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Abstract

The integration of sedimentological and micropaleontological data in the Zanclean and
Gelasian shallow-marine deposits of the Crotone Basin (southern Italy) has allowed doc-
umentation of meter-to-decameter-scale high-frequency sequences bounded by wave-
ravinement surfaces (WRSs), which in turn are composed of meter-scale sedimentological
cycles, referred to as bedsets. In contrast to high-frequency sequences, bedsets have a
more subtle appearance, and their boundaries exhibit limited lateral extent compared to
WRSs. Moreover, the micropaleontological analyses have allowed the definition of three
parameters: distal/proximal (D/P: ratio between distal and proximal benthic foraminifera);
fragmentation (Fr: percentage of fragmentation of benthic foraminifera); and P/B (ra-
tio between planktonic and benthic foraminifera). In particular, the D/P and Fr allow
to recognize uncertainty intervals containing the maximum flooding surface (MFS) of
high-frequency sequences, whereas the P/B documents water-depth changes. Unlike in
high-frequency sequences, the D/P, Fr and P/B parameters usually do not show apprecia-
ble variations associated with bedsets, confirming that the latter are unrelated to shoreline
shifts and water-depth variations, but are rather controlled by minor sediment supply
and/or wave regime changes. However, in rare cases, the micropaleontological parameters
seem to indicate that subtle transgressive-regressive trends and water-depth variations can
also be associated with bedset deposition, alluding to a ‘grey area’ of transition between
high-frequency sequences of very small scale and bedsets. Further research is, therefore,
needed to constrain the boundary between sedimentology and stratigraphy.

Keywords: stratigraphic sequences; bedsets; micropaleontology; sedimentology; facies
analysis

1. Introduction
The separation between stratigraphic and sedimentological cycles is apparently well

defined, as the former are usually associated with shoreline transgressions and regressions,
whereas the latter, also referred to as bedsets, should only be associated with cyclic pro-
cesses involving local energy and sediment supply [1–7]. Although systems tracts forming
stratigraphic sequences are well recognizable where transgressions and regressions are
associated with high-magnitude relative sea-level changes and/or high-magnitude sed-
iment supply variations, meter-to-decameter-scale high-frequency sequences associated
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with minor shoreline shifts can be difficult to distinguish from meter-scale bedsets, espe-
cially in outcrops with limited areal extent. For this reason, Zecchin et al. [5,6] defined a
series of criteria to discriminate between high-frequency sequences and bedsets, which
integrate sedimentological, stratigraphic, micropaleontological, mineralogical, and diage-
netic approaches. In general, bedset boundaries have a more limited lateral extent and a
more subtle physical appearance than the high-frequency sequence boundaries, and the
distribution of heavy minerals changes significantly only across stratigraphic boundaries
such as wave-ravinement surfaces [5,6].

Despite the progress to date, challenges still remain with respect to the distinction be-
tween stratigraphic and sedimentological cycles, as the increasingly finer scales of observation
approach the limits of high-resolution stratigraphic studies. This challenge is exacerbated by
the common organization of ‘bedsets’ into ‘bedset sets’, and the assumption that these units
can also be associated with shoreline shifts and minor relative sea-level changes, similar to
sequences [8–10]. Based on field data from Pliocene and early Pleistocene shallow-marine
deposits of the Crotone Basin (southern Italy; Figures 1 and 2), this study aims to separate
stratigraphic from sedimentologic cycles, also employing updated micropaleontological cri-
teria to better define this distinction. These results can help improve the highest resolution
sequence stratigraphic analyses of shallow-marine deposits by bringing into focus the objective
criteria that define the limit between sedimentology and stratigraphy.

 

Figure 1. (A) Structural map of the Calabrian Arc showing the location of the Crotone Basin (modified
from Van Dijk and Okkes [11]). (B) Simplified geological map of the Crotone Basin, showing the maps
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illustrated in Figure 1C,D (modified from Zecchin et al. [12–14]). (C) Geological map of the Strongoli
area (Figure 1B for location), showing the position of the Strongoli 2 measured section (modified
from Zecchin et al. [13,15]). (D) Geological map of the western part of the study area in the Crotone
Basin (Figure 1B for location), showing the position of the CBS 1, TAL and ZNE 2 measured sections
(modified from Zecchin et al. [14]).

 

Figure 2. The Plio-Pleistocene part of the sedimentary succession of the Crotone Basin (modified from
Zecchin et al. [15]), compared with the IUGS International Chronostratigraphic Chart (https://stratigraphy.
org/ICSchart/ChronostratChart2021-05.pdf accessed on 18 February 2026), and the calcareous nannofossil
and planktonic foraminifera biostratigraphic schemes [16–19]. 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.

