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Cyclic late Pleistocene shallow-marine deposits, such as those forming the sedimentary cover of some marine
terraces, allow a detailed study of the architecture of nearshore to offshore cycles deposited under the
influence of high-amplitude glacio-eustatic changes. The Capo Colonna marine terrace, located near Crotone
(southern Italy), is composed of two cycles recording a low frequency retrogradational trend, which is
thought to be the result of a generalized base-level rise during a late Pleistocene interglacial stage
superimposed on regional uplift.
Cycles of the Capo Colonna marine terrace are composed of coarse-grained lags, siliciclastic shoreface
deposits, and mostly carbonate shelf deposits, and their general stratigraphic architecture evidences
relatively thin transgressive and thick regressive intervals. The latter can be top-truncated due to wave
ravinement during a subsequent erosional transgression.
The architectural style of the Capo Colonna marine terrace cycles is thought to be linked to very rapid base-
level rises related to the late Pleistocene, high-amplitude glacio-eustatic changes. Climatic variations
controlling the sediment supply rate are considered less effective in the present context. Present results allow
a comparison with other cyclic successions developed under Icehouse climatic regimes, showing a discrete
variability in their stratal architecture.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The study of cyclic marine successions deposited under Icehouse
climatic regimes has recently attracted attention because they
commonly show stratal architectures that differ from those developed
on continental margins during Greenhouse periods (e.g. Fielding et al.,
2006; Cantalamessa et al., 2007; Di Celma and Cantalamessa, 2007).
Icehouse regimes, such as those characterizing the Late Carbonifer-
ous/Early Permian, Oligo-Miocene, and Plio-Pleistocene ages, were
marked by high-frequency, high-amplitude glacio-eustatic changes
and dramatic climatic variations, which significantly impacted on the
sedimentary record. Several authors have emphasized that shallow-
marine cycles accumulated under such conditions are commonly thin
(from a fewmetres to a few decametres), showan incomplete systems
tract development, and are erosionally truncated at the top (Naish and
Kamp, 1997; Saul et al., 1999; Zecchin, 2005; Fielding et al., 2006;
Cantalamessa et al., 2007; Di Celma and Cantalamessa, 2007). The
amplitude and shape of the relative sea-level curve is inferred to have
had a great impact on cycle architecture, and to have exerted a
significant control on the preservation of deposits accumulated near
).
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the basin margin (Zecchin, 2007). The degree of cycle symmetry,
defined as the relative thickness of transgressive and regressive
deposits, varies as a function of several controlling factors (see
Zecchin, 2007), and may assume a characteristic pattern in strata
deposited during Icehouse conditions (Cantalamessa et al., 2007; Di
Celma and Cantalamessa, 2007).

Recent studies demonstrate that deposits forming the sedimentary
cover of Pleistocene marine terraces may be organized in small-scale
cycles (e.g. Strasser et al., 1992; Zecchin et al., 2004b; Nalin et al.,
2007), which can be very useful in studies of the architecture of cycles
developed under severe Icehouse climatic regimes. Pleistocene
marine terraces are a result of the interplay between regional uplift
and high-amplitude glacio-eustatic changes, leading to the develop-
ment of wave-cut platforms at progressively lower elevations, covered
by shallow-marine deposits (Carobene, 1980; Trenhaile, 2002).

Previous studies in the Crotone area (southern Italy) have
documented the organization, development and architecture of late
Pleistocene marine terraces (Gliozzi, 1987; Cosentino et al., 1989;
Palmentola et al., 1990; Zecchin et al., 2004b; Nalin et al., 2007). The
present study is focused on the facies and stratal architecture of a
marine terrace deposit located on a promontory south of Crotone (the
Capo Colonna terrace, Figs. 1–3). The spectacular exposures provide
access to awell preserved transect along depositional dip and allow to
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Fig. 1. Geologic sketch-map of the Crotone Basin with location of the Capo Colonna area, SE of Crotone (modified from Zecchin et al., 2003).
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recognize the composite architecture of a succession that consists of
two metre-scale transgressive–regressive cycles. The opportunity to
observe a continuous facies change along depositional dip is uncom-
Fig. 2. Geologic map of the Capo Colonna promontory, with indication of the ten measur
overlying the Plio-Pleistocene deep marine Cutro Clay, are present in the area.
mon, and allows a good characterization of the small-scale cyclicity,
which can be compared with that observed in other successions
deposited under Icehouse climatic regimes.
ed sections. Three middle to late Pleistocene marine terrace deposits, unconformably
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2. Geological setting

2.1. The Calabrian Arc and the Crotone Basin

The Calabrian Arc, mostly composed of pre-Mesozoic crystalline
rocks, is located between the NW-trending southern Apennines and
the E-trending Sicilian Maghrebides. It migrated southeastward from
mid-Miocene onwards in response of the subduction of the Ionian
crust, which generated the back-arc Tyrrhenian basin (Malinverno
and Ryan, 1986; Van Dijk and Scheepers, 1995; Bonardi et al., 2001).
The movement toward southeast produced a strong dissectation of
the arc by several strike-slip faults characterized by left-lateral
movement in the central and northern parts, and right-lateral
movement in the south (Knott and Turco, 1991).

The Crotone Basin is located in the Ionian side of the Calabrian Arc
and is generally interpreted as a forearc basin positioned on the
internal part of the Calabrian accretionarywedge (Bonardi et al., 2001;
Zecchin et al., 2004a) (Fig. 1). The basin is laterally bounded by two
NW-trending sinistral shear zones (Rossano-San Nicola in the north
and Petilia-Sosti in the south), and its opening started between
Serravallian and Tortonian time (Fig. 1) (Van Dijk, 1991). The deposi-
tional history of the Crotone Basin was characterized by a dominant
extensional tectonic regime that was periodically interrupted by short
compressional or transpressional phases in mid-Messinian, earliest
mid-Pliocene andmid-Pleistocene time (Van Dijk, 1991; Massari et al.,
2002; Zecchin et al., 2004a). The stratigraphgic succession of the basin
(Serravallian to middle Pleistocene in age) consists mainly of shelf,
slope and lagoonal claystones and marls, and shoreface and deltaic
sandstones and conglomerates (Roda, 1964; Massari et al., 2002;
Zecchin et al., 2003, 2004a; Mellere et al., 2005; Zecchin, 2005;
Zecchin et al., 2006).

Sincemid-Pleistocene time, the Calabrian Arc experienced a strong
uplift documented by flights of marine terraces developed along the
coasts. In the Crotone area, several marine terraces, placed at
progressively lower elevations and dislocated by Quaternary faults,
have been recognized (Gliozzi, 1987; Palmentola et al., 1990; Zecchin
et al., 2004b) (Fig. 1). They consist of a transgressive erosional surface
overlain by shallow-marine sediments, which unconformably overlie
a Plio-Pleistocene slope succession known as the Cutro Clay.

