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The Zanclean Belvedere Formation and the Gelasian Strongoli Sandstone, cropping out in the Neogene to
Quaternary Crotone Basin, southern Italy, exhibit a high-frequency cyclicity consisting of 10°~10" m sequences,
which stack in an aggradational to progradational pattern. These high-frequency sequences are bounded by
ravinement surfaces and are usually composed of transgressive and regressive deposits of similar thickness. In
particular, the high-frequency sequences of the Belvedere Formation are composed of a transgressive systems
tract and of a highstand systems tract, whereas those of the Strongoli Sandstone likely record also forced
regression in their upper part. Due to the vertical repetition of the studied high-frequency sequences and their
similar architecture despite the different tectonic settings in which the two formations accumulated, a climatic/
glacio-eustatic control associated with earth-orbital parameters is very likely, as also documented in coeval
successions worldwide. This contribution refines the correlation between shallow-marine sequences and their

deep-water counterparts, which preserve a better record of the Milankovitch cyclicity.

1. Introduction

High-frequency sequences are stratigraphic cycles controlled by
relative sea-level and/or sediment supply changes within the realm of
fourth-order or lower rank stratigraphic frameworks (10%-10° yrs;
Zecchin and Catuneanu, 2013; Catuneanu, 2019, 2022) and are very
common in the Neogene and Quaternary sedimentary record (e.g., Naish
and Kamp, 1997a,b; Saul et al., 1999; Massari et al., 2002; Di Celma
et al., 2005; Zecchin et al., 2017, 2021, 2022). High-frequency se-
quences can exhibit variable stratigraphic architectures depending on
the main forcing mechanisms governing their development (Zecchin,
2007; Catuneanu and Zecchin, 2013; Zecchin and Catuneanu, 2013).
Being usually stacked to compose larger-scale cyclical successions,
Neogene to Quaternary high-frequency sequences are commonly
controlled by the Milankovitch orbital cyclicity, which was well docu-
mented in the deep-water record (e.g., Hilgen and Langereis, 1989;
Hilgen, 1991; Ochoa et al., 2018). Although the correlation between
shallow- and deep-water successions is often difficult due to the prob-
lematic dating of relatively coarse-grained proximal deposits, the con-
trol exerted by orbital forcing on shallow-water high-frequency
sequences was demonstrated by several authors (e.g., Naish and Kamp,
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1997a; Massari et al., 2002; Zecchin et al., 2016). The advantage of
studying shallow-water high-frequency sequences controlled by the
Milankovitch cyclicity, as opposed to cycles found in the deep-water
record, is the possibility to recognize relative sea-level changes and/or
sediment supply variations based on sequence stratigraphic principles.
The possibility to link relatively proximal cyclic successions with their
deep-water counterparts represents, therefore, a powerful tool to
reconstruct the history of sedimentary basins and correlate global
events.

This study deals with meter-to decameter-scale high-frequency se-
quences composing cyclic Zanclean and Gelasian successions of the
Crotone Basin, southern Italy (Fig. 1). This Neogene to Quaternary basin
has already been proven suitable to study the shallow-water high-fre-
quency cyclicity and its controlling factors. Previous studies on these
successions highlighted the general architecture of high-frequency se-
quences and established methods for recognizing ravinement surfaces,
maximum flooding surfaces and bedset boundaries (Zecchin, 2005;
Zecchin et al., 2017, 2021, 2022). In the present study, a comparison
between Zanclean and the less known Gelasian high-frequency se-
quences of the Crotone Basin is made by selecting representative sec-
tions. The stratigraphic architecture of these sequences, as well as the
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Fig. 1. (A) Structural map of the Calabrian Arc and location of the Crotone Basin (modified from Van Dijk and Okkes, 1991). (B) Simplified geological map of the
Crotone Basin, reporting the position of the geologic maps shown in Fig. 1C and D (modified from Zecchin et al., 2004, 2021, 2022). (C) Geological map of the
Strongoli area (Fig. 1B for location), showing the position of the Strongoli 1-3 measured sections (modified from Zecchin et al., 2020, 2022). (D) Geological map of
the western part of the study area in the Crotone Basin (Fig. 1B for location), showing the position of the CBS 1, MPW 2, ZNE 2 and ZNE 3 measured sections
(modified from Zecchin, 2005; Zecchin et al., 2021).
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Fig. 2. The Plio-Pleistocene part of the sedimentary succession of the Crotone Basin (modified from Zecchin et al., 2020), compared with the IUGS International
Chronostratigraphic Chart (https://stratigraphy.or g/ICSchart/ChronostratChart2021-05.pdf), and the calcareous nannofossil and planktonic foraminifera
biostratigraphic schemes by Cita (1975), Rio et al. (1990), Lourens et al. (1996) and Raffi et al. (2006). The studied succession is part of the Zanclean Belvedere
Formation and the Gelasian Strongoli Member of the Scandale Sandstone. Abbreviations: Ca — Casabona Member; Rn — Rocca di Neto Member; St — Strongoli Member.
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Table 1

Facies and depositional environments of the studied deposits.
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Facies association
and facies

Lithology and thickness

Sedimentary structures and
bioturbation

Fossils

Interpretation

A - Condensed shallow-marine

Al: Wave-dominated
shell-rich deposit

A2: Current-
dominated shell-
rich deposit

A3: Surface-related
shell bed

Stacked shell beds forming tabular
cemented units 0.3-1° m thick. The
grain size of the matrix ranges from
fine-grained siliciclastic sandstone
to granule-grade conglomerate and
contains shell debris of variable
amount. Cobbles and pebbles of
sandstone may be found at the base.

Very coarse-grained siliciclastic
sandstone to pebbly conglomerate
with shells, up to 1.5° m thick.

Shell-rich fine-grained siliciclastic
sandstone, 1 shell to 0.4° m thick.

B - Siliciclastic shoreface

B1: Sand and mud

B2: Burrowed
sandstone

B3: Hummucky and
swaley cross-
stratified to
planar-laminated
sandstone

B4: Planar stratified
sandstone and
conglomerate

Very fine-grained quartz sandstone
with silt matrix 3—4° m thick

Fine- to medium-grained
siliciclastic sandstone 0.7-7.5° m
thick.

Medium- to very coarse-grained
siliciclastic sandstone and granule-
grade conglomerate locally, up to
2° m thick.

Very coarse-grained siliciclastic
sandstone to granule-grade
conglomerate.