2. Geological Setting
The Crotone Forearc Basin developed from late Serravallian onwards on the Ionian

side of the Calabrian Arc (southern Italy), the latter being located between the southern
Apennines and the Sicilian Maghrebides and composed of metamorphic, plutonic and sedi-
mentary units [20–22] (Figure 1A,B). The evolution of the Calabrian Arc was characterized
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by an overall SE-ward migration of the whole terrane, concomitant with the subduction of
the Ionian oceanic crust and the opening of the Tyrrhenian backarc basin since the Middle
Miocene [23–31] (Figure 1).

The sedimentary succession of the Crotone Basin consists of Serravallian to Mid-
dle Pleistocene marine, coastal and continental deposits (Figures 1B and 2) and records
both tectonic subsidence events and phases of uplift plus basin closure, as well as glacio-
eustasy [12,15,32–41]. A generalized tectonic uplift started during the Middle Pleistocene,
and this process led to the emergence of the inner part of the basin and the formation of a
staircase of marine terraces [42–45].

3. Methods
The considered examples of shallow-marine deposits are described by four detailed

measured sections (Figures 1C,D and 3–6). Facies analysis provides the basis for the
recognition of facies associations and depositional environments (Table 1), whereas deposi-
tional trends and key bounding surfaces are essential to define the sequence stratigraphic
framework of the recognized stratigraphic sequences and bedsets.

 
Figure 3. The South Casabona (CBS) 1 section of the Belvedere Formation (Figure 1D for location
and Figure 4 for symbols; modified from Zecchin et al. [14]). Sedimentary structures, fossils, samples,
facies and facies contacts, sequence stratigraphic surfaces, systems tracts and bedset boundaries are
shown. The curves derived from the micropaleontological analysis (% fragmentation, distal/proximal
and plankton/benthos, see text) are shown on the right. Two discontinuity surfaces bounding bedsets
are found in the middle to upper part of a high-frequency sequence bounded by wave-ravinement
surfaces and composed of a transgressive systems tract (TST) and a highstand systems tract (HST). TST
and HST are separated by an uncertainty interval inferred to contain the maximum flooding surface,
defined on a micropaleontological basis (see text).
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Figure 4. The Tallarico (TAL) section of the Belvedere Formation (Figure 1D for location; modified
from Zecchin et al. [5]). Sedimentary structures, fossils, samples, facies and facies contacts, sequence
stratigraphic surfaces, systems tracts and bedset boundaries are shown. The curves derived from
the micropaleontological analysis (% fragmentation and distal/proximal, see text) are shown on
the right. The section documents a wave-ravinement surface separating the HST (below) and the
TST (above) of two high-frequency sequences, which are in turn composed of bedsets bounded by
erosional discontinuities.
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Figure 5. The East Zinga (ZNE) 2 section of the Belvedere Formation (Figure 1D for location and
Figure 4 for symbols; modified from Zecchin et al. [14]). Sedimentary structures, fossils, samples,
facies and facies contacts, sequence stratigraphic surfaces, systems tracts and bedset boundaries are
shown. The curves derived from the micropaleontological analysis (% fragmentation, distal/proximal
and plankton/benthos, see text) are shown on the right. A high-frequency sequence bounded above
and below by wave ravinement surfaces is documented. The sequence is composed of a TST and
an HST separated by an uncertainty interval inferred to contain the maximum flooding surface,
defined on a micropaleontological basis (see text). The TST is composed of two bedsets separated
by an erosional discontinuity, whereas the HST is composed of two bedsets separated by a non-
depositional discontinuity.

Sixty-eight sediment samples were collected along the measured sections (Figures 3–6),
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 µm mesh and dried. From the corresponding washing residues, 3 g
of sediment was separated, except for the samples of the TAL section, for which, due to the
scarcity of specimens, 15 g of sediment was separated. All benthic foraminifera present
in this amount of sediment were counted and classified following the taxonomic order of
Loeblich and Tappan [46] and subsequent studies (see Section 5).
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Figure 6. The Strongoli 2 section of the Strongoli Sandstone (Figure 1C for location and Figure 4
for symbols; modified from Zecchin et al. [13]). Sedimentary structures, fossils, samples, facies and
facies contacts, sequence stratigraphic surfaces, systems tracts and bedset boundaries are shown.
The curves derived from the micropaleontological analysis (% fragmentation, distal/proximal and
plankton/benthos, see text) are shown on the right. Two high-frequency sequences bounded by
wave-ravinement surfaces, and composed of TST and HST, are documented. TSTs and HSTs are
separated by an uncertainty interval inferred to contain the maximum flooding surface, defined on a
micropaleontological basis (see text). The HST of the lower sequence is composed of two bedsets
separated by an erosional discontinuity.
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Table 1. Facies and depositional environments of the studied succession.

