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ABSTRACT

The lower Pliocene Belvedere Formation, cropping out in the Crotone Basin,
southern Italy, exhibits a metre-scale to decametre-scale shallow-marine
cyclicity that shares features of both high-frequency sequences linked to shore-
line shifts and controlled by minor relative sea-level and/or sediment supply
changes, and sedimentological cycles unrelated to shoreline shifts. In order to
better understand the high-frequency sequence stratigraphic framework of this
succession, an integration of sedimentological, micropalaeontological (micro-
foraminifera assemblages) and mineralogical (heavy mineral abundance) data
is used. From a sedimentological/stratigraphic point of view, wave-ravinement
surfaces bounding high-frequency sequences, and associated substrate-con-
trolled ichnofacies, are prominent in outcrop and document environmental
and water-depth changes, whereas bedset boundaries separating sedimento-
logical cycles have a more subtle field appearance and are only associated with
changes of environmental energy. Moreover, condensed deposits are present
only above wave-ravinement surfaces, and the high-frequency sequences
bounded by these surfaces have a thickness that is an order of magnitude
greater than that of the bedsets. Micro-foraminifera assemblages may change,
and the content of heavy minerals usually increases, across wave-ravinement
surfaces, whereas both parameters do not change significantly across bedset
boundaries. The abundance of heavy minerals is systematically higher, with
respect to the underlying and overlying deposits, in the condensed shell beds
that overlie wave-ravinement surfaces. An integrated sedimentological,
micropalaeontological and mineralogical approach represents a powerful tool
to discriminate between wave-ravinement surfaces bounding high-frequency
sequences and bedset boundaries, and in general to investigate at the intra
high-frequency sequence scale. This integrated approach is expected to be very
useful in the study of potentially all shallow-marine successions composed of
small-scale cycles, in order to delineate a detailed sequence stratigraphic
framework and understand the factors that controlled the cyclicity.

Keywords Bedset, facies analysis, heavy minerals, high-frequency
sequence, micropalaeontology, wave-ravinement surface.



INTRODUCTION

Wave-ravinement surfaces (WRSs) are erosional,
diachronous surfaces having sequence strati-
graphic significance, which are produced by
waves in the shoreface during transgression; they
are often mantled by transgressive lags and/or
shell concentrations and may be marked by sub-
strate-controlled ichnofossils (Cattaneo & Steel,
2003; Catuneanu, 2003, 2006; Demarest & Kraft,
1987; Hwang & Heller, 2002; Kidwell, 1991; Naish
& Kamp, 1997a; Nummedal & Swift, 1987; Pem-
berton et al., 1992; Posamentier & Allen, 1999;
Swift, 1968; Zecchin & Catuneanu, 2013). Wave-
ravinement surfaces usually have a very good
physical appearance in both outcrops and cores,
as well as in high-resolution seismic data, because
they separate shallow-marine deposits (above)
from continental and/or back-barrier deposits (be-
low) and may rework older sequence stratigraphic
surfaces becoming systems tract and/or sequence
boundaries (e.g. Catuneanu, 2003, 2006; Demarest
& Kraft, 1987; Mellere et al., 2005; Nummedal &
Swift, 1987; Steel et al.,, 2000; Swift, 1968;

At the scale of the fourth-order or lower rank
cycles,  corresponding to  high-frequency
sequences (Catuneanu & Zecchin, 2013; Zecchin
& Catuneanu, 2013) or parasequences (Van Wag-
oner et al., 1988, 1990), and in the case of low-
magnitude relative sea-level changes and/or
minor sediment supply variations, WRSs and
transgressive surfaces in general are associated
with limited landward facies shift and shoreline
transgression. In such cases, WRSs may be
found within fully shoreface deposits and may
be difficult to distinguish from surfaces bound-
ing sedimentological cycles unrelated to shore-
line shifts, such as bedsets (Van Wagoner et al.,
1990) (Fig. 1A and B). Bedsets are sedimentary
units that record local variations in sediment
supply, climate and autocyclic processes (Hamp-
son et al., 2008; Sgmme et al., 2008), with their
boundaries corresponding to either non-deposi-
tional or erosional discontinuities (Fig. 1B); they
are usually well recognizable in lower shoreface
and inner shelf settings (Hampson, 2000;
Sgmme et al., 2008).

To avoid confusion with high-frequency

Zecchin & Catuneanu, 2013; Zecchin et al., 2009). sequences, Zecchin & Catuneanu (2013)
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Fig. 1. (A) Comparison between high-frequency sequences showing a parasequence-like architecture but con-
trolled by relative sea-level and/or sediment supply changes of different magnitude. (B) Typical architectures of
bedsets bounded by non-depositional discontinuities (above) and erosional discontinuities (below), and controlled
by autocyclic processes unrelated to shoreline shifts (see text). Note the similarity between bedsets and high-
frequency sequences controlled by minor changes of relative sea-level and/or sediment supply. WRS, wave-

ravinement surface.



recommended the use of bedsets for small (me-
tre-scale) cycles that form independently of
transgressions and regressions and that are rec-
ognizable only for relatively short distances
along depositional dip and strike. However, bed-
set boundaries may be confused with flooding
surfaces and high-frequency WRSs or regressive
surfaces of marine erosion (RSME; Plint, 1988;
Plint & Nummedal, 2000) linked to metre-scale
relative sea-level changes (Fig. 1A and B), espe-
cially where shoreline shifts cannot be observed
directly in the field (e.g. Hampson et al., 2011).
New tools are therefore necessary to discrimi-
nate between small-scale cycles related to shore-
line shifts (i.e. high-frequency sequences) and
sedimentological cycles. The ability to recognize
sequences in fully shallow-marine deposits is
essential to achieve a detailed sequence strati-
graphic framework and to fully understand the
controls on sediment supply and accommoda-
tion development for a given succession.

In order to discriminate between surfaces of
sequence stratigraphic significance and bedset
boundaries, and ultimately between high-fre-
quency sequences and bedsets, the case study of
the lower Pliocene shallow-marine Belvedere
Formation, cropping out in the Crotone Basin,
southern Italy, is shown (Figs 2 to 4). Previous
studies have highlighted that this normal fault-
bounded, highly aggradational succession is
composed of metre-scale cycles inferred to
record minor relative sea-level changes and cli-
mate variations (Zecchin, 2005) (Fig. 5). The
boundaries of such cycles as well as of smaller
units, having features that resemble those of
both high-frequency WRSs and erosional discon-
tinuities bounding bedsets, are documented in
detail in this study.

The aim of this study was the development of
a new tool, based on an integrated sedimento-
logical, micropalaeontological and mineralogical
approach, to discriminate between high-fre-
quency WRSs and bedset boundaries. In particu-
lar, traditional facies analysis is combined with
the analysis of benthic foraminifera associations
as well as with a measurement of the abundance
of heavy minerals in the studied deposits. The
concentration of heavy minerals on the silici-
clastic shelf sediments tends to increase land-
ward, reaching a maximum in the beachface due
to selective winnowing (Komar, 2007; Roy,
1999). However, wave reworking and offshore
bypass of finer and lighter sediment particles
associated with the formation of WRSs are
expected to lead to an enrichment of heavy

minerals in the condensed deposits that overlie
such surfaces, with respect to the underlying
and overlying sediments. Transgressive lags are
already known to contain placer deposits (Catu-
neanu & Biddulph, 2001); however, the use of
heavy mineral concentrations in sequence strati-
graphic analysis was surprisingly neglected in
the past, despite the fact that this criterion may
potentially be useful to recognize surfaces of
sequence stratigraphic significance. This is par-
ticularly true if several independent criteria, in
addition to mineralogical, are combined, as pre-
sented in this study. Such an integrated
approach may be useful in all cases where the
outcrop extent is limited or cores are sparse,
and represents a valuable tool in all studies
dealing with high-resolution sequence stratigra-
phy and with investigations at the intra high-
frequency sequence scale.

GEOLOGICAL SETTING

The Calabrian Arc and the Crotone Basin

The Calabrian Arc is an arcuate terrane located
between the north-west-trending southern Apen-
nines and the east-trending Sicilian Maghre-
bides, and separates the Ionian and Tyrrhenian
basins (Fig. 2A). It consists of both metamorphic
and sedimentary units, including Hercynian and
pre-Hercynian continental basement and Jurassic
to Early Cretaceous ophiolite-bearing sequences
(Amodio Morelli et al., 1976; Bonardi et al.,
2001). The Calabrian Arc migrated south-east-
ward from mid-Miocene onward in response to
the subduction of the Ionian oceanic lithosphere
along a deep and narrow Benioff zone (Bonardi
et al., 2001; Faccenna et al., 2001, 2004; Malin-
verno & Ryan, 1986; Sartori, 2003). The move-
ment towards the south-east caused a
fragmentation of the arc in individual blocks
bounded by north-west-trending shear zones,
which controlled the development of basins
located along both the Ionian and Tyrrhenian
sides of Calabria (Knott & Turco, 1991) (Fig. 2A).
Since the middle Pleistocene, the Calabrian Arc
experienced rapid uplift of wup to ca
1 mm year ' (Westaway, 1993) that persists
today, as documented by flights of marine ter-
races developed along the coasts.

