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ABSTRACT

The tide-dominated Messina Strait (southern Italy) is a 3 km wide marine

passageway, whose block-faulted borders form steep subaqueous zones

incised by canyons and gullies. These erosional features retreat towards the

shorelines and are often in direct connection with subaerial valley-bounded

river deltas. High-energy density-flows generated by river floods periodically

enter the canyon heads, attaining supercritical-flow regime and accreting

large, upslope-migrating bedforms. Although these bedforms have been doc-

umented in recent studies, little attention has been paid to the definition of

the type of delta entering canyon heads, the internal features of river-influ-

enced deposits accumulated in the nearshore zone, and their interplay with

tidal currents flowing axially to the strait. This study focuses on a Lower

Pleistocene coarse-grained succession exposed along the north-eastern mar-

gin of the modern Messina Strait, investigated using conventional facies

analysis and sedimentological logging, integrated with photogrammetric

techniques and interpretation of drone-acquired imagery. Facies confinement

between basement blocks suggests a subaqueous delta complex shed from

the tectonically controlled margin of the ancient strait and entering shal-

lowly submerged canyon heads. Basal breccias, conglomerates and pebbly

sandstones exhibiting channel-form discontinuities and upslope dipping

backsets are interpreted as cyclic-step and antidune deposits. Units com-

posed of these facies are comprised between master erosional surfaces and

tidal ravinement surfaces. The tidal ravinements suggest that canyon infill

occurred during a major phase of sea-level rise, punctuated by minor falls

and stillstands. These surfaces are overlain by mixed bioclastic–siliciclastic,
arenitic, trough and planar cross-strata, representing dunes migrating

roughly parallel to the palaeo-coastline and originated by tidal currents

amplified by the narrowing of the ancient Messina Strait. Tidal-influenced

sedimentation dominated over the fluvial-influenced processes during the

late transgression, overfilling the canyon relief. The exceptionally good expo-

sure of depositional architectures and facies characteristics is key to outline
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the general features of a specific type of delta system, fed by valley-bounded

rivers and entering canyon heads in the nearshore of tectonically-controlled,

tide-influenced steep strait margins. The pre-existing subaqueous incised

topography forced the delta front to be split into lobe branches during the

canyon infilling, hampering clinoform architectures and preserving large

supercritical-flow sedimentary structures. This study suggests these as possi-

ble criteria for the recognition of similar systems in outcrop or subsurface.

Keywords Canyon-head deltas, cyclic steps and antidunes, Lower Pleis-
tocene, Messina Strait, tidal dunes, tidal strait.

INTRODUCTION

The tide-dominated modern Messina Strait
divides Sicily from the Italian Peninsula in the
central Mediterranean (Fig. 1A) and is bordered
by normal faults (Fig. 1B). This structural setting
affects the morphology of the sublittoral zones,
which consist of 4° to 5° dipping slopes, descend-
ing towards the deeper strait to a depth of ca
300 m within a distance of 1 km from the shore-
line (Chiocci et al., 2008). The sublittoral strait
margins are incised by gullies and canyons
(Fig. 1B), many of which are in continuity with
their respective onshore river deltas (Chiocci &
Casalbore, 2017). The rivers are bounded by val-
leys and form small and/or ephemeral ‘river del-
tas’ (sensu Nemec, 1990) typically characterized
by coarse-grained sediment. The depositional
activity in these deltas is mainly associated with
episodic discharges resulting from intense and
localized rainfall occurring after periods of dry-
ness (e.g. Sorriso-Valvo, 2008; Casalbore et al.,
2011). In rare cases, these events result in cata-
strophic floods that cause serious damage and
casualties among the local communities (for exam-
ple, south-western Messina Strait, October 2009).
River deltas represent one of the major sedi-

ment sources in modern, tectonically active,
highland-bordered coastal settings, including
tide-dominated straits (for example, Messina,
Juan de Fuca, Taiwan; Gelfenbaum et al., 2015;
Hsiung & Saito, 2017; Longhitano, 2018a). Mar-
ginal active faulting, mass-wasting processes and
diffuse scouring phenomena are common to del-
tas entering tectonically active straits bordered by
highly unstable subaqueous margins (Chiocci
et al., 2008; Longhitano & Steel, 2016; Longhi-
tano, 2018a,b; Chiarella et al., 2020). The high-re-
lief basement setting commonly prevents these
steep-fronted deltas from developing a subaerial
plain, given the lack of areal accommodation
(Nemec, 1990). One of the most evident features
observed along the subaqueous margins of

modern straits are incipient canyons (e.g. Mitch-
ell et al., 2007; Mountjoy et al., 2009) which con-
sist of shallow-marine, shelf-indenting incisions
or ‘shelf valleys’ (cf. Shepard, 1981), showing
either simple or multi-tributary channel patterns
(e.g. Gamberi et al., 2017; Gamberi, 2020).
In the modern Messina Strait (Fig. 2A), can-

yon heads erosionally recede close to the shore,
enhancing processes of beach erosion, coastal
instability and sediment bypass. Canyons pro-
mote sediment transfer to the deep basin and
contribute to the scarce development of a sub-
aerial plain (Fig. 2B to D; Cocco et al., 1988;
Casalbore et al., 2014, 2019). Modern canyon
heads correspond to river valleys in the emerged
coastal areas, as they reflect the expression of
ancient incised valleys transgressed after the
Last Glacial Maximum (e.g. Baztan et al., 2005).
Consequently, modern river deltas may prograde
directly into canyon heads, leading to the accu-
mulation and preservation of thick sedimentary
successions due to local accommodation and lat-
eral confinement (Fig. 2E) that inhibit reworking
by tidal surficial waves (e.g. Gamberi et al.,
2017; Maier et al., 2018; Silva et al., 2019). This
condition represents a prerequisite to record the
signature of high-energy, river-dominated flash
floods in marine settings, whose sedimentary
signatures are thought to have scarce preserva-
tion potential in shallow water compared with
deep-marine settings, due to subsequent rework-
ing by waves and tides (e.g. Mutti et al., 1996).
The documentation of supercritical-flow struc-
tures (such as antidunes and cyclic steps) asso-
ciated with river-derived density currents in
shallow-marine settings (Fig. 2B, D and E), is
indeed limited to few case studies of ancient
deposits (e.g. Postma, 1984; Postma & Roep,
1985; Nemec, 1990; Massari, 1996; Ventra et al.,
2015; Massari, 2017). However, delta to sublit-
toral channel heads are common along the steep
margins of modern straits (e.g. Yoshikawa &
Nemoto, 2010; Korup, 2012; Ortega-S�anchez
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Fig. 1. (A) Structural map of southern Italy, with an indication of the main semi-regional strike-slip zones dis-
secting the Calabrian Arc and responsible for the shaping of the various tidal straits during the Plio-Quaternary
(cs = Catanzaro Strait; ss = Siderno Strait; ms = Messina Strait). (B) Digital terrain model of north-eastern Sicily
and south-western Calabria forming the onshore margins of the modern Messina Strait; the distribution of Lower
Pleistocene deposits is indicated in yellow and the main Plio-Quaternary faults are represented with red lines
(modified from Ghisetti et al.,1983). (C) East–west oriented schematic representation of the lithostratigraphy of the
Messina Strait and its two margins, showing the main types of Early Pleistocene depositional environments from
strait margin to the centre (modified, after Longhitano, 2018b). The box shows the approximate stratigraphic and
palaeoenvironmental range inferred for the succession discussed here.
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et al., 2014) and could have occurred in past
systems more frequently than previously envis-
aged. Arguably, these types of deltas depart from
conventional depositional models and need to
be further identified, possibly combining

observations of modern examples with ancient
outcrop analogues.
This paper presents an outcrop-based study of

a Lower Pleistocene succession exposed along
the north-eastern margin of the modern Messina

A

B

C

D E

Fig. 2. Examples of depositional settings from the modern Messina Strait (see inset for locations). (A) View of the
eastern margin (Calabrian) near the southern exit of the strait, with multibeam-based reconstruction of the strait
bottom. The Sant’Agata River Delta is an example of present-day delta entering the strait from the margin. A num-
ber of minor canyons incise the distal delta front, which is possibly influenced by ebb tidal currents (black
arrows) flowing parallel to the strait coastline. Note location of the study area on the Calabrian margin. (B) Shal-
low-water canyon heads indenting the sublittoral zone along the north-eastern border of the strait, near Gioia
Tauro. (C) Side view of the Mesima Canyon showing multiple scars along the canyon walls. (D) Canyon heads off-
shore Bagnara Calabra showing internal up-slope migrating bedforms. Note connections with onshore rivers. (E)
Nearshore subaqueous canyon along the south-western portion of the strait documented after the high-magnitude,
flash flood event occurred on 1 October 2009. Scouring features and up-slope migrating bedforms resulted from
supercritical flows violently entering the basin in the course of few hours after an intense and localized rainfall
[the satellite image in (A) is from Google Earth©; multibeam data in (A) are modified, after Chiocci et al.,2008;
images in (B), (C) and (D) are modified, after Casalbore et al.,2019; bathymetric data in (E) are modified, after
Casalbore et al.,2011).
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Strait (southern Italy; Figs 1B and 2A). The
studied deposits located near the village of
Calanna (Figs 2A and 3A to E) were investigated
by means of facies analysis and sedimentologi-
cal logging integrated with drone-acquired aerial
photograph interpretation. The article aims to:
(i) provide a sedimentary facies and architec-
tural description of the Calanna successions; (ii)
interpret such deposits as a stratigraphic signa-
ture of the subaqueous portion of a strait-margin
delta complex encroaching a series of canyon
heads, indenting the flank of the ancient tidal
strait (Fig. 1C); and (iii) discuss a conceptual
and process framework to pinpoint distinctive
criteria for the recognition of canyon-head delta
systems from similar successions in the rock
record.

