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CHIRP subbottom profiles performed on the Ionian Calabrian margin, southern Italy, allow the recognition of
an irregular step-like seabed topography and a marked variability in the geometry of the post-Last Glacial
Maximum (LGM) transgressive wave ravinement surface (WRS). The WRS truncates an older unit showing
locally an opaque seismic character, and displays both concave-up and concave-down profiles in any dip
section and a local stepped geometry, with gradients between 1° and N20°. A younger unit, characterized by
high-amplitude reflectors onlapping or draping the WRS, is interpreted as a sediment wedge accumulated
during the post-LGM glacio-eustatic rise. The WRS crops out forming steep slopes up to 12°, which are
interpreted as relicts of palaeo-coastal cliffs generated by wave action during relative sea-level rise. In
particular, the deeper slope is locally exposed between ca. 75 and 100 m water depth, corresponding closely
with the depth range of melt-water pulse (MWP) 1A (14.3–14.0 ka BP), assuming no subsidence or uplift, and
its generation is inferred to be related to this event.
A transgressive model for high-gradient settings and stepped sea-level rise is proposed. Coastal cliffs develop
and retreat due to wave erosion during phases of slow relative sea-level rise. During phases of very high rate
of relative sea-level rise, coinciding with melt-water pulses, cliffs tend to be overstepped, drowned and not
completely eroded by the WRS. Such a ‘cliff overstep’ transgressive model is the equivalent in high-gradient
settings of the ‘in-place drowning’ model, developed for low-gradient shelves. The present model may be
effective in reconstructing stepped sea-level rises and the evolution of shelf areas during Late Quaternary
time.
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1. Introduction

Transgressive models and geometry of transgressive surfaces are
generally considered in the context of wide, low-gradient shelves
(with an angle in the order of 0.01°), which experienced extensive
drowning during the post-Last Glacial Maximum (LGM) transgression
(e.g. Swift, 1968, 1975; Trincardi et al., 1994; Storms et al., 2008;
Nordfjord et al., 2009). In such settings, both the ‘shoreface retreat’
(Swift, 1968) and the ‘in-place drowning’ (Sanders and Kumar, 1975;
Rampino and Sanders, 1980) models were developed. The former
refers to the progressive retreat of barrier islands and shallow-marine
deposits during relative sea-level rise, while the latter highlights the
possible overstep and preservation of barrier islands by very rapid
pulses of relative sea-level rise.

The ‘wave ravinement surface’ (WRS), which is a diachronous
surface produced by wave erosion (Swift, 1968; Demarest and Kraft,
1987; Nummedal and Swift, 1987), is an important feature forming
during the transgression of previously exposed shelf areas. Its
formation depends on wave energy, rates of relative sea-level rise,
sediment supply, shelf gradient and local physiography (Cattaneo and
Steel, 2003). WRSs typically exhibit a concave-up profile, with a
gradient of fractions of a degree that increases landwards (Cattaneo
and Steel, 2003), and are commonly associatedwith transgressive lags
composed of sediment reworked from the substrate (Kidwell, 1991).

In comparison to low-gradient (b0.057°, Cattaneo and Steel, 2003)
shelves, transgressions on high- and very high-gradient shelves are
less documented. In particular, the development and geometry of
transgressive WRSs in the context of high-gradient topography is less
known compared to low-gradient settings, especially along high and
irregular rocky coasts developing coastal cliffs (e.g. Leckie, 1994).
Marine transgressive deposits tend to be thicker, and WRSs are less
extensive, in high-gradient settings (Cattaneo and Steel, 2003;
Zecchin, 2007).

The present study, based on CHIRP data, is focused on features
developed during the post-LGM transgression on the narrow, high-
gradient shelf off the Crotone area (southern Italy) and on the
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southern part of the Amendolara palaeo-island (Fig. 1). In particular,
peculiar features such as submerged coastal cliffs and a WRS typified
by irregular step-like geometry characterize the present areas. We
recognized this area as suitable to develop a transgressive model for
very high-gradient settings characterized by coastal cliff development
and irregular topography. Such a model may be useful in recognizing
and understanding the features and style of transgression and
variations in its rate, particularly for the post-LGM glacio-eustatic rise.

2. Geological setting and study areas

The study areas consist of two portions of the Ionian Calabrian
margin: one is located across the modern Ionian shelf break, between
the Nica's delta (north of Punta Alice) and the Capo Colonna
promontory (SE of Crotone), and the second one is placed in the
Gulf of Taranto, on the southern side of the Amendolara palaeo-island
(API) (Figs. 1 and 2). The Crotone Basin (Fig. 1) is the inland part of a
larger basinal area (the Crotone-Spartivento Basin), that was filled
with an upper Serravallian to middle Pleistocene continental to deep-
marine succession (Roda, 1964; Van Dijk, 1991; Massari et al., 2002;
Zecchin et al., 2004a, 2006; Barone et al., 2008).