Along the Ionian side of the Calabrian Arc,
the Ionian forearc Basin developed internally
with respect to the accretionary wedge since the
late Oligocene (Bonardi et al., 2001; Cavazza &
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Fig. 2. (A) Structural map of the Calabrian Arc and location of the Crotone Basin (modified from Van Dijk &
Okkes, 1991). Note the north-west trending shear zones that dissect the Calabrian complex. (B) Simplified geologi-
cal map of the Crotone Basin showing the study area (modified from Zecchin et al., 2004).
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Fig. 3. (A) Geological map of the north-western part of the study area in the Crotone Basin, showing the location
of measured sections (modified from Zecchin, 2005 and Zecchin & Caffau, 2012). CBS 1, South Casabona 1 sec-
tion; CBS 2, South Casabona 2 section; CBW, West Casabona section; MPW, West Montagna Piana section; SAL,
Salice section; SMS, Santa Maria della Scala section; TAL, Tallarico section. (B) Half-graben sub-basins active
during deposition of the Belvedere Formation in the northern part of the Crotone Basin (modified from Zecchin
et al., 2004).
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Fig. 4. The Plio-Pleistocene succession of the Crotone Basin (modified from Zecchin et al., 2012, 2015, 2016).
This study is focused on the lower Pliocene Belvedere Formation, cropping out in the northern part of the basin.
The chronostratigraphic scheme is from Gibbard et al. (2010), and the calcareous nannofossil and planktonic fora-
minifera biostratigraphic schemes and their chronology are from Cita (1975), Rio et al. (1990), Lourens et al.
(1996) and Raffi et al. (2006). TBU, Timpa Biso Unconformity.
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Fig. 5. The measured sections considered in this study, documenting part of the lower Pliocene Belvedere Forma-
tion (see Fig. 3A for locations; modified from Zecchin, 2005). The studied succession accumulated in the Mon-
tagna Piana and Belvedere half-graben sub-basins, and on the Salice horst (see Fig. 3B). The details of the sections
shown in Figs 7 to 10 are indicated. Note that the Tallarico (TAL, Fig. 3A) section is not illustrated here. Facies
associations A and B are summarized in Table 1 and described in the text. CBS 1, South Casabona 1 section; CBS
2, South Casabona 2 section; CBW, West Casabona section; MPW, West Montagna Piana section; SAL, Salice sec-
tion; SMS, Santa Maria della Scala section; TBU, Timpa Biso Unconformity; Zn 2 — Zinga 2 stratal unit; Zn 3 —
Zinga 3 stratal unit; cs = cross-stratification.



Barone, 2010; Cavazza & DeCelles, 1993)
(Fig. 2A). Tt is composed of parts currently
uplifted and cropping out along the Ionian
coast, such as the Crotone Basin, and of a main
active area known to as the Crotone-Spartivento
Basin (Fig. 2A).

The Crotone Basin is bounded to the north
and to the south by two north-west-trending
left-lateral shear =zones, called Rossano-San
Nicola and Petilia-Sosti, respectively (Meu-
lenkamp et al., 1986; Van Dijk, 1990, 1991,
1994; Van Dijk & Okkes, 1991) (Fig. 2A and B).
It began to open between Serravallian and Torto-
nian times (Roda, 1964; Van Dijk, 1990) and
contains a sedimentary succession consisting of
upper Serravallian to middle Pleistocene conti-
nental, back-barrier, shallow-marine, shelf and
slope deposits organized into tectono-strati-
graphic units of different hierarchy (Massari &
Prosser, 2013; Roda, 1964; Van Dijk, 1990; Zec-
chin et al., 2004, 2012) (Fig. 4). The tectonic his-
tory of the Crotone Basin was characterized by a
dominant extensional tectonic regime that was
interrupted periodically by relatively short com-
pressional and transpressional phases in mid-
Messinian, mid-Pliocene and earliest and mid-
Pleistocene times, which involved the whole
Calabrian Arc (Massari & Prosser, 2013; Van
Dijk, 1990, 1991; Zecchin et al., 2012, 2015).
Since the latest middle Pleistocene, uplift has
led to the emergence of the basin (Cosentino
et al., 1989; Zecchin et al., 2012, 2016).

The lower Pliocene succession of the Crotone
Basin

The lower Pliocene succession is well-exposed
in the north-western part of the Crotone Basin,
where it consists of the Cavalieri Marl (shelf to
slope), the Zinga Sandstone (shoreface to del-
taic), the Montagnola Clay (lagoonal) and the
Belvedere Formation (shallow-marine) (Zecchin
et al., 2003, 2004, 2006, 2012) (Figs 3A and 4).
Near the basin margin, these formations com-
pose three unconformity bounded stratal units,
which correspond to depositional sequences
bounded by subaerial unconformities or maxi-
mum regressive surfaces locally reworked by
ravinement surfaces: Zinga 1 (Cavalieri Marl and
Zinga Sandstone), Zinga 2 (top of the Zinga
Sandstone, Montagnola Clay and lower part of
the Belvedere Formation) and Zinga 3 (upper
part of the Belvedere Formation) (Zecchin et al.,
2003, 2004, 2006, 2012) (Fig. 4). The lower Plio-
cene succession is capped by the Timpa Biso

Unconformity (TBU; Figs 4 and 5), which is a
subaerial unconformity associated with a main
tectonic event (see Consolaro et al., 2013 and
Zecchin et al., 2012, and references therein),
which is in turn overlain by a Piacenzian trans-
gressive succession (Mellere et al., 2005; Roda,
1964; Zecchin et al., 2012). On a larger scale,
the TBU corresponds to the Mid-Pliocene
Unconformity (MPCU), which is found mainly
on the Ionian side of the Calabrian Arc and
probably records interference of the arc with the
Apulian plate (Zecchin et al., 2015).

The Belvedere Formation and its cyclicity

The lower Pliocene Belvedere Formation is pre-
dominantly an aggradational stack (some hun-
dreds of metres thick) of alternating bioclastic
and siliciclastic shallow-marine deposits, which
accumulated within half-graben sub-basins
between 2-5 km and 5-0 km wide (Zecchin et al.,
2004, 2006) (Figs 3 to 5). The latter are bounded
by north-east-trending listric growth faults
(Fig. 3B), which enabled a pronounced thickness
increase in the hanging-walls with respect to the
footwalls (Zecchin et al., 2004, 2006).

The most prominent characteristic of the
Belvedere Formation is represented by its
small-scale cyclicity, which is highlighted by
the alternation between shell-rich and shell-
poor shallow-marine deposits (Zecchin, 2005)
(Fig. 5). Cycles of the Belvedere Formation
range between 3 m and 18 m thick, with a typi-
cal thickness of 5 to 7 m (Fig. 5). The cyclicity
is prominent in the hanging-wall of the synsed-
imentary normal faults, whereas on the foot-
walls it is much less apparent (Zecchin, 2005;
Zecchin & Caffau, 2012) (Fig. 5). Two types of
cycles were identified: Type 1 cycles, com-
posed of storm-dominated shoreface deposits;
and Type 2 cycles, composed of large subaque-
ous dunes in the lower part and by storm-
dominated deposits (Zecchin, 2005). Large sub-
aqueous dunes were found mainly in the lower
half of the Zinga 3 stratal unit (Fig. 5), and
their migration was related to the action of
strong tidal currents in tectonically confined
areas (Zecchin, 2005). In particular, it is
inferred that the activity of the synsedimentary
normal faults bounding the half-graben sub-
basins in which the Belvedere Formation accu-
mulated (Fig. 3B) have periodically produced
depressions that functioned as straits that
enhanced tidal currents (Zecchin, 2005). In
contrast, relatively high sediment supply



prevented the formation of significant fault
scarps during the accumulation of shoreface
cycles (Zecchin, 2005). In order to discriminate
between WRSs and bedset boundaries, only the
Type 1 cycles of Zecchin (2005) (Fig. 5) are
considered in the present study.

METHODS

The basis of this study consists of six measured
sections (CBS 1, CBS 2, CBW, MPW, SAL and
SMS) documenting both facies and overall
stratigraphy of part of the Belvedere Formation
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Fig. 6. (A) Panoramic view of the West Montagna Piana (MPW) section (see Figs 3A and 5), documenting part of
the Belvedere Formation accumulated in the Montagna Piana half-graben (Fig. 3B). The red dotted line indicates
the main fault bordering the half-graben. The lower Pliocene Cavalieri Marl was partly eroded, allowing for the
study of the sandstone deposits accumulated in the fault-bounded basin. (B) Panoramic view of the South Casa-
bona 1 (CBS 1) section (see Figs 3A and 5), documenting part of the Belvedere Formation accumulated in the
Montagna Piana half-graben (Fig. 3B). The red dotted lines correspond to normal faults that were active during
accumulation of the Piacenzian Spartizzo Clay.



accumulated in the Montagna Piana and Belve-
dere half-graben sub-basins and on the Salice
horst (Zecchin, 2005; Zecchin & Caffau, 2012;
Zecchin et al., 2004) (Figs 3A, 3B, 5 and 6). In
order to document the details of the boundaries
between some of the characteristic shoreface
cycles of the Belvedere Formation (the Type 1
cycles of Zecchin, 2005), new metre-scale details
of the sections are shown (Figs 5 and 7 to 10).
Excellent exposures (Fig. 6) allowed detailed
facies analysis and recognition of key stratal sur-
faces and facies contacts. This is a standard
approach in reconstructing depositional environ-
ments, in understanding the significance of the
bounding surfaces and ultimately in defining a
sequence stratigraphic framework.

Fifty-six sediment samples were collected
along the new measured sections (Figs 7 to 10),
and approximately 100 g of sediment was taken
from each sample for micropalaeontological anal-
yses. 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
63 um mesh and dried. From the corresponding
washing residues, 3 g of sediment was separated.
All benthic foraminifera present in this amount of
sediment were counted and classified following
the taxonomic order of Loeblich & Tappan (1987).

Heavy minerals were separated by means of
tetrabromohetane (p = 2:96 g cm ®) and succes-
sively counted under a microscope. The micas
were not considered because they have specific
gravity between 2-6 g cm ® and 3-2 g cm ® and
thus cannot be completely separated by treat-
ment with tetrabromohetane; moreover, their
platy habit could limit their potential to sink in
the liquid.

FACIES AND SEDIMENTARY
ENVIRONMENTS

In the measured sections, five facies composing
two facies associations (condensed shallow-mar-
ine facies association — A; and siliciclastic
shoreface facies association — B) were recognized
(Figs 7 to 12). Facies and facies associations are

described and interpreted below and summa-
rized in Table 1.

Condensed shallow-marine facies association
(A)

Facies A1: Conglomerate lag

Facies A1 is rarely found and consists of a 0-05
to 0-4 m thick very coarse-grained sandstone to
granule-grade conglomerate, mostly composed of
quartz, with scattered pebbles, pectinid shells
and shell fragments (Figs 9A, 10A and 11A).
Sand-filled irregular burrows may be found
locally in the upper part of the thicker beds
forming this facies (Fig. 10A).

The base of Facies A1 typically consists of a
laterally extensive erosional surface truncating
the deposits of facies association B (Figs 9A,
10A and 11A). Facies A1 is sharply overlain by
Facies A2 (Figs 9A, 10A and 11A).