THE MODERN MESSINA STRAIT AND
ITS ANCIENT ANALOGUE

The modern Messina Strait experiences semi-
diurnal tidal phase reversals every six hours
between the Tyrrhenian and the Ionian seas
(Vercelli, 1925; Defant, 1940, 1961; Bignami &
Salusti, 1990; Mosetti, 1992; Lozano & Can-
dela, 1995; Androsov et al., 2002). Near the
narrowest (3 km wide) and shallowest (80 m
deep) strait-centre zone, tidal currents are
amplified with collinear flood and ebb flows
reaching 3 m sec–1 (Bignami & Salusti, 1990).
After their transit through the most reduced
hydraulic cross-section of the strait, tidal cur-
rents decelerate towards the north and the
south, where the strait widens. This leads to
the accumulation of fields of actively migrating
sand dunes (Fig. 1B and C; Selli et al., 1978;
Montenat et al., 1987; Santoro et al., 2004;
Chiocci et al., 2008) that gradually become
smaller down-current and interfinger with shelf
mudstones further basinward, near the two
opposite strait-end zones (Longhitano, 2013,
2018a). Towards the strait margins, tidal-cur-
rent velocities are reduced by bottom friction,
having little or no influence on sediment
transport at the shoreline. Consequently, val-
ley-bounded river deltas prograding into the
strait from the sides receive little or no influ-
ence from the tidal circulation dominating the
strait axis. Recent observations suggest that the
dominant process regime in the sublittoral
zone of the strait derives from a combination
of river-derived, gravity-driven event flows,
related to occasional river floods and gradient-

dependent instability of the margins (e.g.
Casalbore et al., 2017, 2018, 2019).
The modern Messina Strait lies near the sub-

duction zone separating the African and Euro-
pean plates (Malinverno & Ryan, 1986; Patacca
et al., 1990; Doglioni, 1991; Doglioni et al.,
2001; Fig. 1A). The tectonically-controlled strait
dissects the top of the south-east-migrating Cal-
abro–Peloritani Orogen, separating the back-arc
Tyrrhenian Basin to the north-west and the fore-
arc Ionian Basin to the south-east (Fig. 1A; Ghi-
setti, 1981a; Ghisetti & Vezzani, 1982; Dewey
et al., 1989; Lentini et al., 1994; Finetti et al.,
1996). This regional setting leads to a complex
geological history for this area, which experi-
enced sea-strait conditions at least twice during
the last 3 Myr.
A first Late Pliocene–Early Pleistocene phase

of uplift, caused by an episode of contractional–
transpressive deformation of the Calabro–Pelori-
tani Orogen (de Jonge et al., 1994; Monaco et al.,
1996), formed of a series of grabens which dis-
sected the orogen from north to south. After a
stage of relative sea-level fall, many of these
basins were inundated during a subsequent
Early Pleistocene marine transgression, turning
into marine straits (i.e. the Catanzaro, Siderno
and Messina straits in Fig. 1A). These conduits
promoted exchanges of water masses and phe-
nomena of tidal amplification with consequent
accumulation of distinctive tidal facies associa-
tions (Colella & D’Alessandro, 1988; Barrier
et al., 1993; Longhitano et al., 2012b, 2014;
Longhitano, 2018a,b) analogue to those docu-
mented today in the modern Messina Strait
(Selli et al., 1978; Chiocci et al., 2008; Fig. 1C).
At the beginning of the Middle Pleistocene, a
new event of regional-scale uplift led to the clo-
sure of many of these straits (e.g. Longhitano,
2012; Longhitano et al., 2012b, 2014, 2020). The
ancient Messina Strait was the southernmost in
the system of multiple straits that connected the
Tyrrhenian Basin to the north/north-west to the
Ionian Basin to the east/south-east (Longhitano,
2013). Starting from the Middle Pleistocene
onward, the western and eastern margins of the
Messina Strait were affected by differential
uplift rates, causing a diverse exposure of the
Plio-Pleistocene strata between the Sicilian and
the Calabrian onshore sides of the modern strait
(Dumas et al., 1982; Ghisetti, 1984; Westaway,
1993; Monaco et al., 1996; Fig. 1B). The result-
ing outcrops preserve strait-marginal and sublit-
toral deposits (e.g. Chiarella et al., 2020),
whereas the corresponding strait-axial sediments
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currently lie beneath the modern strait bottom,
sealed by Holocene marine sediments (Longhi-
tano, 2018b; Fig. 1C).

The tide-dominated stage of the ancient Mes-
sina Strait (Barrier, 1986, 1987a,b) is recorded in
the Lower Pleistocene interval, comprised

A B

C

D E

Fig. 3. (A) Digital terrain model (DTM)-based geological map of the study area, with plan-view distribution of the
Lower Pleistocene succession. (B) Stratigraphic column of the sedimentary succession exposed near Calanna,
including the two main lithostratigraphic units A and B (biostratigraphic data are from Longhitano et al., 2012b).
s1 and s2 represent the master discontinuities. (C) and (D) Geological cross-sections reconstructed from the map
in (A). (E) Oriented, 3D perspective of the two cross-sections.
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between the base of the Gelasian (ca 2.5 Ma)
and the Calabrian (Santernian, ca 1.5 Ma; Bar-
rier, 1984; Barrier et al., 1987; Mercier et al.,
1987; Stefano & Longhitano, 2009; Longhitano
et al., 2012b). This interval includes a number
of facies associations (Fig. 1C) reflecting specific
depositional zones of the ancient strait, which
were interpreted based on the correspondence
with the modern geomorphic and bathymetric
setting (Longhitano, 2018b). These 200 m thick
tidal deposits (Fig. 1B) provide excellent sedi-
mentary records for the reconstruction of the
depositional setting of discrete parts of the
ancient Messina Strait (Longhitano, 2018a,b),
including its borders and associated strait-mar-
ginal facies.

The Calanna section

One of the most outstanding outcrops of Pleis-
tocene deposits of the eastern onshore border of
the Messina Strait is exposed between 380 m
and 580 m above sea level (a.s.l.) near the vil-
lage of Calanna, in the north-eastern onshore of
the modern strait (Figs 1B, 2A and 3A). The suc-
cession non-conformably laps onto the block-
faulted Hercynian magmatic basement (Fig. 3A
and C to E) and has been interpreted as the
result of the accumulation of mass-wasting pro-
cesses descending from the north-eastern, tec-
tonically active margin of the ancient Messina
Strait during the Early Pleistocene (Barrier et al.,
1987; Mercier et al., 1987; Longhitano et al.,
2012b; Longhitano, 2018b). The recent uplift
and consequent subaerial exposure have
sculpted these deposits into a series of elongated
ridges dipping towards the west/north-west
(Fig. 3A), where differently oriented cliffs pro-
vide a three-dimensional exposure of a sedimen-
tary succession ca 150 to 200 m thick (Fig. 3B).
When reconstructed in two-dimensional cross-
sections (Fig. 3C and D), strata show lateral vari-
ability in thickness, possibly due to pre-existent
topographic lows striking NNW-ward (Fig. 3E).
Two main cliffs (Fig. 4A to C) represent the
focus of this study and consist of well-preserved
exposures that can be observed both at a dis-
tance, gaining general architectural information,
and that are also directly accessible for detailed
facies analysis along road cuts (Fig. 4B and C).
The studied sedimentary succession is

bounded south-eastward by a north-east/south-
west-oriented normal fault array, known as the
‘Calanna Fault’ (Figs 1B, 3A and 4A), which has
presumably been active since the Middle

Pleistocene (Ghisetti, 1981a,b; 1984) playing an
important role in steepening the sublittoral area
of this part of the Messina Strait during the
accumulation of the studied deposits. The
Calanna sections are exposed in two main cliffs
oriented parallel and perpendicular to the
Calanna Fault (Fig. 4A). The perpendicular cliff
strikes from south-east to north-west, approxi-
mately along the depositional dip, and provides
an outcrop exposure of ca 640 m in length and
ca 200 m in height (Fig. 4B). The parallel cliff is
oriented from south-west to north-east, exposing
an outcrop of ca 390 m in length and less than
100 m in height, oriented roughly along-strike
(Fig. 4C). Both sections reveal two vertically
stacked stratal units A and B, which have been
distinguished based on their facies and architec-
tural characters (Figs 4B, 4C and 5A).

METHODOLOGY

The dataset derives from the field-based study of
the Calanna succession (Fig. 4A to C), which
has been investigated by facies analysis, sedi-
mentological logging techniques and aerial col-
lected photographs. The descriptive terminology
follows Harms et al. (1975, 1982) and Collinson
& Mountney (2006). Sedimentary facies were
distinguished based on their macroscopic char-
acteristics (Harms et al., 1982; Walker, 1984),
including bed thickness, lithology, clast compo-
sition, grain size, sedimentary structures, and
trace-fossil and body-fossil assemblages. Termi-
nology for gravel-sized clasts follows the Blair &
McPherson (1999) textural classification for
coarse-grained sediments. Since a considerable
volume of the investigated deposits are arenites
of mixed composition, henceforth called ‘bio-
clastic–siliciclastic arenites’, the ‘bioclastic/sili-
ciclastic ratio’ (b/s) and the ‘Segregation Index’
(S.I. cf. Chiarella & Longhitano, 2012) were esti-
mated for each facies, in order to quantify the
percentage of the dominant clastic component
and the degree of separation between siliciclas-
tic and bioclastic particles. The Bioturbation
Index (B.I.), quantifying the relative (percent)
volume of sediment affected by bioturbation has
been applied following Taylor & Goldring
(1993), together with the ichnofacies identifica-
tion criteria following Minteret al. (2016). Large-
scale depositional architectures were con-
strained using photomosaics and three-dimen-
sional outcrop models obtained from the
integration of LIght Detection And Ranging
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(LIDAR) scanning, drone flights and Digital Ter-
rain Models (DTM). Palaeocurrents were mea-
sured from pebble imbrication and foreset dip
values of cross-bedding and plotted on stereo-
net diagrams, aiming at reconstructing the main
direction of accretion of sand bodies.