There is no agreement in literature on the number of terraces in the
Crotone area. Gliozzi (1987), Cosentino et al. (1989), and Palmentola
et al. (1990) recognized three to four terraces, while Zecchin et al.
(2004b) identified five different terraces. The oldest and highest
Fig. 3. The Capo Colonna promontory seen from WNW. Note the modern coastal cliff and th
Colonna and Cutro (on the right) terraces. The slope connecting the two gently seaward-incli
marine transgression that created the flat platform at the base of the Capo Colonna terrace
terrace, named Cutro terrace, is placed between 90 and 200 m of
elevation, and it has been ascribed to marine isotope stage (MIS) 7
(ca. 200 kyr) (Gliozzi, 1987; Zecchin et al., 2004b; Nalin et al., 2007) or
9 (ca. 330 kyr) (Palmentola et al. 1990). The younger terraces are
placed at lower elevations, between 100 and 8 m, and their estimated
ages range from 125 to 50 kyr B.P. (Zecchin et al., 2004b). The uplift
rate calculated for the Crotone area varies between 0.4 and 1.8 m/kyr
(Cosentino et al., 1989; Palmentola et al., 1990; Zecchin et al., 2004b).

Several hypotheses have been presented to explain the regional
uplift of the Calabrian Arc. Many workers invoke either an isostatic
rebound that followed the breaking of the subducted Ionian Crust
(Spakman, 1986; Westaway, 1993; Wortel and Spakman, 2000) or a
convective removal of the deep root and a consequent decoupling of
the Calabrian Arc from the subducting plate (Doglioni, 1991, Gvirtz-
man and Nur, 2001). The uplift was locally accommodated by repeated
displacement along the major active faults (Monaco and Tortorici,
2000; Catalano et al., 2003).
2.2. The Capo Colonna terrace

Capo Colonna is a promontory located a few kilometres south-
eastward from Crotone (Figs. 1–3). This EW-elongated promontory
extends for 3 km and with an eastward dip of about 1°. The landward
border of the promontory is located at about 50 m of elevation and
terminates against a steep slope, whereas the seaward termination
coincides with a coastal cliff located at 10 to 15 m above sea level
(Figs. 2 and 3).

The upper part of the promontory is occupied by the Capo Colonna
Pleistocene marine terrace, which consists of carbonate and siliciclas-
tic sediments (up to 10 m thick) unconformably overlying the Plio-
Pleistocene slope succession of the Cutro Clay (Figs. 2 and 3). The
N-trending internal border of the terrace represents a paleocoastline.

The age of the Capo Colonna marine terrace is poorly constrained.
It has been ascribed to MIS 5c (about 100 kyr B.P.) by Palmentola et al.
(1990), except for its lower, easternmost part, correlated to MIS 5a
(about 80 kyr B.P.). In contrast, Gliozzi (1987) ascribed the whole
terrace to MIS 5a. Our field data clearly indicate that the Capo Colonna
terrace is correlatable with the Le Castella-Capo Cimiti terrace of
Zecchin et al. (2004b), which they ascribed to MIS 5c. In contrast to
Palmentola et al. (1990), we recognized that the easternmost part of
the Capo Colonna terrace, located at about 10 m above sea level, is
lowered by a post depositional WNW-trending normal fault (Fig. 2)
e hills composed of the Plio-Pleistocene Cutro Clay, which is the substrate of both Capo
ned marine terraces is the remains of an ancient coastal cliff, which retreated during the
deposit.



141M. Zecchin et al. / Sedimentary Geology 216 (2009) 138–157
and cannot be considered a younger terrace, because its stratigraphic
succession is the same of the adjacent terrace deposits.

3. Depositional system

Facies analysis based on ten measured sections represents the
basis of the present study (Figs. 2 and 4). Two facies associations were
identified in the deposits forming the Capo Colonna terrace: shelf/
shoreface (A); continental (B). Detailed facies descriptions and
interpretations are shown in Table 1, whereas facies examples are
illustrated in Figs. 5–12.

The Capo Colonna terrace deposits consist of a suite of shelf to
continental facies (Fig. 4). Distal sections (Col 1 to Col 3) show an
abrupt vertical juxtaposition of a variety of marine facies related to
different depositional environments, suggesting a higher-frequency
cyclicity in the terrace deposits (see next section).

Facies association A represents a continuum of shoreface to shelf
deposits, well represented along both depositional dip and strike. The
more complete northern transect shows a landward thinning of the
marine deposits, which contrasts with the seaward thinning of the
continental deposits of facies association B (Fig. 4).

Facies association A is typically marked at the base by conglom-
erate lag deposits (Facies A1 and Facies A2; Figs. 4 and 5) directly
overlying the basement (the Cutro Clay), and inferred to be produced
after marine transgression and shoreface retreat (Demarest and Kraft,
1987; Nummedal and Swift, 1987; Hwang and Heller, 2002). This
process led to erosion of a previously exposed landmass and to the
consequent reworking of previous deposits, as documented by the
boulders of Facies A2 which derived from a retreating coastal cliff.
Specifically, calcareous boulders derive from the sedimentary cover of
two older marine terraces (i.e. the Cutro and the Campolongo-La
Mazzotta terraces), located just to the west (Figs. 2 and 3). Also at
present time, the cliff that separates the Capo Colonna terrace from
the older and higher terraces is partially covered by large calcareous
boulders, whose composition is identical to that of the elements
forming Facies A2.

Locally, the base of Facies association A is marked by cemented
skeletal concentrations (Facies A3 and Facies A4; Figs. 4, 6 and 7),
inferred to record bypass and starvation of siliciclastic sediment in the
lower shoreface to shelf during the marine ingression (e.g. Kidwell,
1991; Abbott and Carter, 1994; Naish and Kamp, 1997; Kondo et al.,
1998).

Well developed carbonate reefs (Facies A5; Figs. 4, 7 and 8) grew in
the shelf typically at depth comprised between 30 and 60 m (Laborel,
1961; Pérès and Picard, 1964; Bosence, 1983), directly above the
cemented substrate formed by Facies A3 and Facies A4. Reef cavities
are filled with bioclastic sediments consisting mostly of reef detritus
(Facies A6; Fig. 4). Reefs are typically bounded at the top by an
irregular, erosional surface overlain by mixed bioclastic and siliciclas-
tic sediments inferred to be deposited in a shallower depositional
environment (Facies A7 and Facies A8a; Figs. 4 and 9).

Landwards, Facies A5 becomes discontinuous and patchy, and
passes into siliciclastic sandstones characterizing the shallow-marine
sedimentation (inner shelf to upper shoreface), dominated by storm
and current structures (Facies A8a,b and Facies A9; Figs. 4, 9, 10
and 13). A toe of cliff conglomerate deposit (Facies A10; Figs. 4 and 11)
is present further landwards, resembling analogous accumulations in
the modern beachfaces of the area. Boulders of Facies A10 derive from
the demolition of the deposit of an older marine terrace (the Cutro
and/or the Campolongo-La Mazzotta terraces, Figs. 2 and 3). As
mentioned above, the ancient cliff is partially preserved, and at
present it forms a steep slope, still covered by large calcareous
boulders.

The continental facies association (B) is present in the landward
sector of the transect and is represented by Facies B1, which is
recognizable only in the upper part of the proximal sections (Fig. 4).
Facies B1 overlies the deposits of Facies association A with a sharp
contact, and consists of a seaward thinning gravity-flow fan built at
the toe of the palaeo-cliff during the emergence of the terrace (Figs. 4,
12 and 13).

The overall facies architecture of the studied deposits, showing a
predominant carbonate sedimentation in the shelf that passes into
clastic deposits landwards (see also Nalin and Massari, in press)
together with the presence of a coastal cliff subjected to rock falls,
resemble the setting described for the Pleistocene coral reef terraces
of the southern Sinay, Egypt (Strasser et al., 1992; Strasser and
Strohmenger, 1997).