Facies A2: Shell-rich deposit

Facies A2 consists of stacked shell beds, each
up to 10 cm thick, that form well-cemented tab-
ular units, 0-15 to 2-5 m thick (Figs 7 to 10, 11B,
12A and 13 to 15). Structureless units up to ca
1 m thick, containing shells dispersed in a sili-
ciclastic matrix locally mixed with granule-
grade shell debris, are also found (Figs 7B, 7D,
10A and 12A). In some cases, shells are more
tightly packed in the lower or upper parts of the
facies or in both (Figs 7, 8A, 9A and 10B). The
siliciclastic component of the matrix varies from
fine-grained quartz sandstone to granule-grade
quartz conglomerate, with occasional dispersed
pebbles. The grain size of the matrix may be rel-
atively uniform from the base to the top of the
facies (Figs 7A, 7C, 8B, 8C, 9A and 10A) or may
show an upward decrease (Figs 7B, 7D, 8A, 9B
and 10B). Facies A2 is generally planar strati-
fied, although local swaley cross-stratification
(SCS) and rare trough cross-stratification (TCS)
are found (Figs 7 to 10).

Shells (pectinids, ostreids and less commonly
venerids), up to 10 cm in size, are disarticulated
and in places broken but not abraded (Figs 7 to
10 and 11B). Whole shells are rare. Barnacles
are locally common. Shells are usually convex-

Fig. 7. Details of the West Montagna Piana (MPW) section (see Fig. 5 for location), documenting facies and wave-
ravinement surfaces (WRS) that bound high-frequency sequences composing the Belvedere Formation: (A) WRS at
38 m from the base of the section; (B) WRS at 51 m from the base of the section; (C) WRS at 71 m from the base
of the section; (D) WRS at 101 m from the base of the section. HST, highstand systems tract; TST, transgressive
systems tract. Grain sizes are as follows: cl = clay; s = silt; vf = very fine; f = fine; m = medium; c = coarse;
vc = very coarse; g = granule; pb = pebble; cb = cobble; bd = boulder.
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A CBS 1 section (62-5 and 69-5 m WRSs)
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Fig. 8. Details of: (A) the South Casabona 1 (CBS 1) section; (B) the South Casabona 2 (CBS 2) section; and (C)
the West Casabona (CBW) section, documenting facies and wave-ravinement surfaces (WRS) that bound high-fre-
quency sequences composing the Belvedere Formation (see Fig. 5 for location and Fig. 7 for symbols).

up arranged and less commonly concave-up
arranged (Figs 7 to 10, 11B and 13). Edgewise
shells are occasionally found. There are rare
occurrences of cemented layers containing small
internal moulds (Fig. 8C). Overall, larger and
robust shells are common in the Facies A2 inter-
vals of the MPW, SMS and TAL sections (Figs 7,
9B, 10, 13 and 14B). Erosional-based, shell-bear-
ing bodies, showing a lenticular shape at out-
crop, up to 0-4 m thick and <10 m across, are
rarely found (Figs 7D and 12A). Their base is
very irregular, with decimetre-scale relief, and
the top is flat, whereas their fill consists of very
packed oyster shells, usually disarticulated and
chaotically arranged, although rare whole shells
are present (Figs 7D and 12A).

A substrate-controlled Glossifungites ichno-
facies in some cases characterizes the base of
Facies A2, where the facies directly overlies the
deposits of facies association B (Figs 7A, 7C, 8,
9B, 13 and 14). This ichnofacies can be repre-
sented by only occasional vertical traces descend-
ing up to ca 10 cm in the underlying unit
(Figs 7C, 8, 13B and 14A) or may consist of a
highly burrowed bed up to 30 cm thick, formed
by Thalassinoides-like traces (Figs 7A, 13A and
14B). The Glossifungites ichnofacies is laterally
discontinuous and may disappear within a few
metres. Vertical burrows may be present also at
the base of individual shell beds within the facies
(Figs 8B and 10B). Irregular burrows may be dis-
persed in the beds (Fig. 10A).
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Fig. 9. Details of (A) the Salice (SAL) section and (B) the Tallarico (TAL) section, documenting facies and wave-
ravinement surfaces (WRS) that bound high-frequency sequences composing the Belvedere Formation (see Figs 3A

and 5 for location, and Fig. 7 for symbols).
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Fig. 10. Details of the Santa Maria della Scala (SMS) section, documenting facies and wave-ravinement surfaces
(WRS) that bound high-frequency sequences composing the Belvedere Formation (see Fig. 5 for location and
Fig. 7 for symbols): (A) WRS at 36 m from the base of the section; (B) WRS at 47-5 m from the base of the section.

Facies A2 sharply overlies Facies A1l or ero-
sionally overlies the deposits of facies associa-
tion B (Figs 7 to 10 and 13 to 15). The facies is
in turn sharply to gradually overlain by Facies
B1 or Facies B2 (Figs 7 to 10, 12A, 13A, 14 and
15B).

Interpretation of facies association A

The abundance of marine mollusc shells, the
relatively coarse grain size and the local occur-
rence of SCS suggest that the deposits of facies
association A accumulated in a shallow-marine

environment. The relationship of Facies A1 with
an erosional surface truncating, and in turn over-
lain by, the deposits of facies associations A and
B, suggests that this facies is a lag deposit pro-
duced by wave erosion, possibly during shoreface
retreat, and mostly composed of material
reworked from the substrate (Demarest & Kraft,
1987; Hwang & Heller, 2002; Nummedal & Swift,
1987).

In contrast, Facies A2 is rich in intra-basinal
skeletal material, most probably accumulated in
middle to lower shoreface settings, as indicated
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Fig. 11. Facies characterizing the shoreface deposits of the Belvedere Formation. (A) Conglomerate lag (Facies
A1) in the SAL section (Fig. 9A). (B) Shell-rich deposit (Facies A2) in the MPW section (Fig. 7C). Hammer for
scale is 28 cm long. (C) Burrowed sandstone (Facies B1) in the CBS 1 section (Fig. 8A). Hammer for scale is
28 cm long. (D) Swaley cross-stratified sandstone (Facies B2) in the TAL section (Fig. 9B). (E) Trough cross-strati-
fied sandstone (Facies B3) in the SAL section (Fig. 9A).
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Fig. 12. (A) Erosional-based, shell-
bearing lens found in Facies A2
(MPW section, Fig. 7D). DLS,
downlap surface; MFS, maximum
flooding surface. (B) Upward
transition from trough cross-
stratified sandstone (Facies B3) to
swaley cross-stratified sandstone
(Facies B2) in the MPW section
(Fig. 7C). Facies B2/B3 intermediate
deposits are characterized by

anisotropic swaley cross-

stratification. For both outcrops,
hammer for scale is 28 cm long.

Table 1. Facies and facies associations of the studied succession.

Facies association

Facies

Interpretation

Condensed
shallow-marine (A)

Siliciclastic
shoreface (B)

A1: Conglomerate lag
A2: Shell-rich deposit

B1: Flat-laminated and burrowed sandstone
B2: Swaley cross-stratified sandstone
B3: Trough cross-stratified sandstone

Lag deposit in the shoreface
Lower to middle shoreface deposit
recording low net sedimentation rates

Low-energy shoreface
Storm-dominated middle shoreface
Longshore-current-dominated
upper shoreface
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by the prevailing planar stratification and SCS,
which suggest the action of major storm waves
(Dott & Bourgeois, 1982; Leckie & Walker, 1982).
The facies is probably the product of several
storm events (Norris, 1986). The dominance of
convex-up shells suggests the occurrence of
storm flows that were powerful enough to move
large shells, which then settle in the more
hydrodynamically stable position (e.g. Canta-
lamessa et al., 2005; Firsich & Pandey, 1999).
The occasional lenticular shell-bearing bodies
(Fig. 7D) are tentatively interpreted as scour and
fill features related to exceptional storm events,
possibly produced by storm-enhanced rip-

Fig. 13. (A) Wave-ravinement
surface (WRS) separating two high-
frequency sequences in the MPW
section (Fig. 7A). Note the dense
onlap shell bed (OSB) overlying the
WRS and forming part of Facies A2
(shell-rich deposit), and the
prominent Glossifungites
ichnofacies just underlying such a
surface. DLS, downlap surface;
MFS, maximum flooding surface.
(B) Detail of a WRS found in the
MPW section (Fig. 7C). Note the
OSB overlying the WRS and the
small trace descending from that
surface. Hammer for scale is 28 cm
long.

currents or more generally by storm-return flows
eroding the shoreface (e.g. Hart & Plint, 1995;
Leithold & Bourgeois, 1984).

The features of Facies A2, together with the
evidence that this deposit directly overlies an
erosional surface where Facies A1l is absent, and
that its base is marked by a prominent substrate-
controlled Glossifungites ichnofacies (Figs 7 to
10), suggest accumulation under conditions of
sediment bypass during transgressive phases,
promoting shell concentration and amalgama-
tion of event beds (Kidwell, 1991; Kondo et al.,
1998; Naish & Kamp, 1997a). Facies A2 probably
also recorded an increased volume of bivalve
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Fig. 14. (A) Wave-ravinement
surface (WRS) separating two high-
frequency sequences in the CBS 2
section (Fig. 8B). Note the onlap
shell bed (OSB) corresponding to
Facies A2 (shell-rich deposit), and
the Glossifungites ichnofacies at the
WRS. (B) WRS separating two high-
frequency sequences in the TAL
section (Fig. 9B). Note the relatively
deep Glossifungites ichnofacies
below the WRS. For both outcrops,
hammer for scale is 28 cm long.
MFS, maximum flooding surface;
DLS, downlap surface.

communities favoured by relatively low net sed-
imentation rates in the shoreface-shelf system
during transgression (e.g. Schwarz et al., 2016).

Siliciclastic shoreface facies association (B)

Facies B1: Flat-laminated and burrowed
sandstone

Facies B1 consists of fine to medium-grained
quartz sandstone, which may be structureless or
may show faint flat lamination, and is
locally organized to form decimetre-scale beds
(Figs 7 to 10, 11C and 15). The facies thickness

reaches ca 5 m and shows lateral continuity at
outcrop scale.

Shell beds occur up to 10 cm thick and dis-
persed shells are very common, although their
abundance may decrease locally (Figs 7 to 10).
Shells consist of up to 10 cm large pectinids and
ostreids most commonly disarticulated and con-
vex-up arranged, although whole shells are found
locally. Disarticulated and occasionally broken
small venerids are rare (Figs 7 to 10). Small bar-
nacles are associated with the mollusc shells.