RESULTS

Litho-stratigraphy and large-scale
depositional architectures

The succession exposed near the village of
Calanna consists of two litho-stratigraphic
units (A and B) for a total thickness of 185 m.
The succession exhibits two groups of bound-
ing master discontinuities: (i) a number of low
relief and gently sloping surfaces (blue lines in
Fig. 5A and B) converging towards the west/
north-west (basinward) and slightly diverging
in the opposite direction (landward), also due
to the syn-sedimentary displacement exerted
by the Calanna Fault (see Fig. 4A); (ii) ero-
sional discontinuities (red lines in Fig. 5B),
mostly in Unit A and matching with, or incis-
ing onto, the underlying low relief surfaces.
These surfaces bound intervals, each one con-
sisting of strata with downlapping terminations
to the lower bounding surfaces. The above-de-
scribed physical features are regarded as signa-
tures of relative sea-level change and have
been used in the reconstruction of a general-
ized sea-level curve, which will be discussed
later on.

Unit A
The lower Unit A overlies the basement with a
non-conformity surface (s1 in Fig. 5B), is up to
90 m thick in the south-east area (upslope) and
thins towards the north-west (down-slope) until
pinching out over a few hundreds of metres.
Unit A consists mainly of fossiliferous pebbly
sandstones with basal conglomerates and spo-
radic sandstone intercalations. The large-scale
depositional architecture of Unit A is defined by
the previously described low relief master sur-
faces and by the presence of irregular, erosional
surfaces (blue and red lines in Fig. 5B, respec-
tively). These latter are composite undulate dis-
continuities, forming up to 100 m long trains of
shallow U-shaped scours dominantly filled by
upslope-dipping backsets (Fig. 5B). Bed-sets
comprised between these discontinuities range
in thickness from 4 to 12 m and lap against the

basement unit with a back-stepping geometry
(Fig. 5B). Internally, lower-rank erosional sur-
faces have cross-cutting relationships and delim-
itate cross-strata sets with variable thickness and
geometry. Cross-strata consist of angular, tangen-
tial and sigmoidal, 3 to 6 m thick sets, locally
including basal breccias.

Unit B
The upper Unit B is up to 95 m thick and is par-
tially interbedded with or overlies Unit A on a
low relief surface (s2 in Fig. 5B). Sediments are
mixed bioclastic–siliciclastic arenites, with rare
breccia intervals and with a general thinning-up-
ward trend for individual cross-strata. The sec-
tion’s large-scale architecture consists of a series
of vertically stacked sedimentary bodies, west-
ward-dipping, wedging out basinward and back-
stepping onto the block-faulted substrate, sepa-
rated by the low relief master surfaces described
above (blue lines in Fig. 5B). Unit B can be sub-
divided into two main intervals (lower and
upper) based on the vertical transition from
three-dimensional to two-dimensional cross-
strata (Longhitano et al., 2012b, 2014). Inter-
nally, different hierarchical orders of stacked
sets of trough-based and planar-based stratifica-
tion occur, dipping towards north/north-west,
with thicknesses of 12 to 15 m in the basinward
areas thinning progressively towards the margin
(south/south-east). Foresets contain a variety of
internal smaller-scale structures, whose features
are described in the following sections and sum-
marized in Table 1.

Facies and facies associations
The two main stratigraphic units recognized in
the studied sections (Figs 3B, 4 and 5) corre-
spond to two main facies associations defined
from the sedimentological analysis (Table 1).
Facies association A includes basal conglomer-
ates (A1), breccias (A2), and fossiliferous, pebbly
coarse-grained sandstones and conglomerates
(A3; Fig. 6). Facies association B consists of
trough cross-stratified and planar-cross-stratified,
coarse-grained mixed (bioclastic–siliciclastic)
arenites (B1 to B2) intercalated with highly bio-
turbated, fine-grained mixed arenites (Fig. 3B).

Facies A1 – Deltaic mouth-bar conglomerates

Description
Facies A1 is exposed at the base of the dip-per-
pendicular cliff, close to its south-eastern termi-
nation. It has been documented in the CAL 1 log
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where it is up to ca 3 m thick (Fig. 6) and crops
out for approximately 50 m of lateral extent.
Sediments of Facies A1 (Fig. 7A) represent 5%
of Unit A by volume and consist of poorly to
moderately sorted, polymictic, clast-supported
conglomerates and locally of matrix-supported,
gravel-bearing, very-coarse sandstones. Clasts
are well-rounded and range from large pebble to
cobble in grain size, with a mode of 5 to 8 cm in
diameter (Fig. 7B). Sub-angular to sub-rounded
boulders up to 70 cm long also occur, in places.
The majority of clasts consist of granite, but
basalt, schist and sandstone lithologies are also
present. Pectinid and Venus shell fragments are
locally mixed with other bioclasts of unspecified
origin, representing less than 10% of sediment
by volume. Facies A1 shows crude cross-stratifi-
cation defined by abrupt grain-size changes or
clast fabrics (Fig. 7C) and local sigmoidal geom-
etry (Fig. 7D). The base of Facies A1 is visible
only locally, revealing the direct contact with
the underlying crystalline basement (surface s1
in Figs 5B and 6), whereas the top is overlain by
pebbly sandstones of Facies A3 (Fig. 7A and B).
The top is a highly irregular erosional surface
that scours into the conglomerates with inci-
sions up to 2 to 3 m deep (Fig. 7C).

Interpretation
The abundance of granitic basement clasts
admixed with subordinate elements of different
lithologies and their well-rounded shape reflects
the bedrock geology of the nearby mountainous
areas, and indicates that clasts were possibly
recycled from pre-existing accumulations, proba-
bly including gravelly beaches along the shore-
line. The presence of shell fragments suggests
that the deposition of much of these sediments
occurred in a shallow-water environment. Crude
cross-stratification suggests rapid accretion of
lithosomes, which can be indicative of mouth-bar
accumulations (e.g. Mutti et al., 1996; Tinterri,
2011) analogous to those developing at the front
of modern coarse-grained, steep-face deposits
prograding from rocky coastlines (Nemec, 1990).
The overlying irregular erosional surface scouring
for 2 to 3 m the deposits Facies A1 indicates sub-
sequent high-magnitude erosional events and
sediment bypass associated with the deposition
of pebbly sandstones of Facies A3.
In view of their stratigraphic occurrence in

direct contact with an erosional surface (s1)
with the basement (Fig. 8A) and of their physi-
cal attributes, the coarse-grained deposits of
Facies A1 are interpreted as the product of

mass-transport processes related to subaqueous
density flows, possibly generated by energetic
river-discharge episodes (Orton & Reading,
1993). The relatively high maturity of clasts sug-
gests protracted transport by rivers, whereas
most of the finer sediments likely bypassed this
depositional area. This is typical of hyper-
concentrated flows entering shallow waters and
rapidly decelerating due to bottom friction and
flow expansion (Mulder & Alexander, 2001;
Sohn et al., 2002; Pierson, 2005; Nemec, 2009).

Facies A2 – Basal/marginal collapse breccia

Description
Facies A2 is observed at the base of the dip-par-
allel cliff (Fig. 4C), in a proximal position rela-
tive to the north-eastern termination of the
outcrop. It consists of angular pebble-size and
cobble-size granite clasts. These texturally
immature deposits represent 3% of Unit A by
volume and lie in direct contact with the base-
ment rocks (Fig. 8A and B). Sediments exhibit a
chaotic texture, and are often clast-supported,
although a secondary matrix is locally present.
A poorly-defined cross-stratification is present
locally (Fig. 8C). Mollusc and bryozoan frag-
ments have occasionally been detected (Fig. 8D).
Facies A2 is often interbedded with, or overlain
by, cross-stratified mixed arenites of Facies B1
(Fig. 8B).

Interpretation
The deposits of facies A2 are interpreted to
record episodic collapses of locally fractured
and intensely faulted portions of basement cliffs
or canyon walls. Rock falls may have occurred
for a number of possible reasons: instability of
weathered margins, earthquakes and the transit
of energetic sediment-laden flows coming from
more proximal areas in confined channels. The
resulting accumulations thus represent subaque-
ous ‘colluvium’ (Blikra & Nemec, 1998; Millar,
2015) accumulated after minimal transport at
the toe of the palaeo-cliff, and subsequently
reworked in part by currents responsible for the
accumulation of mixed cross-stratified intercala-
tions. The fine-grained matrix surrounding larger
clasts may derive from post-depositional infill-
ing of openwork inter-particle spaces. Sparse
remains of shells, bryozoans and encrustation by
organisms typically living in the intertidal zone
indicate that mass-transport processes affected
bio-communities adapted to rocky substrates in
a high-energy proximal setting.
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Facies A3 – River-dominated, proximal delta-
front pebbly sandstones

Description
Facies A3 crops out extensively in the lower
stratigraphic interval of the strike-oriented cliff
(Fig. 4B) and at the base of the dip-parallel cliff
(Fig. 4C), and it has been identified in all mea-
sured logs, representing 92% of Unit A by vol-
ume. Facies A3 forms a succession up to 90 m
thick and reveals two main orders of bounding
surfaces (Figs 5, 6 and 9A): (i) first-order sur-
faces are low relief, planar discontinuities, com-
prising 8 to 15 m thick bed-sets (blue lines in
Figs 5B, 9B and 10A); (ii) second-order surfaces
are cross-cutting, concave-up discontinuities
internal to each bed-set and comprising multi-s-
torey, upslope-dipping backsets with sigmoidal
geometry (red lines in Fig. 9C and D) and down-
slope-dipping foresets (Figs 9B and 10), showing
downlap stratal terminations further basinward
(Fig. 10B). These structures are often associated
with channelized scours filled by highly
deformed strata (Fig. 10A). In strike-oriented
sections, they form low-angle cross-stratification
separated by slightly concave-up and convex-up
discontinuities (Fig. 9E). Bed-sets of Facies A3
consist of poorly sorted, very coarse sandstones
(Fig. 11A) containing ca 15% of granules and
spheroidal/platy pebbles up to 4 cm overlying
the irregular erosional first order basal surfaces
(Fig. 10A). These elements are crudely aligned,
indicating cross-strata up to 1 m thick (Fig. 11A
and B). Fragments of pectinids up to 3 cm large
are sparsely present (Fig. 11C). Isolated, 50 to
70 cm thick lenses of granitic cobbles (up to
25 cm in diameter) derived from the basement
occur locally (Fig. 11D). Bed-sets are topped by
first-order, sharp low relief surfaces (blue lines
in Fig. 5B), recording an abrupt transition to
Facies B1, here represented by 0.5 to 1.2 m thick
cross-stratified mixed, siliciclastic–bioclastic
arenites, showing foresets dominantly migrating
to the north-west (Fig. 9A and B) or exhibit 3 to
5 cm thick planar-parallel to low-angle cross-
strata, forming wavy geometries (Fig. 11E). Bio-
clasts are more abundant here, usually up to
20% by volume, mostly deriving from fragments
of pectinids and bryozoans. Multi-storey scour-
and-fill structures are recurrently observable
within Facies A3 (Figs 9B, 10, 12A, 12B and
13), as well as intercalations of very coarse
sands and pebbles filling local, 1 to 2 m thick,
single-storey and multi-storey scours or chan-
nels (Fig. 12, inset) with soft-sediment

deformation occupying the axial portion of small
channels.