4. Sequence stratigraphy

The facies architecture and extensive exposures allow a detailed
sequence-stratigraphic analysis of the Capo Colonna terrace deposits.
Two small-scale cycles, called Capo Colonna (CC) 1 and 2 (1 to 8 m
thick), were identified on the basis of facies and stratal architecture
(Fig. 4). Cycles are stacked to form a retrogradational body (Fig. 4).
Key stratal surfaces and systems tracts can be directly picked and
laterally traced in the field in the northern coastal cliff of the terrace.

4.1. Key stratal surfaces

4.1.1. Wave ravinement surface
The wave ravinement surface (WRS) is a diachronous erosional

surface cut by waves in the shoreface during the transgression, and is
commonly associated with transgressive lags, onlap shell beds
(Kidwell, 1991, Naish and Kamp, 1997), and the substrate-controlled
Glossifungites ichnofacies, which is indicative of firm non-lithified
substrates (Swift, 1968; Demarest and Kraft, 1987; Nummedal and
Swift, 1987; Pemberton et al., 1992; Cattaneo and Steel, 2003). The
WRS climbs toward the basin margin, and typically marks the base of
shallow-marine small-scale cycles (Zecchin, 2007).

In the Capo Colonna terrace, two WRSs are recognizable, and they
represent the sharp erosional contact between the substrate (the Cutro
Clay) and the shallow-marine deposits of the terrace, as well the basal
boundaries of the two cycles (CC 1 and CC 2) (Figs. 4, 5, 7, 10A and 12).
WRSs can be overlain by coarse-grained lags (Facies A1 and A2) or by
condensed shell beds and bryozoan-bearing deposits (Facies A3
and A4), forming the transgressive part of the two cycles (see below)
(Figs. 4 and 5). The WRS marking the base of the CC 2 cycle, the only
well traceable surface along the transect, shows a gentle seaward dip
(in average about 0.6°)which increases near the landward termination
of the terrace. In the distal sector of the transect (Col 1 to Col 3 sections,
Fig. 4), the WRS bounding the base of the CC 2 cycle is associated to
Skolithos-like burrows up to 2 m long, which penetrate the underlying
trough cross-stratified Facies A9 (Table 1 and Figs. 4 and 10A and B).
The recognition of these long burrows only in the upper part of Facies
A9 indicates that they were produced by organisms (probably
crustaceans) limited to sandier substrates. These traces are interpreted
to represent a Glossifungites ichnofacies originated during the forma-
tion of the WRS at the base of the CC 2 cycle (Figs. 4 and 13).

The amount of erosion of the substrate (i.e., the Cutro Clay)
associatedwith the formation of the twoWRSs is not easily detectable.
It is inferred that the ravinement erosion associated to the CC 2 cycle
transgression totally removed beachface and continental deposits
eventually accumulated at the top of the CC 1 cycle. The colonization
of the substrate by the burrowing organisms producing the Glossi-
fungites ichnofacies associated to the basal boundary of the CC 2 cycle
took place during the exhumation of the upper shoreface deposits
(Facies A9) forming the upper part of the CC 1 cycle.

4.1.2. Maximum flooding surface
The maximum flooding surface (MFS) is the surface separating

retrograding (transgressive) strata below from prograding
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(regressive) strata above (Catuneanu, 2002; Cattaneo and Steel, 2003;
Catuneanu, 2006); i.e., a downlap surface. This surface is close but
generally non-coincident with the surfaces marking the end of the
shoreline transgression and the maximum water depth (Abbott and
Carter, 1994; Abbott, 1997; Carter et al., 1998). Our choice of MFS
definition, which may be referred as a geometric MFS, is the more
obvious in outcrop and in seismic lines (Zecchin, 2007).

In the Capo Colonna terrace deposits, theMFSs are inferred tomark
the top of transgressive lags and/or condensed skeletal accumulations
(Facies A1–A4), and they lie at the base of coarsening- and shallowing-
upward successions (Figs. 4 and 7). Specifically, the MFS is interpreted
to coincide with the thin burrowed and finer-grained interval at the
base of Facies A8a in the CC 1 cycle (Col 1 section, Fig. 4), approxi-
mately corresponding to the deepest depositional settings and to the
base of the regressive succession. The MFS is interpreted to coincide
with the top of the condensed deposits of Facies A3–A4 in the CC 2
cycle, corresponding to the base of algal reefs (Facies A5) in distal
locations and of siliciclastic deposits (Facies A8–A10) in proximal
locations (Figs. 4 and 7). The MFS, therefore, is picked at the top of
condensed deposits recording conditions of maximum siliciclastic
sediment starvation in relatively distal settings, as documented also
by the greater abundance of deep-water fauna (i.e., bryozoans). The
significance of these skeletal accumulations in a sequence-strati-
graphic point of view is illustrated in Section 4.3.1. Where condensed
deposits and lags are absent, the MFS coincides with the basal WRS
(Figs. 4, 10A and 12). In this way, the MFS of the CC 2 cycle shows a
hummock and swale profile at a large scale (Fig. 4).

4.1.3. Regressive surface of marine erosion
The regressive surface of marine erosion (RSME) is cut by waves in

the shoreface during the forced regression of the shoreline, and it
corresponds to the base of shallow-marine, sharp-based forced-
regressive deposits (Plint, 1988; Helland-Hansen and Gjelberg, 1994;
Plint and Nummedal, 2000; Catuneanu, 2002, 2006).

In the Capo Colonna terrace deposits, the markedly irregular
surface eroding the top of the algal reefs and juxtaposing shallow-
water clastic deposits (Facies A7 and Facies A8a) and underlying shelf
reefs (Facies A5) is interpreted as a RSME (Figs. 4 and 9). This surface
shows up to 1.5 m of erosional relief at the outcrop scale. Moreover,
the decimetre-scale depressions of this surface locally observed below
Facies A8a (Col 10 section, Figs. 4 and 9) are interpreted as storm-
related gutter casts (see Table 1, Facies A8a) (Myrow, 1992; Myrow
and Southard,1996; Plint and Nummedal, 2000). In both northern and
southern transects, the RSMEmerges with the subaerial unconformity
landwards, whereas it marks the base of forced-regressive deposits
(see below) seaward (Fig. 4).

In the landward sector of the terrace, the base of the gravity-flow
fan (Facies B1) appears as a sharp contact between shallow-marine
(below) and continental (above) deposits (Figs. 4 and 12). This
surface (fan base ‘FB’ in Figs. 4 and 12) is not directly correlatable with
the RSME, although it testifies an abrupt seaward shift of facies tract
(Figs. 4 and 12).

4.1.4. Subaerial unconformity
Following the systematics of Hunt and Tucker (1992, 1995),

Helland-Hansen and Gjelberg (1994) and Plint and Nummedal
(2000), the subaerial unconformity (SU) is an highly diachronous
surface marking the top of falling stage deposits, and corresponds to
the sequence boundary. In the present case, the SU corresponds to the
modern surface of subaerial exposure bounding the top of the CC 2
cycle (Figs. 4 and 12). The surface is characterized by non-deposition
and pedogenesis, which locally involves up to 1.5 m of the upper
portion of the terrace deposits. Pedogenized deposits show a reddish
to dark brown colour, may contain caliche nodules, and may obscure
the primary sedimentary structures. Altered reef deposits are typically
decalcified. A similar SU is not recognizable at the top of the CC 1 cycle,
very probably because of ravinement erosion, cutting the upper part of
the cycle, during the CC 2 cycle transgression.