The bioturbation is very common and usually
pervasive, although it may be concentrated to
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Fig. 15. (A) Upper part of the
considered detail of the CBS 1
section (Fig. 8A). Note the wave-
ravinement surface (WRS)
truncating the deposits of facies
association B and overlain by a
condensed shell bed (onlap shell
bed, OSB). (B) Lower part of the
considered detail of the CBS 1
section (Fig. 8A; modified from
Zecchin & Catuneanu, 2015). Note
the OSB (Facies A2) overlying the
WRS, and the inferred maximum
flooding surface plus downlap
surface (MFS/DLS), corresponding
to the interval characterized by
higher bioturbation level. Pole for
scale (below on the right) is 90 cm
long.

form decimetre-scale highly burrowed layers or horizontal. Facies B1 may pass upward to or
be absent in places (Figs 7A, 8, 9B and 11C). from Facies B2 or Facies B3 (Figs 7A, 7D and
Sand-filled burrows are vertical and occasionally 9B); moreover, it may be erosionally overlain by



Facies A2 or may abruptly to gradually overlie
Facies A2 (Figs 7, 8, 9A, 10, 13A, 14A and 15B).

Facies B2: Swaley cross-stratified sandstone
Facies B2 is up to 1 m thick and is composed of
medium-grained quartz sandstone characterized
by SCS (Figs 7C, 7D, 9B, 11D, 12B and 14B).
Swales are up to 2-5 m wide and 0-25 m deep,
and are infilled with concave-up sandstone lam-
inae up to 15° inclined that usually do not show
preferential orientation (Fig. 11D). Convex-up
arranged pectinid and ostreid shells, and small
barnacles, are found occasionally. Bioturbation
is uncommon.

Facies B2 may overlie Facies B1 and Facies B3,
and may in turn be overlain by Facies B1 (Figs 9B
and 14B). Metre-scale alternations between
Facies B1 and Facies B2 are locally found
(Fig. 9B). Facies B2 may also abruptly overlie
Facies A2 or be erosionally overlain by the same
facies (Figs 7C, 7D and 13B). Deposits ca 1-5 m
thick with intermediate characteristics between
those of Facies B1 and Facies B2 are found in
places; they show flat-lamination, SCS and bio-
turbation (Figs 8A and 15A). Deposits ca 1 m
thick with intermediate characteristics between
those of Facies B2 and Facies B3 are also found
locally; they are characterized by anisotropic
SCS, in which swales are filled with sandstone
foreset laminae that exhibit unidirectional low-
angle (up to 15°) inclination and a tangential
basal contact (Figs 7C and 12B). These B2/B3
transitional units grade into Facies B3 downward
and into Facies B2 upward (Figs 7C and 12B).

Facies B3: Trough cross-stratified sandstone
Facies B3 is 0-1 to 2:0 m thick and usually con-
sists of medium-grained quartz sandstone char-
acterized by TCS, although coarser grain sizes
and occasional bioclastic intervals are found
(Figs 7A, 7C, 7D, 9, 10A, 11E, 12B and 14B).
Sets are 0-1 to 0-25 m thick, and foresets are tan-
gential-based and up to 30° inclined. Planar
cross-stratified sets with angular-based foresets
are found occasionally (Fig. 9A). In some cases,
the sets are alternated, or replaced, by centime-
tre-scale, granule-grade or pebble-size conglom-
erate layers, in particular in the upper part of
the division (Fig. 10A). Rare silty layers (1 cm
thick) are also found (Fig. 7D). Trough cross-
stratification shows bidirectional palaeocurrent
directions to the north-east and south-west (Zec-
chin, 2005), although in some locations (i.e. the
MPW section, Fig. 7C and D) the palaeocurrents
are mostly south-westward directed.

Fossils typically consist of usually broken pec-
tinid or ostreid shells and occasional small bar-
nacles (Figs 7D, 9A and 10A). Bioturbation is
uncommon and mainly represented by vertical
traces, in places descending from the base of the
sets (Figs 7A and 9A).

In the considered outcrops, Facies B3 is
locally overlain by Facies B2 or may alternate
with Facies B1 (Figs 7A, 7D, 9B and 14B).
Facies B3 may be truncated at the top by Facies
A1 (Figs 9A and 10A).

Interpretation of facies association B

The presence of marine mollusc shells, together
with the overall sandy lithology and the occur-
rence of flat-lJaminated and swaley and trough
cross-stratified facies, suggests that the deposits
of facies association B accumulated in a shore-
face environment, above fair-weather wave base
(Reading & Collinson, 1996).

The features of Facies B1 are indicative of rel-
atively low energy levels in a lower shoreface
setting, occasionally swept by storm waves that
led to the accumulation of shell beds (Clifton,
2006; Reading & Collinson, 1996). The presence
of horizontal burrow traces is also indicative of
relatively low energy levels, characteristic of the
Cruziana ichnofacies (MacEachern & Bann,
2008; Pemberton et al., 1992). Local higher
energy levels are indicated by both shell beds,
interpreted as event beds, and by vertical bur-
row traces that characterize the Skolithos ichno-
facies (MacEachern & Bann, 2008; Pemberton
et al., 1992).

The dominance of SCS in Facies B2 indicates
higher wave energy than that characterizing
Facies B1, suggesting deposition in a middle
shoreface setting subjected to oscillatory-domi-
nant flow (Dott & Bourgeois, 1982; Dumas et al.,
2005; Leckie & Walker, 1982). The locally
observed vertical alternation between Facies B1
and B2 (Fig. 9B) suggests alternating phases
dominated by storms and fair weather condi-
tions between lower and middle shoreface set-
tings, probably related to variations in wave
height, in turn possibly linked to periodic varia-
tions in storm energy (e.g. Hampson, 2000;
Hampson & Storms, 2003).

Facies B3 is inferred to have accumulated in
a high-energy environment characterized by
the migration of three-dimensional and locally
two-dimensional dunes in upper shoreface set-
tings, producing trough and planar cross-strati-
fication (Clifton, 1981, 2006; Hart & Plint,
1995; Massari & Parea, 1988). The observed
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palaeocurrent directions are inferred to be par-
allel to the palaeoshoreline trend (Zecchin,
2005), and therefore the dunes probably
migrated within longshore troughs. Cross-strati-
fied deposits similar to those characterizing
Facies B3 were observed also in tide-domi-
nated contexts (e.g. Chiarella & Longhitano,
2012; Longhitano et al., 2014). However, due
to the absence of mud drapes and segregated
siliciclastic/bioclastic laminae, tidal control is
ruled out and a wave-dominated setting is
inferred. The thin conglomerate layers are most
likely to be related to storm waves that redis-
tributed the coarsest sediment (e.g. Leithold &
Bourgeois, 1984). The occasional silty layers
were produced by the settling of fine-grained
sediment either resuspended by storm waves
or introduced by floods (Clifton, 2006). The
locally observed alternation between Facies B1
and Facies B3 (Fig. 7A and D), with the local
interposition of Facies B2 (Fig. 9B), suggests
periodic variations in the intensity of long-
shore currents, and in general of the environ-
mental energy, in the upper shoreface or at
the transition between the upper and the mid-
dle shoreface (Clifton, 2006; Johnson & Bald-
win, 1996).

The deposits with intermediate characteristics
between those of Facies B1 and Facies B2
(Fig. 8A), and of Facies B2 and Facies B3
(Fig. 7C), suggest deposition in settings interme-
diate between the lower and middle shoreface,
and between the middle and upper shoreface,
respectively. In particular, the anisotropic SCS
characterizing Facies B2/B3 intermediate depo-
sits (Fig. 12B) is inferred to reflect the action of
combined flows having both oscillatory and uni-
directional components (Datta et al., 1999;
Dumas & Arnott, 2006).

In the Belvedere Formation, Facies B1 to B3
are rarely observed to form a complete regressive
shallow-marine succession typified by a shal-
lowing-upward trend (Zecchin, 2005; Zecchin &
Caffau, 2012). The succession formed by facies
association B is more commonly incomplete and
bounded at the base and at the top by the depo-
sits of facies association A (Figs 7 to 10). More-
over, the stacking of Facies B1 to B3 shows, in
some cases, an opposite trend in specific sec-
tions; for example, the observed upward transi-
tion from Facies B3 to Facies B2 in the MPW
section (Figs 7C and 12B) is inferred to reflect a
deepening-upward trend from upper to middle
shoreface and/or a variation of the wave/current
regime (e.g. Zecchin, 2005).

HIGH-FREQUENCY SEQUENCES

Features of the bounding surfaces

The erosional contact between the deposits of
facies associations B (below) and A (above),
overlain by a lag (Facies A1) or a shell-rich
deposit (Facies A2), and marked by a Glossifun-
gites ichnofacies (Figs 7 to 10 and 13 to 15), has
the features of a wave-ravinement surface (WRS)
generated by the action of waves in the shore-
face during transgressive episodes (Demarest &
Kraft, 1987; Nummedal & Swift, 1987; Swift,
1968). However, in the study area, these surfaces
never erode back-barrier or continental deposits,
and the maximum observed facies change across
them is from upper (below) to lower (above)
shoreface (Figs 7 to 10).

These surfaces are probably the result of
enhanced wave action on the sea floor. It is
known that the mechanisms leading to the for-
mation of stratal discontinuities in lower shore-
face deposits, which may include minor relative
sea-level changes, variations in wave regime and
sediment supply changes, are very difficult to
discriminate only on the basis of a vertical facies
succession (Hampson, 2000; Storms & Hampson,
2005). However, discontinuities related to varia-
tions in wave regime tend to disappear land-
ward, whereas those related to minor relative
sea-level changes are well recognizable in the
upper shoreface, foreshore and back-barrier
deposits (Storms & Hampson, 2005). The forma-
tion of transgressive surfaces may also be related
to sediment supply changes, which can generate
high-frequency sequences (Catuneanu & Zec-
chin, 2013; Catuneanu et al., 2009).