Facies Association
and Facies

Lithology and
Thickness

Sedimentary
Structures and
Bioturbation

Fossils Interpretation

A—Condensed
shallow-marine

A1: Wave-dominated
shell-rich deposit

Stacked shell beds
forming tabular
cemented units 0.15 to
1 m thick. The grain
size of the matrix
ranges from
fine-grained siliciclastic
sandstone to
granule-grade
conglomerate and
contains shell debris in
variable amounts.
Cobbles and pebbles of
sandstone may be
found at the base.

Planar stratification
and local swaley
cross-stratification.
Local upward
decreasing shell
abundance. Common
substrate-controlled
Glossifungites
Ichnofacies at the base.
Scattered bioturbation
in the body. Erosional
base and sharp to
gradual upward
transition into
Facies B2.

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

Shoreface deposit
recording low net
sedimentation rates,
high-energy wave
action and high
production of mollusk
communities
[5,13,14,47–50].

A2: Surface-related
shell bed

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

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.

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.

Community shell
concentration
recording low energy
levels and sediment
starvation in the distal
lower shoreface
[14,47,49,51,52].

B—Siliciclastic
shoreface

B1: Sand and mud
Very fine-grained
quartz sandstone with
silt matrix 3–4 m thick

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

Venerids, pectinids
and gastropods

Shoreface–shelf
transition [13,47,53,54].

B2: Burrowed
sandstone

Fine- to
medium-grained
siliciclastic sandstone
up to 4.5 m thick.

Mostly structureless to
planar stratified,
scattered bioturbation,
locally intense. The
boundaries are sharp to
gradual with Facies A1,
A2, B1 and B3.

Sparse disarticulated
(whole in places)
pectinid, ostreid and
venerid shells.
Barnacles are also
common. Gastropods,
and disarticulated
cardids and Pinna
nobilis are
locally present.

Lower shoreface and
low-energy
middle/upper
shoreface
[5,13,14,47,54,55].
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Table 1. Cont.

Facies Association
and Facies

Lithology and
Thickness

Sedimentary
Structures and
Bioturbation

Fossils Interpretation

B3: Swaley
cross-stratified to
planar-laminated
sandstone

Medium- to very
coarse-grained
siliciclastic sandstone
up to 0.4 m thick.

Swaley
cross-stratification to
planar lamination.
Scattered bioturbation.
Sharp lower boundary
and sharp to gradual
upper boundary with
Facies B2. Facies B2/B3
transitions with
intermediate
characteristics are
also present.

Disarticulated and
locally broken pectinid
and ostreid
shells, mainly
convex-up arranged.
Occasional barnacles.

Storm-dominated
middle shoreface
[5,14,56–58].

B4: Mixed trough and
swaley cross-
stratified sandstone

Medium-grained
siliciclastic sandstone
up to 0.3 m thick.

Trough and swaley
cross-stratification.
Erosional lower
boundary and gradual
upper boundary with
Facies B2.

Barren.

Storm-dominated
middle-upper
shoreface transition
[5,53,59,60].

4. The Studied Succession
4.1. Sedimentary Units

The deposits considered for this study are part of the Zanclean Belvedere Formation
and the Gelasian Strongoli Member of the Scandale Sandstone (simply referred to herein as
the Strongoli Sandstone [13,32]; Figures 1C,D, 2 and 7), which were largely documented
by Zecchin et al. [5,13,14,47] and references therein, to whom the reader is referred for a
complete description.

In brief, the shallow-marine Belvedere Formation (Figures 2 and 7A) is tens to hun-
dreds of meters thick and is composed of siliciclastic and bioclastic deposits accumulated
within half-graben sub-basins [5,12,14,15,34,35,47,61]. Fault-controlled subsidence led to a
marked aggradational component that affords the recognition of meter- to decameter-scale
sequences, which are inferred to have been controlled by Milankovitch-driven climatic
and sediment supply changes [5,14,47]. Typically, these sequences are bounded by wave-
ravinement surfaces (WRS) and consist of a transgressive systems tract (TST), containing
shell-rich deposits, and a mainly siliciclastic highstand systems tract (HST) (Figures 3–5).