Planar stratification and local
swaley cross-stratification.
Structureless in places. Local
upward decreasing shell abundance.
Occasional channel-like features
down to 0.3° m at the base. Common
substrate-controlled Glossifungites
Ichnofacies at the base. Scattered
bioturbation in the body. Erosional
base and sharp to gradual upward
transition into Facies B2.
Unidirectional cross-stratified sets
0.2-1° m thick. Erosional base and
sharp to gradual transition into
Facies Al or B2. A conglomerate lag
0.2° m thick can locally be present at
the base.

Diffuse bioturbation and shell layers
in the thicker beds, common
substrate-controlled Glossifungites
Ichnofacies up to 0.5° m deep at the
base. Sharp base and top.

Structureless, rare cm-scale sand
layers, sparse bioturbation.
Gradational upper boundary with
Facies B2.

Mostly structureless to planar
stratified, scattered bioturbation,
locally intense. The boundaries are
sharp to gradual with Facies A1-A3,
B1 and B3.

Hummocky or swaley cross
stratification to planar lamination.
Scattered bioturbation. Gradual
lower boundary with Facies B2 and
erosional top, usually overlain by
Facies Al.

Planar stratification (dm-scale
beds). Rare bioturbation. The lower
boundaries are not visible. Erosional
upper boundary with Facies A2.

Ostreids, pectinids and minor
venerids (usually disarticulated and
broken), usually convex-up
arranged (also concave-up and
edgewise arranged). Barnacles are
common locally. Shells form
stacked horizontal sheets or can be
chaotically packed.

Disarticulated and commonly
broken ostreids and pectinids, with
minor barnacles. Shells are aligned
along the foresets, which in places
show alternating shell-rich and
siliciclastic components.
Disarticulated and locally broken
pectinids, ostreids and minor
venerids and barnacles, aligned on
the basal surface or in layers within
the thicker beds. Local presence of
Pinna nobilis in life position at the
base.

Venerids, pectinids and gastropods

Sparse disarticulated (whole in
places) pectinid, ostreid and venerid
shells. Barnacles are also common.
Gastropods, echinids, and
disarticulated cardids and Pinna
nobilis are locally present.
Disarticulated and locally broken
pectinid and ostreid shells, mainly
convex-up arranged. Among the
pectinids, Amusium sp. is locally
very abundant and can form the
whole association.

Disarticulated and locally broken
ostreid shells.

Shoreface deposit recording low net
sedimentation rates, high-energy
wave action and high - (Norris,
1986; Kidwell, 1991; Zecchin et al.,
2017; 2019, 2021, 2022).

Large subaqueous dunes with
probable tidal influence (Zecchin,
2005).

Community shell concentration
recording low energy levels and
sediment starvation in the distal
lower shoreface (Kidwell et al.,
1986; Norris, 1986; Cantalamessa
et al., 2005; Zecchin et al., 2021).

Shoreface-shelf transition (
Galloway and Hobday, 1996;
Clifton, 2006; Zecchin et al., 2022).

Lower shoreface (Galloway and
Hobday, 1996; Reading and
Collinson, 1996; Clifton, 2006;
Zecchin et al., 2017; 2021, 2022).

Storm-dominated lower to middle
shoreface (Dott and Bourgeois,
1982; Dumas et al., 2005; Leckie
and Walker, 1982; Zecchin et al.,
2017; 2021).

Storm-dominated upper shoreface (
Massari and Parea, 1988; Hart and
Plint, 1995; Clifton, 2006).

main forcing mechanisms, which are most likely related to the Milan-
kovitch orbital cyclicity, are discussed herein. The results allow
improving the knowledge on the impact of orbital forcing on the ar-
chitecture of shallow-marine high-frequency sequences, and on the
variations of this control during the Neogene and Quaternary.

2. Geological setting

The Neogene to Quaternary Crotone Basin lies on the Ionian side of
the Calabrian Arc, a composite terrane made up of metamorphic,
plutonic and sedimentary units and located between the NW-trending
southern Apennines and the E-trending Sicilian Maghrebides (Amodio
Morelli et al., 1976; Van Dijk et al., 2000; Bonardi et al., 2001) (Fig. 1A).
The evolution of the Calabrian Arc was characterized by a SE-ward
migration since Middle Miocene, which was paralleled by the subduc-
tion of the Ionian oceanic crust and the opening of the Tyrrhenian
backarc basin (Malinverno and Ryan, 1986; Faccenna et al., 2001, 2005;
Sartori, 2003; Guillaume et al., 2010; Critelli, 2018; Tripodi et al., 2018;
Critelli and Martin-Martin, 2022, 2024) (Fig. 1A).

The evolution of the Crotone Basin (Fig. 1B), interpreted as a forearc
depocenter active since the late Serravallian, was characterized by
alternating phases of tectonic subsidence and uplift plus basin closure

(Roda, 1964; Van Dijk, 1990; Zecchin et al., 2006, 2012, 2020; Massari
and Prosser, 2013; Criniti et al., 2023). The sedimentary succession of
the basin is heterogeneous and consists of Serravallian to Middle Pleis-
tocene marine, coastal and continental deposits, recording both tectonic
events and glacio-eustasy (Roda, 1964; Zecchin et al., 2004, 2012,
2013a, 2013b, 2015, 2020; Massari and Prosser, 2013).

The sedimentary succession considered in this study consists of two
shallow-marine sandstone units, the Zanclean Belvedere Formation and
the Gelasian Strongoli Member of the Scandale Sandstone (Fig. 2), which
exhibit a spectacular meter-to decameter-scale high-frequency cyclicity
(Zecchin, 2005; Zecchin et al., 2017, 2021, 2022). The main charac-
teristics of these two units are described in Section 4.

3. Methods

The studied succession is described by seven measured sections
(Fig. 1C,D and 3-13). A detailed facies analysis is the basis for the
recognition of facies associations and depositional environments
(Table 1), whereas depositional trends and key bounding surfaces are
essential to define the sequence stratigraphic framework of the recog-
nized stratigraphic sequences.

Ninety-nine sediment samples were collected along the measured
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Fig. 3. (A) Typical appearance of the Belvedere Formation at the ZNE 2 section (Fig. 1D for location), with the boundaries of the upper high-frequency sequence
highlighted in red. (B) Detail of the upper high-frequency sequence of the ZNE 2 section, bounded by wave-ravinement surfaces (WRS) and with a local flooding

surface (LFS) in the middle. Facies code is in Table 1.

sections (Figs. 3-8 and 10-13), and approximately 100 g of sediment
was taken from each sample for micropalaeontological analyses. The
sample aliquots were dried at 50 °C for 24 h and then treated with
hydrogen peroxide (10% vol) for 12 h, in order to remove the organic
matter. Samples were then washed through a 125 pm mesh and dried.
From the corresponding washing residues, 3 g of sediment was sepa-
rated. All benthic foraminifera present in this amount of sediment were
counted and classified following the taxonomic order of Loeblich and
Tappan (1987).