Interpretation
First-order low relief surfaces bounding individ-
ual bed-sets of Unit A and locally overlain by
remnants of tidal cross-strata of Facies Associa-
tion B are here interpreted to represent a type of
tidal ravinement. They regularly mark the stack-
ing pattern within Unit A and indicate an over-
all transgressive trend. This type of tidal
ravinement differs from the more ‘classical’ tidal
ravinement detected in estuarine settings (e.g.
Zaitlin et al., 1994), where erosion is exerted by
the entrenchment of tidal channels onto under-
lying fluvial deposits in coastal areas as a conse-
quence of landward migration of the zone of
maximum tidal energy (e.g. Allen & Posamen-
tier, 1993). Tidal ravinements in straits may
derive from a process of lateral expansion of the
tidal currents flowing parallel to the strait coast-
lines during major transgressions, resulting in
winnowing of underlying (lowstand to early-
transgressive) strait-margin systems, such as del-
tas or shorefaces (e.g. Longhitano, 2018b; Tele-
sca et al., 2020).
Second-order erosional irregular surfaces

internal to each bed-set of Unit A are thought to
be originated by fluvial-derived jet-flow propaga-
tion and bottom scouring upon entering the sub-
littoral zone. Erosion was exerted by energetic
supercritical hyperpycnal flows (Russell &
Arnott, 2003; Yang et al., 2017; Shanmugam,
2018) transferring coarse-grained sediment from
subaerial canyons to the basin. Second-order
discontinuities positioned within each bed-set
and forming multi-storey scour-and-fill struc-
tures may be indicative of low rates of aggrada-
tion under cyclic steps (e.g. Massari, 1996;
Fielding, 2006; Alexander, 2008; Yokokawa
et al., 2009; Cartigny et al., 2011; Lang & Winse-
mann, 2013; Cartigny et al., 2014; Hage et al.,
2018). They would record dominant erosion and
bypass by the highest energetic stages of the
flows, rapidly followed by filling of the depres-
sions by currents undergoing hydraulic jumps
and recurrent transitions from subcritical to
supercritical flow regime (Fig. 14). The process
of supercritical-bedform migration was likely
not continuous, but characterized by deposi-
tional episodes of dominant aggradation alter-
nating with stages of bypass or net erosion (e.g.
Cartigny et al., 2014; Ventra et al., 2015; Hage
et al., 2018; Cornard & Pickering, 2019; Kostic

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology, 68, 2523–2562

2536 S. G. Longhitano et al.



et al., 2019; Stacey et al., 2019; West et al.,
2019). The immature texture of the pebbly sand-
stones suggests rapid deposition of mixed bed-
load and suspended load under supercritical-
flow conditions, as indicated by the variable
number of fining-upward intervals (FU in
Fig. 13) within upstream-accreting sigmoidal
backsets (Fig. 9A to D). Structures at the top of
the bed-sets of Unit A suggest that after early
depositional stages, gravity flows may have
evolved in two different ways:

1 Once released, the majority of the bedload
flows gradually waned in energy, maintaining
supercritical conditions for an amount of
time sufficient to accumulate finer sandy sedi-
ments into antidune trains. This latter aggrada-
tional phase reshaped the tops of the
underlying large bedforms into a relief com-
prising the convex profiles of smaller antidune
bedforms.
2 Occasionally, the waning phase of currents

was more rapid, with a transformation from
supercritical into subcritical turbidity currents
taking place possibly at plunge points near the
shoreline (Kostic et al., 2002; Lamb et al., 2010),
favouring the accumulation of down-current
migrating dune fields.

Common to both pathways of flow evolution
would be a final stage of flow halting, followed by
long-term tidal reworking that led to the develop-
ment of the cross-stratified intervals preserved at
the top of each succession, and recording inter-
stages of relative sea-level rises (Fig. 13).
The bioclastic content suggests that high-den-

sity fluvial outflows bypassed mouth-bar and
delta-front zones, entraining living organisms (or
their remains) adapted to an energetic shore
environment. The occurrence of basement
blocks, as well as fragments of adjacent deposits
(i.e. Facies A1 and B1; Fig. 8A and B), also sug-
gests continuous scouring of the substrate in a
highly energetic proximal delta-front setting, or
collapses of subaqueous substrate margins.
The overall sedimentological evidence indi-

cates a proximal subaqueous delta-front setting
(Nemec, 1990; Bhattacharya, 2006). The riverine
derivation of these sediment flows is inferred
from the general textural immaturity of sand-
stones and from the presence of scattered gravel-
size, well-rounded elements, which are all typi-
cal indicators of fluvial sediment discharge (e.g.
Fielding, 2006). The distal wedging-out of indi-
vidual bed-sets over a distance of 150 to 200 m
(see Fig. 10B) may indicate that sediment fines

basinward, as it is typical of proximal to distal
subaqueous deltaic wedges with no relevant cli-
noform architectures.

Facies B1 – Tidal-influenced, distal delta-
front, trough cross-stratified mixed arenites

Description
Facies B1 has been recognized in all measured
logs (Fig. 6), forming the dominant type of
deposits in Unit B. Facies B1 usually overlies
beds of Facies A3 through a low relief surface
(s2 in Fig. 15A) or is intercalated as remnants
overlying low relief master surfaces and incised
by the erosional surfaces of Facies A3 (Figs 9B,
9D, 10 and 12B).
Sediments of Facies B1 consist of very-coarse

to coarse-grained mixed siliciclastic–bioclastic
arenites with a b/s ratio of ca 1 (0.75 to 1.2),
forming a compositional mixing (sensu Chiarella
et al., 2017) and organized into 0.3 to 2.0 m
thick cross-strata. Their bases are erosional with
a dominant concave-up geometry, whereas tops
are either erosional or gradational (Fig. 15B).
Cross-strata sets are locally interrupted by 10 to
15 m wide and 3 to 5 m deep scour surfaces
filled by trough cross-strata (Fig. 15A and B).
‘Compound’ foreset architectures dominate
(Fig. 16A), consisting of multiple lamina-sets
superimposed over the top and the frontal (lee)
side of underlying larger cross-strata (Allen,
1980; Dalrymple, 1984; Ashley, 1990; Dalrym-
ple, 2010). Palaeocurrents derived from individ-
ual foresets mostly show a north/north-west
direction, but they also include subordinate
reversal indicators trending mostly to the
south/south-east. Internally, reactivation sur-
faces (Fig. 16B) separate 10 to 30 cm thick lam-
ina-sets of moderately to well-sorted, medium to
very coarse-grained sandstones, including scat-
tered pebbles generally <1 cm in diameter, alter-
nating with lamina-sets made up of bioclasts
(fragments of molluscs and bryozoans). Lamina-
sets exhibit cyclical thickening-upward and
thinning-upward bed-thickness trends associ-
ated with coarsening-upward and fining-upward
grain-size repetitions (Fig. 16C). Foreset laminae
show either angular or tangential geometries,
often interrupted by internal discontinuities.
Bioclastic–siliciclastic laminae are unsegregated
to moderately segregated, indicating a Segrega-
tion Index (S.I.) ranging from <35 to 50–60 (cf.
Chiarella & Longhitano, 2012). Intercalations of
unsegregated (S.I. <35) siliciclastic–bioclastic
sandstones, 20 to 70 cm thick, are present at
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various stratigraphic heights. These intervals are
heavily bioturbated (B.I. 4 to 5) with Thalassi-
noides ichnofacies (Fig. 16D) that mostly obliter-
ate primary sedimentary structures. However,
planar to low-angle cross-lamination is visible
in places.

Interpretation
Strata of Unit B stacks over the low relief discon-
tinuity represented by surface s2 (Figs 5B, 15A
and 17A), which coincides with one of the tidal
ravinements recognized in the succession, indi-
cating a phase of accelerated relative sea-level

rise. The presence of bundles in the stacking pat-
tern of cross-lamination, reactivation surfaces,
alternation of angular and tangential termina-
tions of foreset laminae, and bi-directional fore-
set orientations (Figs 16 and 17) suggest a tidal
origin for the deposits of Facies B1 (e.g. Allen,
1980; Homewood & Allen, 1981; Allen, 1982;
Nio & Yang, 1991; Longhitano et al., 2012a;
Chiarella, 2016). In particular, rhythmic alterna-
tions of bioclastic and siliciclastic foreset lami-
nae in cross-strata are thought to reproduce
semi-diurnal reversal flood–ebb tidal phases in
mixed systems (Longhitano, 2011), analogous to