The Strongoli Sandstone (Figures 2 and 7B) is up to 70 m thick and pinches out
basinward within shelf deposits (the Cutro Clay, Figures 2 and 7B) [13,15,35,47,62]. An
overall regressive trend, from shoreface–shelf transition to upper shoreface settings, is
shown by the unit [13]. The middle to upper part of the Strongoli Sandstone is composed of
six high-frequency sequences up to 7 m thick, which exhibit an architecture similar to that
of the Belvedere Formation (Figure 6) and are inferred to be controlled by Milankovitch
cyclicity [47].

https://doi.org/10.3390/geosciences16020089
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Figure 7. (A) Example of a large outcrop of the Zanclean, shallow-marine Belvedere Formation,
separated from the Zanclean Cavalieri Marl by a normal fault (red dotted line; Figures 1D and 2).
(B) Piacenzian to Gelasian normal regressive succession showing the transition between the shelf
Cutro Clay and the shallow-marine Strongoli Sandstone (Figures 1C and 2).

4.2. Facies and Depositional Environments

Facies and interpreted depositional environments for the studied deposits of both the
Belvedere Formation and the Strongoli Sandstone are illustrated in Table 1. Further facies
details of these units are reported by Zecchin et al. [5,13,14,47]. Two facies associations
were recognized: condensed shallow-marine (A) and siliciclastic shoreface (B) (Table 1).
Facies association A includes shell-rich deposits recording net sediment bypass and/or
starvation, whereas facies association B contains mostly siliciclastic shoreface deposits.

The shell-rich Facies A1 (Figures 3–6 and 8A) reflects depositional conditions char-
acterized by high energy levels due to the action of waves and storm flows, leading to
sediment bypass during coastal retreat, as well as trophic conditions favoring the develop-
ment of rich mollusk communities [5,14,47]. Shells are commonly arranged in layers. Facies
A1 is erosionally based, and commonly typified by the substrate-controlled Glossifungites
Ichnofacies (Figures 4, 5 and 8A). A pebble-to-cobble-sized lag can be rarely found at the
base (Figure 5). In some cases, deposits with intermediate features between Facies A1 and
the siliciclastic Facies B2 (see below) have been observed (Figure 6). Facies A2 is typically
thin (no more than 0.4 m), burrowed, exhibits the Glossifungites Ichnofacies at its sharp base,
and is locally associated with Pinna nobilis shells in life position, all features that reflect low
energy levels and overall sediment starvation (Figures 5, 6 and 8B [14,47]).

https://doi.org/10.3390/geosciences16020089
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Figure 8. (A) The shell-rich Facies A1 in the ZNE 2 section (Figure 5), between intervals of the
siliciclastic Facies B2. Facies A1 is bounded below by a wave-ravinement surface (WRS) that truncates
the underlying deposits. The underlying Facies B2 is penetrated by burrows belonging to the
Glossifungites Ichnofacies. (B) Burrowed interval belonging to Facies A2 in the ZNE 2 section (Figure 5),
bounded below by a local flooding surface (LFS) and above by a downlap surface (DLS) (see text).
Facies A2 is encased in Facies B2. Note two Pinna nobilis shells in life position that descend from the
LFS. (C) Swaley cross-stratification of Facies B3 in the TAL section (Figure 4).

Facies association B documents a regressive shoreface succession (e.g., [53]). Facies B1
(Figure 6) is characterized by lower grain size and energy conditions, reflecting shoreface–
shelf transition depositional settings. Facies B2, characterized by diffuse bioturbation and
local shell layers (Figures 3, 4, 5, 6 and 8A,B), is the most common facies in the studied
deposits and documents accumulation in lower shoreface settings or in middle to upper
shoreface settings typified by temporarily decreased energy conditions [5,13,14,47]. Higher
energy levels are documented by swaley cross-stratified (Facies B3; Figures 4 and 8C) and
mixed trough and swaley cross-stratified (Facies B4; Figure 4) sandstones, accumulated,
respectively, in wave-dominated middle shoreface and transitional middle-upper shoreface
settings [5,14,47].

5. Micropaleontological Analysis
The dominance of shallow-water species of benthic foraminifera in the sediment

samples (Supplementary data) is justified by the proximal depositional settings of the
studied deposits. These species are represented by Ammonia parkinsoniana, A. tepida and
Elphidium spp. [63–66] (see Supplementary data). The abundance of more distal species,
such as Amphycorina scalaris, Bolivina spp., Bulimina spp., Cibicidoides pseudoungerianus,
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Globobulimina affinis, Lenticulina spp., Nonion boueanum, Nonion faba, Planulina ariminensis,
Uvigerina spp., increases in deeper settings (e.g., [67–69]) (Supplementary data). For the
TAL section (Figure 4), showing abundant proximal facies (Facies B3 and B4), Ammonia
beccarii, Biasterigerina planorbis, Cibicides refulgens, Lobatula lobatula and Nonionella turgida
are considered as relatively distal species (Supplementary data) [68,70–72]. In contrast,
if present, these species are not considered as ‘distal’ in the other sections, where lower
shoreface deposits containing more distal species are found. Planktonic foraminifera are
scarce or absent in all sections. Reworked specimens of both benthic and planktonic
foraminifera are abundant and must be excluded from the calculation of the parameters.