The Ionian Calabrian margin lies at the NW tip of the arcuate
Calabrian Accretionary Prism (Fig. 1), and the Crotone-Spartivento
Basin represents its fore arc basin (e.g. Bonardi et al., 2001; Sartori,
2003). The seabed morphology of the Ionian Calabrian margin reflects
the complex interplay between the south-eastward migration of the
CAP since mid-Miocene and the rapid uplift of onshore and shallow
shelf areas since mid-Pleistocene (Malinverno and Ryan, 1986;
Bonardi et al., 2001; Ceramicola et al., 2008; Praeg et al., 2009). The
uplift, documented by a staircase of marine terraces in the subaerial
Crotone Basin, still continues today, and it has been characterized by a
rate that, in this area, approximated 1 m/ka (Zecchin et al., 2004b;
Antonioli et al., 2006). In the Gulf of Taranto, the Ionian slope is
dominated by ridges and intervening basins which are the morpho-
logical expression of piggy-back basins in the southern Apennine fold-
and-thrust belt system. The fold-and-thrust belt is overlain to the
south by the upper Miocene to Pleistocene deposits of the Crotone
Basin (Ceramicola et al., 2008, 2009). The most prominent ridge, the
Fig. 1. Simplified structural map of southern Italy showing the main structural elements of t
Van Dijk et al., 1998). CAP = Calabrian Accretionary Prism; CB = Crotone Basin; and ICM =
Amendolara (Fig. 2), is a NW-trending seabed feature 360 m high,
45 km long and 11 kmwide running parallel to the Taranto valley. The
tip of the Amendolara ridge has been exposed during the LGM
forming the API. At present, the API lies between 60 and 25 m below
sea level, and its submerged surface has a rhomboidal shape enclosing
an area of ca. 28 km2 (Fig. 2). The API is bordered by terraces and
scarps that have a marked appearance in multibeam maps (Fig. 2).
The growth of the Amendolara ridge was controlled by Pleistocene
transpressional movements in the Apulian platform buried beneath
the fold-and-thrust belt (Ferranti et al., 2009).

The Ionian Calabrian margin is characterized by an alternation of
relatively narrow and steep shelf areas, where the shelf break is
located up to ca. 7 km away from the coastline, and areas in which the
shelf has been almost completely eroded by the canyon systems of
Cirò, Neto and Punta Alice (Fig. 2). The shelf has an average gradient of
ca. 1°, but it may be locally steeper and characterized by irregular
morphology. Generally, the slope is characterized by an irregular
morphology that extends from water depths of 150–2000 m (Fig. 2).
Its gradient steepens southward from 1 to 7° where the canyon
systems are absent, reaching slopes of 15–20° along the canyon
headwalls, where the shelf is reduced or absent. Sections of the
margin away from the canyon headwalls show that the transition
from the shelf areas to the slope is characterized by some terraced
surfaces separated by scarps up to some tens of meters high, that give
the shelf break profile a characteristic undulating morphology.
Submerged terraces are recognized also along the Tyrrhenian
Calabrian margin and Aeolian Islands (Chiocci and Orlando, 2004;
Chiocci and Romagnoli, 2004; Mongardi et al., 2004; Massari and
Chiocci, 2006), and in the Apulian margin (Senatore, 2004).

3. Methods

The geophysical data used for this study consist of eight CHIRP
subbottom profiles (SBP) acquired across the Ionian shelf margin
(ISM) and the southern side of the API. The information coming from
the acoustic character of the SBPs have been combined with the
morpho-bathymetric information coming from a high-resolution
multibeam dataset.
he region and the study areas (see Fig. 2) (modified from Van Dijk and Okkes, 1991 and
Ionian Calabrian margin.



Fig. 2. Detail of the studied part of the Ionian Calabrianmargin with location of the eight sub-bottom profiles (SBP), near the Capo Colonna promontory (SBP A and B), between Punta
Alice and the Nica's delta (SBP C and D), and in the southern side of the Amendolara palaeo-island (SBPs E to H).
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The eight CHIRP profiles have been acquired by OGS during two
different geophysical campaigns one onboard of the OGS Explora in
April 2009 using CHIRP II Benthos CAP-6600 system, comprising 16
hullmounted transducers operating at frequencies of 2–7 kHz (sub-
metric vertical resolution) and the second one on board the RV Joshua
vessel in October 2009 using an EDGETECH 3200XS towfish (2–
10 kHz, sub-metric vertical resolution). The multibeam data have
been acquired with three different systems depending on water-
depth: RESON Seabat 8125 (0–120 m water depth) on board of the
Joshua vessel, RESON Seabat 8111 (70–500 m) and RESON Seabat
8150 (N500 m) on board of the OGS Explora. Interpretation of the data
have been carried out digitally using Kingdon Suite (8.5) from Seismo
Micro-Technology (SMT, University Gift Programme) and the Global
Mapper GIS software.

The eight CHIRP SBPs, oriented along depositional dip (Fig. 2),
were chosen away from the canyon headwalls to illustrate the
geometric variability of erosional surfaces and sediment wedges in
shelf to slope settings. Along the ISM, southern SBPs (A and B) are
located near the Capo Colonna promontory, south-east of Crotone
(Figs. 2–4), while the northern SBPs (C and D) lie offshore of the
coastline between Punta Alice and the Nica's delta (Figs. 2, 5 and 6).
SBPs E, F, G and H are located in the Gulf of Taranto, on the southern
margin of the API (Figs. 2 and 7–10).

4. Seismic stratigraphy

Two seismic units (Unit 1 and Unit 2), separated by a key stratal
surface (unconformity U) are recognizable in the considered SBPs,
both along the ISM and API.

4.1. The Ionian shelf margin (ISM)

4.1.1. Unit 1
This is the lower unit, and is truncated above by a prominent

unconformity (unconformity U, see below) (Figs. 3–6). Unit 1 is
almost opaque in all SBPs, and exhibits seaward-inclined reflectors
mainly only visible where the deposits overlyingU, forming Unit 2, are
thin or absent (Figs. 3, 4 and 6). In particular, reflectors are visible at
the exposed scarps and slopes in SBPs A and B (Figs. 3 and 4).
Moreover, a vague seaward-dipping stratification is recognizable in

image of Fig.�2


Fig. 3. Sub-bottom profile A located SE of Capo Colonna (see Fig. 2). A locally exposed irregular surface (the unconformity U), interpreted as a wave ravinement surface (WRS),
separates an older unit (Unit 1) from a younger unit (Unit 2) that shows internal reflectors and is interpreted as the result of the post-LGM transgression (see text). A lowstand
prograding wedge is inferred to be roughly located at the change in slope of U, at ca. 110 m water depth.
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SBP A at ca. 110 m water depth, where U changes its gradient,
becoming steeper (Fig. 3).