Fig. 6. Correlation panel among sedimentological logs CAL 1 to CAL 5 measured along the north-west/south-east
oriented cliff of the Calanna section (see Fig. 5A for location). Palaeocurrent measurements were obtained from
cross-stratification. For facies codes, refer to Table 1 (logs 1 to 4 were measured on the outcrops; log 5 was
obtained from LIDAR data; s1 = base of the succession; s2 = Unit A/Unit B boundary).
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sand–mud packages in mud-rich tidal systems
(e.g. Visser, 1980). Tidal reversals in the strait in
fact generate periodic changes in flow capacity,
segregating grain populations by density/weight
(i.e. siliciclastic/carbonate) within foresets dur-
ing the stronger and weaker currents every six
hours per day (e.g. Chiarella & Longhitano,
2012). Bundles of coarsening to fining-upward
inclined lamina intervals also preserved within
foresets (Fig. 16C) may reflect longer tidal peri-
odicities of neap–spring tidal cycles, whereas
reactivation surfaces interrupting regular foreset
sequences would record slack-water stages sepa-
rating two successive flood–ebb tidal phases
(Longhitano & Nemec, 2005).
The dominance of trough cross-strata records

the accretion of large, sinuous-crested, subaque-
ous three-dimensional dunes migrating under
dominantly unidirectional tidal currents. The
subordinate tidal phase may have been too weak
to produce sand transport and bedform accretion
in an opposite direction. Therefore, slack-water
tidal stages may be recorded only by reactivation

surfaces, with the overlying conformable foresets
representing current reprises (Longhitano &
Chiarella, 2020). Compound dune architectures
(Fig. 16A) are well-known to be the expression of
long-term variations in the competence of tidal
currents, triggering the accretion of secondary
bedforms onto larger dunes (e.g. Anastas et al.,
1997; Olariu et al., 2012). The highly bioturbated
deposits recorded as finer intercalations within
the cross-strata may represent ‘toesets’ or lateral
fringes of the subaqueous dune fields, which are
usually areas of lower bed-shear stress and sedi-
ment accumulation rate, more prone to be colo-
nized by infaunal organisms. The deep erosional
surfaces interrupting the monotonous repetition
of cross-strata are attributed to local scouring,
probably related to erosion exerted by episodic
sediment bypass originated by river-derived grav-
ity-driven currents flowing at high angle to the
direction of dune migration (see Fig. 6 for
palaeocurrent data). These erosional–deposi-
tional units within tidal cross-sets are designated
as a diagnostic element in strait-fill successions

A

C D

B

Fig. 7. Outcrop photographs of Facies A1, exposed at the base of the studied section (see Fig. 5 for their loca-
tions). (A) Cross-stratified conglomerates lying on the basement substrate are erosionally truncated at their top by
a highly irregular surface and overlain by very coarse-grained pebbly and shelly sandstones of Facies A3. The
basement is not exposed here but is intuitively located less than few metres into the subsurface (car as scale is ca
2.5 m long). (B) Detail from the previous photograph showing poorly-sorted and well-rounded polymictic ele-
ments (hammer is 35 cm long). (C) Facies A1a showing cross-stratifications and being truncated by an irregular
erosional surface (person as scale is 1.6 m tall). (D) Set of stratification planes locally dipping palaeo-landward.
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as a consequence of proximity to unstable mar-
gins promoting mass-wasting processes (Longhi-
tano, 2013, 2018a,b) or incipient canyons.

Facies B2 – Tidal-influenced, strait-marginal,
planar cross-stratified mixed arenites

Description
Facies B2 represents the uppermost interval of
Unit B and consists of 20 to 100 cm thick planar
cross-strata bounded by low relief discontinuities
(Fig. 17A and B). Sediments are mixed bioclas-
tic–siliciclastic arenites with composition similar
to that of underlying Facies B1, but with a higher
b/s ratio (0.7 to 7.0), and including sparse inter-
calations of matrix-supported conglomeratic

lenses (Fig. 17B). Bioturbation is widespread
(B.I. = 3 to 4) and many intervals are completely
homogenized by intense burrowing. Planar cross-
strata dominantly exhibit ‘simple’ geometries (cf.
Allen, 1980), i.e. including individual foreset
units (Fig. 17C), rather than multiple foresets, as
observed in the underlying ‘compound’ cross-bed
sets. Cross-strata thicknesses range from 2 to 3 m
in the west/north-west sector to 0.4 m towards
the east/south-east (Fig. 17D), inferred to repre-
sent the distal and proximal depositional sectors,
respectively. However, localized 40 to 50 cm
thick trough cross-strata occur (Fig. 17E). The
proximal to distal thickening trend of cross-strati-
fication is associated with an increase in the B.I.,
which attains highest values near marginal areas.

A B

C D

Fig. 8. Outcrop photographs of Facies A2. (A) Basal/lateral contact between the igneous basement (right) of brec-
cia (A2), and the overlying pebbly sandstones (A3) and mixed arenites (B1). These latter lie on a low relief surface
interpreted as a tidal ravinement. Sediment palaeo-transport inferred from facies A3 and B1 indicate directions
oriented perpendicular to the section, suggesting that this contact would represent a side of a channel/canyon
incised into the basement (person as scale is 1.7 m tall). (B) Detail from the previous photograph. Breccia of
Facies A2 are interbedded with mixed arenitic strata of Facies B1 (s1 = base of the succession; hammer in the yel-
low circle is 35 cm long). (C) Detail of Facies A2. Although the general appearance is structureless, a poorly-de-
fined planar-stratification can be recognized. (D) Monomictic gravel clasts associated with a fragment of a pectinid
(arrow; lens cap is 6 cm in diameter).
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Upward, tabular cross-strata of Facies B2 grade
into a monotonous succession of thinner strata
(0.4 m thick, on average) lapping and back-step-
ping ESE-wards onto the block-faulted basement
margin (Fig. 17A). Palaeo-flow indicators
acquired in the small tidal foresets show domi-
nant trends to the west/north-west and
north-west.

Interpretation
The vertical stacking from three-dimensional
(Facies B1) to two-dimensional (Facies B2) tidal
cross-stratification records a general decrease in
bed-shear stress through time (e.g. Southard,
1991; Longhitano et al., 2014). Lenticular con-
glomeratic intercalations and small channel fills
(Figs 15A and 17B) indicate occasional fluvial
discharge, scouring local gullies into the top of
the tidal bedforms and descending downslope for
short distances. The recurrent ‘simple’ architec-
ture of the tidal foresets (Fig. 17C and D) suggests
more stable current patterns, whereas the overall
decrease in set thickness towards the margin
reflects a cross-sectional energetic trend typical of
straits. In the absence of relevant coastal indenta-
tions, tidal currents are indeed faster along the
strait axis, whereas they tend to decelerate
towards the margins, due to the frictional effect of
the shallower bottom on the tidal waves (Longhi-
tano, 2018b; Longhitano & Chiarella, 2020).
Planar cross-strata of Facies B2 record aggrada-

tion during the superimposition of straight-
crested, subaqueous, two-dimensional dunes
migrating under prevalently unidirectional cur-
rents, which were less energetic compared with
those responsible for underlying three-dimen-
sional dunes (Facies B1). This process-regime
change is associated with the decrease in silici-
clastic fraction in the mixed deposits of Facies
B2, and to their back-stepping architecture onto
the faulted margin. Due to their position in the
stratigraphic succession, the tidal dune-bedded
interval (Unit B) represents the distal frontal
environment of the delta system, laterally adja-
cent to its proximal sectors represented by the
deposits preserved in Unit A. Facies B2 records a
late transgressive stage, characterized by weaker
tidal circulation related to an enlargement in the
cross-sectional area of the strait (e.g. Chiarella
et al., 2012; Longhitano et al., 2014, 2021;
Longhitano, 2018b). The presence of shallow
channels filled by coarse-grained material sup-
ports the interpretation of a subaqueous area con-
nected to delta distributaries. Dunes of Facies B2
are even richer in bioclasts, indicating that tidal

currents favoured colonization of the soft bottom
by organisms adapted to energetic conditions, or
that tidal currents were sweeping adjacent areas
(i.e. near situ) of high carbonate production. This
type of setting seems to be a prerequisite for the
development of carbonate factories in modern
and ancient bedform fields subjected to current
winnowing (e.g. James et al., 2014). The net
direction of tidal transport, suggested by the
dominant west/north-west-oriented dip of tidal-
bedform foresets, is parallel to the orientation of
the western palaeo-margin of the ancient Messina
Strait, which roughly corresponds with the mas-
ter fault bounding this part of the basin.

DISCUSSION

Deltaic versus tidal process interplay at the
head of a subaqueous strait canyon

The observed facies associations indicate that
river outflow mixed with tidal currents, repre-
senting a persistent background process along
the marginal area of the ancient Messina Strait.
Interactions between hyperpycnal flows and
tidal currents have been observed offshore mod-
ern tide-influenced and tide-dominated deltas
(e.g. Wang et al., 2010; Ayranci et al., 2012).
However, in this type of setting flood and ebb
tides approach the shoreline perpendicularly; by
contrast, in marine straits undergoing tidal
amplification, tidal currents act as a contour
flow moving parallel to the strait margins and
influencing sublittoral sediment distribution
(Longhitano & Chiarella, 2020). Examples of
interplay between deltas impinging tidal straits
and tidal currents have been documented
recently from ancient strait-fill successions (e.g.
Longhitano & Steel, 2016; Rossi et al., 2017; Tel-
esca et al., 2020). The subaqueous delta-front
deposits are reworked into tidal dune fields that
migrate at high angle with respect to the direc-
tion of delta progradation. In addition, the pro-
gressive deflection of the delta lobe in the
direction of the dominant tidal phase is another
distinctive effect, eventually causing the possi-
ble detachment of sedimentary bodies from the
main deltaic deposits (Keller & Richards, 1967;
Galloway, 2002). During periods of low river
discharge, fluvial deposits accumulated in the
shallow-marine realm are thus subject to rework-
ing by tidal circulation.
Palaeocurrent directions measured in the

cross-stratified deposits of Unit B have a
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A

B

C

D E

Fig. 9. (A) Deposits of Facies A3 at the base of the dip-parallel cliff of the Calanna section (see location of the
photographs in Fig. 5B). (B) Complex cross-cutting foreset units aggrading and back-stepping up-slope, comprising
remnants of tidal biocalcarenites of Facies B1 overlying a low relief ravinement. (C) Detail of internal foresets,
which indicates downslope and upslope sand-body migration. (D) Detail showing the intercalation of tidal cross-
stratified biocalcarenites of Facies B1 intercalated within pebbly sandstones of Facies A3. (E) Close-up view of
one of the observed contacts between Facies A3 and the underlying Facies B1 (person as scale is 1.8 m tall).
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dominant unidirectional (north/north-west-di-
rected) orientation because that area likely occu-
pied the marginal segment of one of the two
depositional zones of the strait (i.e. the strait-
bedded zones, cf. Longhitano, 2013, 2018b). In
modern tidal straits, this zone lies down-current
of the strait centre. After the flow accelerates
through the narrowest or shallowest strait cross-
section, it expands and decelerates with a flood
or ebb component that is always stronger than
the opposite one. These current velocity varia-
tions generate a marked tidal asymmetry, a rapid
decline in flow transport capacity, and the accu-
mulation of sandy bedform fields reflecting the
locally dominant tidal phase (Longhitano &
Chiarella, 2020).