4. The studied succession
4.1. Belvedere Formation

The Zanclean Belvedere Formation overlies deep-to shallow-water
and paralic deposits and is truncated at the top by a regional uncon-
formity, in turn overlain by transgressive Piacenzian deposits (Zecchin
et al, 2012, 2020) (Fig. 2). The Formation, containing an
intra-formational unconformity separating two higher rank sequences,
consists of mixed siliciclastic and bioclastic shallow-marine deposits
accumulated within half-graben sub-basins 2.5-5 km wide, and its

thickness varies from few tens to some hundreds of meters due to syn-
sedimentary normal faulting (Zecchin et al., 2004, 2006, 2012, 2017,
2020, 2021). The tectonically-controlled subsidence also led to a strong
aggradational component of the Belvedere Formation (Zecchin et al.,
2004, 2006). The alternation between shell-rich and siliciclastic sand-
stones defines a meter-to decameter-scale cyclicity (Fig. 3A and B),
inferred to document Milankovitch-driven climatic changes leading to
sediment supply changes and consequent alternating transgressive and
normal regressive trends (Zecchin, 2005; Zecchin et al., 2017, 2021).
Condensed, wave-dominated shell-rich transgressive deposits are locally
replaced by shell-rich, meter-scale subaqueous dunes (Zecchin, 2005;
Zecchin and Caffau, 2012). A typical cycle composing the Belvedere
Formation is considered as a high-frequency sequence (Zecchin and
Catuneanu, 2013; Catuneanu and Zecchin, 2013) bounded by ravine-
ment surfaces, and consists of a transgressive systems tract (TST) made
up of shell-rich deposits and in part of siliciclastic deposits, and of a
highstand systems tract (HST) made up of siliciclastic deposits (Zecchin,
2005; Zecchin et al., 2017, 2021) (Fig. 3A and B).
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Fig. 4. (A) Panoramic view of the Strongoli village (Fig. 1C for location), showing a gradual transition from the deep-water Cutro Clay to the shallow-water Strongoli
Sandstone. (B) Detail of the Strongoli Sandstone with highlighted the Strongoli 2 and Strongoli 3 sections (Fig. 1C for location).

4.2. Strongoli Sandstone

The Gelasian Strongoli Member of the Scandale Sandstone, here
simply referred to as the Strongoli Sandstone (Roda, 1964; Zecchin et al.,
2022), is a progradational unit up to 70 m thick that pinches out
basinward within the shelf to bathyal Cutro Clay (Capraro et al., 2006;
Zecchin et al., 2012, 2020, 2022) (Figs. 2 and 4A). Overall, the unit
shows a progressive shallowing-upward trend from shoreface-shelf
transition to upper shoreface deposits (Zecchin et al., 2022). The
lower transition between the Cutro Clay and the Strongoli Sandstone
(Fig. 4A) consists of an alternation between silt and sand intervals
(Zecchin et al., 2022). The uppermost part of the Formation documents
increasing subsidence rates and rapid deepening to bathyal depths
(Capraro et al., 2006; Zecchin et al., 2012, 2020, 2022). Following
Capraro et al. (2006), the accumulation of the Strongoli Sandstone
started around 2.6 Ma.

A high-frequency cyclicity in the Strongoli Sandstone has been
recognized for the first time by Zecchin et al. (2022) and is described
here in more detail. These cycles, consisting of high-frequency se-
quences bounded by wave-ravinement surfaces, exhibit transgressive
and regressive intervals and are up to 7 m thick. The overall architecture
of these high-frequency sequences resembles that of the high-frequency

sequences composing the Belvedere Formation.

4.3. Facies and depositional environments

Being accumulated in similar shallow-marine settings, facies and
depositional environments of the Belvedere Formation and Strongoli
Sandstone are described together in Table 1. Seven marine facies are
grouped into two facies associations (A — Condensed shallow-marine and
B - Siliciclastic shoreface). Facies analysis of the Belvedere formation
was extensively documented by Zecchin (2005) and Zecchin et al.
(2017, 2021). Part of the Strongoli Sandstone was illustrated by Zecchin
et al. (2022).

Facies association A usually contains shell-rich deposits inferred to
have accumulated under conditions of net siliciclastic sediment bypass
and/or starvation (Zecchin et al., 2017, 2021). Wave-dominated tabular
shell-rich deposits (Facies A1) up to 1 m thick are by far the most
common among those of facies association A, both in the Belvedere
Formation and in the Strongoli Sandstone (Figs. 5-13 and 14A). They
are rich of intra-basinal skeletal material, although relatively
coarse-grained sediment reworked from the substrate can be present in
varying proportions. On average, shells in Facies Al are more abundant
and densely packed in the Belvedere Formation than in the Strongoli
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Fig. 5. The South Casabona (CBS) 1 section of the Belvedere Formation (Fig. 1D for location and Fig. 9 for symbols; modified from Zecchin et al., 2021). Sedimentary
structures, fossils, samples, facies and facies contacts, sequence stratigraphic surfaces and systems tracts are shown on the left. The curves derived from the
micropaleontological analysis (abundance, diversity, % fragmentation, distal/proximal and plankton/benthos, see text) are shown on the right.

Sandstone (Figs. 5-13). In some instances, Facies Al in the Strongoli
Sandstone shows intermediate features with Facies B2 (Fig. 11). A
substrate-controlled Glossifungites Ichnofacies at its erosional base is a
common characteristic of Facies Al (Figs. 3B and 7-13), which is
inferred to have accumulated under high-energy conditions due to the
repeating action of waves and storm flows, low net deposition due to
sediment bypass during coastal retreat, and climatic and trophic con-
ditions favoring the development of mollusk communities (Norris, 1986;
Kidwell, 1991; Fiirsich and Oschmann, 1993; Meldahl, 1993; Naish and
Kamp, 1997a; Kondo et al., 1998; Fiirsich and Pandey, 1999; Cantala-
messa et al., 2005; Zecchin et al., 2017, 2021). Facies A2 is found only in
the Belvedere Formation and is considered as an equivalent of Facies Al
under depositional conditions dominated by relatively strong currents
that favored the migration of large dunes, which in the considered

measured sections are up to 1 m thick (Figs. 6-8 and 14B). The local
evidence of alternating shell-rich and siliciclastic foresets (Fig. 6) sug-
gests the action of tidal currents (e.g., Longhitano et al., 2012), which
were enhanced due to lateral confinement within the half-graben sub--
basins in which the Belvedere Formation accumulated (Zecchin, 2005).
Facies A3 is commonly associated with bioturbation, locally
well-developed Glossifungites Ichnofacies at its base and in places by
shells in life position, documenting sediment starvation and lower en-
ergy levels in relatively distal settings (Kidwell et al., 1986; Norris, 1986;
Meldahl, 1993; Cantalamessa et al., 2005; Zecchin et al., 2021) (Figs. 7,
8, 10, 11 and 14C). In the Strongoli Sandstone, the basal surface asso-
ciated with substrate-controlled ichnofacies was locally observed with
no or extremely thin deposits of Facies A3 (Figs. 10-12).