Following Zecchin et al. [13,14,47], three parameters were calculated on the basis of
the micropaleontological analysis: the ‘% fragmentation’ (Fr; the percentage of fragmenta-
tion benthic foraminifera for each sample), the ‘distal/proximal’ (D/P; the ratio between
relatively distal and proximal species of benthic foraminifera for each sample), and the
‘plankton/benthos’ (P/B; the ratio between the number of planktonic foraminifera and ben-
thic foraminifera for each sample) (Figures 3–6). The Fr considers specimens fragmented
naturally, thus excluding those resulting from the preparation process [14]. In particular,
two or more fresh fragments of the same specimen in the slide are assumed to be the result
of the preparation and are therefore included in the count of whole specimens. This is
because it is unlikely that fragments of the same specimen, produced by local high-energy
environmental conditions, are sedimented together [14]. The evaluation of this parameter
requires criteria consistency; if specimens with less than a given percentage of preservation
are considered as fragmented, this must be valid for all samples [73]. It is known that the Fr
parameter reflects the environmental energy, in turn linked to changes in wave/current power
and/or shoreline shifts, whereas the D/P parameter is thought to be sensitive to sedimen-
tation rates linked to shoreline shifts [13,14,47,73]. Maximum values of the D/P parameter
are close to minimum values of the Fr parameters (Figures 3, 5 and 6), reflecting maximum
flooding conditions. In contrast, higher values of the P/B parameter indicate maximum
water-depth conditions, which usually follow (occur later than) maximum flooding conditions
(the maximum water-depth surface, MWDS [13,14,47,73]) (Figures 3, 5 and 6).

Due to the way the D/P parameter is defined, the species of relatively distal and
proximal benthic foraminifera may vary case by case, in relation to the taxa present in
a given succession, as well as the position of a given section along depositional dip [73].
Considering the available literature [63–72], for the CBS 1, ZNE 2 and Strongoli sections
(Figures 3, 5 and 6), the D/P parameter is calculated as follows:

D/P = (% Amphycorina scalaris, % Bolivina spp., % Bulimina spp., % Cibicidoides pseudoungerianus,
% Globobulimina affinis, % Lenticulina spp., % Nonion boueanum, % Nonion faba, % Planulina ariminensis,

% Uvigerina spp.)/(% Ammonia tepida + % Ammonia parkinsoniana + % Elphidium spp.).

For the TAL section (Figure 4), the D/P parameter is calculated as follows:

D/P = (% Ammonia beccarii + % Biasterigerina planorbis + % Cibicides refulgens + % Lobatula lobatula +
% Nonionella turgida)/(% Ammonia parkinsoniana + % Elphidium spp.).

The Fr, D/P and P/B parameters are shown along the measured sections as average
curves interpolating the measured points (Figures 3–6). An uncertainty interval between
Fr minima and D/P maxima, within which the maximum flooding surface (MFS) should
lie, can be defined within each sequence [13,14,47,73] (Figures 3, 5 and 6). The uncer-
tainty interval is the best way to pick the cryptic MFS, which usually lacks any physical
diagnostic features.
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6. Cyclicity of the Sedimentary Succession
6.1. High-Frequency Sequences

The high-frequency sequences of the studied deposits were largely described by Zecchin
et al. [13,14,47]. These sequences (5 to 7 m thick in the present examples; Figures 3–6 and 9)
are bounded by wave-ravinement surfaces (WRS) and are typically composed of a shell-rich
(mainly Facies A1 and B2 with occasional Facies B3) transgressive systems tract (TST) and a
mostly siliciclastic (mainly Facies B2 and B3 with minor Facies B4) highstand systems tract
(HST). The WRS can be marked by the Glossifungites Ichnofacies and by shell beds (Facies
A1) produced by sediment bypass during shoreface retreat (the onlap shell bed; OSB [48]),
and by lag deposits (Figures Figure 3–6 and 8A). WRSs are close to Fr maxima and D/P
minima (Section 5) (Figures 3, 4 and 6), except in cases where the WRS overlies proximal
deposits of the underlying sequence, characterized by higher values of Fr and lower values
of D/P (Figure 5). MFSs are cryptic and are placed roughly in the middle of sequences;
they lie within the uncertainty interval between D/P maxima and Fr minima (see Section 5
and Zecchin et al. [13,14,47,73]) (Figures 3, 5 and 6). Uncertainty intervals containing
the MFS range between a few cm and 0.3 m in thickness and cannot be recognized by
sedimentological criteria. However, the local flooding surface (LFS), produced between
lower shoreface and inner shelf settings by sediment starvation during late transgression,
is a facies contact usually found just below the uncertainty interval (Figures 5, 6 and 8B).
LFSs can be marked by the Glossifungites Ichnofacies and relatively thin shell beds (the
backlap shell beds; BSB) that may contain shells in life position in relatively distal settings
(Facies A2) [48,74,75] (Figures 5, 6 and 8B). The downlap surface (DLS; Figures 5 and 8B) is
recognizable at the top of the BSB or, more generally, of the condensed section (CS), and marks
the base of the HST prograding shallow-marine wedge [48]. The maximum water-depth
surface (MWDS) is a cryptic surface picked at the P/B maxima (Figures 3, 5 and 6), which is
inferred to coincide with the deepest bathymetry within a sequence [14,73]. The MWDS is
usually placed just above the MFS, in the early HST (Figures 3, 5 and 6).