Reconstruction of the canyon-head system

The depositional scenario reconstructed for the
studied sections can be referred to a proximal
deltaic setting or a ‘base of scarp’ environment
(e.g. Chiarella et al., 2020) located at the
entrance of a subaqueous canyon system. The
first hypothesis is based on the observation of
mouth-bar conglomerates (Facies A1) that,
although with immature textural features, exhi-
bit cross-stratification typical of proximal delta
front, where also coarse-grained deposits are
shaped into bars, because of the effect of fluvial
inertial transport (Postma, 1984; Kazanci &
Varol, 1990; Orton & Reading, 1993; Van Yperen
et al., 2020). The second hypothesis is indicated

A

B

Fig. 10. (A) Multiple scour-and-fill structures in pebbly sandstones and conglomerates of Facies A3 interpreted as
cyclic steps and intercalated with cross-stratified tidal mixed bioclastic–siliciclastic arenites of Facies B1. Note
second-order erosional surfaces displaying channel-shaped, concave-up geometry, with symmetry axis skewed up-
slope and cross-cutting relationships. Internal backset units, when fully preserved, show dominantly landward-
prograding, subordinately aggrading, sigmoidal geometry. Where unaffected by internal, lower-rank (third-order)
discontinuities, individual sigmoidal packages grade upwards into concave-up stratification. (B) Panoramic view
of a section located ca 200 m basinward with respect to the insert ‘A’ and showing strata converging and indicat-
ing down-lap termination (see location of the photographs in Fig. 5B).
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by the absence of wave-related sedimentary
structures at the top of the channelized deposits,
replaced by facies clearly indicative of unidirec-
tional tidal reworking (Chiarella et al., 2020).
The preservation of tidal deposits points to a rel-
atively deep (i.e. below wave base) setting domi-
nated by tidal currents during prolonged

intervals of minimal or no river outflows and
may indicate an accumulation area detached
from delta-plain deposits, which in fact have
not been identified in the studied outcrops.
Common to both the proposed reconstructions of

proximal subaqueous deltaic versus base of scarp
setting is the presence of a canyon-head system,

A B

C

E

D

Fig. 11. Outcrop photographs of Facies A3. (A) Crude inclined stratification in pebbly sandstones (person as scale
is 1.6 m tall). (B) Detail of the pebbly sandstones, including gravels up to 4 cm in diameter. (C) Aligned, platy
shell fragments indicating faint low-angle lamination (coin is 2.5 cm in diameter). (D) Detail of distally (west/
north-west)-located, coarse-medium sandstones of Facies A3 including large blocks derived from Facies A1 and
B1. (E) Undulate, cross-stratified sandstones and conglomerates, interpreted as swales and antidunes [person as
scale is 1.7 m tall; see Fig. 5B for the location of panels (D) and (E)].
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composed of minor subaqueous channel indenta-
tions close to the shoreline, and initially incised
onto the basement. In this study, canyon heads
were reconstructed by mapping the deposits of Unit
A (see Fig. 4A), whose lateral distribution indicates
several entry points to the system for sediment,
likely forced by some degree of lateral confinement
(Fig. 18A). These substrate incisions formed the
proximal portions of a more extensive subaqueous
sediment-transfer system into the basin, as recog-
nized in modern base of slope settings (e.g. Gal-
loway, 1998; Fig. 18B). The occurrence of canyons
directly connected to the shoreline suggests that
the sublittoral zone of this segment of the north-
eastern margin of the ancient Messina Strait was
likely characterized by a very narrow or nearly
absent shelf, as observed along those parts of the
modern strait where tectonics has been active until
recent times (see Fig. 2A to D).
The steep bathymetric gradient was related to

the morpho-tectonic setting of this fault-controlled
margin and formed an important prerequisite to
favour supercritical conditions for river-fed

hyperpycnal flows, generating repeated processes
of scour and fill in which aggradation was, at least
at times, controlled by fields of large, up-dip
migrating bedforms, identified here as cyclic
steps.
In Fig. 18B, the reconstructed palaeo-environ-

mental setting suggests the presence of at least
four canyon branches or indentations, eroding
and retreating towards the shoreline. These cor-
respond roughly with the branching pattern of
the large-scale scour-fills observed in the
Calanna succession. The exposed strata, which
are today comprised between a series of hills
separated by subaerial incisions, thus represents
a case of ‘inverted topography’, i.e. deposits
originally occupying the topographic lows today
form a positive relief or hillcrests.
For each of the subaqueous canyons, the exis-

tence of a river mouth is supposed to have been
the main source of sediment discharge into the
canyons. However, erosional canyon heads with
no rivers at their subaerial end are observed today
in many parts of the modern Messina Strait

A

B

Fig. 12. Motifs of cross-stratification observed within two intervals of Unit A (see Fig. 5B for location). (A) A few
metres above the basal contact over Facies A1, pebbly sandstones of Facies A3 exhibit cross-cutting discontinu-
ities comprising backsets dipping up-slope. Soft-sediment deformation structures are also present (inset), possibly
reflecting local collapses due to the steepness of the scour margins (person in the circle is 1.90 m tall). (B) Back-
sets of Facies A3 show regular and repetitive scour geometries, and scoop into the underlying deposits of the
same facies or cross-bedded mixed arenites of Facies B1, defining asymmetrical scours with profile steeper down-
slope but migrating up-slope. In both examples, channel tops are bounded by a reworking surface representing a
tidal ravinement.
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(Fig. 2B to D). Although these features have no
direct sediment supply, it is interesting to note
how they also contain supercritical bedforms
migrating upstream with dynamics extremely

similar to those of river-fed canyon heads (Casal-
bore et al., 2014, 2019). Arguably, deposits within
these canyons may derive from longshore-trans-
ported sediments (Fig. 18B) that, once captured
within the canyon, are subsequently involved in
mass-wasting instability and occasional genera-
tion of high-energy turbidity currents (Green
et al., 2007; Di Celma et al., 2010).

Supercritical-flow processes within shallow-
marine canyons

The hypothesis that delta lobes entered canyon
heads in the strait-margin nearshore zone is sug-
gested by the contiguity of the coarse-grained
facies of Unit A to the basement margin, the
abrupt lateral (along-strike) pinching out of the
succession, and the presence of basal mouth-bar
conglomerates (Facies A1) and marginal breccias
(Facies A2).
During the first phase of canyon infilling, sedi-

ment accumulation may have occurred through
stages of erosion/deposition, recording the pro-
gressive depletion of the current energy after
every episode of river discharge. This interpreta-
tion is based on the observation of recurrent
depositional architectures, commonly docu-
mented in the various bed-sets composing Unit
A (Fig. 19), including the different hierarchical
orders of erosional discontinuities.
Episodic, high-energy flash-floods caused by

heavy rainfall events and interrupting relatively
protracted periods of minimal discharge are
common to present-day fluvial environments of
the region (e.g. Sorriso-Valvo & Terranova, 2006;
Sorriso-Valvo, 2008; Lo Iacono et al., 2017),
reflecting the recent and modern climate back-
ground of southern Italy and of the southern
Mediterranean, more in general. The combina-
tion of high-relief and limited area of local
catchments, are additional elements for generat-
ing quick and amplified hydrograph responses
to precipitation events (Patton, 1988; Ventra &
Clarke, 2018). Rates of subaerial erosion are high
in these dryland coasts, and sediment yields are
known to be amongst the highest globally, par-
ticularly in Mediterranean regions (Hooke,
2019). Along the coasts of the Messina Strait,
river valleys are often in direct hydraulic conti-
nuity with subaqueous canyons, whose heads
are located less than 50 m away from the mod-
ern shoreline, and rapidly retreating (Casalbore
et al., 2014, 2017; Gamberi et al., 2017). On the
occasion of heavy and localized rainfall concen-
trated onto small catchment sectors of the coast,

Fig. 13. Reconstructed, vertically stacked sequence of
sedimentary structures observed within individual
gravelly sand bodies of Facies A3. The base (first-
order discontinuity) is erosional and associated with
sparse pebble and cobble clasts deriving from the sub-
strate. Individual bodies comprise a variable number
of fining-upward (FU, amalgamated) intervals, in turn
bounded by second-order discontinuities. Internally,
backsets have sigmoidal to angular geometry and
migrate mostly upslope. The tops of these intervals
comprise up-dip migrating strata and swales. The very
top of the sand body is marked by a ravinement sur-
face and is overlain by tidal cross-bedded facies.
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the unstable margins of steep subaerial canyons
may rapidly collapse, generating high rates of
sediment discharge, transferring thousands of
cubic metres of bedload towards the shoreline
(Langbein & Schumm, 1958; Dedkov & Moz-
zherin, 1992). Hence, in such high-relief flash-
flood-prone settings, sediment-laden discharge
events are prone to generate density currents
that transfer significant volumes of debris
rapidly from the subaerial to the subaqueous
portion of the system (e.g. Warrick & Milliman,
2003; Warrick et al., 2008; Katz et al., 2015).
The effect of river floods onto the most proxi-

mal subaqueous zone of the coast is concomi-
tantly erosional and depositional (Fig. 19).