4.1.2. The unconformity U
An unconformity (U), evidenced by a high-amplitude, locally

irregular reflector truncating Unit 1 and overlain by amore recent unit
(Unit 2), is recognizable in all SBPs (Figs. 3–6). U exhibits both
concave- and convex-up profiles in dip direction, and is connected
with exposed or buried scarps and convex reliefs placed at different
depths (Figs. 3–6). It also shows large variability along strike, as
documented by its variable geometry in adjacent SBPs. U dips seaward
from ca. 1° in the flatter portions to N20° at buried, locally near-
vertical scarps (Figs. 3–6).

The exposed part of a prominent scarp, inclined up to 12° and
connected both landwards and seawards with U, is recognizable in
SBPs B and C between ca. 75 and 100 mwater depth (Figs. 4 and 5). Its
edge coincideswith the local shelf/slope break. The base of the scarp is
buried in both SBPs, and is located at 110 m water depth (Figs. 4 and
5). The buried part of the scarp is also locally steeper, reaching an
inclination of 20° to 30° (Fig. 4). This scarp disappears laterally, as it is
absent in both SBPs A and D (Figs. 3 and 6). However, a prominent
convex-up slope up to 8° inclined, with a buried base at ca. 90 mwater
depth and the top at 30 m water depth, is recognizable in SBP A
(Fig. 3). Other exposed or buried scarps are located at depth shallower
than 60 m in SBPs C and D, and they may be locally near vertical
(Figs. 5 and 6).

In both SBPs A and B, the unconformity U passes landwards into a
highly irregular ridge located around the Capo Colonna promontory,
and shallower than 30 m (Figs. 3 and 4). Distally, U becomes steeper
from 1° to 6–13° starting from ca. 110 m water depth in both SBPs A
and D (Figs. 3 and 6). This increase in gradient is recognizable also in
SBPs B and C just seaward on the deepest scarp, starting between 110
and 120 m water depth (Figs. 4 and 5).
4.1.3. Unit 2
In contrast to Unit 1, the unit that overlies U exhibits well dash

defined reflectors in all SBPs and varies its thickness from zero to 30 m
(Figs. 3–6). However, a significant variability in the architecture of
Unit 2 is evident in the considered SBPs.

image of Fig.�3


Fig. 4. Sub-bottom profile B located north of Capo Colonna (see Fig. 2). The unconformity U (wave ravinement surface, WRS), truncating Unit 1, is exposed between ca. 75 and 100 m
water depth forming a scarp interpreted as the relict of a palaeo-coastal cliff (see text). U is covered by Unit 2 landward and seaward of the scarp. The lowstand shoreline is inferred
to be located at the change in slope of U seaward of the inferred palaeo-coastal cliff, at ca. 120 m water depth.
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In SBP A, reflectors showing onlap relationships with the steeper
part of U, below 110 mwater depth, are terminated above by a higher-
amplitude reflector (Fig. 3). The latter and the proximal part of U are
overlain by a wedge, up to 15 m thick, that shows an overall seaward
progradation (Fig. 3). This wedge shows undulating reflectors
seaward of the topographic step at 110 m water depth that affects U
(Fig. 3).

By contrast, in SBP B, the distal part of U is covered by a deposit that
shows undulate, parallel reflectors draping the surface and onlapping
the lower part of the recognized scarp (Fig. 4). The proximal part of U
is overlain by a sediment wedge up to 15 m thick that is composed of
two sub-units (Fig. 4). The lower sub-unit contains reflectors
exhibiting distally a pattern that resembles a retrogradation, but
showing toplap relationships with a higher-amplitude reflector that
represents the base of the upper sub-unit (Fig. 4). The latter is
relatively thin, and does not clearly show its relationship with the
higher-amplitude reflector (Fig. 4).

In the northern study area on SBP C, the distal part of U is overlain
by a sedimentary unit not exceeding 10 m thickness that exhibits
poorly visible reflectors that drape the unconformity, and bury the
base of the deeper scarp (Fig. 5). On this profile, the proximal part of U
is covered by a sedimentary wedge that thickens landwards up to
30 m and exhibits seaward-inclined reflectors onlapping buried
scarps (Fig. 5). The internal reflectors of the wedge form a retro-
grading pattern.

Unit 2 is more continuous in SBP D, and consists of a sediment
wedge that thickens landwards up to 20 m and terminates against a
partially buried, near vertical scarp (Fig. 6). The proximal part of the
wedge on this profile also exhibits a retrograding pattern, whileminor
progradation characterizes the upper section, just seaward of the
scarp (Fig. 6).