4.2. The CC 1 cycle

The CC 1 cycle is developed only in the distal part of the transect
(Col 1–3 sections, Fig. 4), and shows a seaward thickening up to 7 m.
The cycle is bounded at the base by a WRS cutting into the basement
(the Cutro Clay) and is overlain by a package (up to 1.5 m thick)
formed by the transgressive lags of Facies A1 and A2 (Figs. 4, 5 and 13).
The middle to upper part of the CC 1 cycle shows a clear coarsening-
and shallowing-upward trend, from a lower burrowed interval of Fa-
cies A8a, placed directly above to the boulders of Facies A2, to the
trough cross-bedded Facies A9 (Figs. 4 and 10A and B). The upper
bounding surface of the CC 1 cycle corresponds to the second WRS,
associated with the Glossifungites ichnofacies and representing the
base of the CC 2 cycle (Figs. 4, 7, 10A and 13).

Despite the lacking exposure in the lower part of both Col 2 and Col
3 sections, the observed direct contact between the CC 2 cycle and the
basement toward the west suggests that the CC 1 cycle pinches out
landwards, and it is totally absent in the Col 4 to Col 8 as well in the Col
9 to Col 10 segments (Fig. 4). The gradient of the basal WRS from the
Col 1 to Col 4 sections is relatively high, with an average seaward dip of
about 1°.

4.2.1. Sequence-stratigraphic interpretation
The lag deposits (Facies A1 and A2) forming the lower part of the

CC 1 cycle, and lying above the basal WRS, represent a condensed
transgressive systems tract (TST), which is mostly composed of
material reworked from older marine terrace deposits (i.e. the Cutro
and/or the Campolongo-La Mazzotta terraces) (Fig. 4). As stated
above, the MFS is interpreted to occur at the burrowed base of Facies
A8a, directly above Facies A2, i.e. at the base of the shallowing- and
coarsening-upward succession (Fig. 4), which represents the high-
stand systems tract (HST) of the CC 1 cycle. A RSME and forced-
regressive deposits are not identifiable (Fig. 4).

4.3. The CC 2 cycle

The CC 2 cycle is the more extensive, and its termination occurs
2.7 km landward of that of the CC 1 cycle (Fig. 4). The lower boundary
of the cycle corresponds to a WRS, marked seaward by the substrate-
controlled Glossifungites ichnofacies, whereas the upper boundary is
represented by the modern SU (Figs. 4, 7, 10A, 12 and 13).

The base of the CC 2 cycle is locally marked by a transgressive lag
(Facies A1, Col 10 section, Fig. 4); however its lower part is dominated
by condensed skeletal accumulations (Facies A3 and A4, Figs. 4, 6, 7
and 13). These condensed strata are overlain by the algal reefs and
associated deposits of Facies A5 and A6, which pass landward into
Facies A8a,b, A9 and A10 (Figs. 4 and 13). In the seaward locations of
the transect, the upper part of the CC 2 cycle is represented by the
clastic deposits of Facies A7 and A8a, which erosionally overlie Facies
A5 (Figs. 4 and 9). In the north-western part of the Capo Colonna
terrace, near its landward termination, the upper part of the CC 2 cycle
consists of seaward thinning gravity-flow fans (Facies B1) (Figs. 4, 12
and 13).

4.3.1. Sequence-stratigraphic interpretation
We interpret Facies A1, A3 and A4 as a condensed TST, bounded at

the base by a WRS and at the top by a well-defined MFS (Fig. 4). Even
the lower part of Facies A10 was possibly deposited during the
transgressive phase (Fig. 13). The position of the condensed skeletal
accumulations (Facies A3 and A4) within the cycle suggests that they
represent onlap–backlap compound shell beds (Naish and Kamp,
1997; Kondo et al., 1998) (Fig. 7). Onlap shell beds are characteristic of
the lower part of transgressive deposits, whereas backlap shell beds



Fig. 4. Cross sectional panel showing all the sections measured on the late Pleistocene deposits representing the sedimentary cover of the Capo Colonna terrace (the north is below and the west is on the right). All the recognized facies and the interpreted stratigraphic surfaces are illustrated. The Capo Colonna marine terrace deposits are composed of two transgressive–regressive cycles (CC 1 and CC 2 cycles) showing a retrogradational stacking pattern (see text).
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are a result of sediment starvation at the end of transgressive phases
(Kidwell, 1991; Naish and Kamp, 1997; Kondo et al., 1998; Di Celma
et al., 2005). If the siliciclastic sediment supply during the transgres-
sion is low, the onlap and backlap shell beds may be amalgamated to
form an onlap-backlap compound shell bed, bounded at the top by a
downlap surface (Naish and Kamp, 1997; Kondo et al., 1998).

The algal reefs and coeval clastic deposits placed above the MFS
(Facies A5, A6, A8, A9 and A10) are interpreted as the HST of the CC 2
cycle (Figs. 4 and 13). Algal reefs developed in a poorly supplied shelf,
and their optimal growth conditions very probably occurred during
the early HST, characterized by the deepest depositional settingwithin
the relative sea-level cycle (e.g. Abbott and Carter, 1994; Carter et al.,
1998; Nalin et al., 2007).

The clastic deposits of Facies A7 and A8a, erosionally overlying
Facies A5, are interpreted as the falling stage systems tract (FSST) of
the CC 2 cycle, bounded at the base by the RSME (Figs. 4 and 9). As the
gravity-flow fan (Facies B1) accumulated after the emergence of the
terrace, its accretion might have occurred at any time until near
present, irrespective of the younger glacio-eustatic fluctuations.
However, the lack of pedogenesis at top of the marine deposits of
the CC 2 cycle underlying the fan suggests that cliff collapse and
accumulation of the continental sediments occurred shortly after the
emergence of the inner part of the terrace, during base-level lowering
(Fig. 13). This seems likely also considering that the cliff very probably
was much steeper than today during the initial phase of the
emergence of the terrace, and therefore it was easily subjected to
collapse.

From a sequence-stratigraphic point of view, therefore, deposits of
Facies B1 may be considered as a continental equivalent of the FSST,
bounded at the top by the SU, and at the base by the FB surface (Figs. 4
and 12). This particular case is not contemplated in classic sequence-
stratigraphic models, which predict the formation of a SU without
significant deposition near the basin margin during relative sea-level
fall, and accumulation of continental deposits (LST) only during
renewed accommodation creation (Plint and Nummedal, 2000;
Catuneanu, 2002). In the present context, the presence of a steep
coastal cliff subjected to erosion is the key element promoting the
accumulation of continental gravity-flow deposits above the previous
nearshore area.
5. Discussion

5.1. The architectural style of the Capo Colonna cycles

Field evidence suggests a composite architecture of the Capo
Colonna terrace deposits. In particular, the two recognized transgres-
sive–regressive cycles (CC 1 and CC 2) are stacked to form an overall
retrogradational succession (Figs. 4 and 13). The features of both the
CC 1 and CC 2 cycles match those of a depositional sequence showing
systems tract differentiation (Posamentier and Allen, 1999; Catu-
neanu, 2006), as well as of a transgressive–regressive (T–R) sequence
bounded by transgressive surfaces (Embry and Johannessen, 1992;
Embry, 1993), and of the R cycle of Zecchin (2007). R cycles have an
asymmetric architecture, consisting of relatively thin transgressive
and thick regressive deposits (Fig. 14). Such architecture is very
common and has been illustrated by several authors (e.g. Van
Wagoner et al., 1990; Pattison, 1995; Castelltort et al., 2003; Massari
et al., 2007; Nalin et al., 2007, among others). R cycles are a particular
type of small-scale cycle, which is a purely descriptive term that is
independent of temporal factors, genetic mechanisms and specific
stratal architectures (Zecchin, 2007). Small-scale cycles have a scale of
metres to decametres, and may be stacked to form systems tracts
(Zecchin, 2007).