The evidence of deepening across some of the
studied erosional surfaces from upper to lower
shoreface (Figs 7A, 7D, 9A and 10A), therefore,
points to either relative sea-level changes and/or
sediment supply changes controlling the forma-
tion of such surfaces and cyclicity. A relatively
large-scale control is suggested by the observed
lateral continuity of the surfaces in the half-gra-
ben sub-basins within which the Belvedere For-
mation accumulated (Zecchin, 2005). Another
clue is provided by the presence of large sub-
aqueous dunes within the cycles of the Belved-
ere Formation (Fig. 5), the migration of which
was associated with stages of minor relative sea-
level rise (Zecchin, 2005).

Due to their erosional character and associa-
tion with lags, shell-rich deposits and Glossifun-
gites ichnofacies, the studied surfaces are
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therefore still considered as distal parts of WRSs
rather than maximum regressive surfaces (MRS)
(Figs 7 to 10 and 13 to 15). In some instances,
deposits accumulated at similar water depth
both below and above the WRSs, or even
slightly shallower deposits above, are observed
(Figs 7B, 8 and 10B); these anomalous situations
may be justified by either very modest (metre-
scale) relative sea-level changes or the removal
of more proximal facies of the underlying suc-
cession by wave action during transgression.
The observed association of the surfaces with
condensed shell-rich deposits, typical of trans-
gressive trends and the evidence that the succes-
sion overlying the surfaces usually records an
upward decrease in environmental energy
(Figs 7 to 10), rule out their interpretation as
regressive surfaces of marine erosion (RSME)
bounding the base of the forced regressive por-
tion of the shoreface. Moreover, RSMEs tend to

Sea level

Sea level

~__ [S=X]shell beds

be cryptic within fully shoreface deposits (Catu-
neanu, 2006), whereas they are well recogniz-
able only in more distal settings, between shelf
mud and sharp-based shoreface sands. The
reworking of the innermost part of the RSMEs
and of the forced regressive shoreface deposits
by the WRSs cannot be ruled out.

The studied WRSs are planar to irregular, with
centimetre to decimetre-scale relief (Figs 13 to
15), and show lateral continuity at outcrop scale,
whereas their updip and downdip terminations
are not visible due to outcrop limitations.
Because the WRSs separating facies associations
A and B are the most prominent surfaces in the
studied succession (Figs 13 to 15), they represent
the best choice as boundaries of the cycles com-
posing the Belvedere Formation. Since these
boundaries are inferred to be associated with
shoreline dislocations, the cycles of the Belve-
dere Formation meet the definition of high-

Casabona motif

Non-marine

Upper shoreface

Middle shoreface
Lower shoreface

3-18 m

318m—m

Fig. 16. Characteristic shoreface sequence motifs found in the Belvedere Formation. (A) The Casabona motif,
which is common in the Casabona (CBS 1, CBS 2 and CBW) sections, is characterized by a gradational contact
between the shell-rich transgressive deposits and the overlying shoreface sandstones. (B) The Montagna Piana
motif, which is common in the West Montagna Piana (MPW) section, is characterized by a sharp contact between
the shell-rich transgressive deposits and the overlying shoreface regressive sandstones. BSB, backlap shell bed;
DLS, downlap surface; HST, highstand systems tract; MFS, maximum flooding surface; OSB, onlap shell bed;
TST, transgressive systems tract; WRS, wave-ravinement surface.
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frequency sequences following Catuneanu & Zec-
chin (2013) and Zecchin & Catuneanu (2013).

Architecture of the high-frequency sequences

The relationship of the shell-rich deposits
(Facies A2) with lags (Facies A1) and with WRSs
suggests that they are transgressive. Facies A2, or
at least its densely packed lower part, is inferred
to represent an onlap shell bed (OSB; Kidwell,
1991; Naish & Kamp, 1997a; Kondo et al., 1998),
mantling the WRS or a transgressive lag (Figs 7
to 10 and 13 to 15) and accumulated after
repeated storm reworking during transgression.
Facies A1 and A2 therefore form part or the
whole transgressive systems tract (TST) of the
high-frequency sequences (Figs 7 to 10).

Two characteristic shoreface sequence motifs,
based on the architecture of the transgressive
deposits, were recognized: the Casabona motif,
typical but not exclusive of the Casabona (CBS
1, CBS 2 and CBW) sections and the Montagna
Piana motif, typical but not exclusive of the
west Montagna Piana (MPW) section (Fig. 16A
and B).

Where the contact between Facies A2 (below)
and the shell-poor Facies B1 (above) is grada-
tional, the TST probably continues in the lower
part of the latter, and the OSB is represented by
the whole Facies A2 (Casabona motif; Figs 7B,
8, 10B and 16A). An example of the Casabona
motif is provided by the detail of the CBS 1 sec-
tion (middle part), where the maximum flooding
surface (MFS) is picked at an interval character-
ized by the highest level of bioturbation, ca 3 m
above the basal WRS (Figs 8A and 15B). The
MFS, inferred to approximate the downlap sur-
face (DLS) at the base of the prograding clastic
wedge (Zecchin & Catuneanu, 2013), is overlain
by a gradually coarsening-upward and shallow-
ing-upward succession ca 4 m thick inferred to
represent the highstand systems tract (HST) of
the sequence (Figs 8A and 15A). The falling-
stage systems tract (FSST) and the lowstand sys-
tems tract (LST) are not identifiable in any of
the examples (Figs 7 to 10). Both the FSST and
the LST may have been deposited further sea-
ward if the studied high-frequency sequences
were controlled by cycles of minor relative sea-
level change, whereas they would not have
formed in the case of cycles controlled by
changes in sediment supply. The lack of FSSTs
may also be explained by stages of sea-level fall
being outpaced by rapid fault-controlled subsi-
dence within the half-graben sub-basins within

which these sequences accumulated, resulting
in continuous relative sea-level rise with varying
rates (Zecchin, 2005; Zecchin et al., 2006).

In contrast, where the contact between Facies
A2 (below) and Facies B1 or B2 (above) is sharp,
Facies A1 plus Facies A2 are inferred to repre-
sent the TST, whereas the deposits of Facies
association B would represent the HST of the
high-frequency sequence (Montagna Piana motif;
Figs 7A, 7C, 7D, 8A, 9, 10A and 16B). The OSB
is probably represented by the denser lower part
of Facies A2, which in this case is usually rela-
tively thick (Figs 7A, 7C, 7D, 8A, 9, 10A, 13 and
14B). The upper part of Facies A2, occasionally
showing a prominent shell bed (Figs 7A, 7C, 8A
and 9A), might represent the landward equiva-
lent of the backlap shell bed (BSB; Kidwell,
1991), which starts to develop near the end of
transgressive episodes and represents a con-
densed section (Zecchin & Catuneanu, 2013).
Typical BSBs usually accumulate in more distal
locations than OSBs as the result of sediment
starvation and condensation on the shelf (Kid-
well, 1991); whereas in the present case they are
similar to the OSBs, although thinner. The MFS
commonly lies within the BSB (Zecchin & Catu-
neanu, 2013); however, given the modest thick-
ness of the inferred BSBs, such a surface is
considered to approximate the DLS at the top of
Facies A2 (Figs 7A, 7C, 7D, 8A, 9, 10A, 13A and
14B). The reader is referred to Zecchin & Catu-
neanu (2013) for a complete review of the rela-
tionships between condensed shell beds,
sequence stratigraphic surfaces and facies
contacts.

Shell richness in the deposits between the
OSB and the inferred BSB in the Montagna
Piana motif (Figs 7A, 7C, 7D, 8A, 9 and 10A)
has probably been favoured by overall relatively
low net sedimentation rates during transgres-
sion, which led to an increase in bivalve com-
munities (e.g. Schwarz et al., 2016), as well as
by a higher amalgamation of event beds with
respect to the HST. In few instances, however,
OSBs are not clearly identifiable within Facies
A2 (Figs 9A and 10A).

The observed upward transition from Facies
B3 to Facies B2 in the MPW section (Figs 7C
and 12B) is interpreted to represent a deepen-
ing-upward trend from upper to middle shore-
face and suggests that, in some cases, facies
association B is also transgressive. In such cases,
therefore, the regressive part of the sequences
was truncated by the WRS, resulting in
sequences composed of only the TST (e.g. Di
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Celma & Cantalamessa, 2007) (Fig. 7C). Asym-
metrical sequence architectures dominated by
the TST correspond to the ‘T cycle’ architecture
of Zecchin (2007), whereas nearly symmetrical
architectures, such as in the case of the CBS 1
section (Fig. 8A), correspond to the ‘T-R cycle’
architecture of Zecchin (2007). The accumula-
tion of these relatively thick TSTs, in part com-
posed of terrigenous deposits of facies
association B, requires a relatively high sedi-
ment supply in the shoreface during transgres-
sion, which was able to partly compensate for
the rate of accommodation creation (Zecchin,
2007).

Fig. 17. (A) Two erosional surfaces
(orange dotted lines) bounding
bedsets in transitional upper/
middle shoreface deposits of the
MPW section (Fig. 7A). Bedsets are
highlighted by the alternation
between Facies B3 and Facies B1.
Note the wave-ravinement surface
(WRS) separating two high-
frequency sequences and overlain
by an onlap shell bed (OSB). (B)
Erosional surfaces (orange dotted
lines) bounding metre-scale bedsets
in transitional upper/middle
shoreface deposits (below the WRS)
and middle shoreface deposits
(above the WRS) of the TAL section
(Fig. 9B). Bedsets are highlighted by
the alternation between Facies B3,
B2 and B1 (below the WRS), or
between Facies B2 and B1 (above
the WRS). DLS, downlap shell bed;
MFS, maximum flooding surface.

Overall, the architectures of the high-frequency
sequences composing the Belvedere Formation,
in particular the T cycle and T-R cycle architec-
tures, are similar to those illustrated in other
Neogene and Quaternary cyclic shallow-marine
successions, such as those of the Plio-Pleistocene
of the Wanganui Basin, New Zealand (Abbott,
1997; Abbott & Carter, 1994; Naish & Kamp,
1997a; Saul et al., 1999), the Pleistocene of the
Canoa Basin, Ecuador (Di Celma et al., 2005) and
the Miocene of the northern Chile (Di Celma &
Cantalamessa, 2007). In all of these cases, the ori-
gin of the cyclicity was associated with glacio-
eustasy.
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Bedsets and bedset boundaries

The discrimination between discontinuities
formed independently of shoreline shifts (i.e.
bedset boundaries; Catuneanu & Zecchin, 2013;
Zecchin & Catuneanu, 2013) and those related to
minor shoreline shifts (i.e. surfaces bounding
high-frequency sequences) is difficult, especially
in sediments accumulated in lower shoreface or
more distal settings, and in the absence of well-
exposed dip sections (Storms & Hampson,
2005). In this case study, because the prominent
surfaces separating facies association B (below)
from facies association A (above) are classified
as WRSs which bound high-frequency sequences
(Figs 7 to 10 and 17), bedset boundaries are less
evident in the field. In particular, bedset bound-
aries separate bedsets within systems tracts and
are recognizable only occasionally in the studied
sequences on the basis of variations in the
degree of amalgamation of event beds.