 

Figure 9. View of the high-frequency sequence documented by the ZNE 2 section (Figures 1D and 5),
bounded at the base and at the top by wave-ravinement surfaces (WRS) (see Table 1 for facies code). A
local-flooding surface (LFS), close to maximum flooding conditions (see text), is found in the middle
of the sequence. A bedset boundary represented by an erosional discontinuity (thin red line) is found
in the lower, transgressive part of the sequence, whereas another bedset boundary, represented by a
non-depositional discontinuity (thin blue line) is found in the regressive part.

The studied high-frequency sequences are inferred to be generated by climate-driven
changes in sedimentation rates, probably linked to the Milankovitch cyclicity [5,14,47].
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6.2. Intra-Sequence Cyclicity
6.2.1. General Characteristics

Internal subdivisions of high-frequency sequences and component systems tracts can
be referred to as bedsets, which consist of dm- to m-scale sedimentary units separated by
non-depositional or erosional discontinuities, defining individual clinoforms [2,8] (Figure 10).
Non-depositional discontinuities are associated with an abrupt upward decrease in thickness
and amalgamation of event beds and are related to a decrease in sediment supply and/or
energy [2,6]. In contrast, erosional discontinuities record an abrupt upward increase in
bed amalgamation and grain size and are inferred to be related to an increase in sediment
supply and/or energy [2,6]. Non-depositional and erosional discontinuities resemble
flooding surfaces (maximum regressive surfaces, MRSs, or LFSs) and regressive surfaces of
marine erosion (RSME), respectively; however, bedset boundaries are more limited laterally
and are unrelated to transgressive or regressive shoreline shifts, as they tend to disappear
landward in upper shoreface settings (Figure 10) [2,6]. As such, bedsets reflect cycles of
internal reorganization of a depositional system, without a change in the systems tract [7].

Figure 10. Example of high-frequency sequence dominated by normal regressive deposits (modified
from Hampson et al. [76]). Non-depositional discontinuities bounding bedsets, which are highlighted
also in the representative section on the left, define clinoforms composing the prograding succes-
sion. Bedset boundaries tend to disappear both in proximal and distal directions. Abbreviations:
DLS—downlap surface; MFS—maximum flooding surface; OSB—onlap shell bed; WRS—wave-
ravinement surface.

In the studied high-frequency sequences, bedsets are locally recognizable; they are
ca. 0.5 to 1.8 m thick and can be bounded by non-depositional discontinuities (upper part
of the CBS 1 and ZNE 2 sections, Figures 3, 5 and 9) or by erosional discontinuities (lower
part of the Strongoli 2 and ZNE 2 sections and Tal section, Figures 4–6, 9 and 11). LFSs
may also be considered as non-depositional discontinuities bounding bedsets, although the
LFS/DLS pairs, if present, bound CSs and interrupt the bedset stack (Figures 5 and 8B). The
WRSs bounding the high-frequency sequences can also act as the base of the first bedset of a
sequence, or the top of the last bedset of the underlying sequence (Figures 3–6). Bedsets can be
found only occasionally in part of the section (CBS 1 and Strongoli 2 section, Figures 3 and 6) or in
the whole section (ZNE 2 and Tal sections, Figures 4, 5, 9 and 11); their lateral continuity along
strike ranges from tens to hundreds of meters.
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Figure 11. Detail of the TAL section (Figure 4), showing a wave-ravinement surface (WRS) in the
middle, separating two high-frequency sequences, and erosional discontinuities (thin red lines)
bounding bedsets (see Table 1 for facies code).