We prefer to use the term R cycle rather than sequence for the Capo
Colonna terrace cycles, as the former implies a specific proportion of
transgressive and regressive deposits allowing a clear differentiation
with respect to other kinds of cycle symmetry.

Rapid relative sea-level rise and/or low sediment supply during
transgression (i.e. ratios of accommodation to supply rates ‘A/S’N or
NN1), middle to outer shelf depositional settings, low-gradient
topography, and prevalent erosion and sediment bypass during trans-
gression are factors that favour the development of R cycles (Zecchin,
2007). In the study area, rapid rises of relative sea-level that over-
whelmed the sediment supply during transgressions were probably
the main control on the architecture of the CC 1 and CC 2 cycles. The
presence of wave-cut coastal cliffs during cycle formation (Fig. 13), as
at the present time, is indicative of a physiography characterized by an
accentuated gradient topography and an associated roughness due to
phases of deposition and erosion during the progressive emergence of
the area (Cattaneo and Steel, 2003; Zecchin, 2007). Well cemented,
older terrace deposits were the source of coarse-grained lags during
cliff retrogradation (Fig. 13), whereas the eroded fine-grained
sediment (i.e. the Cutro Clay) forming most part of the cliff was easily
bypassed to more offshore locations.

The retrogradational stacking pattern recognized within the
succession formed by the CC 1 and CC 2 cycles is the opposite to
that observed in the oldest terrace deposits of the area. In fact, the
deposits of the Cutro terrace (about 200 kyr B.P.) are composed of
three cycles stacked to form an offlapping and downstepping
architecture, which is the result of a long-term forced regression
related to regional uplift (Nalin et al., 2007). Only in the upper part of
the CC 2 cycle is there evidence of forced regression (Figs. 4 and 13),
which preceded the emergence of the Capo Colonna terrace. Lowstand
marine sediments (following the systematics of Hunt and Tucker,
1992, 1995 and Helland-Hansen and Gjelberg, 1994) are absent within
the CC 1 and CC 2 cycles, very probably because the studied deposits
are located landwards of the lowstand shoreline.

The observed architecture of the Capo Colonna terrace deposits,
therefore, suggests that the CC 1 and CC 2 cycles are the results of two
successive relative sea-level rises of different magnitude. In particular,
the magnitude of the CC 2 cycle transgression was necessarily greater
than that of the CC 1 cycle, as it is more landward translated despite
the active uplift of the area during cycle formation.

The architecture and stacking pattern of the Capo Colonna terrace
cycles resemble those of the late Pleistocene to Holocene ‘submerged
depositional terraces’, commonly found along relatively stable
Tyrrhenian Sea margins (Massari and Chiocci, 2006). These mixed
bioclastic–siliciclastic wedges show a characteristic retrogradational
stacking pattern linked to the high-amplitude relative sea-level rise
following the Last Glacial Maximum (Massari and Chiocci, 2006).
Moreover, two staked shallowing-upward cycles, recording high-
frequency relative sea-level changes accompanied by climate shifts,
have been described in the Tyrrhenian (MIS 5e) coastal deposits of
Sardinia, Italy (Kindler et al., 1997).

5.2. Controls on cyclicity: Eustasy vs. climate

The study of late Quaternary marine terrace deposits is advanta-
geous because the primary controlling factor on stratal architecture
and cyclicity is known, as their development can be directly linked to
high-amplitude glacio-eustatic fluctuations (Naish et al., 1998;
Zecchin et al., 2004b). Following the above considerations on the
inferred age of the Capo Colonna terrace, the development of the two
recognized cycles is thought to be linked to minor glacio-eustatic
pulses of MIS 5. In the present study, the more prominent positive
eustatic peak probably corresponds to the development of the CC 2
cycle, as it includes the maximum landward translation of the
shoreline (Figs. 4 and 13). The falling stage deposits recognizable in
the upper part of the CC 2 cycle are interpreted to be the product of
high-magnitude forced-regressive conditions linked to combined
glacio-eustatic lowering and regional uplift.
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Table 1
Facies and depositional environments of the Capo Colonna terrace deposits.

Facies association and facies Description Interpretation

Shelf/shoreface facies association (A)
A1—Granule- to cobble-size conglomerate Granule- to cobble-size (up to 10 cm) conglomerate up to 10 cm thick. Well rounded

and commonly elongated clasts, composed of quartz, lithic fragments and irregular
calcareous algae. The matrix is composed of fine-grained quartz sandstone. The
base is erosional and locally irregular, and corresponds to the contact between
the substrate (the Cutro Clay) and the terrace deposits.

Lag deposit accumulated after wave erosion and shoreface retreat,
and containing material reworked from the substrate
(Demarest and Kraft, 1987; Nummedal and Swift, 1987; Hwang and Heller, 2002).

A2—Carbonate boulder-size conglomerate Boulder-size conglomerate (1.5 m thick), with elongate carbonate clasts (up to 2 m)
composed of older algal reefs and bioclastic deposits. Boulders are well rounded and
form a one-clast-thick pavement. Some boulders display an external, concentric
calcareous algal overgrowth up to 10 cm thick, and include Lithophaga holes on the
surface. Boulders are underlain by a layer (20 cm thick) of a well cemented,
granule-size quartz conglomerate showing cross-stratification and undulate lamination,
and grading upward into coarse- to medium-grained quartz sandstone filling the
cavities between the carbonate boulders. Inter-boulder sandstones are flat-laminated
and show minor bioturbation. Rare disarticulated bivalve shells are present.

Product of rock-fall from a retreating coastal cliff. Boulders derives from the
demolition of older algal buildups and bioclastic sediments. Clast roundness
indicates an active erosion in an high energy shallow-marine environment
repeatedly subjected to wave action, whereas algal growth and boring suggest
persisting sediment starvation during and after a rapid deepening. The
cross-stratification in the granule-size sediment underlying the boulders
indicates the action of unidirectional currents probably in a nearshore setting.

A3—Shell bed (conquina) Cemented and burrowed calcirudite (up to 40 cm thick) made of pectinid and oyster
fragments, with minor bryozoans. Medium- to coarse-grained quartz sandstone in the matrix.
The facies displays a lenticular shape in dip sections, thinning toward both onshore and
offshore. The facies is structureless to flat-laminated, and its base is flat and erosional.