Bedsets accumulated in middle shoreface set-
tings are well recognizable in the upper part of
the Tallarico section (Figs 9B and 17B); they con-
sist of metre-scale cycles bounded at the base by
erosional surfaces and showing an upward
decrease in the degree of amalgamation of event
beds. The lower part of the bedsets consists of
amalgamated SCS (Facies B2), whereas their
upper part is composed of burrowed sandstones
(Facies B1). An erosional surface marked by a ca
30 cm deep Glossifungites ichnofacies and over-
lain by a 15 cm thick shell bed (Facies A2) is
interpreted as a WRS separating two high-fre-
quency sequences (Figs 9B and 17B). In turn, this
WRS represents the base of one of the bedsets.

Present data also indicate that the upper
shoreface and transitional upper/middle shore-
face deposits locally consist of decimetre-scale
(up to 1 m thick) cycles that can be referred to
as bedsets bounded by erosional discontinuities;
this observation is exemplified by the occasional
alternation between Facies B3 and Facies B1,
with the local interposition of Facies B2
(Figs 7A, 7D and 17A). The erosional disconti-
nuities, at the base of Facies B3, may be marked
by a less prominent Glossifungites ichnofacies,
represented by small vertical burrows (Fig. 7A).
Bedsets involving Facies B3 are inferred to be
generated by periodic variations in the intensity
of longshore currents (see Facies and sedimen-
tary environments section).

In contrast to all other examples of cycles
involving Facies B2 and B3, the upward transi-
tion from Facies B3 to Facies B2 found in the

MPW section (Figs 7C and 12B) is ca 3 m thick
and testifies to an overall upward change of
depositional processes (i.e. from longshore cur-
rents to oscillatory-dominant flow), rather than
a decimetre-scale alternation between these
facies. As stated earlier, it is inferred that this
interval represents a gradual upward deepening
accompanied by shoreline transgression, and
therefore it would consist of part of the TST of
a high-frequency sequence rather than a bedset
(Fig. 7C).

MICROPALAEONTOLOGICAL ANALYSIS

In the samples analysed, the number of
specimens for 3 g of sediment is low and some
assemblages are completely reworked, as is
expected in shallow-marine sediments. However,
the micropalaeontological analysis has allowed
for identification of specific assemblages of ben-
thic micro-foraminifera within facies (Table 2).

Benthic foraminifera assemblages in Facies
A1 and A2

Description

The general occurrence of abraded and frag-
mented tests indicates that a reworked assem-
blage (R assemblage; Fig. 18 and Table 2) is
present in the conglomerate lags of Facies A1l. In
contrast, Facies A2 is characterized by three
types of assemblages. The first type is domi-
nated by Quinqueloculina laevigata, Quinquelo-
culina seminulum and Quinqueloculina sp., and
occasional Triloculina sp., whereas other species
are infrequent (Q assemblage; Fig. 18 and
Table 2). It should be noted that this assemblage
is associated with shell beds consisting of rela-
tively small shells, such as those found in the
CBS 1, CBS 2 and CBW sections (Fig. 8).

The second type of benthic foraminifera
assemblage of Facies A2 consists of only few
abraded, reworked specimens (R assemblage;
Fig. 18 and Table 2). It is associated with shell
beds composed of large and robust shells, such
as those of the MPW, SMS and TAL sections,
and occasionally with shell beds composed of
broken shells, such as in the upper part of the
CBS 1 section (Fig. 8A).

The third type of assemblage of Facies A2 is
found only in the SAL section (Fig. 9A); it con-
sists of relatively abundant Ammonia spp.,
Elphidium crispum and Elphidium macellum
(AE assemblage; Fig. 18 and Table 2). This
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assemblage is associated with bivalve shells that
are commonly broken (Fig. 9A).

Interpretation

Due to the presence of only reworked speci-
mens, the assemblage found in Facies A1 indi-
cates high-energy conditions during the
formation of the WRS at the base of the lag.
Based on the occurrence of Quinqueloculina
spp., the Q assemblage found in Facies A2 is
inferred to indicate relatively moderate to high-
energy levels in a lower shoreface environment
(Samir et al., 2003; Serandrei-Barbero et al.,
2004). However, the highest energy levels in
Facies A2 are thought to be associated with the
R assemblage, which is dominated by reworking.
This fits with the observed coarser skeletal mate-
rial found in the intervals of Facies A2 typified
by this assemblage. Facies A2 intervals charac-
terized by large shells and by the R assemblage
are therefore inferred to document the most
energetic storm events in middle to lower shore-
face settings.

The presence of Ammonia spp. and Elphid-
ium spp., which are typical of shallow-water set-
tings (Donnici & Serandrei-Barbero, 2002;
Mendes et al., 2004; Naish & Kamp, 1997b),
together with the inferred overall high environ-
mental energy that favours the breaking of the
bivalve shells, suggests a relatively proximal
depositional setting for the AE assemblage found
in Facies A2, possibly in the uppermost part of
the middle shoreface. This relative proximity to
the shoreline may explain the absence of Quin-
queloculina spp. which usually lives in slightly
more distal settings (Naish & Kamp, 1997b).

Benthic foraminifera assemblages in Facies
B1 and B2

Description

Facies B1 and B2 contain a similar benthic for-
aminifera assemblage which is characteristic
for all sections. The specimens are well-
preserved, indicating limited transport. The
assemblage consists of Ammonia spp., Elphid-
ium spp. plus locally common Asterigerinata
planorbis, Florilus boueanum and Cibicides
lobatulus (AE assemblage; Fig. 18 and Table 2).
In rare instances, and where Facies B1 is asso-
ciated with Facies B3 (MPW section, 101 m
WRS, Fig. 7D), the assemblage of the former
may be reworked (R assemblage; Fig. 18 and
Table 2).

Interpretation

The recognized AE assemblage is indicative of
shallow water settings (Donnici & Serandrei-Bar-
bero, 2002; Mendes et al., 2004; Naish & Kamp,
1997b). The absence of Quinqueloculina spp.,
together with the overall good preservation of
the specimens, suggests a relatively low-energy
environment featured by low to moderate wave
action, that is a lower and/or a middle shore-
face, which is consistent with the results from
the facies analysis. The occurrence of the R
assemblage in Facies B1, where it is associated
with Facies B3, supports an upper shoreface set-
ting characterized by occasional pauses in the
longshore transport, which is also inferred from
the facies analysis.

Benthic foraminifera assemblages in Facies
B3

Description

The benthic foraminifera assemblage of Facies
B3 usually consists of highly abraded, reworked
specimens (R assemblage; Fig. 18 and Table 2).
This assemblage is associated with broken
bivalve shells, which are characteristic of this
facies. In only a few cases, the assemblage found
in Facies B3 corresponds to the AE assemblage
(MPW section, 38 m WRS, and TAL section,
Fig. 18).

Interpretation

The occurrence of the R assemblage fits with the
inferred high-energy environment on the upper
shoreface. Test abrasion and reworking are fea-
tures expected in an environment characterized
by the continuous action of currents leading to
dune avalanching, such as observed in Facies
B3. The occasional AE assemblage is inferred to
be associated with lower energetic conditions
and slightly distal settings, between the middle
and upper shoreface.

HEAVY MINERAL ANALYSIS

Abundance of heavy minerals

The mineralogical analysis enabled the distribu-
tion of heavy minerals in the measured sections
to be documented (Fig. 18). The heavy mineral
assemblage is mainly constituted by garnets and
opaque minerals. Other minerals include rutile,
zircon, staurolite and  tourmaline. The
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Table 2. Number of benthic micro-foraminifera specimens for 3 g of sediment recognized in the samples analysed. AE, Ammonia and Elphidium assem-
blage; Q, Quinqueloculina assemblage; R, reworked assemblage.

CBS CBS CBS CBS CBS CBS CBS CBS CBS CBS CBS CBS CBS CBW CBW CBW SMS SMS SMS SMS SMS SMS SMS SMS SMS SMS SMS
Sample 1/1 1/2 1/3 1/4 1/5 1/5/1 1/5A 1/6 1/7 2/1 2/2 2/3  2/4 1 2 3 4 4A 4B 5 5A 5B 6 7 A B C

Assemblage AE Q AE AE AE AE AE R AE Q AE AE AE Q AE R R R R R R R AE AE R AE

Specimens/3 g

Ammonia spp. 8 1 6 11
Asterigerinata planorbis 5 4
Buccella frigida

Cibicides lobatulus 4 3
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Table 2. (continued)

MPW MPW MPW MPW MPW MPW MPW MPW MPW MPW MPW MPW MPW MPW MPW MPW MPW MPW SAL SAL SAL SAL SAL TAL TAL TAL TAL TAL TAL
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abundance of heavy minerals varies signifi-
cantly, ranging between 173 and 1322 grains per
5 g of sediment (Fig. 18); however, comparing
these data with the facies indicates that the dis-
tribution of heavy mineral abundance is not ran-
dom in most cases.

Within any selected section detail, the abun-
dance of heavy minerals is observed to increase
within the intervals interpreted as OSBs and
occasionally as BSBs, which are both part of
Facies A2 (Fig. 18). This increase is minimal in
the Casabona (CBS 1, CBS 2 and CBW) sections,
and large (up to an order of magnitude) in the
MPW section (Fig. 18). In most cases, the
increase in heavy minerals is observed just
above the WRSs bounding the base of Facies A2
(Fig. 18). A higher abundance of heavy minerals
is commonly found in the OSBs characterized
by the R foraminifera assemblage, whereas a
lower abundance is usually found in the OSBs
characterized by the Q assemblage (Fig. 18).