Facies association B is characterized by siliciclastic deposits
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Fig. 6. The West Montagna Piana (MPW) 2 section of the Belvedere Formation
facies and facies contacts, sequence stratigraphic surfaces and systems tracts

(Fig. 1D for location and Fig. 9 for symbols). Sedimentary structures, fossils, samples,
are shown on the left. The curves derived from the micropaleontological analysis

(abundance, diversity, % fragmentation, distal/proximal and plankton/benthos, see text) are shown on the right.

accumulated from shoreface-shelf transition to upper shoreface depo-
sitional settings. Shoreface-shelf transition deposits are represented by
very fine-grained sandstones with mud matrix (Facies B1) in the
lowermost part of the Strongoli Sandstone (Zecchin et al., 2022, Fig. 9).
Facies B2, consisting of burrowed sandstone with sparse bivalve shells
and shell layers, is the most common facies in both the Belvedere For-
mation and the Strongoli Sandstone (Figs. 5-13 and 14A,B,C) and is
inferred to have accumulated in lower shoreface settings (Table 1). This
facies commonly alternates with the deposits of the facies association A
(Figs. 6-8, 10, 11 and 14C), and may overlie Facies B1 and/or grade
upward into Facies B3 via an interval of intermediate characteristics
between those of Facies B2 and B3 (Figs. 5, 9 and 12). Facies B3 shows
packed shell beds and common hummocky or swaley cross-stratification
(Figs. 12, 13 and 14D), indicating repeating storm events and higher
energy level in lower to middle shoreface depositional settings. Upper
shoreface deposits are represented by the planar-stratified Facies B4,

which in the selected sections are found only in the Belvedere Formation
and are among the coarsest sediments in the studied succession (Fig. 7).
Due to their scarceness, deposits of Facies B4 are never seen to overlie
Facies B2 and B3 (Figs. 5-13). Trough cross-stratified upper shoreface
deposits are abundant in some intervals of the Belvedere Formation and
occasionally in the uppermost part of the Strongoli Sandstone (Zecchin
et al., 2021).

5. Micropaleontological analysis

Given the proximal depositional settings characterizing the studied
succession, the analysis of 3 g of sediment of the collected samples
documents an abundance of reworked specimens, not considered for the
analysis, as well as intra-basinal specimens dominated by very shallow-
water benthic foraminifera species, consisting of Ammonia spp. and
Elphidium spp. (Abbott, 1997; Naish and Kamp, 1997b; Donnici and
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Fig. 7. The East Zinga (ZNE) 2 section of the Belvedere Formation (Fig. 1D for location and Fig. 9 for symbols; modified from Zecchin et al., 2021). Sedimentary
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Serandrei-Barbero, 2002; Mendes et al., 2004) (see Supplementary
data). Where the depositional settings are less proximal, the abundance
of relatively distal species, such as Amphycorina scalaris, Bolivina spp.,
Bulimina spp., Globobulimina affinis, Cibicidoides pseudoungerianus, Non-
ion fabum, Florilus boueanum, and Uvigerina spp., increases (e.g., Stefa-
nelli, 2003; Morigi et al., 2005; Phipps et al., 2010) (Supplementary
data). Intra-basinal planktonic foraminifera are relatively scarce and
always transported in the studied deposits. They are mainly represented
by Globigerina bulloides and Globigerinoides ruber.

The micropaleontological analysis was used in this study to define
three parameters, which were successfully applied by Zecchin et al.
(2021, 2022) for the sequence stratigraphic analysis of Plio-Quaternary
successions in the Crotone Basin. These parameters consist of the ‘%
fragmentation’ (Fr; the percentage of fragmentation of intra-basinal
benthic foraminifera for each sample), the ‘distal/proximal’ (D/P; the
ratio between relatively distal and proximal species of benthic forami-
nifera for each sample), and the ‘plankton/benthos’ (P/B; the ratio be-
tween the number of planktonic foraminifera and benthic foraminifera
for each sample) (Figs. 5-8 and 10-13). According to Zecchin et al.
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(2021, 2022, 2023), the Fr parameter is considered as a proxy for energy
(effectiveness of waves and currents), in turn linked to changes of local
energy or shoreline shift, whereas the D/P parameter is expected to
reflect variations of sedimentation rates linked to shoreline shifts and
therefore it is useful to recognize transgressive and regressive trends.
Maximum values of the D/P parameter, concomitant with minimum
values of the Fr parameter (Figs. 5-8 and 10-13), should reflect
maximum flooding conditions. In contrast with the D/P parameter, the
P/B parameter is inferred to reflect the water mass rather than the
substrate, and therefore it is expected to reflect water depth changes,
with higher values indicating deeper conditions (Zecchin et al., 2021,
2022, 2023).

According with Zecchin et al. (2021, 2022), for the D/P parameter
the following formula has been considered:

D/P = (% Amphycorina scalaris + % Bolivina spp. + % Bulimina spp.
+ % Globobulimina affinis + % Cibicidoides pseudoungerianus + % Nonion
fabum + % Florilus boueanum + % Uvigerina spp.)/(% Ammonia spp. + %
Elphidium spp.)

For more information on the advantages of employing these
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Fig. 10. The Strongoli 1 section of the Strongoli Sandstone (Fig. 1C for location and Fig. 9 for symbols). Sedimentary structures, fossils, samples, facies and facies
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% fragmentation, distal/proximal and plankton/benthos, see text) are shown on the right.

parameters over others already used for sequence stratigraphic studies,
such as the abundance and diversity of benthic foraminifera (e.g., Fillon,
2007; Gutiérrez Paredes et al., 2017), see Zecchin et al. (2021, 2022,
2023).