Bedsets bounded by non-depositional discontinuities show an upward increase in the
degree of amalgamation of storm beds, sparse shells, and grain sizes in the range of Facies
B2 to Facies B2/B3 (Figures 3 and 5); in some cases, intense burrowing is found just above
the base (Figure 5). Their boundaries are usually placed above storm beds and separate
opposite trends of upward increase in storm beds (below) and their sharp decrease across
the boundaries (Figures 3, 5 and 9). Bedsets bounded by erosional discontinuities show an
upward decrease in the degree of amalgamation of storm beds, or more in general of facies
associated with higher energy levels, as documented by a rapid upward shift from Facies
B4 or B3 and Facies B2 (Figures 4 and 11), although a persistence of Facies B2 throughout
the bedset is also observed (Figures 5 and 9). An upward decrease in grain size and an
increase in bioturbation were also observed (Figures 4 and 5). The bedsets boundaries in this
case are placed at the base of storm beds or at the basal WRS, and in some cases are marked
by the Glossifungites Ichnofacies (Figures 4, 5, 9 and 11). Where bedsets are bounded at the
base by the WRS, their lower part consists of Facies A1 (Figures 4, 5, 9 and 11).

In general, the studied bedsets meet the sedimentological and stratigraphic criteria
highlighted by Zecchin et al. [6] to discriminate sedimentological and stratigraphic cycles,
in particular: (1) only minor environmental changes, usually associated with adjacent
facies or subfacies changes, are observed across bedset boundaries; (2) water-depth changes
usually do not occur across bedset boundaries (with exceptions, see Sections 6.2.2 and 7);
(3) bedset boundaries show a more modest physical appearance than the WRSs bounding
high-frequency sequences; (4) bedset boundaries have a smaller lateral extent compared
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to WRSs; (5) bedset boundaries are not associated with condensed shell beds (except for
the first bedset above a WRS or a LFS); (6) in general, bedsets are thinner (dm- to m-scale)
than high-frequency sequences (m- to dam-scale); (7) in contrast to sequences, bedsets
are not composed of (do not include) clinoforms. As for the micropaleontological and
diagenetic criteria reported by Zecchin et al. [6], the former are illustrated and discussed in
Sections 6.2.2 and 7, while the latter are exemplified by a modest cementation associated
with bedset boundaries, if compared to WRSs and LFSs. Regarding the mineralogical
criteria, they were illustrated by Zecchin et al. [5,6], who highlighted that the abundance
of heavy minerals in the sediment does not change across bedset boundaries but only
across sequence stratigraphic surfaces produced in high-energy conditions. The highest
abundance of heavy minerals was invariably found within the OSBs immediately overlying
WRSs [5,6].

6.2.2. Relationships with Micropaleontological Parameters

In contrast to high-frequency sequences, in most cases bedsets and their boundaries
are not associated with significant changes in the Fr, D/P and P/B parameters that are
described in Section 5. In fact, except for the maxima or minima that are recorded close
to sequence boundaries and MFSs, the curves of these parameters exhibit minor, erratic
variations, which usually seem to be unrelated to bedset boundaries (Figures 3–6).

However, an exception has been observed in the upper part of the ZNE 2 section
(Figure 5). Here, the two bedsets composing the HST are separated by a non-depositional
discontinuity placed at ca. 4.3 m, above a shell-rich storm bed and below an intensely
burrowed interval in Facies B2, marking an abrupt interruption of storm-related event beds
(Figure 5). In contrast to what was observed in other situations, in this case a secondary
positive peak of both the D/P and P/B parameters is found right at the burrowed interval
at ca. 4.7 m, just above the bedset boundary and centered on the Z10 sample (Figure 5). The
Fr parameter does not show a significant local variation, but it is still in a relatively thick
interval of minimum values that is centered on the MFS of the high-frequency sequence
(Figure 5). The significance of these observations is discussed in the next Section.

7. Discussion and Conclusions
Integrated sedimentological and micropaleontological data in selected Zanclean and

Gelasian sections of the Crotone Basin have allowed documentation, although discon-
tinuously, of a decimeter-to-meter-scale cyclicity within meter-to-decameter-scale high-
frequency sequences inferred to be linked to the Milankovitch cyclicity [14,47] (Figures 3–6).

The lack of correlation between the intra-sequence cycles and the variations in micropa-
leontological parameters linked to transgressive and regressive trends (i.e., Fr, D/P and
P/B; Section 5), in contrast to what is observed for high-frequency sequences [13,14,47,73],
strongly suggests that this minor cyclicity is unrelated to shoreline shifts and is probably
controlled by local sediment supply and wave-climate changes (e.g., [2,8]). The disconnect
from shoreline shifts, in particular, is a key element allowing to classify these minor cycles
as bedsets; i.e., sedimentological cycles bounded by either non-depositional or erosional
discontinuities, rather than stratigraphic sequences (e.g., [5,7]).

