG!I Rt DWW qdb W Gl 13t
cURYUn YAk RARIDIAIT R GG RUBAIM HIaU Tccaupetdlll gt Ws 1J1 JWe Hhue F
T ROWI WUqWI 13t 136l dHap dLlRc G aGop RODBIIR R 1aallOROTE? & B WIGiIH ¢ | R
] WYScAcI Tt WeaYUNWaS W qeciiREIVAS Y& Vit waln up A wa
EaAGc¢I RUDWO¢U! YUt WRUWqo6@Wf YUR¢cUW~c¢l PRUWYn W9 ¢

16ﬁ0’E
\
N
{
\\\
\\\\
\
\\
\\‘
\
‘I
|
\
\\\\
b
{
,//
s (
//'r'/ ‘;‘
<
v,/'j/ :‘] /
}/ S/ Legend
Pl R High-resolution
4 ’ / seismic datasets
- / —— WGDT campaign
=3 5\\ 4 0 25 50 km MAGIC campaign [
Qg Komel ) id b T e — MESC campaign
I

[ RNDMOAG=q R Y U LY 1 Blay & @I G T WR U L L6RRYHG L0 IJoReal 12T WR U Wa 6 13 LK
T ROWI WUqW Wt Vel HEWHE G GEe RNUWY 21! WadWIWacet quw=mUl

2P



At 20 aqt

The lonian Calabrian Margin exhibits a stepped slope morphology, segmented into a
series of structural highs and basins that strongly influencesubmarine canyon
distribution and morphology (Fig.3.1). Ten different canyon systems incise the ICM from
north to south. Thecontinental shelf is narrow and gently dippingeaching a maximum
width of 7 kmnear structural highs such as the Stilo Swellwhile elsewhere its width
ranges between 20metres to 1 kilometre. The upper continental slope is steep and
dissected by a dense network ofsubmarine canyons and gulliesthat merge into wider
branches. The lower continental slope is characterised by the absence of canyon molus

in the deeper portion of the basin

Thecontinental shelf surface is locally unevenas elongated depressions and domelike
mounds disrupt the seabed These are particularly frequent near the heaalalls of the
Assi and Esaro di Crotone canyondocated in proximity of the structural highs such as
the Stilo Swell and the Fedra and Federica domeSubmarine canyon depth ranges from

50 m near the shelf break to over 1,000 m on the lower slope.

~Y1l G6 YO Waql RHA WHBGCW caRi |IRR &EIaBREc00 ! Y Ut

The morphology of the canyon headwalls varies along the margin. Most of them are
complex, with multiple submarine gullies and channels conveying into the main
branches. Based on theobserved morphologies, branching degree and location we

classified them into three maincategories:

1 Typel: characterised by a low branching degree, located in proximity of structural
highs, and composed by one ora limited number of canyon headwallsand
branches, such as the Assi and Esaro di Crotone canyon@n example inFig.
3.3A). The headwalls are confined to the continental slope with no apparent
connection to the onshore drainage system.

1 Type Ul characterised by multiple complex canyon headwalls that incise the

continental shelf and slope with multiple branchesthat coalescence into a single

22



thalweg at greater depths butshow no evidence of direct connection to the
onshore drainage system.Numerous retrogressive slide scar characterisethese

headwalls, with small and arcuate geometry. They comprise the Botricello,
Lipuda-Neto and some headwalls of the Squillace submarine canyon systemsn

example inFig. 3.3B).

Type 1li connected to the onshore drainage system these headwalls deeply

incising the continental shelfwith amphitheatre-shaped headwalls and terraces

indicative of retrogressive erosion by slope failure(Fig. 3.3C). Numerous

bedforms of different size shape the thalweg below these headwalls, which are

wider than Type Il. fie highest branching degreemong all canyon headwall typs

characterise the shallower sectorsof Type I} with singular failure scarps more
scarcely spaced over the area This type comprises the Squillace, Corigliano,

Crati, Caulonia-Siderno, Punta Alice and Bovalino canyon systems.
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Acoustic blanking is the most common feature that was observed on the continental
shelf across the whole study arean high-resolution seismic datasets. Acoustic blanking
zones commonly imaged as acoustically transparent reflections occur beneathhigh
amplitude reflections and terminate at different stratigraphic levels They also occuras
thin vertical columnar disturbances or gasmounds with marked seaed expressionsor
wipeouts (Fig. 3.4 and Fig. 3.5. The geometry of freegas accumulations may be
columnar (in the case ofchimneys) oracoustically transparent reflections confined in a

stratigraphic layer, as observed on the continental shelf of the study area

High-resolution seismic data revealed multiple gas mounds within the upper 30 m
beneath the seded, expressed as acoustically transparent zones with bright upper
reflections and local reflector disruption, consistent with shallow freegas
accumulations trapped beneath fine-grained sealing layers. They were observed in the
proximity of slope-confined canyons on the Stilo Swell(Fig. 3.4A) and near the Esaro
Canyon, with an average area in the range of 20800 squarekilometres. Local uplift
and subsidence of the seabed are observable in proximity of these gas occurrence

features on the shelf.

Widespread freegas accumulations were observed in proximity to shelincising
canyons, with the highest concentrations on the continental shelf of the Squillace Gulf
(Fig. 3.5, Sibari basin and near the Esaro Canyon. These gabarged zones extend

laterally for tens to severalhundred meters across the shelf. The distribution of gas

2P



appears to be controlled bythe continental shelf morphology, with accumulations

occurring preferentially in broader and flatter areas, rather than along steep slopes.
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Fig. 3.4 High-resolution seismic profile on the Stilo Swell, where a gas mounds in

proximity of the Assi canyon headwall
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Fig. 3.5 High-resolution seismic profile across the Squillace Canyon headall domain
showing acoustic blanking in the upper 20 m of sedimengas chimneys on aanyon flank

with acoustic wipeout due to active fluid seepage in the water column.
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