Scouring of chutes within the canyon is associ-
ated with canyon-head receding, whereas episo-
dic accretion of trains of large supercritical-flow
bedforms migrating upstream (e.g. Casalbore
et al., 2011, 2019; Tubau et al., 2015) is facilitated
by the tendency of density currents to rapidly
attain high densimetric Froude numbers along
steep bathymetric gradients (Komar, 1971;
Sequeiros, 2012). These processes are common in
deep-water slope and channel/canyon settings,
and are particularly known for channel–lobe tran-
sitions at the base of continental slopes (e.g.
Wynn et al., 2002; Postma et al., 2016, 2021; Cov-
ault et al., 2017; Ono & Plink-bj€orklund, 2018;
West et al., 2019). Fields of supercritical-flow

Fig. 14. Genetic processes inferred for the origin of the large-scale cyclic steps observed within the deposits of
Facies A3. (A) Individual backset units represent a single hydraulic jump occurring at the interface above a hyper-
pycnal flow propagating downslope. This process causes erosion of previously deposited strata and contempora-
neous accretion of upslope migrating backsets (numbers indicate the sequence of bed erosion/deposition). (B)
Trains of hydraulic jumps cause repeated sequences of cyclic steps and the formation of an erosional contact
deriving from the amalgamation of erosional surfaces scoured by migrating hydraulic jumps. (C) Stacked units
comprising subsequent generations of cyclic steps resembling the architectures observed in outcrop. In this last
sketch, the hyperpycnal current flows with weaker energy, generating antidunes over underlying cyclic steps
(inspired after Cartigny et al., 2011, 2014).
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bedforms fed by flood-prone river outflows have
been documented along subaqueous portions of
modern deltas in other areas of the Mediterranean
(e.g. Urgeles et al., 2011; Lobo et al., 2015; Casal-
bore et al., 2017; Kostic et al., 2019). Outcrop
examples have been recently reported from an
ancient channel–lobe transition zone of a deep-
water delta, from Eocene continental-slope

successions of southern California (Ono & Plink-
bj€orklund, 2018), in the Eocene of north-eastern
Spain (Postma et al., 2021), and in Plio-Pleis-
tocene base of scarp deposits exposed in a south-
ern sector of the western margin of the Messina
Strait (Longhitano, 2016; Chiarella et al., 2020).
In particular, Postma et al. (2021) observe a com-
posite, undulate basal discontinuity filled by

A

B

Fig. 15. (A) Contact separating the top of Unit A and the base of Unit B (see Fig. 5B for location). Here, erosional
discontinuities have cross-cutting relationships, whereas cross-stratified mixed arenites of Facies B1 include local
conglomeratic lenticular intercalations (s2 = Unit A/Unit B boundary). (B) Outcrop of Facies B1 oriented perpen-
dicular with respect to the basinward direction and showing tidal foresets with apparent opposite direction of
migration (arrows) but reflecting a net direction of sediment transport perpendicular to the road cut, as typical for
three-dimensional dunes
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repeated internal channel deposits, scouring the
adjacent channels and migrating upslope, sug-
gesting a process of retrogressive erosion (see
Fig. 14). This process was likely responsible also
for deposition of Facies A3, through a continuous
reshaping of upslope-migrating backset beds and
contemporaneous truncation of underlying
deposits, until a definitive transition to subcriti-
cal conditions at flow waning stages. The topmost
depositional record of density-current events was
successively reworked by tidal currents (Fig. 13).

Sequence-stratigraphy of the transgressive
delta–canyon complex

The studied succession shows a stratigraphic
assemblage indicative of subaqueous deltaic
deposits accumulated during an overall rise of

the relative sea-level, with periods of minor falls
and stillstand (e.g. Postma, 1995). A relative sea-
level curve is reconstructed in Fig. 20 by consid-
ering the low relief master discontinuities
observed in outcrop and assessed in the correla-
tion panel (blue lines in Fig. 5B) as ravinement
surfaces (Swift et al., 1987). Flat stratigraphic
discontinuities preserved in marginal-marine
strata commonly refer to erosion by surface
waves on narrow shelves, forming wave-cut
platforms (e.g. Cattaneo & Steel, 2003). In the
present case, the depth of the deposits inferred
below base level and the occurrence of overly-
ing tidal cross-strata of Facies Association B
suggest that these surfaces are a type of tidal
ravinement promoted by energetic tidal currents
in a narrow marine strait setting (cf. Longhitano
& Steel, 2016; Longhitano & Chiarella, 2020).

A B

C D

Fig. 16. Outcrop photographs of Facies B1 showing internal details of cross-strata. (A) ‘Compound’ cross-strata,
consisting of several horizons of superimposed bedforms migrating over the frontal (lee) side (surface inclined to
the right) of an underlying larger dune (migration direction to the right; person as scale is 1.8 m tall). (B) Internal
reactivation (scoured) surface, separating superimposed foresets (pencil for scale in the circle is ca 14 cm long).
(C) Detail from the previous photograph showing neap–spring tidal bundles, consisting of repeated coarsening to
fining-upward pair of laminae. (D) Lamina-scale siliciclastic/bioclastic rhythms are often amalgamated by burrow-
ing (arrows), here attributed to Thalassinoides (lens cap for scale is ca 6 cm long).
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A

B

C D

E

Fig. 17. (A) East/south-east uppermost termination of the WSW–ENE-oriented cliff of the Calanna Section, show-
ing mixed arenitic strata of Facies B2 (uppermost Unit B) erosionally overlying and back-stepping onto the top of
the deposits of Unit A (s2 = Unit A/Unit B boundary; person as scale is 1.8 m tall). (B) Cross-strata geometries
observed within Unit B are dominantly tabular and interbedded with 1 to 2 m thick channel deposits. (C) Planar-
based, ‘simple’ foreset strata ca 1.2 m thick, grade up-dip into 0.2 to 0.4 m thick strata (D), reflecting a decrease in
tidal-current competence from the strait axis to the strait margin (person as scale is 1.8 m tall). (E) Detail from the
previous photograph, showing an example of trough cross-strata (Facies B1) whose palaeo-direction of migration
is towards the cliff (see Fig. 5B for the location of the photographs).
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The deltaic succession preserved at Calanna
shows an initial progradational trend corre-
sponding to Unit A, followed by a retrograda-
tional stacking pattern represented by Unit B. In
Unit A, the various wedges are comprised
between master erosional discontinuities (f1 to
f6, red lines in Fig. 20; see also Figs 7, 9 and 10),
although remnants of original transgressive sur-
faces are still preserved, in places (see Fig. 9B
and D as an example). These wedges can be
regarded as simple sequences, based on the
observation of their irregular/undulate erosional
top indicating stages of minor sea-level fall with-
out significant emergence. Strata packages com-
posing Unit B are instead bounded by tidal
ravinements or flooding surfaces (t7 to t11, blue
lines in Fig. 20) showing a retrogradational
trend. Unit B thus consists of back-stepping,
stacked parasequences or ‘amalgamated subtidal
cycles’ (sensu Goldhammer et al., 1990). The
progradational to retrogradational stacking

pattern of units A and B records a phase of tec-
tonically-induced transgression, and reflects a
major change in the ratio between sediment sup-
ply and accommodation (S and A in Fig. 20,
respectively). Internally to Unit A, each deltaic
wedge represents transgressive–regressive (T–R)
cycles, where the basal tidal-influenced deposits
overlying the tidal ravinement are the transgres-
sive counterpart, whereas the fluvial-influenced
strata are the regressive one (see Fig. 9E, as an
example). In places, especially where erosion
exerted by fluvial outflows was strong enough to
remove entirely the tidal transgressive interval,
these cycles show only the regressive trends and
are characterized by inclined strata downlapping
onto the basal flooding surfaces or onto the top
of the previous wedge (Fig. 10B). In the overly-
ing Unit B, strata are organized into retrograda-
tional parasequences, generally showing
deepening-upward trends (see Fig. 17B, as an
example). Unit A thus records the canyon infill

A B

Fig. 18. (A) Aerial view of the modern relief of the studied sections. Yellow dashed lines indicate the lateral lim-
its of the sandstones belonging to Unit A. These lines, traced based on the block-diagram presented in Fig. 4A,
are inferred to correspond to the main boundaries of the canyons. Yellow arrows indicate direction of basinward
sediment transport. The dashed grey line shows the inferred palaeo-shoreline and blue arrows indicate hypotheti-
cal small drainages supplying the canyons. (B) Reconstruction of the palaeo-setting based on the picture in (A).
The multiple-branch canyon represents the subaqueous continuation of rivers and the proximal segment of a
longer system of sediment transfer towards the deeper strait. Orange arrows indicate possible catchment of long-
shore drift sediment into the canyon heads. Tidal dunes reworked interfluves. Channel lev�ees are supposed to
converge basinward.
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during the early transgression, whereas Unit B
represents the diffusion of strait-margin tidal
dunes and a general delta-bottom flattening over
the previous subaqueous incised topography
during a late stage of transgression (Fig. 20). The
general absence of wave-related sedimentary
structures in the deposits of both Unit A and
Unit B is indicative of deposition below the aver-
age fair-weather wave-base level, and of domi-
nant tidal and gravity-flow processes which in
time governed the formation of facies signatures.
This interface in the Mediterranean is known to
range nowadays between �15 m and �20 m of
depth, based on modern measurements of the
average wavelength in the area of the Messina
Strait (Corsini et al., 2003). No storm-wave traces
have been recognized in the studied deposits.
However, this does not exclude that strata of
Unit A may have episodically been affected by
energetic waves, but their sedimentary signature
may have been reworked by tidal currents during
pauses of fluvial-dominated activity.