6. Stratigraphic architecture
6.1. High-frequency sequences of the Belvedere Formation

According to Zecchin et al. (2017, 2021), the erosional base of the
facies association A, commonly typified by substrate-controlled Glossi-
fungites Ichnofacies and overlain by condensed shell beds (Facies A1), is
interpreted as a wave-ravinement surface (WRS; Zecchin et al., 2019)
(Fig. 3B, 5-8 and 14A). Where the surface is overlain by large sub-
aqueous dunes (Facies A2), inferred to be controlled by tidal currents, it
is interpreted as tidal-ravinement surface (TRS; Allen and Posamentier,
1993) (Figs. 6-8 and 14B). WRSs and TRSs can locally be present
together in the same sequence (Fig. 6). Given their position directly
above the RS, the shell-rich Facies Al and A2 are considered as onlap
shell beds (OSB; Kidwell, 1991; Naish and Kamp, 1997a; Kondo et al.,
1998) (Figs. 5-8), documenting repeating storm reworking of shells and
sediment bypass during transgression. However, the shell abundance in
Facies A1 and A2 may at least in part be related to climatic conditions
favoring shell production (Zecchin et al., 2017). Being the most prom-
inent surface in the studied succession, the wave- or tidal-RSs are the
best choice as boundaries of high-frequency sequences (e.g., Zecchin
et al., 2017, 2021, 2022).

A number of 30-35 high-frequency sequences has been estimated in
the Belvedere Formation; they are usually composed of deposits of
Facies Al and/or A2 at the base, overlain by deposits of Facies B2, and
are 4.5-7 m thick in the considered sections (Figs. 5-8). Facies B2 can be
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interrupted by Facies A3 in a roughly mid-sequence position, and can
grade upwards into Facies B2/B3 transitional deposits (Figs. 5, 7, 8 and
14C). Facies Al and A2 can be separated by facies B2 intervals (Fig. 6),
and this situation probably reflects a punctuated transgression, charac-
terized by two or more transgressive pulses separated by pauses in
coastal retreat (Swift et al., 1991; Zecchin et al., 2019, 2021). Facies B4
is found in the lower part of the Belvedere Formation, where the suc-
cession is dominated by relatively coarse-grained deposits and the
high-frequency cyclicity is difficult to recognize (Fig. 7). Trough
cross-bedded, upper shoreface sandstones are common only in
high-frequency sequences in the upper part of the two higher rank se-
quences of the Belvedere Formation (Zecchin et al., 2012, 2020, 2021)
and are not considered in this study, as the recognition of lower rank
maximum flooding surfaces (MFS) is more difficult in that cases (Zec-
chin et al., 2021). Given the scarce facies variability observed in the
studied high-frequency sequences, the magnitude of transgressions and
regressions is inferred to be very modest, as the depositional system
always remains within the shoreface division.

Following Zecchin et al. (2021, 2022, 2023), the best indicator of the
position of the MFS, separating transgressive and normal regressive
deposits, is represented by an uncertainty interval between the negative
peak of the Fr parameter and the positive peak of the D/P parameter,
which are always close; this interval varies between few cm to ca. 0.35 m
in the considered sequences, and excepting the CBS 1 section, it typically
falls in a roughly mid-sequence position (Figs. 5-8). The uncertainty
interval indicates that the MFS is usually cryptic and that in general it
cannot be pinpointed based on direct field evidence alone, being placed
within a sand interval that does not exhibit diagnostic features such as
lithological variability (Figs. 5-8).

The uncertainty interval containing the MFS is inferred to separate
the transgressive systems tract (TST) of the high-frequency sequences,
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Fig. 11. The Strongoli 2 section of the Strongoli Sandstone (Fig. 1C for location and Fig. 9 for symbols; modified from Zecchin et al., 2022). Sedimentary structures,
fossils, samples, facies and facies contacts, sequence stratigraphic surfaces and systems tracts are shown on the left. The curves derived from the micropaleontological
analysis (abundance, diversity, % fragmentation, distal/proximal and plankton/benthos, see text) are shown on the right.

composed of deposits of Facies A1/A2 at the base, overlain by deposits of

Facies B2, from the highstand systems tract (HST), dominated by de-
posits of Facies B2 (Figs. 5-8 and 15A). As stated above, the limited
facies change in the upper part of the high-frequency sequences, con-

sisting of only a slight upward increase in grain size and frequency of

individual shell beds in Facies B2 (Figs. 6-8), or of a transition toward
Facies B3 (Fig. 5), points to a very modest normal regressive trend,
whereas forced regressive deposits, usually featured by a strong

13

progradational component, are probably absent (Fig. 15A).

The base of Facies A3, which is located in a roughly mid-sequence
position, always below the base of the uncertainty interval containing
the MFS and locally associated with substrate-controlled Glossifungites
Ichnofacies (Fig. 3B, 7 and 8 and 14C), probably reflects conditions of
sediment starvation in relatively distal settings near the end of the
transgression; it can be considered as a local flooding surface (LFS), as
defined by Abbott and Carter (1994) (see also Zecchin and Catuneanu,
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Fig. 12. The lower part of the Strongoli 3 section of the Strongoli Sandstone (Fig. 1C for location and Fig. 9 for symbols). Sedimentary structures, fossils, samples,
facies and facies contacts, sequence stratigraphic surfaces and systems tracts are shown on the left. The curves derived from the micropaleontological analysis
(abundance, diversity, % fragmentation, distal/proximal and plankton/benthos, see text) are shown on the right.

2013; Zecchin et al., 2021). The overlying shell bed of Facies A3,
therefore, can be considered as a backlap shell bed (BSB; Kidwell, 1991;
Naish and Kamp, 1997a; Kondo et al., 1998; Di Celma et al., 2005)
(Figs. 7 and 8), developing near the end of transgressive phases and
documenting sediment starvation and relatively lower energy levels, as
testified by the local presence of shells in life position (Figs. 7 and 14C).
The development of BSBs is variable, and they represent part or the
whole condensed section of stratigraphic sequences (Zecchin and
Catuneanu, 2013, 2023). Unlike Zecchin et al. (2021), in this study the
uncertainty interval in the ZNE 2 section is not equated to the whole
condensed section represented by Facies A3, but it is defined between
the positive peak of the D/P parameter below and the downlap surface
(DLS) above (Fig. 7). The DLS (Figs. 7 and 14C) is a facies contact be-
tween the condensed section and the overlying prograding clastic
wedge, and tends to disappear landwards (Zecchin and Catuneanu, 2013
and references therein; Zecchin et al., 2023). If the top of Facies A3 is
below the uncertainty interval containing the MFS, that facies contact is
assumed not to correspond to the DLS (Fig. 8), which should be placed
above of, or at most coincident with, the MFS (Fig. 7).
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The maximum water depth within stratigraphic sequences is thought
to be associated with the maximum abundance of planktonic forami-
nifera relative to benthic foraminifera, and this condition is inferred to
be indicated by the maximum water depth surface (MWDS), a cryptic
surface that coincides with the peak of the P/B curve (Zecchin et al.,
2021, 2022, 2023) (Figs. 5-8). The MWDS is expected to lie in the lower
HST, during initial normal regressive conditions, until the progradation
of the clastic wedge triggers a bathymetric decrease (Abbott, 1997;
Carter et al., 1998; Catuneanu, 2006; Zecchin et al., 2021, 2022). In fact,
in the considered high-frequency sequences of the Belvedere Formation,
the MWDS always lies above of, or coincides with, the upper boundary
of the uncertainty interval containing the MFS, as expected (Figs. 5-8).