4.2. The Amendolara palaeo-island (API)

4.2.1. Unit 1
Within Unit 1, basinward-inclined to variably folded reflectors are

better recognizable in the part of SBPs E, F, G and H characterized by
deeper water (Figs. 7–10). The seismic facies of the unit becomes

image of Fig.�4


Fig. 5. Sub-bottom profile C located between Punta Alice and the Nica's delta (see Fig. 2). The unconformity U (wave ravinement surface, WRS) is exposed between ca. 75 and 100 m
water depth forming a scarp interpreted as the relict of a palaeo-coastal cliff, as shown in SBP B (see text and Fig. 4). Shallower scarps of more uncertain origin are partially buried by
Unit 2. The lowstand shoreline is inferred to be located at the change in slope of U seaward of the inferred palaeo-coastal cliff, at ca. 110 m water depth.
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almost opaque at API (Figs. 7–10). Reflectors are truncated by the
unconformity U, which bounds Unit 1 above. A prograding wedge,
typified by basinward-inclined oblique reflectors that downlap on a
less inclines reflector, is recognizable in SBPs E, F and G between 90
and 130 m water depth, at the margin of the API (Figs. 7–9). The
wedge is bounded above by U.

4.2.2. The unconformity U
As observed along the ISM, the unconformity U separates the

older Unit 1 from the younger Unit 2 also along the API, and is
characterized by both concave- and convex-up profiles in dip
direction (Figs. 7–10). Along the margin of the API, U exhibits a
variable dip from 0.5° to a maximum of ca. 20° at relict scarps
(Figs. 7–10). In contrast, U shows more irregular geometries and dip
directions at API (Figs. 7–10). An erosional terrace, locally showing
a modest upslope dip, is present at ca. 95 m water depth in SBP H,
and it is positioned at the culmination of an antiformal structure
involving Unit 1 (Fig. 10). The erosional character of U seems to
vanish in the distal and deeper part of SBPs, where the surface
tends to become conformable and the distinction between Units 1
and 2 is less clear (Figs. 7–10).

The major analogy with the morphology observed in the ISM is
the presence of scarps or steeper slopes. In particular, a first
partially preserved scarp is recognizable between ca. 75 and 95–
100 m water depth in SBPs G and H (Figs. 9 and 10), while it
becomes much lower in SBP F and is testified by only a relict at
90 m water depth in SBP E (Figs. 7 and 8). At these relicts of scarp,
U is marked by irregular features showing a chaotic seismic
signature that is just recognizable between ca. 90 and 75 m water
depth (Figs. 7 and 8). The depth and height of this scarp, in the
locations where it is better preserved, are comparable to those
observed for the scarp present in SBPs B and C, along the ISM
(Figs. 4 and 5). A second, more prominent scarp is recognizable
between 40–50 and 70–75 m water depth in all SBPs (Figs. 7–10),
and its edge represents the upper margin of the southern API.
Another relatively high-gradient slope ca. 5° inclined, corresponding
to a flank of the antiformal structure mentioned above, is present in
SBP H below 100 m water depth (Fig. 10).

image of Fig.�5


Fig. 6. Sub-bottom profile D located between Punta Alice and the Nica's delta (see Fig. 2). The irregular unconformity U (wave ravinement surface, WRS) is covered distally by Unit 2,
and is exposed only at a relatively shallow scarp of uncertain origin. The lowstand shoreline is inferred to be located at the change in slope of U, at ca. 110 m water depth.
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4.2.3. Unit 2
In contrast to the ISM, along the southern margin of the API Unit 2

appears thin and exhibits high-amplitude reflectors inclined basin-
wards only in deeper settings, as shown in SBP E (Fig. 7). The
thickness varies from zero to ca. 5 m along both the margin of the API
and upon it, whereas the thickness may exceed 10 m in deeper
locations (Figs. 7–10). Reflectors of the unit onlap U in the deeper part
of SBPs E and F, reflecting a retrograding pattern (Figs. 7 and 8). At the
toe of the scarps, Unit 2 appears as a wedge less than 500 m large that
passes basinward into a thin drape covering U (Figs. 7–10). Low-
amplitude reflectors that downlap on U are present within the wedge
in SBPs G and H (Figs. 9 and 10), whereas a chaotic signature is
recognizable in the deeper part of the wedge in SBP F (Fig. 8). Above
the API, Unit 2 is only a few meters thick and is characterized by
irregular and opaque protrusions (Figs. 7 and 8).

4.3. Interpretation of CHIRP data

The unconformity U, recognized in all SBPs, is locally exposed
forming scarps, truncates a unit characterized by variably inclined
reflectors (Unit 1), and is overlain by a younger unit (Unit 2) showing
lateral architectural variations; it represents a surface of regional
significance. On the basis of available ministerial deep-penetrating
well-log data and of our evidence along the exposed coastal area
(Zecchin et al., 2004b), Unit 1 consists, at least in part, of a Plio-
Pleistocene clayey deep-marine deposit called the Cutro Clay (Roda,
1964). The opaque character of the unit along the ISM may be due to
its relatively high degree of compaction and/or to the presence of a
coarse-grained lag draping U and masking the signal. The similar
appearance of Unit 1 at API may be due to the presence of cemented,
rigid features in Unit 2 (see below).

The truncation associated with U suggests that it may have been
produced by erosion in subaerial conditions, and/or by waves and
shelf currents. Since the retrograding pattern of the reflectors in the
overlying Unit 2 and their onlap on the unconformity suggest overall
relative sea-level rise, U may be interpreted as a wave ravinement
surface (WRS), produced by wave erosion in the shelf during
transgression (Swift, 1968; Demarest and Kraft, 1987; Nummedal
and Swift, 1987). The WRS passes downdip into a conformable
surface. High-resolution seismic profiles and core data from the Ionian
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Fig. 7. Sub-bottom profile E located along the southern margin of the Amendolara palaeo-island (API, see Fig. 2). The unconformity U (wave ravinement surface) is locally exposed
forming both well preserved and relict palaeo-coastal cliffs. U truncates the lowstand prograding wedge (Unit 1), that is located between 130 and 95 m water depth. Unit 2 is
relatively thin, and comprises probable carbonate reefs upon the API.
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shelf, north and south of the studied locations (Borsetti et al., 1989;
Romagnoli and Gabbianelli, 1990), show a comparable unconformity
overlain by a marine sediment wedge correlatable with our Unit 2,
whose deposition has been related to the post-LGM glacio-eustatic
rise.