Product of the accumulation of intra-basinal shell material, probably in the lower
shoreface to inner shelf, during conditions of sediment bypass and starvation
promoting shell concentration (e.g. Kidwell, 1991). These deposits may be the product
of the amalgamation of several storm wave concentrations (Fürsich and Oschmann, 1993).

A4—Bryozoan-bearing calcirudite Highly packed bryozoan-bearing calcirudite (up to 50 cm thick) with a minor amount
of pectinid shell fragments and quartz granules. The facies displays a lenticular shape
that thins both offshore and onshore, and is characterized by unidirectional
cross-stratification partially masked by the coarse-grained nature of the deposit. Sets are
20 cm thick, and foresets are inclined 10 to 15 degrees. The base is sharp. A type of
deposit intermediate between Facies A3 and A4 is locally present.

Shelf skeletal concentration on a stable substrate colonized by epifaunal benthic
communities (e.g. Kondo et al., 1998), then transported by shelf currents. The
accumulation was very probably favoured by conditions of significantly
reduced siliciclastic supply.

A5—Carbonate reef Laterally extensive carbonate body composed of red algae, bryozoans and mollusc shells
(pectinids, oysters and gastropods), and minor corals, serpulids, and echinoids. forming
well cemented, irregular masses (up to 3.5 m thick). The framework is locally less massive
and contains a fraction of siliciclastic grains (quartz-rich sandstone and granule clasts).
Irregular cavities, filled by sediments of Facies A6, are very common. The facies thins
both offshore and onshore, and near its landward termination consists of large patch
reefs, some tens of metres wide, laterally confined by sediments of Facies A8b.

Algal reefs inferred to be growing in the mid-shelf (30 to 60 m depth; Laborel, 1961;
Pérès and Picard, 1964; Bosence, 1983). The seaward and landward thinning in the direction
of increasing and decreasing depth suggest environmental conditions beyond the optimum
for the reef growth. The same interpretation is suggested also by the patchy distribution of
the reefs in the landward direction. The presence of a siliciclastic fraction suggests the
episodic action of storm waves that were capable to mobilize coarse-grained material from
the local shoreface and to transport it offshore (e.g. Duke et al., 1991).

A6—Reef cavity fills Composition ranging between mixed bioclastic–siliciclastic (very coarse-grained
sandstone to granule-size conglomerate with shell debris) to mostly bioclastic
(mollusc shells and bryozoans). These deposits represent the fill of highly irregular,
vertically elongated reef cavities (up to 2.5 m high), and are typically free of traction
structures. The bioturbation may be common.

Infilling of reef cavities by reef detritus and in part by shell and siliciclastic
material transported by shelf currents (e.g. Zecchin et al., 2004b; Nalin et al., 2007).

A7—Bryozoan-rich deposit Bryozoans and venerid bivalves in layers, with a major percentage of siliciclastic
fraction and a lower degree of cementation than Facies A4. Minor bioturbation. The
facies pinches out both landward and seaward, and shows a roughly lenticular shape in
dip sections, with a maximum thickness of 60 cm. The basal surface is erosional, cutting
the top of the algal reefs of Facies A5.

Lower shoreface deposit composed in part of reef detritus (e.g. Zecchin et al., 2004b).
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Facies association and facies

Description Interpretation

A8—Flat-laminated to
cross-stratified sandstone

The facies is separable into two laterally-interfingering subfacies (A8a and A8b). A8a—Lower shoreface to shoreface–shelf transition deposit subjected to oscillatory-dominant
flow with high orbital velocity due to the action of storm waves producing HCS and
flat-lamination (Dott and Bourgeois, 1982; Dumas et al., 2005). Local bottom currents
produced the cross-lamination. More burrowed intervals probably reflect deeper-water
depositional settings. Individual shell beds are interpretable as storm wave concentrations
(Fürsich and Oschmann, 1993). The bed curvature near the contact with
Facies A5 is interpreted as the result of local deformation due to sediment
compaction (e.g. Zecchin et al., 2004b). The depressions at the lower boundary
suggest the action of storm-driven downwelling currents producing shore-normal
gutter casts (Myrow, 1992; Myrow and Southard, 1996; Plint and Nummedal, 2000).

A8a—Fine- to coarse-grained quartz sandstone (up to 3.5 m thick), with local coarser-grained
intervals containing abundant mollusc shells. Flat to undulate lamination, hummocky
cross-stratification (HCS), minor cross-lamination (decimetre-thick sets). The bioturbation is
not pervasive and more abundant above the contact with Facies A2 (Col 1 section). Well
cemented shell beds (10 cm thick) are locally present. The facies erosionally overlies Facies A5
and A8b, and pinches out landwards. The beds of the facies may be curved near the contact with
Facies A5. In the Col 10 section, the basal surface shows some depressions a few tens of cm large
and 10 cm deep, filled by bioclast-rich sandstone whose lamination drapes the depression.

A8b—Shoreface–shelf transition to inner shelf deposit in communicating corridors
between patch reefs and within very large fractures crossing the entire reef body.
Both unidirectional and oscillatory flows are envisaged. Bottom currents, possibly
storm-driven, were strongly enhanced due to lateral confinement, eroding reef
walls and transporting coarse-grained sandstone, which deposited during
decreasing flow velocity (e.g. Zecchin et al., 2004b; Zecchin, 2005).

A8b—Very fine- to upper very coarse-grained quartz sandstone (up to 3 m thick) with only
occasional bioturbation. The finer-grained intervals may contain reddish to yellow laminae rich
in Fe oxides. Flat to inclined and undulate lamination, cross-stratification in the coarser-grained
intervals. Internal, irregular erosional surfaces truncating the underlying laminae are common.
The deposit is abruptly juxtaposed to, and placed among, the patch reefs forming the
proximal part of Facies A5.

A9—Trough cross-bedded sandstone Medium- to very coarse-grained, trough cross-stratified quartz sandstone (up to 3 m thick).
Pectinid shells are occasionally present. Trough cross-sets are 20 to 30 cm thick and foreset
laminae are inclined between 15 and 40 degrees. Palaeocurrents are directed mostly toward the
NNE, with a minor eastward component. Swales and hummocks are locally present in the lower
part. Vertical Skolithos-like burrows, up to 2 m long and a few cm large, locally
penetrate from the sharp upper contact in the distal sections. Local
Thalassinoides-like burrows are present. The facies shows a wedge geometry
and thins offshore. The lower contact, above Facies A8a, is abrupt, while the
upper contact is invariably sharp and erosional.

Upper shoreface deposit characterized by the migration of 3D dunes, related to the action of
longshore currents in the surf and breaker zones and to offshore-directed rip currents
(e.g. Clifton, 1981, 2006; Massari and Parea, 1988; Hart and Plint, 1995). The observed abrupt
lower boundary is typical of barred longshore current- and rip current-dominated upper
shorefaces (Reading and Collinson, 1996; Clifton, 2006). The local presence of swales and
hummocks in the lower part of the facies suggests a direct wave action during storms, near the
boundary between the upper and the lower shoreface (Leckie and Walker, 1982;
Mellere et al., 2005). The long burrow traces penetrating from the sharp upper surface are
typical of the Glossifungites ichnofacies, which is a substrate-controlled ichnofacies indicative
of firm non-lithified substrates (Pemberton et al., 1992).