Evolution of the Calanna canyon-head delta
system

The analysis of the studied succession suggests
a series of evolutionary stages for this segment

of margin of the ancient Messina Strait. The
coastal zone and related deltas may have lacked
wide subaerial alluvial plains and well-defined
distributary channels due to the high-relief set-
ting, dominated by rocky coastal tracts, analo-
gous to the modern-day physiography of the
region. The sublittoral zone had high bathymet-
ric gradients descending towards the deeper
axial strait zone that connected the coast
through a narrow shelfal belt composed of lit-
toral drift sediments. Shallow canyon heads
eroded into the basement, retreating towards the
coastline and capturing sediment from long-
shore-drift systems at a short distance from the
coast (Fig. 21A). Canyons probably originated
from riverine incision related to a previous low-
stand stage. Ephemeral rivers debouched episod-
ically gravel-size deposits that were reworked
locally into subaqueous mouth bars (Facies A1)
by the combined action of waves and currents
in the proximal sublittoral belt. More distally,
tidal currents moulded fields of medium to
small dunes (Facies B1; Fig. 21A).
Tectonic uplift increased the gradient enhanc-

ing canyon headward erosion (Fig. 21B), provok-
ing localized collapses of basement portions
(Facies A2) and favouring more efficient transport
of gravel and sand by episodically river-triggered

Fig. 19. Reconstructed depositional stages based on line-drawing of the architectural elements observed from out-
crop. Stages I to IV record the evolution of each episode of river outflow entering the shallowly subaqueous
coastal area, from a phase of very high energy and erosion, progressively towards phases of lower energy and
deposition. Supercritical-flow conditions dominated during the first stages. Flows may have also evolved from
Stage I to III, generating turbidity currents whose sedimentary record is presumably preserved more distally, in
the basinal portion of the section.
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underflows (Facies A3). These latter supplied
sediment during episodic flash-floods provoked
by rainfall on steep mountainous local catch-
ments (Fig. 21B). Jet-flows at the river mouth
attained supercritical flow conditions along the
proximal canyon tract and promoted the develop-
ment and upstream migration of large crescentic
bedforms (Fig. 21B). A final stage is inferred
based on the predominance of tidal deposits
forming the uppermost Unit B of the succession.
The tectonically-induced subsidence of the hang-
ing-wall margin induced a long-term transgres-
sive trend with flooding of the previously incised
river valleys (Fig. 21C). Consequently, the pro-
cess of canyon-head retreat was possibly arrested,
whereas tidal dunes (Facies B2) back-stepped
into the block-faulted margin. However, river dis-
charge never stopped entirely during transgres-
sion and the more proximal dune fields were
occasionally excavated by riverine underflows
and rapidly remoulded by tidal bedforms, repre-
sented by Facies B2 (see Fig. 15A).

Implications for reconstructing deltas
entering shallow-water canyons

The deltaic deposits documented in this study
depart from standard facies and architectural
models suggested for reconstructing ancient del-
tas from sedimentary successions (Fig. 22A). In
spite of the continuity of exposure along the orig-
inal depositional dip, there are no clearly recog-
nizable large-scale clinoform architectures such
as those typically produced by deltas entering
tectonically controlled high-gradient settings (e.g.
McPherson et al., 1987; Nemec, 1990; Longhi-
tano, 2008). This hampers the recognition of
large-scale architectural subdivisions, such as
topset, foreset and bottomset, and reduces the
ability to identify genetically-related depositional
sub-environments (e.g. Driscoll & Karner, 1999;
Swenson et al., 2005; Seybold et al., 2007;
Longhitano, 2008; Geleynse et al., 2010, 2011).
The over-thickening accumulation of strata dur-
ing the transgressive stage contrasts with what

Fig. 20. Correlation panel reconstructed along the north-west/south-east oriented cliff of the Calanna section and
showing the progradational trend of Unit A and the retrogradational trend of Unit B (dotted orange and blue
arrows indicate delta clinoform trajectories), accumulated within the canyon-head system. The relative sea-level
curve in the top-left corner shows a major rising trend punctuated by minor falls (f1 to f6) and stillstands (t7 to
t11). The former have been inferred based on the depth of the erosional surfaces (in red), whereas the latter (in
blue) are tidal ravinements and have been correlated to the height of their on-lap contacts (s1 = base of the succes-
sion; s2 = Unit A/Unit B boundary). Schematic logs indicate transgressive/regressive (T–R) cycles composing dis-
crete parts of the succession (see the indicated figures for corresponding outcrop examples).
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was observed for Mediterranean Quaternary mar-
ginal-marine sequences, where the limited preser-
vation of the transgressive intervals due to low
rates of accommodation and reduced rates of sed-
iment supply to the coast seem to have been
recurrent factors (Lobo & Ridente, 2014; Ridente,
2016). In the present case study, over-thick trans-
gressive strata are probably due to the combina-
tion of lateral confinement for the subaqueous
portion of the deltas and to a lack of accommoda-
tion for delta plains, and represent another ele-
ment that makes the application of standard
deltaic facies and architectural models difficult to
utilize in settings like the one described here.
New criteria for the characterization of deltaic

successions entering a shallow-marine steep

slope incised by canyon heads are provided
here. The plan-view reconstruction of the distri-
bution of fluvial-dominated facies (Unit A;
Fig. 18A) points out that the delta initially split
into multiple branches, represented by mouth
bars or lobes, once entered into the sublittoral
zone (Fig. 22B). This process prevented the
attainment of the fan-shaped, radially axisym-
metrical plan geometry characteristic of uncon-
fined delta fronts due to the longshore
redistribution of sediment exerted by waves and
currents (Korus & Fielding, 2015; Fig. 22A). This
major change in sediment distribution was
mainly attributed to the capturing of sediment
further into the basin by the nearest canyon-
heads, and may thus justify the sinuous aspect

Fig. 21. Chronological sequence of the depositional scenario reconstructed for the studied area. (A) During the
initial stage, riverine incision continued over the sublittoral slope into shallow canyons. Dunes occupy the inter-
canyon zones. (B) As the faulting caused a stage of relative sea-level rise, the canyon recessed landward. Here, an
episode of hyperpycnal flow is simulated with stages of current acceleration within the canyon entrance and
resulting hydraulic jumps. Hypothetically, the same flow evolved into subcritical turbidity currents more distally.
(C) Final stage of late transgression during which tidal dunes sealed the underlying canyon-fill sequences. Note
ephemeral incisions excavated into the proximal dune field from occasional river activity during the latest stage
of transgression.

Fig. 22. (A) Simplified plan geometry typical of unconfined deltas. Subaqueous delta front and prodelta form
radial axisymmetrical, laterally continuous sediment bands (modified, after Korus & Fielding, 2015). (B) Concep-
tual model proposed for canyon-captured deltas developing ‘ephemeral’ subaerial plains due to a lack of coastal
space. Delta mouth-bars and lobes prograde directly into the canyons, preventing the radial development of sub-
aqueous environments. This process would also reduce the probability to develop cross-sectional clinoform archi-
tectures, which are typical of deltas – example in (A).
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of the various reconstructed branches that
would reflect the original canyon geometry
(Figs 18B and 21A). These deposits were suc-
cessfully preserved by background processes of
post-depositional reworking thanks to their pro-
tected position within the canyons.
This study indicates that: (i) no subaqueous

delta-platform or delta-front environments devel-
oped, due to a lack of space (i.e. horizontal
accommodation) for sediments to be radially dis-
tributed across the shallowest subaqueous por-
tions of the system; (ii) prodelta fines were
efficiently transferred farther basinward through
the canyons by high-energy underflows, and were
probably deposited as turbidites in the deepest,
axial sectors of the strait; (iii) strata filling the
canyons do not produce well-defined clinoform
architectures; and (iv) due to this process of con-
tinuous subtraction of sediment from the coast-
line, the delta plain was generally characterized
by a very low rate of advancement or prograda-
tion and was locally ephemeral or not developed
at all, as observed along the present-day, high-re-
lief coast of the region (Fig. 22B).

CONCLUSIONS

The analysis of the Lower Pleistocene succes-
sion presented in this work reconstructs the
anatomy of a segment of the shallow-water mar-
gin of the ancient Messina Strait (southern
Italy). Depositional architectures and facies char-
acteristics, exposed in three dimensions, were
key to outline the general features of a specific
type of delta system, fed by valley-bounded riv-
ers and entering canyon heads in the nearshore
zone of tectonically-controlled, tide-influenced
steep strait margins.
The observations herein show that the gradient

of the sublittoral slope was a key prerequisite to
promote processes of subaqueous slope incision
and canyon retreating. These features are com-
mon along the sublittoral borders of the modern
Messina Strait, where several studies have
recently revealed analogous morphological and
bathymetric features and their internal sedimen-
tary dynamics. Outcrops documented in this
study suggest the presence of a series of canyon
entrances, which were possibly represented by
multiple tributaries or branches oriented at differ-
ent angles with respect to the palaeo-shoreline.
The initial phases of river delta progradation

and consequent canyon infill occur through
repeated episodes of fluvio-deltaic discharge

attaining supercritical flow conditions in the prox-
imal canyon segment. This early phase is recorded
into a series of 5 to 10 m thick, amalgamated peb-
bly sandstone wedges preserved in Unit A, whose
internal backsets indicate deposition under super-
critical-flow conditions. The overlying Unit B
records the subsequent burial of these canyons
and their subaqueous interfluves with a series of
migrating and laterally juxtaposed dune fields
reflecting the tidal circulation of the strait.

• The subaqueous lateral confinement of
hyperpycnal river-derived currents is another
fundamental ingredient for the preservation of
supercritical-flow structures with a wide range
of scales. These deposits are in fact minimally
reworked and eroded from background pro-
cesses typical of nearshore zones, including
waves and, in the specific case at hand, long-
shore-oriented tidal currents, thanks to the ‘pro-
tection’ and excess of accommodation offered by
the canyon walls.

• Valley-bounded river deltas entering a shal-
low-water setting sculpted into a series of can-
yon heads develop a very unusual shape and
configuration, which departs dramatically from
standard models provided for subaqueous deltas
for the following main reasons:

○ The process of sediment capture at can-
yon heads inhibits the formation of the
fan-shaped, radially axisymmetrical plan-
view geometry expected for unconfined
delta fronts. On the contrary, deltas
impinging canyon entrances in shallow
waters promote lobe branching and the
onset of supercritical-flow phenomena
over other basinal processes more com-
monly recognized in stratigraphy, such as
waves and tides.

○ Prodelta is virtually absent in these sys-
tems, as fines were mostly transferred far-
ther basinward through the canyon
fairways.

○ The lateral constraint exerted by the can-
yon confinement hampers the develop-
ment of traditional clinoform
architectures.

○ The continuous subtraction of sediment
due to canyons in the nearshore area pre-
vents delta plain advancement or progra-
dation.

These elements thus suggest that the conven-
tional attribution of deposits to subaqueous del-
taic sub-environments (i.e. delta platforms,
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fronts, slope and prodelta) cannot be applied in
this specific setting and launch possible break-
throughs for future further investigations on this
subject.
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