In contrast to some WRSs showing a relatively smooth profile
with a gradient that increases landwards (Nummedal and Swift,
1987; Trincardi and Field, 1991), in this case the surface exhibits a
highly variable geometry, both along dip and along strike, with a
gradient that varies from 0.5° to N20° (Figs. 3–10). Similar irregular
geometries of the WRS were locally observed also in low-gradient
settings such as that of the New Jersey continental shelf (Goff et al.,
2005; Nordfjord et al., 2009). In the present case study, the steepest
gradients are those associated with the scarps, which may be the
result of partial erosion and smoothing of previous nearly vertical
cliffs. In particular, the scarp recognizable between 75 and 110 m
water depth in both SBPs B and C and along the API margin (Figs. 4,
5 and 7–10) is interpreted as a partially preserved palaeo-coastal
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Fig. 8. Sub-bottom profile F located along the southern margin of the Amendolara palaeo-island (API, see Fig. 2). As shown in SBP E, the unconformity U is locally exposed forming
two scarps interpreted as palaeo-costal cliffs, the lower of which is located at ca. 90 m water depth and is only partially preserved. The irregular bathymetry of U between 90 and
75 m water depth is interpreted as detritus derived from cliff dismantling. The lowstand prograding wedge is located between 125 and 100 m water depth.
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cliff, which has not formed or has been partially or completely
eroded in SBPs A, D, E and F (Figs. 3 and 6–8). The irregular features
recognizable between ca. 90 and 75 m water depth in SBPs E and F
(Figs. 7 and 8) are interpreted as detritus deriving from cliff
dismantling during the passage of the shoreline. In the same way,
the shallower scarp recognizable in SBPs E to H is interpreted as
another coastal cliff, which is separated by only a narrow terrace
from the lower cliff (Figs. 7–10). Also, the rounded slope visible in
SBP A (Fig. 3) may derive from deep erosion of an irregular, high-
gradient coast.

An alternative fault scarp interpretation for the cliff positioned
between 75 and 110 m water depth is ruled-out mostly because of its
constant depth along both the ISM and API, and for the lack of
associated minor faults involving U and Unit 2, with the possible
exception for SBP F (Fig. 8). Moreover, SBP H shows continuity of
folded reflectors of Unit 1 below the scarp, suggesting the absence of
important dislocations (Fig. 10). Furthermore, the well stratified
deposits of Unit 2 that drape U just seaward of the cliff suggest to
discard its origin as due to subaqueous retrogressive landsliding, since
in that case it would be fronted by chaotic accumulations of collapsed
sediment (Moscardelli and Wood, 2008; Ceramicola et al., 2009). The
presence of a chaotic signature in part of the wedge at the toe of the
scarp in SBP F may be interpreted as an occasional rockfall from the
ancient cliff (Fig. 8). In the present case of an interpreted retreating
coastal cliff, sediment collapsed from the cliff and reworked from the
substrate during transgression formed thin lags and was in part
dispersed by waves and currents in a wide shelf area (e.g. Zecchin et
al., 2009), whereas well stratified sediment draping U is inferred to
have accumulated during the following late transgression to high-
stand phase.

image of Fig.�8


Fig. 9. Sub-bottom profile G located along the southern margin of the Amendolara palaeo-island (API, see Fig. 2). The unconformity U is partially exposed forming two interpreted
palaeo-coastal cliffs between 95 and 80 m and between 75 and 50 m water depth. It is recognizable a lowstand prograding wedge between 120 and 105 m water depth.
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The origin of the shallower scarps recognized in the proximal part
of both SBPs C and D (Figs. 5 and 6) is more uncertain, and they might
result either by wave erosion or tectonics. However, the constant
depth of the inferred coastal cliff suggests that significant recent
dislocations upslope are absent and that the shallower scarps could
also be related to wave erosion. Nevertheless, their origin as older
Pleistocene faults preceding cliff formation and later eroded by wave
action cannot be ruled out. The origin of the high-gradient slope
recognized below 100 m water depth in SBP H is probably linked to
the growth of the antiformal structure (Fig. 10). Such a growth might
be still active, producing local deformation of U.

Following the above considerations, the WRS produced during
transgression has reworked a subaerial unconformity (SU) developed
after a previous exposure of the shelf. The prograding wedge
recognizable in SBPs E, F and G between 90 and 130 m water depth,
as well as the wedge characterized by indistinct seaward-dipping
stratification found at similar depth in Unit 1 in SBP A, is interpreted
as lowstand prograding wedges marking the lowest relative sea
level and preceding the transgression (Borsetti et al., 1989; Mongardi
et al., 2004) (Figs. 3 and 7–9). In this perspective, the onlapping
pattern on the distal portion of U that characterizes the lower part of
Unit 2 in SBPs A, E and F (Figs. 3, 7 and 8) resembles the feature of a
healing-phase wedge, which formed just seaward of the lowstand
wedge by accumulation of sediment bypassed from the shelf during
transgression (Posamentier and Allen, 1999). The absence of the
lowstandwedge in SBP Hmay be linked to relatively high steepness of
the margin, in this case coinciding with the flank of the recognized
antiformal structure (Fig. 10), that promoted sediment bypass
(Trincardi and Field, 1991).