The high-frequency sequences of the Belvedere Formation, therefore,
consist of T-R sequences (Johnson and Murphy, 1984; Embry and
Johannessen, 1992) few meters thick, bounded by RSs and commonly
showing a symmetric architecture with transgressive and normal
regressive shoreface deposits of similar thickness (i.e., the T-R cycle
architecture of Zecchin, 2007) (Figs. 6-8 and 15A). In some cases, the
sequences are asymmetric, dominated by normal regressive deposits
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Fig. 13. The upper part of the Strongoli 3 section of the Strongoli Sandstone (Fig. 1C for location and Fig. 9 for symbols). Sedimentary structures, fossils, samples,
facies and facies contacts, sequence stratigraphic surfaces and systems tracts are shown on the left. The curves derived from the micropaleontological analysis
(abundance, diversity, % fragmentation, distal/proximal and plankton/benthos, see text) are shown on the right.

(the R cycle architecture of Zecchin, 2007), resembling the classic par-
asequence architecture (Van Wagoner et al., 1988, 1990) (Fig. 5). More
rarely, in cases where large subaqueous dunes (Facies A2) are present in
the lower part of the sequences, transgressive deposits are dominant or
are the only ones preserved (the T Cycle architecture of Zecchin, 2007)
(Figs. 7 and 8). The most peculiar case is that of the ZNE 2 section, where
the lower sequence is significantly coarser-grained compared to the
others and shows only an overall fining- and deepening-upward trend
from Facies A2 to Facies B2 (Fig. 7). The regressive part of that sequence
was likely removed by wave erosion during the following transgression.

The high-frequency sequence documented by the middle to upper

part of the ZNE 2 section (Figs. 7 and 16) is one of the best preserved of
the Belvedere Formation and is also documented in the middle part of
the ZNE 3 section (Figs. 8 and 16). The sequence exhibits just a slight
distal setting in the ZNE 2 section, compared to the ZNE 3 section
(Fig. 16), as documented by finer-grained deposits with Pinna shells in
life position characterizing Facies A3, which is topped by the DLS only in
the former. Moreover, the ZNE 2 section, although relatively close to the
ZNE 3 section, documents a succession sedimented in an area of overall
higher subsidence rate, being closer to the fault margins of the half-
graben sub-basins in which the Belvedere Formation accumulated.
This difference in accommodation is highlighted by the variable
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(Facies A1) in the ZNE 2 section. (B) (A) Erosional contact between burrowed
sandstones (Facies B2) and current-dominated shell-rich deposits (Facies A2) in
the ZNE 3 section. (C) Burrowed, surface-related shell bed (Facies A3) within
burrowed sandstones of Facies B2 (ZNE 2 section, modified from Zecchin et al.,
2021). (D) Erosional contact between swaley cross-stratified to
planar-laminated sandstones (Facies B3) and wave-dominated shell-rich de-
posits (Facies Al) in the Strongoli 3 section (modified from Zecchin et al.,
2022). Abbreviations: DLS — downlap surface; LFS - local flooding surface; TRS
— tidal-ravinement surface; WRS — wave-ravinement surface.

preservation of the underlying high-frequency sequence, which is
bounded by a TRS at the base and by a WRS at the top and is markedly
truncated by the WRS in the ZNE 3 section, compared to the ZNE 2
section (Fig. 16).

The high-frequency sequences of the Belvedere Formation may
locally show an internal heterogeneity, consisting of dm-to m-scale
bedsets bounded by erosional or non-depositional surfaces (Zecchin
et al., 2017), which are beyond the purpose of this study.
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6.2. High-frequency sequences of the Strongoli Sandstone

Similarly to the high-frequency sequences of the Belvedere Forma-
tion, also for those composing the Strongoli Sandstone the best bounding
surface is that at the base of the shell bed of Facies Al (the OSB),
interpreted as a WRS (Figs. 9-13). Six high-frequency sequences, 5-8 m
thick, were recognized in the Strongoli Sandstone (Fig. 9); they are
composed of Facies Al at the base, passing upward into Facies B2 that
locally grades into Facies B3 (Figs. 9-13). Facies A2 is absent in the
Strongoli Sandstone. Facies B2 can be truncated in a roughly mid-
sequence position by a surface marked by well-developed Glossi-
fungites Ichnofacies, which can be paved by very thin deposits of Facies
A3 (Figs. 10-12).

The uncertainty interval containing the MFS, between the negative
peak of the Fr parameter and the positive peak of the D/P parameter (see
Section 6.1), has a thickness that ranges between ca. 0.1 and 0.2 m and is
inferred to separate the TST and the HST of the high-frequency se-
quences (Figs. 10-13). The uncertainty interval usually falls in a roughly
mid-sequence position (Figs. 11 and 12), and therefore the high-
frequency sequences of the Strongoli Sandstone exhibit a T-R cycle ar-
chitecture (Zecchin, 2007).

As the surface marked by Glossifungites Ichnofacies found in a mid-
sequence position is always below, or coincident with, the base of the
uncertainty interval containing the MFS, it is interpreted as a LFS
(Figs. 10-12), as in the case of the high-frequency sequences of the
Belvedere Formation. The thin Facies A3 that locally overlies the LFS is
therefore interpreted as a BSB (Figs. 10 and 11).

The MWDS, whose position is indicated by the peak of the P/B
parameter, usually lies above the uncertainty interval (up to 1 m above),
although in one case it coincides with the top of the interval itself
(Figs. 10-13). As a general trend, the MWDS and MFS surfaces converge
towards the shoreline, and diverge in a distal (basinward) direction
(Catuneanu, 2006, 2022, Fig. 15B).