The number of grains of heavy minerals is
usually lower than 400 in Facies A1 and in
Facies B1 to B3, although a higher abundance,
up to ca 600 grains, is occasionally found
(Fig. 18). A large variability in abundance of
heavy minerals is found in Facies A2, outside
the intervals interpreted as condensed shell
beds (Fig. 18). Significant variations in the
abundance of heavy minerals across bedset
boundaries, locally found within deposits of
facies association B, are not observed (Fig. 18).
In the same way, significant variations in abun-
dance of heavy minerals, with respect to the
underlying and overlying deposits, have not
been recognized within individual storm-related
shell beds, such as those found in Facies B1
(samples CBS 1/5A and CBS 2/3; Figs 8A, 8B
and 18).

Mineralogical variations within the sections

The CBS 1 samples are characterized by the
presence of garnet and opaques, rare zircon and
rutile have been also found. The crystal size is
lower than 100 ym (very fine-grained sand),
except in samples CBS 1/6 and CBS 1/7 where
they increase their size (medium-grained sand).

The CBS 2 samples are similar to those of the
CBS 1 section, but in this case the size of the
grains is always very fine-grained sand.

The CBW samples are characterized by the same
assemblage with a minor amount of garnet. In sam-
ple CBW 2 oxidized material is present. The granu-
lometry is similar to that of the previous cores.

The SAL samples show the same mineralogi-
cal assemblage. The amount of garnet, as well as
the size of the grains (very fine to medium-
grained sand), increases between samples SAL 2
and SAL 3, i.e. in correspondence with the
inferred OSB.

In the TAL samples, the mineralogical assem-
blage is similar to the other samples, and it is
characterized by a very fine-grained sand fraction
that increases towards the top of the section.

In the MPW section, the usual assemblage is
present. Rutile, zircon, staurolite and tourmaline
also occur. However, in these samples, garnets
occur in two different colours; in the samples
below the WRSs, there is the coexistence of
orange and pink garnets, while above the WRSs,
they are mostly pink. To the top of the section,
in samples MPW 13 and MPW 14, oxidized
material is present.

The SMS samples are characterized by the
same mineralogical assemblage.

DISCUSSION

Relationships between bounding surfaces,
condensed shell beds, micro-foraminifera
assemblages and heavy mineral
concentrations

Wave-ravinement surfaces (WRSs) bounding the
studied high-frequency sequences (Figs 7 to 10
and 13 to 15) are usually overlain by onlap shell
beds (OSBs; part or the whole Facies A2) that
document an increase in wave reworking and
sediment bypass with respect to the underlying
deposits of facies association B (e.g. Kidwell,
1991; Kondo et al., 1998; Naish & Kamp, 1997a),
and this is also reflected by an increase in the
abundance of heavy minerals and commonly by
a change of the micro-foraminifera assemblage
(Fig. 18).

The highest abundances of heavy minerals,
typically found in the MPW section, are associ-
ated with OSBs characterized by large and
robust shells (Fig. 13), and with the R foramini-
fera assemblage (Fig. 18); this evidence points to
relatively high-energy as well as significant
stratigraphic condensation favoured by low net
sedimentation rates, promoting an enrichment of
heavy minerals and the reworking of micro-
fauna from older deposits. Moreover, in the
MPW section, WRSs mark changes in the miner-
alogical association, as documented by the shift
from both orange and pink garnets (below the
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WRSs) to mostly pink garnets. In contrast, OSBs
associated with average lower values in abun-
dance of heavy minerals, such as those found in
the CSB 1, CBS 2 and CBW sections (Fig. 18),
are characterized by smaller shells and by the Q
assemblage, which point to lower energy levels
and probably slightly deeper settings compared
to the MPW section. In some cases, inferred con-
densed shell beds show a variability in abun-
dance of heavy minerals (Fig. 18), and this
might reflect local and temporal variations in
hydrodynamics and sediment accumulation rate.
In one case, the abundance of heavy minerals
increases towards the upper part of Facies A2
(SAL section; Figs 9A and 18); this is tentatively
interpreted as the consequence of condensation
in the context of backlap, leading to the devel-
opment of a BSB (Kidwell, 1991).

The evidence that individual storm-related
shell beds, found in Facies B1, show no varia-
tions in both micro-foraminifera assemblages
and heavy mineral abundance (see samples CBS
1/5A and CBS 2/3; Figs 8A, 8B and 18) enables
the alternative hypothesis that high abundances
of heavy minerals are just the result of increased
energy during storm events to be ruled out. Pro-
longed environmental conditions dominated by
wave reworking and low net sedimentation rates
due to sediment bypass are therefore assumed to
be necessary to produce a significant enrichment
of heavy minerals in the sediment, and this is a
key difference between condensed shell beds,
which document several high-energy events,
and simple storm beds.

In general, lower increases in the abundance
of heavy minerals across WRSs are usually asso-
ciated with modest environmental changes
across those surfaces (Fig. 18). This effect may
be related to a combination of factors, including:
(i) modest relative sea-level and/or sediment
supply changes and associated minor shoreline
shifts; (ii) a relatively distal position of the con-
sidered section in a downdip transect, prevent-
ing a marked facies change in the lower
shoreface; and (iii) accumulation in relatively
sheltered areas. Minor transgressions are in fact
expected to be associated with a lower degree of
stratigraphic condensation, and therefore, a
lower enrichment of heavy minerals in the OSBs
is also expected. Relatively distal positions in a
downdip transect are associated with lower
wave energy and less sediment bypass during
transgression, leading to a lower enrichment of
heavy minerals in the transgressive deposits.
Sheltered areas also experience lower wave

action, promoting a better preservation of lower
energy deposits (Zecchin, 2007). In general,
these deposits are expected to contain less
heavy minerals than those accumulated in less
protected (higher energy) areas, due to lower
wave erosion (Komar, 2007).

The recognized transgressive lags (Facies A1)
do not document a significant increase in abun-
dance of heavy minerals with respect to the
underlying and overlying deposits (see the SAL
and SMS sections in Fig. 18). It is thought that a
relatively rapid burial of these lags by Facies A2
may have prevented a significant enrichment of
heavy minerals in the former. In contrast, shell
beds composing Facies A2 would represent a
longer period of time during the transgressive
phase and are genuine condensed deposits.

In contrast to observations across the mapped
WRSs, significant differences in micro-foramini-
fera assemblages and abundance of heavy miner-
als are not seen above and below bedset
boundaries (Fig. 18). This evidence suggests that
local variations of energy and/or sediment sup-
ply associated with the formation of bedset
boundaries are not enough to produce signifi-
cant environmental changes leading to notice-
able variations in micro-foraminifera
communities and heavy mineral concentration.
Although not recognized in this study, very thin
heavy mineral lags may be found at bedset
boundaries, and they may be marked by high
gamma-ray ‘spikes’ (Hampson et al., 2008).
However, in contrast to the evidence provided
by the OSBs, the concentration of heavy miner-
als in the sediments that overlie the bedset
boundaries is in general low.

The comparison between the measured sec-
tions highlights that, in general, marked and
predictable changes in abundance of heavy min-
erals from proximal to distal deposits composing
facies association B are not found (Fig. 18). Only
the CBS 1 section documents a small increase in
both heavy mineral abundance and grain size
from lower to transitional lower/middle shore-
face deposits in facies association B (Fig. 18), as
would be expected in a high-energy siliciclastic
shoreface-shelf system (Komar, 2007; Komar &
Wang, 1984; Kudrass, 1987). The highest con-
centration of heavy minerals is in fact usually
observed in beach sands (Komar, 2007; Roy,
1999), although heavy mineral lags have been
recognized in both upper and lower shoreface
deposits and are interpreted as the result of
minor transgressive episodes and/or reduced
sediment supply (Hampson et al., 2008).
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In contrast, the abundance of heavy minerals
in the upper shoreface deposits (Facies B3) of
the studied succession is not much different
than that observed in Facies B1 and B2, and in
general it is lower than that recognized in the
OSBs (Fig. 18). This implies that, although
transgressive episodes are inferred to be accom-
panied by a shift of heavy minerals from the
shelf to the beach (Jones & Davies, 1979; Komar,
2007; Roy, 1999), wave reworking and sediment
bypass during transgression still enriches the
OSBs of heavy minerals with respect to the
underlying and overlying regressive deposits.

Criteria to discriminate between wave-
ravinement surfaces and bedset boundaries

Based on geomorphic—stratigraphic criteria, as
well as numerical modelling, previous data by
Hampson (2000), Storms & Hampson (2005),
Hampson et al. (2008) and Sgmme et al. (2008)
have suggested that the intra-parasequence
(high-frequency sequence) stratigraphy is char-
acterized by bedsets bounded by erosional or
non-depositional surfaces that may be the
result of changes in wave-climate and sedi-
ment supply as well as of minor relative
sea-level changes. Moreover, the formation of
bedset boundaries is related to a reorganization
of the shoreline morphology (Hampson et al.,
2008; Segmme ef al.,, 2008). Following this
approach, the recognition of sequences and
bedsets is therefore mostly based on the scale
of observation, lateral continuity and the extent
of facies change across bounding surfaces,
rather than on the occurrence or absence of
shoreline shifts (cf. Catuneanu & Zecchin,
2013; Zecchin & Catuneanu, 2013). Bedset
boundaries would be associated with little or
no facies change (for example, a juxtaposition
of adjacent facies), irrespective of the inferred
control (autocyclic or allocyclic), whereas
sequences would be associated with a large
facies change (for example, from upper shore-
face to inner shelf deposits) and would exhibit
a larger lateral extent. Such a pragmatic
approach may be easily applied in the field,
although it is arbitrary in terms of the extent
of facies change that is necessary to identify a
high-frequency sequence versus a bedset
(Fig. 1A and B). It is also important to note
that the thickness of cycles is not necessarily
proportional to their lateral extent, because rel-
atively thin sequences (ca 10 m scale) can
develop over distances of tens or even

hundreds of kilometres across sedimentary
basins that host large interior seaways (e.g.
Catuneanu et al., 1999, and references therein).
Therefore, the thickness of sedimentary cycles
(for example, 10° m versus 10' m) cannot be
used alone as a criterion to separate bedsets
from sequences, or to infer the lateral develop-
ment of these units solely from the observation
of vertical sections.