A10—Toe of cliff conglomerate Conglomerate made of cobble to boulder-size (10 cm to 1 m) calcareous clasts. Cobbles
and boulders are commonly bored by Lithophaga holes, and are associated with medium- to
coarse-grained quartz sandstone, which becomes dominant seaward and shows flat to very
low-angle lamination. The facies shows a chaotic distribution of clasts, and is present
only in the extreme proximal part of the transect.

Deposit accumulated at the toe of a coastal cliff, probably in the beachface
(e.g. Pomar and Tropeano, 2001), as observed in the present day cliffs of the area.
Boulders derive from the demolition of the deposit of older marine terraces.

Continental facies association (B)
B1—Base of cliff fan Gray to brown massive siltstone and claystone containing irregular, sand-sized carbonate rock

fragments and reworked benthic foraminifera. Seaward dipping foresets, inclined up to 20
degrees, occur in the larger exposures. The facies is up to 7 m thick at the internal border of the
terrace, against the ancient palaeo-cliff, and gradually pinches out eastward
(seaward) and southward.

Gravity-flow fan (Collinson, 1996) built at the toe of the palaeo-cliff, when the
terrace underwent emergence, and developed as the consequence of repeating
coesive flow events. The seaward accretion of the fan occurred at the expense of
the fine-grained sediment forming the cliff (the Cutro Clay) and of terrace deposits.
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Fig. 5. The erosional contact between the substrate (the Cutro Clay) and the Capo
Colonna terrace deposits (Col 1 section, Figs. 2 and 4). This surface, consisting of a cycle
boundary amalgamated with a wave ravinement surface, is overlain by a cross-bedded
granule-size quartz conglomerate underlying calcareous bounders (Facies A2—
bounder-size carbonate lag).
Recent works show that cycles controlled by glacio-eustasy are
characterized by contrasting stratal architectures, i.e. either the R cycle
or the T/T–R cycle architecture of Zecchin (2007) (Fig. 14). For
example, Massari et al. (2007) illustrate the characteristics of some
Pleistocene shelf R cycles in the Crotone Basin, controlled by glacio-
eustatic changes and developed between MIS 22 and MIS 18. These
cycles are characterized by relatively thick falling stage and lowstand
deposits, whereas transgressive and highstand deposits are less well
Fig. 6. Skeletal concentrations in the Capo Colonna terrace deposits. (A) Shell bed of
Facies A3 (Col 3 section, Figs. 2, 4 and 7), showing bivalve shells immersed in a
siliciclastic sandstone. Shell concentrations of Facies A3 are characteristic of the lower
part of the TST in the CC 2 cycle. (B) Well cemented bryozoan-bearing calcirudite of
Facies A4 (Col 3 section, Figs. 2, 4 and 7), showing highly packed bryozoan fragments
with little matrix if compared with Facies A3. This skeletal concentration marks the top
of the CC 2 cycle TST (see text).

Fig. 7. The Col 3 section (see Figs. 2 and 4) showing the upper part of the CC 1 cycle,
composed of trough cross-bedded sandstones of Facies A9, and the CC 2 cycle,
composed mostly of carbonate deposits. The CC 2 cycle consists of skeletal
concentrations in the lower part (Facies A3 and A4), and algal reefs (Facies A5) in the
upper part. Skeletal concentrations are interpreted to compose the transgressive
systems tract (TST) of the CC 2 cycle, bounded at the base by a cycle boundary
amalgamated with a wave ravinement surface (CB+WRS) and at the top by the
maximum flooding surface (MFS), whereas the algal reefs are thought to be accreted
during the highstand phase (HST). In the present case, Facies A3 and A4 are inferred to
represent an onlap–backlap compound shell beds (see text).
developed. Massari et al. (2007) argued that this architecture resulted
from a climatic modulation of sediment supply during eustatic
changes, producing high sediment discharge to the shelf due to
drier conditions during deglaciation phases.

Very thick falling stage and lowstand deposits, compared to the
transgressive and highstand ones, are also recorded in the late
Pleistocene succession of the Adriatic Basin (Trincardi and Correggiari,
2000; Ridente and Trincardi, 2002). Examples of biocalcarenitic Plio-
Pleistocene R cycles in the Mediterranean, inferred to have been
Fig. 8. Algal accretions characteristic of the reefs of Facies A5 (Col 3 section, Figs. 2, 4
and 7). Note a biocalcarenitic mass on the right (Facies A6) filling a reef cavity.
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Fig. 9. The erosional contact between algal reefs (Facies A5) and shallow-marine
sandstones of Facies A8a in the CC 2 cycle (Col 10 section, Fig. 4). The contact is
interpreted as a regressive surface of marine erosion (RSME) marking the base of
forced-regressive deposits (see text). The RSME eroded also the siliciclastic deposits
of Facies A8b, accumulated laterally to the reef body.

Fig. 10. (A) Facies A8a (mostly flat-laminated to hummocky cross-stratified sandstone)
and Facies A9 (trough cross-bedded sandstone) forming the upper part of the CC 1 cycle
near the Col 1 section (see Figs. 2 and 4) (circled camera plug for scale). The contact
between the two facies corresponds to the abrupt base of troughs, marking the base of
the upper shoreface. Note the long vertical traces descending from the boundary be-
tween CC 1 and CC 2 cycles (cycle boundary amalgamated with both wave ravinement
andmaximum flooding surfaces), and consisting in a substrate-controlled Glossifungites
ichnofacies (see text). (B) Detail of a trough (Facies A9) and of long vertical burrowtraces
descending from the surface bounding the top of the CC 1 cycle (Col 2 section, Fig. 4).
controlled by Milankovitch variations, are illustrated by Massari
and Chiocci (2006) and references therein.

In contrast to these examples, other authors show top-truncated
symmetric cycles or asymmetric cycles characterized by a dominant
transgressive part (i.e. the T–R cycles and the T cycles of Zecchin
(2007), respectively; Fig.14) in successions deposited under Icehouse
regimes, such as those of early Permian, Oligo-Miocene, and Plio-
Pleistocene age (e.g. Naish and Kamp, 1997; Zecchin, 2005; Fielding
et al., 2006; Cantalamessa et al., 2007; Di Celma and Cantalamessa,
2007). In general, the development of the relatively thick transgres-
sive intervals has been related to gradual deepening-upward trends,
while the poordevelopment of the regressive, highstand intervals has
been attributed to their partial truncation during sequence boundary
formation and the subsequent erosional transgression.