The features of Unit 2 resemble those of sediment drifts,
accumulated by to shelf currents (Ceramicola et al., 2001), and its
retrograding and prograding patterns may be linked to the transgres-
sive and highstand phases following the LGM. In particular, the
architecture of Unit 2 in SBP C (Fig. 5) and of the lower sub-unit in SBP
D (Fig. 6) is interpreted as related to overall transgressive conditions.
This architecture resulted from relatively low rates of sediment supply
that did not counteract relative sea-level rise (Posamentier and Allen,
1999; Catuneanu, 2006). In contrast, the prograding upper part of

image of Fig.�9


Fig. 10. Sub-bottom profile H located along the southern margin of the Amendolara palaeo-island (API, see Fig. 2). A rounded slope, interpreted as a partially eroded palaeo-coastal
cliff, is placed between 95 and 75 mwater depth and is covered by Unit 2, whereas an upper scarp (70–50 m water depth) is mostly exposed. A lower slope is present below 100 m
water depth, and its formation might be related to the growth of an antiformal structure.
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Unit 2 (SBPs A and D, Figs. 3 and 6) may be related to the following
highstand phase. The architecture of Unit 2 in SBP B (Fig. 4) is more
difficult to interpret, and it may be the result of deposition during both
transgressive and highstand conditions. Apart from the inferred
transgressive healing-phase wedge, the features of Unit 2 along the
southern API margin do not allow a clear sequence-stratigraphic
interpretation.

In the SBPs A to D, the reflector that separates retrograding from
prograding reflectors is a downlap surface which might be related to
maximum flooding conditions (Catuneanu, 2006), although the
surface corresponding to the sea floor at the time of maximum
shoreline retreat and the downlap surface do not coincide necessarily
(Abbott and Carter, 1994; Carter et al., 1998). The thickness of Unit 2
depends on local sediment supply conditions, and it is thin where the
shelf area is distal to, or protected by fluvial entry points or by
currents transporting a large amount of sediment.
The undulating reflectors that affect the distal part of Unit 2 in SBPs
A and B (Figs. 3 and 4) may result either by draping of underlying
irregularities or by soft sediment deformations aided by the relatively
steep angle of the slope (e.g. Romagnoli and Gabbianelli, 1990). The
irregular bathymetry at shallow depth in the inner part of both SBPs A
and B (Figs. 3 and 4) resembles that of carbonate reef deposits (e.g.
Carter et al., 1986; Romagnoli and Gabbianelli, 1990; Taviani et al.,
2005; Savini and Corselli 2010). Alternatively, this seismic pattern
may be due to meter-scale calcareous boulders that are sparse in the
coastal area and come from the dismantling of a coarse-grained
transgressive lag located at the base of the late Pleistocene Capo
Colonna marine terrace deposits (Zecchin et al., 2009). Moreover, also
the irregular and opaque features in Unit 2 upon the API are very
similar to those of rigid carbonate reefs. In particular, their depth
range, between 40 and 50 m (Figs. 7 and 8), corresponds closely to the
optimum depth for red algae growth (Nalin et al., 2006). Algal reefs
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are the dominant shelf deposits on Pleistocene marine terraces
recognizable along the Ionian coast (Zecchin et al., 2004b; Nalin et al.,
2006; Zecchin et al., 2009, 2011).

5. Discussion

5.1. The large-scale control on relative sea-level changes

The features of the unconformity U (i.e. the WRS) and of Unit 2,
highlighted by the studied SBPs, are interpreted as having
originated during overall conditions of relative sea-level rise.
Present data show that the amplitude of such a relative sea-level
rise exceeded 100 m, and therefore was probably driven by the well
known glacio-eustatic rise that followed the LGM. The post-LGM
transgression is known to has been episodic, with very rapid
eustatic rises largely exceeding 10 m/kyr alternating with marked
slowdowns (Carter et al., 1986; Liu and Milliman, 2004; Storms et
al., 2008), favoring the formation of submerged terraces separated
by cliffs in high-gradient settings. Similar submerged coastal cliffs
and terraced surfaces, interpreted to be related to the post-LGM
transgression, were observed along the Tyrrhenian shelf margin of
Calabria by Chiocci and Orlando (2004) and Mongardi et al. (2004).
Other examples of submerged terraces along the Italian coasts were
shown by Chiocci and Romagnoli (2004), Massari and Chiocci
(2006), and Senatore (2004).

Following the considerations made in the previous section, the
depth of the lowstand wedge between ca. 90 and 130 m water
depth along both the southern margin of the API and the ISM
(Figs. 3 and 7–9), is consistent with a change in sea-level in the
order of 120 m (or larger following Lambeck and Purcell, 2005),
characterizing the post-LGM sea-level rise. The regional uplift of the
ISM was in part compensated by the glacio–hydro–isostatic
response of earth and ocean to ice sheet melting (Pirazzoli et al.,
1997). This effect led to subsidence of isostatic origin that was able
to counteract the uplift until to ca. 3 ka BP (Pirazzoli et al., 1997).
The uplift rate for the API is not as well constrained; however, the
comparable depth of the lowstand wedge and of the lower cliff,
both along the ISM and API, suggest similar vertical motions for
both areas.
Fig. 11. (A) The extent of a transgressed area depends on the topographic gradient, and is m
physiography, substrate lithology and direction of wave approach strongly influence the m
(modified from Zecchin, 2007).
5.2. The control on geometry of ravinement surfaces and cliff overstep

The geometry of WRSs depends by the combination of numerous
parameters including wave energy, local gradient and physiography,
and nature of the substrate. In most cases, WRSs are relatively flat and
show their steepest angle towards the basin margin (Nummedal and
Swift, 1987; Trincardi and Field, 1991), although they may exhibit
local relief and an irregular shape (Bergman and Walker, 1987;
Nordfjord et al., 2009). Although such erosional surfaces generally dip
seaward at a fraction of a degree, in high-gradient settings they may
be characterized by angles of several degrees and prominent irregular
geometries, as evidenced in the present case.