The approach proposed by Zecchin & Catu-
neanu (2013) and Catuneanu & Zecchin (2013)
to discriminate between bedsets and high-fre-
quency sequences is based on the recognition of
shoreline shifts from field/core data; metre-scale
sedimentological cycles that form independently
of shoreline shifts should be ascribed to bedsets,
whereas sequences are associated with shoreline
shifts and are composed of systems tracts. Since
the formation of bedset boundaries is typically
associated with local autocyclic factors that do
not lead to shoreline shifts, their extent along
both depositional dip and strike is expected to
be limited, as observed by Hampson et al.
(2008).

The ability to recognize shoreline shifts and
the associated transgressive and/or regressive
trends therefore represents the critical factor to
discriminate between high-frequency sequences
and bedsets (Catuneanu & Zecchin, 2013; Zec-
chin & Catuneanu, 2013). Data from the Belve-
dere Formation provide key evidence to
establish criteria to recognize shoreline shifts in
shallow-marine deposits showing limited facies
changes across boundaries. In particular, the
integration of the available sedimentological,
micropalaeontological and mineralogical data
provides a powerful tool to investigate at the
intra high-frequency sequence scale (Fig. 18).
Such an approach affords the acquisition of key
data that allow to discriminate between high-fre-
quency WRSs and erosional bedset boundaries,
and therefore between high-frequency sequences
and bedsets.

From a purely sedimentological and strati-
graphic standpoint, several features allow dis-
crimination between high-frequency sequences
and bedsets (Fig. 19), even where shoreline
shifts cannot be directly observed in the field. In
particular, bedsets are composed of deposits
accumulated only in one depositional environ-
ment, in the upper, middle or lower shoreface,
or at the transition between them (Figs 7A, 7D,
9B and 18), whereas sequences document
greater environmental changes, especially across
sequence boundaries (Figs 7 to 10 and 18). In
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High-frequency

sequences Bedsets

Environmental changes
across bounding surfaces Larger Modest
Water depth changes Present Absent
Condensed deposits Present Absent
Physical appearance Good Modest

of the bounding surfaces
Substrate-controlled ichnofacies Well developed Modest

at bounding surfaces

Thickness| m- to dam-scale | dm- to m-scale

Micro-foraminifera

Changes| T ssemblages| ~ Observed No changes
bounding i
surfaces| Heavy minerals Increase No changes

Fig. 19. Summary of the sedimentological/strati-
graphic, micropalaeontological and mineralogical
criteria to discriminate between high-frequency
sequences and bedsets, based on data from the
Belvedere Formation (see text).

some cases, sequences may also exhibit modest
environmental shifts, if they are controlled by
minor relative sea-level and/or sediment supply
changes, and can often be characterized by con-
densed deposits in their transgressive interval,
whereas bedsets are not (Figs 7 to 10 and 18).
Bedset boundaries are not associated with
water-depth changes but with only local varia-
tions of wave and/or current regime (i.e. envi-
ronmental energy; Figs 7A, 7D, 9B and 18), as
highlighted by Zecchin & Catuneanu (2013) and
Catuneanu & Zecchin (2013). In general, bedset
boundaries are much less prominent than the
WRSs separating facies associations A and B,
and the thickness of the bedsets is an order of
magnitude lower than that of the high-frequency
sequences (Figs 7A, 7D, 9B, 17 and 18). More-
over, substrate-controlled ichnofacies are much
more developed where associated with WRSs
(Figs 7A, 7C, 8, 9B, 13 and 14).

The sedimentological/stratigraphic evidence is
significantly reinforced if combined with the
micropalaeontological and mineralogical evi-
dence. In particular, micro-foraminifera assem-
blages tend to change across WRSs,
documenting a shift to more energetic condi-
tions, whereas this evidence is usually absent
across bedset boundaries (Fig. 18). Moreover,
this change of micro-foraminifera assemblage
across WRSs is not observed if both the underly-
ing and overlying deposits contain mostly
reworked specimens, documenting overall high-
energy environmental conditions (Fig. 18).

The most striking feature, when combined
with sedimentological and micropalaeontologi-
cal data, is the content of heavy minerals in the
sediment which represents a key parameter to
discriminate between high-frequency sequences
and bedsets. As documented in the present case
study, the abundance of heavy minerals usually
increases across WRSs (Fig. 18), while this
increase does not occur across bedset bound-
aries. The different criteria to discriminate
between high-frequency sequences and bedsets
are summarized in Fig. 19.

The recognition of erosional surfaces marked
by well-developed substrate-controlled ichno-
facies and overlain by condensed shell beds,
and which document changes of environment/
depth and micro-foraminifera assemblages, as
well as an increase in heavy minerals across
them, represents the best evidence to interpret
WRSs bounding high-frequency sequences com-
posed of shallow-marine deposits. Furthermore,
the integrated approach illustrated here is also
expected to help significantly where environ-
mental/water-depth changes across bounding
surfaces are more difficult to recognize (Fig. 18),
and where substrate-controlled ichnofacies and
OSBs are absent or poorly developed.

The results presented in this study show that
the criterion recommended by Zecchin & Catu-
neanu (2013) and Catuneanu & Zecchin (2013) to
discriminate between bedsets and high-frequency
sequences can be applied in field studies,
particularly if an integrated sedimentological,
micropalaeontological and mineralogical
approach is adopted (Figs 18 and 19). Such an
approach significantly increases the ability to dis-
criminate between high-frequency WRSs, or
transgressive surfaces in general, and bedset
boundaries unrelated to shoreline shifts. Further
studies of shallow-marine successions of
different ages, and with a cyclicity that exhibits
different architectures and thicknesses, would
benefit from this integrated approach and may
help define additional criteria to recognize shore-
line shifts and to understand the controls on the
cyclicity.

Hypothesis on the origin of the cyclicity

Zecchin (2005) suggested that the cyclicity char-
acterizing the Belvedere Formation is related to
the Milankovitch precession cycle (ca 22 kyr
duration), which is well expressed in the lower
Pliocene successions of the Mediterranean
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(Hilgen & Langereis, 1989). Unfortunately,
because the timing of deposition of the Belved-
ere Formation is poorly constrained, the correla-
tion between the recognized cyclicity and the
lower Pliocene precession-driven cyclicity can-
not be confirmed definitively. However, the
architecture of the fully-shoreface high-fre-
quency sequences composing the Belvedere For-
mation fits well with the characteristics of the
Zanclean precession-driven cyclicity, which
mainly affected the climate, leading to alternat-
ing dry and wet phases that in turn influenced
the sediment supply to the marine realm (Hilgen
& Langereis, 1989; Roveri & Taviani, 2003).

Following this hypothesis, the studied high-
frequency sequences would primarily be the
result of climate-driven sediment supply
changes (Figs 7 to 10). The transgressive epi-
sodes would have been related to the drier
phases, which would have favoured a decrease
in the terrigenous input and an increase in the
volume of bivalve communities in the deposits
of Facies A2 (e.g. Schwarz et al., 2016), so that
the transgressive deposits that are not part of
the OSBs are still shell-rich (Figs 7A, 7C, 7D,
8A and 10A). In contrast, the wetter phases
would have caused an increase in terrigenous
input and the accumulation of the HST of the
high-frequency sequences. Relatively less dry
phases may have favoured the accumulation of
transgressive systems tracts (TSTs) composed in
part of mostly siliciclastic deposits (Facies B1),
as observed in the Casabona motif (Fig. 16A).
Eustatic sea-level falls associated with the
inferred climate changes would have been
counteracted by active fault-controlled subsi-
dence, preventing relative sea-level lowering
and the accumulation of the FSST; this may
explain the systematic absence of forced regres-
sive deposits within the sequences. More sig-
nificant relative sea-level changes, combined
with tectonic confinement, were probably asso-
ciated with the migration of the large subaque-
ous dunes found locally in the Belvedere
Formation (i.e. the Type 2 cycles of Zecchin,
2005) (Fig. 5).

CONCLUSIONS

The integration of sedimentological,
micropalaeontological and mineralogical data
provides a powerful tool in high-resolution
sequence stratigraphic analysis. The application
of this approach to the shallow-marine deposits

of the lower Pliocene Belvedere Formation,
southern Ttaly, allows a distinction between
bedsets, bounded by surfaces that are unrelated
to  shoreline shifts, and high-frequency
sequences bounded by wave-ravinement sur-
faces. Key criteria to discriminate between
wave-ravinement surfaces (WRSs) and bedset
boundaries are defined (Fig. 19), and may be
grouped into sedimentological/stratigraphic,
micropalaeontological and mineralogical criteria.

The sedimentological/stratigraphic criteria
include: (i) recognition of environmental changes
across bounding surfaces (larger across WRSs,
and only associated with short-term energy vari-
ations in the case of bedset boundaries); (ii)
recognition of water-depth changes across
bounding surfaces (absent across bedset bound-
aries); (iii) occurrence of condensed deposits (ab-
sent above bedset boundaries); (iv) physical
appearance (more prominent in the case of WRSs
and associated substrate-controlled ichnofacies);
(v) cycle thickness (an order of magnitude greater
for the high-frequency sequences). An addi-
tional, previously documented criterion, is the
limited lateral extent of bedset boundaries rela-
tive to WRSs and transgressive surfaces.

These qualitative criteria may be combined
with the micropalaeontological and mineralogi-
cal evidence to achieve a more reliable discrimi-
nation between WRSs and bedset boundaries. In
particular, micro-foraminifera assemblages may
change across WRSs, documenting a shift to
more energetic conditions, whereas this evi-
dence is absent across bedset boundaries. More-
over, the abundance of heavy minerals usually
increases across WRSs, reaching a maximum
within condensed deposits, whereas this
increase does not occur across bedset bound-
aries. Wave reworking and low net sedimenta-
tion rates due to sediment bypass during
transgression are thought to be the processes
that lead to an enrichment of heavy minerals in
the condensed transgressive deposits.

It is stressed that both the micropalaeontologi-
cal and mineralogical evidence, if considered
individually, cannot be used as sole indicators
to discriminate between WRSs and bedset
boundaries; it is their integration with the sedi-
mentological/stratigraphic evidence that affords
reliable results. The illustrated integrated
approach may be used in all high-resolution
sequence stratigraphic studies based on outcrop
and/or core data, allowing one to better under-
stand the architecture and hierarchical frame-
work of small-scale cycles, as well as to predict

33



the distribution and extent of porous shallow-
marine sedimentary bodies.
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