However, the occasional recognition of minor D/P and P/B variations close to bedset
boundaries, such as those observed in the upper part of the ZNE 2 section in the Zanclean
Belvedere Formation (Figure 5), raises interesting questions. In the ZNE 2 section, both the
D/P and P/B parameters show secondary maxima at ca. 4.7 m that follow those associated
with maximum flooding and maximum water-depth conditions, respectively, whereas the
Fr parameter remains relatively low (Figure 5).
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One possibility is that the observed secondary positive peaks, centered on only one
sample, are simply erratic variations without any real physical significance. However, the
significant value of the D/P parameter at that sample, not much lower than the main peak
at ca. 3.2 m, together with the evidence that such a secondary peak falls in an intensely
burrowed interval just above the bedset boundary, indicating lower energy levels (Figure 5),
would suggest that the secondary peaks of the D/P and P/B parameters are real. In the
latter case, since increases in the D/P and P/B parameters indicate transgression and
increasing depth, respectively, the non-depositional discontinuity at ca. 4.3 m would be
followed by a very minor shoreline transgression, as in the case of an MRS.

Such observations are not really surprising, as the transgressions and regressions
that define the high-frequency sequences of the Belvedere Formation are inferred to be
controlled by climate-induced changes in sediment supply [14,47], whereas bedsets are
in turn likely associated with minor sediment supply changes, much more localized and
shorter in duration than sequences, such that associated shoreline shifts are usually not
found. It is therefore possible that these minor sediment supply changes may occasionally
lead to barely recognizable shoreline shifts that are very modest and more laterally limited
than those associated with the sequence that hosts the bedsets.

Another possible explanation relies on the irregularity of the Milankovitch cycles.
The trend of the precession, obliquity and eccentricity cycles, in fact, is not sinusoidal and
commonly exhibits secondary peaks (e.g., [77,78]). The secondary maxima of the D/P
and P/B parameters in the ZNE 2 section (Figure 5), therefore, could record a secondary
shoreline transgression and associated MFS within the larger HST regressive phase of
the main (higher rank) sequence, and this minor (lower rank) transgression would be
still associated with a climatically induced decrease in sediment supply, as for the main
TST. Following the stratigraphic sequence concept of Zecchin and Catuneanu [3] and
Catuneanu and Zecchin [4], in this hypothesis, the HST of the main sequence found in
the ZNE 2 section may consist of two lower rank sequences separated by an MRS, rather
than two bedsets. However, in this case only a sub-facies change from storm shell beds to
burrowed sandstone is found at ca. 4.3 m (Figure 5), but a transgressive trend is not clearly
recognizable on the basis of field data; it is therefore preferred to keep a bedset boundary
at 4.3 m, as a working hypothesis, which is more in line with the magnitude and scale of
the observed changes. Further work, however, could clarify whether the bedset boundary
should be upgraded to the status of a sequence boundary or not.

In contrast to the examples from the CBS 1, Strongoli 2 and TAL sections, where a
distinction between bedsets and stratigraphic sequences is clearly recognizable with both
sedimentological and micropaleontological criteria (Figures 3, 4 and 6), the evidence found
in the ZNE 2 section (Figure 5) is more ambiguous in terms of a clear separation between
sedimentologic (bedsets) and stratigraphic cycles. This illustrates that an unequivocal
distinction between the two types of cycles may not be possible in all cases, and that a
choice one way or the other can be arbitrary in some situations. It is, therefore, suggested
that a clear recognition of changes between transgressive and regressive trends by means
of field/core observations remains essential in deciding whether meter-scale cycles are
lower rank sequences or bedsets. Ambiguity between sedimentological and stratigraphic
cycles is implicit in models that consider bedsets as cycles controlled by minor shoreline
shifts and deepening/shallowing episodes, which are features that also characterize strati-
graphic sequences, and/or illustrate a hierarchy of bedsets and sets of bedsets that blur
the distinction between sedimentological and stratigraphic cycles [9,10]. Both shoreline
reorganizations and minor relative sea-level changes as possible controlling mechanisms
on bedset boundaries are also advocated by Sømme et al. [8].
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In any case, irrespective of the preferred terminology, cycles with intermediate features
between high-frequency sequences (sensu Zecchin and Catuneanu [3] and Catuneanu and
Zecchin [4]) and sedimentological cycles exist and share characteristics of both, testifying
to the passage between sedimentology and stratigraphy.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/geosciences16020089/s1, Table S1: Number of benthic micro-
foraminifera specimens found in the samples collected along the measured sections.
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