The erosion associated with WRSs of previously accumulated
sediment is likely to be higher in high-gradient than in low-gradient
shelves, as the landward movement of the shoreline is slower in the
former case (Fig. 11A), and waves have more time to erode sediment
(Cattaneo and Steel, 2003). Such erosion ranges between a fewmeters
to more than 10 m, depending on local energy conditions (Cattaneo
and Steel, 2003).

Present data show a prominent variability of WRS geometry both
along dip and along strike in the narrow, high-gradient shelf of the
ISM and along the API. As interpreted in the SBPs, the WRS exhibits
dip changes between 0.5° and N20°, a local relief of some tens of
meters and both concave- and convex-up curvature (Figs. 3–10). The
strongly accentuated relief of the WRS is related to the development
of palaeo-coastal cliffs during the above-mentioned transgressive
phase.

Coastal cliffs may be produced in conditions of relative sea-level
rise and stillstand in high-gradient settings, during which the rate of
wave erosion outpaces that of coastal aggradation (Catuneanu, 2006).
Such conditions lead to a relatively rapid recession of the cliff, which is
fronted by a wave-cut platform. This is the mechanism for the
generation of marine terraces (Anderson et al., 1999; Zecchin et al.,
2004b). Modern examples are the coastal cliffs of the Canterbury
Plains, New Zealand (Leckie, 1994), and those of the Crotone
Peninsula, southern Italy (Zecchin et al., 2004b). Wave erosion during
WRS formation, therefore, is able to radically reshape a previous
topography, as testified by the dismantling of kilometers of marine
terraces during subsequent transgressive pulses (Zecchin et al.,
aximum in low-gradient settings (modified from Cattaneo and Steel, 2003). (B) Local
orphology of a coastal area as well as the shallow-marine and coastal sedimentation
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Fig. 12. Comparison of the geometry of thewave ravinement surface (WRS) in high-gradient (A) and low-gradient (B) settings. No deposits are shown above theWRS. (A) Very high-
gradient shelves sculpted by a WRS may exhibit relict, drowned coastal cliffs located at variable depth and disappearing laterally. The dip of the WRS may reaches several degrees.
The present coastal area is characterized by a receding coastal cliff. (B) In contrast, WRSs are typically very gently dipping seaward of a fraction of a degree in low-gradient shelves.
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2004b). A stepped transgression, typified by accelerations and
decelerations, is characteristic of the glacio-eustatic rise that followed
the LGM (Carter et al., 1986), and it is thought to have been
responsible for the generation of at least the palaeo-coastal cliff
observed between 75 and 110 m water depth along both the ISM and
API. A similar conclusion was proposed by Massari and Chiocci (2006)
to justify the back-stepping stacking pattern of post-LGM prograding
wedges forming discontinuous, submerged depositional terraces
recognized on the Tyrrhenian Sea margin of Italy.

The factors determining the lateral variability in preservation of
coastal cliffs during transgressive phases include differences in
bedrock resistance, local physiography, variations in wave power,
bathymetry, and rates of relative sea-level rise and sediment supply
Fig. 13. The ‘in-place drowning’ transgressive model for low-gradient shelves by Sanders and
developing during conditions of slow relative sea-level rise and closing a lagoon (A), can be d
barrier forms landwards during newly created conditions of slower relative sea-level rise (
(Anderson et al., 1999; Zecchin, 2007) (Fig. 11B). In the present case,
the laterally variable dip angle of the inferred palaeo-coastal cliff,
never exceeding 30° (Figs. 4, 5 and 7–10), and its local disappearance
along depositional strike could be related to lateral variations in wave
power and erosion due to local physiographic factors, as well as to the
inherited topography. It is, therefore, the complex interplay between
these factors and sea-level changes that controls the formation of
coastal cliffs and their lateral disappearance. A modern analog of
lateral disappearance of coastal cliffs is observed in the Crotone
coastal area, where the coastal plain between the Neto river delta and
Crotone (Fig. 2) shows a relatively lower gradient and cliffs do not
develop, whereas the area south of Capo Colonna (Fig. 2) is
characterized by coastal cliffs that still retreat.
Kumar (1975) and Rampino and Sanders (1980). Following the model, a barrier island
rowned and preserved due to a very rapid pulse of relative sea-level rise, and later a new
B).
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Fig. 14. Melt-water pulse (MWP) events occurred between 15 and 10 ka BP (modified
from Liu and Milliman, 2004). During MWP-1A, eustatic sea level rose from 96 to 76 m
below present sea level, between 14.3 and 14.0 ka BP, at a rate of ca. 60 mm/a. MWP-1B
was characterized by a eustatic rise from 58 to 45 m below present sea level, between
11.5 and 11.2 ka BP.

Fig. 15. The ‘cliff overstep’ transgressive model for high-gradient shelves. (A) and (B) Durin
action at its toe, and a wave ravinement surface (WRS) progressively migrates landwards in
water pulse event, wave action has not enough time to completely dismantle the cliff. (D) The
to develop upslope when new conditions of slow relative sea-level rise are established. Thi
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The prominent geometric variations of the WRS recognized in this
high-gradient setting contrast with themuchmore regularWRS profile
that characterizes some flatter and wider shelves (Fig. 12A and B),
such as the northern Adriatic shelf (Storms et al., 2008). During the
post-LGM transgression, the northern Adriatic shelf was typified by
the development of barrier-lagoon systems, which are characteristic
of low-gradient settings (Cattaneo and Steel, 2003). Due to the episodic
occurrence of very high rates of sea-level rise up to 60 mm/a (Liu and
Milliman, 2004; Storms et al., 2008), such barriers were overstepped
and drowned (in-place drowning; Sanders and Kumar, 1975; Rampino
and Sanders, 1980) (Fig. 13).