The best preserved high-frequency sequence of the Strongoli Sand-
stone is intercepted by the Strongoli 1, 2 and 3 sections (Fig. 17), which
document a progressive deepening from the Strongoli 3 to the Strongoli
1 sections, as shown by the transition from lower-middle shoreface to
distal lower shoreface deposits in the upper part of the sequence and by
the presence of the DLS above Facies A3 only in the Strongoli 1 section
(Figs. 10 and 17). However, the main features of the sequence, including
the stratigraphic architecture, the relative position of the MFS and
MWDS, as well as the presence of well-developed Glossifungites Ichnof-
acies at the LFS and the bounding WRSs, are persisting and well
recognizable in all sections (Figs. 10-12 and 17).

Overall, the high-frequency sequences of the Strongoli Sandstone are
therefore similar to those of the Belvedere Formation, sharing similar
thicknesses, modest facies changes mainly represented by lower shore-
face deposits, and a T-R cycle architecture. However, the regressive in-
tervals of the high-frequency sequences of the Strongoli Sandstone
exhibit coarsening- and shallowing-upward trends that are generally
more pronounced than those of the high-frequency sequences of the
Belvedere Formation. This is evident in the lower part of the Strongoli 3
section (from 0 to 7 m, Figs. 9 and 12), where a rapid transition from
relatively distal shoreface deposits containing the LFS and the MFS to
hummocky cross-stratified sandstones testifying significant wave energy
is documented in only 3 m of succession. A similar situation is partly
shown in the upper part of the same section, where transgressive
sandstones at ca. 23 m from the base of the section pass into significantly
coarser deposits with abundant shell beds and swaley cross-stratification
in only 3 m (Fig. 9). In contrast, the coarsening- and shallowing-upward
trend in the regressive part of the high-frequency sequence documented
in the Strongoli 1 and Strongoli 2 sections is less marked (Figs. 10 and
11).

These observations suggest that the high-frequency sequences of the
Strongoli Sandstone could record forced regression in their uppermost
part, leading to a rapid bathymetric decrease in response to relative sea-
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Fig. 15. (A) Typical stratigraphic architecture of the high-frequency sequences of the Zanclean Belvedere Formation (modified from Zecchin et al., 2021). The
sequences are bounded by wave ravinement surfaces and are composed of a transgressive systems tract and a highstand systems tract of similar thickness. (B) Typical
stratigraphic architecture of the high-frequency sequences of the Gelasian Strongoli Sandstone. The sequences are similar to those of the Belvedere Formation but
probably include also forced regressive deposits (see text). Abbreviations: BSFR - basal surface of forced regression; FSST — falling-stage systems tract; HST —
highstand systems tract; MFS — maximum flooding surface; MWDS — maximum water depth surface; WRS — wave-ravinement surface; SU — subaerial unconformity;

TST - transgressive systems tract.

level fall coupled with sediment accumulation on the seafloor; in this
process, the amount of bathymetric reduction exceeds the thickness of
the forced regressive sediment that accumulates in proximal settings,
adjacent to the shoreline (Posamentier and Allen, 1999). This interpre-
tation is tentative because of the uncertainty surrounding the paleo-
bathymetric reconstructions from the fossil record, as well as because a
regressive surface of marine erosion (RSME; Plint, 1988; Plint and
Nummedal, 2000), juxtaposing proximal and distal deposits, has not
been observed. The latter might be justified by the relatively proximal
position of the sections, which consist of fully shoreface deposits
(Catuneanu, 2006). Another clue about a more pronounced regressive
trend in the high-frequency sequences of the Strongoli Sandstone is
provided by the observation that the decreasing trend of the D/P
parameter after its peak is on average stronger compared to that
observed in most of the high-frequency sequences of the Belvedere
Formation (Figs. 5-8 and 10-13).

7. Discussion

The integration of sedimentological and micropaleontological data is
very effective in recognizing transgressive and regressive trends, as well
as in estimating the position of the MFS, DLS, LFS and MWDS, in the
high-frequency stratigraphic sequences composing the Zanclean
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Belvedere Formation and the Gelasian Strongoli Sandstone of the Cro-
tone Basin. Given their similar facies and stratigraphic architectures,
consisting of shell-rich and siliciclastic shoreface deposits forming
transgressive and regressive intervals of comparable thickness (T-R
cycle architecture of Zecchin, 2007) (Figs. 5-8 and 10-13), the
high-frequency sequences of the Belvedere and Strongoli formations
probably accumulated under similar conditions and underlying controls,
leading to limited shoreline shifts. These analogies contrast with the
different settings in which the two units accumulated, as the Belvedere
Formation represents the infill of half-graben sub-basins controlled by
synsedimentary normal faults and shows a pronounced aggradational
component (Zecchin et al., 2006), whereas the Strongoli Sandstone ex-
hibits a marked progradation. Therefore, the common underlying con-
trol may relate to the climatic regime rather than the tectonic setting.
Overall, the features of the studied high-frequency sequences fit with
those characterizing glacio-eustatic sequences during Icehouse periods
(i.e., Late Carboniferous/Early Permian, Oligo-Miocene, and Plio-
Pleistocene); in particular, a relatively small thickness (few meters to
few decameters), erosional truncation at the top, incomplete systems
tract development, and relatively thick transgressive deposits (T and T-R
cycle architectures) are typical features in such contexts (e.g., Naish and
Kamp, 1997a; Saul et al., 1999; Fielding et al., 2006; Cantalamessa et al.,
2007; Di Celma and Cantalamessa, 2007; Zecchin, 2007; Zecchin et al.,
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Fig. 16. Correlation of the ZNE 2 and ZNE 3 sections of the Belvedere Formation (Fig. 1D for location), which document the same high-frequency sequences. Deeper
depositional settings are toward the right. Note the deep truncation of the lower sequence at the ZNE 3 section and the symmetric architecture of the overlying
sequence, which is composed of a TST and a HST of similar thickness. A backlap shell bed lies in the middle of the sequence.
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Fig. 17. Correlation of the Strongoli 1 and Strongoli 2 sections and the lower part of the Strongoli 3 section of the Strongoli Sandstone (Fig. 1C for location and
Fig. 16 for symbols), which document the same high-frequency sequence. Deeper depositional settings are toward the right. Note the symmetric architecture of the
sequence, which is composed of a TST and a HST (probably plus a FSST) of similar thickness.

2021, 2022).