The results from the present study, together with those of several
other authors (e.g. Hernández-Molina et al., 2000; McMurray and
Gawthorpe, 2000; Trincardi and Correggiari, 2000; Ridente and
Trincardi, 2002; Zecchin et al., 2004b; Ridente and Trincardi, 2005;
Massari and Chiocci, 2006; Massari et al., 2007; Nalin et al., 2007;
Nalin and Massari, in press), provide evidence that the R cycle
architecture is very common in marine cycles developed during the
Pleistocene, which was characterized by the most severe Icehouse
climatic regime in the Neogene period. Moreover, as various factors
control deposition and may produce significantly different cycle
architectures within the same basin (Zecchin, 2007), the stratal
architecture of small-scale cycles cannot be easily predicted in all
cases. For example, a thick proportion of transgressive strata in a cycle
(T–R and T cycles, Fig. 14) is common in nearshore settings only if the
sediment supply rate during the transgression is sufficiently high (i.e.
the A/S varies from N1 to ≥1), otherwise very thin transgressive
deposits or simple flooding surfaces may result (Naish and Kamp,
1997; Saul et al., 1999; Zecchin, 2007). In fact, T cycles reported in the
literature commonly are present in shallow-marine settings (e.g. Di
Celma et al., 2005; Zecchin, 2005; Fielding et al., 2006), and they may
pass into T–R and R cycles in more distal locations, which are typically
characterized by relatively lower sediment supply rates during
transgressions (Naish and Kamp, 1997; Saul et al., 1999; Zecchin,
2007). As stated in the previous section, R cyclesmay also be present in
shallow-marine settings, where the sediment supply rate during
transgressions is low and is overwhelmed by the rate of creation of
accommodation.
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Fig. 11. Toe of cliff deposit (Facies A10) consisting of bored calcareous boulders which
fell from older terrace deposits during the formation of the Capo Colonna terrace (Col 8
section, Figs. 2 and 4). Part of the overlying fine-grained gravity-flow deposits of Facie
B1 is visible.

Fig. 12. Exposure showing part of the subaerial gravity-flow fan (Facies B1) abruptly ov
seaward-inclined foresets within Facies B1 downlapping onto the fan base (FB). In this
both wave ravinement and maximum flooding surfaces (CB+WRS+MFS).
s

Although all architectures have been recognized in cycles
deposited under Icehouse regimes, some features such as top-
truncation and incomplete systems tract development seem particu-
larly characteristic of cycles generated by high-amplitude glacio-
eustatic changes (Fielding et al., 2006), as indicated also by the
present terrace example (Fig. 4).

We argue that the common R cycle architecture in the Pleistocene
successions was in general favoured by the strong asymmetry of the
late Quaternary eustatic curve (Chappel and Shackleton, 1986), which
was characterized by slow falls and very rapid rises promoting the
accumulation of relatively thin transgressive strata (Zecchin, 2007). In
the case of the Pleistocene marine terraces of the Crotone area,
relatively thick regressive deposits and thin transgressive deposits are
the norm, the latter due to rapid base-level rises overwhelming the
regional uplift. In some cases, falling stage strata may be not well
developed because of high-magnitude forced-regressive conditions
linked to combined glacio-eustatic lowering and regional uplift.

The CC 1 and CC 2 cycles forming the Capo Colonna terrace are
examples of R cycles controlled by the interplay between regional
uplift and high-amplitude glacio-eustatic changes, and accumulated in
a shallow-marine to continental setting. It should be stressed that the
climate impact was also very strong during Icehouse regimes, and
resulted in a great variability of vegetation cover and thus a variable
erlyi
tract
degree of soil erosion and sediment supply to the marine realm
(Leeder et al., 1998; Massari et al., 2007). Massari et al. (2007)
suggested that the Crotone areawas subjected to a significant climatic
control on sediment supply during Pleistocene time. In particular,
drier climatic conditions during deglaciation phases led to deforesta-
tion and consequently to an increase of surface runoff, soil erosion and
sediment supply to the shelf area. The evidence suggests that the Capo
Colonna area was located away from important fluvial point sources,
as at the present day, and therefore was relatively sediment starved.
This is indicated by the extensive carbonate production in the shelf
during highstand phases (Fig. 13). Consequently, the evidence from
the present study supports the argument of Van der Zwan (2002), that
in an Icehouse regime Milankovitch-scale glacio-eustatic fluctuations
are dominant with respect to the climatic forcing that controls runoff
and leads to sediment supply variations. This may be less true in areas
subjected to important fluvial influence, which may record more
consistent sediment supply variations in response to climatic changes,
particularly if the source area is close to the shoreline (Massari et al.,
2007).
6. Conclusions

The Capo Colonna promontory (Crotone, southern Italy) allows
the study of facies and stratal architectures within the Capo Colonna
Pleistocene marine terrace deposits.

Several shoreface to shelf facies, ranging from carbonate (algal
reefs and bioclastic sediments) to siliciclastic (flat-laminated and
cross-stratified sandstones), form the major part of the terrace
deposits, which are partially covered in the landward sector by
gravity-flow fans.

The Capo Colonna terrace deposits are composed of two small-
scale cycles up to 8 m thick, bounded by wave ravinement surfaces
and by the modern surface of subaerial exposure, and generated by
glacio-eustatic fluctuations superimposed on regional uplift. Cycles
show a characteristic asymmetric architecture, with relatively
thin transgressive and thick regressive intervals (i.e. the R cycles of
Zecchin, 2007), the latter interpreted to reflect deposition during
highstand and forced-regressive conditions. Cycles are stacked to form
a larger-scale retrogradational architecture, recording a generalized
transgressive event that preceded high-magnitude forced-regressive
conditions linked to combined glacio-eustatic lowering and regional
uplift.

Several previous studies have documented a discrete variability in
the architecture of cycles developed during Icehouse climatic regimes.
ng the shallow-marine deposits that form the landward part of the CC 2 cycle. Note the
of the terrace, the base of the CC 2 cycle consists of a cycle boundary amalgamated with
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Fig. 13. Depositional history of the Capo Colonna terrace. (A) CC 1 cycle transgression. The coastal cliff is subjected to rapid retreat during relative sea-level rise and wave ravinement,
and the seafloor is paved by a calcareous boulder lag (Facies A2 and locally A1). (B) During the highstand phase, the previously created space is filled by shallow-marine sandstones
and conglomerates (Facies A8a, A9 and A10). (C) At the boundary between CC 1 and CC2 cycles, a fall of relative seal level probably determines conditions of subaerial exposure and
possibly the accumulation of gravity-flow fans. (D) CC 2 cycle transgression. Wave ravinement leads to the truncation of the upper part of the CC 1 cycle, while the coastal cliff rapidly
retreats. A Glossifungites ichnofacies is developed at top of the sediments of the CC 1 cycle. The seafloor is paved by condensed skeletal accumulations (Facies A3 and A4) in distal
locations and locally by siliciclastic lags (Facies A1). (E) During the subsequent highstand phase, clastic deposits (Facies A8, A9 and A10) characterize the sedimentation in proximal
settings, whereas starving distal settings (mid to outer shelf) are subjected to algal reef (Facies A5) growth and to the accumulation of associated calcarenites (Facies A6). (F) During
relative sea-level fall, a regressive surface of marine erosion, overlain by forced-regressive deposits (Facies A7), partially truncates the previously grown reefs. In the landward part of
the terrace, a subaerial fine-grained gravity-flow fan (Facies B1) is deposited.
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Fig. 14. Schematic representation of shallow-marine small-scale cycles (modified from
Zecchin, 2007). R cycles and T cycles are asymmetric, with well developed regressive
and transgressive intervals, respectively, whereas T–R cycles are symmetric.
The results of the present study, together with those of other authors,
show that the R cycle architecture is common in Pleistocene marine
successions, which have been controlled by high-amplitude glacio-
eustatic changes. Very rapid base-level rises promoting the accumula-
tion of relatively thin transgressive strata are thought to have favoured
the development of the observed architecture in Pleistocene cycles.
Moreover, the particular location of Capo Colonna away from im-
portant fluvial point sources led to a relative sediment starvation, as
suggested by the widespread highstand carbonate production in the
shelf.
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