In the present high-gradient setting, we infer that the palaeo-
coastal cliff recognized between 75 and 110 m water depth (Figs. 4, 5
and 7–10) generated and started to recede during a phase of slow
eustatic rise, and was then overstepped and partially eroded during a
subsequent phase characterized by very rapid eustatic rise, otherwise
its progressive dismantling would have occurred. In particular, the
depth of the exposed part of the palaeo-coastal cliff closely matches
with the depth range of melt-water pulse (MWP) 1A, during which
g a first phase of slow relative sea-level rise, a coastal cliff retreats due to eroding wave
front of the cliff. (C) During very rapid relative sea-level rise, that coincides with a melt-
partially eroded cliff tends to be overstepped, and another coastal cliff eventually starts
s process leads to the generation of a WRS with a stepped profile.
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the eustatic sea-level rose from 96 to 76 m below present sea-level,
between 14.3 and 14.0 ka BP (Liu and Milliman, 2004) (Fig. 14). This
consideration is valid assuming a rough balance between regional
uplift and subsidence of glacio–hydro–isostatic origin as shown by
Pirazzoli et al. (1997). The range and rate of MWP-1A, therefore, were
both large enough to allow the overstep of the recognized palaeo-
coastal cliff. As noted above, higher wave power and/or lower bedrock
resistance along depositional strike may have led to the local
dismantling of the cliff, although it could not have formed locally
due to lateral decrease in gradient of the transgressed shelf (Fig. 12A).
Younger accelerations and decelerations of sea-level rise, such as
MWP-1B (58–45 m below present sea level, 11.5–11.2 ka BP, Fig. 14),
could be responsible for the formation of some shallower scarps found
in the SBPs, in particular that present between 40–50 and 70–75 m
water depth at the API (Figs. 7–10).

A transgressive model for high-gradient shelves during the post-
LGM glacio-eustatic rise is proposed (Fig. 15). Where the transgressed
topography is very steep, coastal cliffs developed and retreated during
the initial phase of relatively slow sea-level rise, due to wave erosion
acting at the toe of the cliff and generating a WRS (Fig. 15A and B).
During phases of very high rate of sea-level rise, coinciding with melt-
water pulses, the rate of cliff retreat abruptly decreased, and cliffs
tended to be overstepped and not completely eroded by the WRS
(Fig. 15C and D). The alternation of slow and rapid eustatic rises,
combined with local physiography, wave energy and sediment
supply, generated a stepped, markedly irregular geometry of the
WRS in high-gradient settings, with evident dip changes both along
dip and along strike (Figs. 12A and 15).

The present ‘cliff overstep’ model for high-gradient settings
(Fig. 15) is analogous with the ‘in-place drowning’ model of Sanders
and Kumar (1975) and Rampino and Sanders (1980) for low-
gradient settings (Fig. 13), although the cliffs do not preserve their
original shape and height, and they undergo erosion of various
degrees. The present model needs to be tested in other high-
gradient contexts and with robust dating of samples, and it may be
very useful to correlate the submerged topography with known
palaeo-climatic phases and eustatic levels in the recent geological
time. Although submerged coastal cliffs have a limited lateral
extent, their recognition at similar depth in different areas with
similar subsidence/uplift history, highlights the role of external
factors, such as stepped relative sea-level changes, influencing the
coastal physiography.

6. Conclusions

Interpretation of eight CHIRP profiles acquired along the Ionian
shelf margin and the southern side of the Amendolara palaeo-island
have allowed the recognition of the variability of sea-bed features and
geometry of transgressive wave ravinement surfaces (WRS) in very
high-gradient shelves.

WRSs in high-gradient settings exhibit a highly variable geometry
along both depositional dip and strike, and accentuated dip changes.
This variability is mostly related to local very irregular topography of
the substrate preceding transgression, as well as to lateral variations
in wave power and bedrock resistance during WRS formation.

An inferred relict coastal cliff is locally exposed between ca. 75 and
100 m water depth in the studied sub-bottom profiles, matching the
depth range of melt-water pulse (MWP) 1A (14.3–14.0 ka BP) given
an assumption of no regional uplift due to post-LGM glacio–hydro–
isostatic effects.

A transgressive model for high-gradient shelf settings and stepped
sea-level rise has been proposed. In such contexts, coastal cliffs
develop and retreat during phases of slow relative sea-level rise, due
to wave erosion acting at the toe of the cliff and generating a WRS.
During phases of very high rate of relative sea-level rise, cliffs tend to
be overstepped, drowned and not completely eroded by theWRS. This
mechanism in part explains the occurrence of a stepped, markedly
irregular shelf topography in these settings.

The proposed ‘cliff overstep’ transgressive model is thought to
work well in high-gradient margins that underwent the post-LGM
high-magnitude transgression, which has been characterized by brief
periods of very high-rate of glacio-eustatic rise (i.e. the melt-water
pulses) separated by longer phases typified by much slower glacio-
eustatic rise. This model needs further testing in other contexts
characterized by high-gradient shelf topography, but it has the
potential to be useful in recognizing variations in the rate of sea-
level rise and in general in reconstructing the Late Quaternary
evolution of shelf to coastal areas.
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