A correlation between the high-frequency cyclicity of the Belvedere
Formation and the Milankovitch cyclicity, in particular the 22 kyr
duration of precession cycles, was already proposed by Zecchin (2005)
and Zecchin et al. (2017); in fact the lack of FSST deposits in the
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high-frequency sequences (Fig. 15A) fits well with a control mechanism
consisting of alternating dry/wet phases and related sediment supply
changes which typified the precession-driven cyclicity during the Zan-
clean (Hilgen and Langereis, 1989; Hilgen, 1991; Roveri and Taviani,
2003; Ochoa et al., 2018). As a result, the inferred precession-paced
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sediment supply changes would have resulted in alternating TSTs and
HSTs, which reflected dry and wet phases, respectively (Zecchin et al.,
2017). In particular, drier periods would have caused a decrease in the
terrigenous input to the basin and favored the carbonate factory, as
observed in the TSTs of the high-frequency sequences of the Belvedere
Formation, whereas the opposite occurred during wet periods (Zecchin
et al., 2017). Eventual minor glacio-eustatic sea-level falls were prob-
ably counteracted by fault-controlled subsidence in the half-graben
sub-basins of the Belvedere Formation, resulting in continuous relative
sea-level rise with variable rates and the absence of FSST and LST de-
posits (Fig. 15A). Considering the recognized number of high-frequency
sequences (30-35) and the inferred precession control, the overall
duration for the accumulation of the Belvedere Formation would range
between 660 and 770 kyr, which is realistic.

The similarity between the high-frequency sequences of the Belve-
dere Formation and those of the Strongoli Sandstone suggests that a
Milankovitch control with marked climatic signature may also be
inferred for the latter. In particular, a 41-kyr period, obliquity-paced
glacio-eustatic cyclicity is known for the latest Piacenzian and Gela-
sian times since ca. 2.8-2.7 Ma (Lisiecki and Raymo, 2005; Grant et al.,
2018, 2019; Ochoa et al., 2018), during which the Strongoli Sandstone
accumulated. A climate-driven cyclicity is also suggested by the cyclic
variability of the sea surface temperature (SST) parameter calculated by
Capraro et al. (2006) by means of planktonic foraminifera in the Cutro
Clay just below the Strongoli Sandstone (Fig. 4A). Given that six
high-frequency sequences were recognized in the Strongoli Sandstone
(Fig. 9), and considering an obliquity control, a duration of ca. 250 kyr
for the accumulation of the unit is inferred.

Since the Gelasian obliquity-paced cyclicity was associated with
relatively modest glacio-eustatic sea-level changes (Naish and Wilson,
2009; Grant et al., 2019), this may explain the inferred stages of relative
sea-level fall in the upper part of the high-frequency sequences of the
Strongoli Sandstone (Section 6.2), a feature that differentiates these
sequences from those of the Belvedere Formation (Fig. 15A and B).

The similar thickness of the high-frequency sequences of the
Strongoli Sandstone and of the Belvedere Formation, despite the infer-
red different Milankovitch periodicities, would therefore be coinci-
dental, due to different subsidence and sedimentation rates. In
particular, the subsidence in the half-graben sub-basins in which the
Belvedere Formation accumulated led to an increase in the thickness of
the high-frequency sequences and the suppression of relative sea-level
fall; in contrast, subsidence rates would have been lower during the
accumulation of the Strongoli Sandstone, resulting in Gelasian
obliquity-driven sequences of comparable thickness to the Zanclean
precession-driven sequences of the Belvedere Formation.

The high-frequency sequences of the Strongoli Sandstone are time-
equivalent with part of the sedimentary succession of the Wanganui
Basin, New Zealand, where spectacular obliquity-driven high-frequency
sequences were documented (Naish and Kamp, 1997a; Saul et al., 1999;
Grant et al., 2018, 2019). The New Zealand high-frequency sequences
are on average about 50 m thick, implying radically different subsidence
and sedimentation rates with respect to the Crotone Basin, and also
show a more marked facies and environmental variability, although
OSBs and BSBs are well recognizable in both contexts. Higher basin
subsidence, accompanied by an adequately high sediment supply,
probably favored the accumulation of relatively thicker sequences, as
well as deeper depositional settings toward maximum flooding condi-
tions in the Wanganui Basin, compared to the Crotone example. From
both an architectural standpoint and recorded thicknesses, the
high-frequency sequences of the Strongoli Sandstone, as well as those of
the Belvedere Formation, are closer to the Pleistocene high-frequency
sequences of the Canoa Basin (Ecuador) (Di Celma et al., 2005).

Similarly to the lower to middle Pleistocene succession of the SW
part of the Crotone Basin, documenting a glacio-eustatic cyclicity in the
shallow-marine to continental San Mauro Sandstone (Massari et al.,
1999, 2002, 2007), the Zanclean and Gelasian successions appear to be
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critical for the study of the shallow-water counterpart of the Milanko-
vitch cyclicity, already known in deep-water settings (Hilgen and Lan-
gereis, 1989; Hilgen, 1991; Roveri and Taviani, 2003; Ochoa et al.,
2018). Further studies are necessary to better link the shallow- and
deep-water cyclicity in order to achieve a reliable geological history in
any depositional context and a better definition of the timing of depo-
sitional and erosional events in sedimentary basins.

8. Conclusions

The high-frequency sequences of the Zanclean Belvedere Formation
and the Gelasian Strongoli Sandstone of the Crotone Basin share several
features, in particular similar thicknesses (less than 10 m), modest facies
changes mainly represented by lower shoreface deposits, onlap shell
beds above the basal ravinement surface, and a symmetric stratigraphic
architecture consisting of transgressive and regressive deposits of
similar thickness. The features of these high-frequency sequences, which
remain the same despite the different tectonic settings in which the two
units accumulated, suggest a common underlying control by climate and
sediment supply changes, as well as minor relative sea-level changes,
tuned by the Milankovitch cyclicity. In particular, the 22 kyr duration
precession cyclicity and the 41 kyr duration obliquity cyclicity are well
known for the Zanclean and Gelasian, respectively, during which the
studied successions accumulated. Different subsidence and sedimenta-
tion rates (inferred to be higher for the Belvedere Formation) led to the
accumulation of high-frequency sequences of similar thickness despite
the different dominant periodicities during Zanclean and Gelasian times.

The Belvedere and Strongoli formations, therefore, are inferred to
represent the shallow-water equivalents of the well-known Milankovitch
cycles documented in the deep-water record, and their study is critical to
better understand the relationships between climate, sea-level change,
and sedimentation during the Neogene.
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