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ABSTRACT

A geomorphological-stratigraphical study, integrated with a modelling approach, has been employed to
constrain the age of relative sea-level indicators (RSLi) along the quasi-stable Mt. Bulgheria coast in the southern
Apennines, located on the eastern margin of the Tyrrhenian Sea. Focusing on the geological evidence of late
Quaternary sea-level fluctuations within the 0 to 12 m above sea level (a.s.l.) elevation range, we describe RSLi
along ca. 8 km of coastline and constrain their elevation, including those of previously undated RSLi in the same
area. The reassessment of field data was needed to address the phenomenon of the reoccupation of older RSLi by
younger ones. The approach employs the synchronous correlation method, integrating highstand peak elevations
from global sea-level curves and a calibrated uplift rate value, derived from the correlation of RSLi-2 (currently at
8 + 1 m a.s.l.) with Marine Isotope Stage (MIS) 9c, as suggested by recent findings.

Overall, four RSLi are identified in the investigated coastal zone: RSLi-1 (11 + 1 m a.s.1.), correlated with MIS
11; RSLi-2 (8 + 1 m a.s.L.), correlated with MIS 9c and reoccupied during the first MIS 5e peak; RSLi-3 (4 + 0.5 m
a.s.l.) formed during an earlier, undefined stage and reoccupied during MIS 5e; RSLi-4 (2.5 £+ 0.5 m a.s.1.) also
assigned to MIS 5e. Notably, two cases of reoccupation of older RSLi by younger ones are here reported.

By testing multiple global sea-level curves, we derived a range of possible uplift rates for the chronologically
constrained RSLi-2. Consequently, assuming a constant uplift rate throughout the final part of the Middle
Pleistocene, we sought the optimal match between all observed RSLi and predicted elevation of palaeo sea levels
during past highstands.

The preferred best fit was obtained using a composite eustatic curve from Waelbroeck et al. (2002) and Kopp
et al. (2013, for within the MIS5e), and a constant uplift rate of 0.009 mm/yr. Our modelling of MIS 5e (Last
Interglacial) identifies three sea-level stillstands and a rapid drop in sea level following the first and highest
stillstand. Our results emphasize the importance of the reoccupation problem in sea-level reconstruction studies,
especially for RSLi located in regions that are tectonically stable or with relatively low rates of crustal vertical
movements. In such contexts, the sea level during younger interglacials may reach or exceed the elevations of
older interglacials, reusing or modifying existing RSLi and complicating the identification of which sea-level
stand created a specific shoreline feature. The calibrated model supports scenarios where MIS 5e, MIS 9c and
MIS 11 had higher peaks than the Holocene (so far). Finally, this work challenges the assumption that RSL in-
dicators ranging between 5 and 8 m a.s.l. in stable regions were exclusively formed during MIS 5e, emphasising
the need for precise age constraints in these interpretations.
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V. De Santis et al.
1. Introduction

The interest in Quaternary sea-level oscillations has broadly
increased in the last few decades due to the crucial insights they offer
into climate dynamics during past interglacials (Montagna et al., 2008),
as recently confirmed by the Intergovernmental Panel on Climate
Change (IPCC, 2023). Insights on sea-level behaviour during past warm
periods are fundamental for unravelling the interaction between natural
climatic and anthropogenic influences.

The Last Interglacial (hereafter LIG) corresponds to the Marine
Isotope Stage (MIS) 5e, framed between 132 and 116 ka (Kopp et al.,
2009; Murray-Wallace and Woodroffe, 2014) within which global mean
sea level for several millennia reached a highstand of 5 to 9 m above the
modern mean sea level (hereafter a.s.l.) (Kopp et al., 2009; Dutton and
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Lambeck, 2012; Dutton et al., 2015; Rovere et al., 2016). Relative Sea
Level indicators (hereafter RSLi) of the LIG from tectonically stable areas
of the Mediterranean have been reconstructed between 2 and 8 m a.s.l.
(Benjamin et al., 2017; Cerrone et al., 2021a and reference therein),
varying between 2 and 3 m a.s.l. in the Balearic Island of Mallorca
(Vesica et al., 2000; Bardaji et al., 2009; Lorscheid et al., 2017; Dumitru
etal., 2021; Perazzotti et al., 2024) and 7 m a.s.l. along the coasts of the
eastern Mediterranean (Sivan et al., 2016). A reliable estimate of the
paleo sea level for the entire Mediterranean Sea is 6 + 3 m a.s.l., with
RSLi on the Tyrrhenian coast of Italy at 6.5 + 1.5 m a.s.l. (e.g., Antonioli
et al., 2006; Ferranti and Antonioli, 2007).

In the tectonically stable sectors of the Tyrrhenian coast of Cilento
headland, which includes our study area in southern Italy (Fig. 1), Isola
et al. (2024) estimated the LIG maximum sea-level highstand at 5.3 m a.
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Fig. 1. (a) Tectonic sketch of southern Italy (after Moussat et al., 1986 and Cerrone et al., 2021b); (b) Simplified geological map (after ISPRA, 2016); (c) close-up
view of the study area with key outcrops described in this work marked with red circles: ARC = Cala d'Arconte site; TI = Torre dell'Isola site; LE = Lentiscelle site; CB
= Cala Bianca site; BI=Baia degli Infreschi sites; BIE = Baia degli Infreschi east site. BI3 site corresponds to Coral Cave, while the Infreschi Cave site, investigated in
the works of Esposito et al. (2003), Isola et al. (2024) and Bini et al. (2020) is indicated by a yellow stair.
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s.l., consistent with the Dyer et al. (2021) estimation in the Bahamas.
However, the duration of the LIG highstand and potential sea level os-
cillations within the LIG are still debated, with studies suggesting either
a single peak (i.e., Dutton et al., 2015), double (i.e., Kopp et al., 2009;
Chauveau et al., 2024) and even three or multiple peaks (i.e., Kopp et al.,
2013; Rohling et al., 2019) in the 132-116 ka period. Multiple peaks are
generally evidenced by sea-level curves derived from field data (i.e.,
Kopp et al., 2013; Rohling et al., 2019), while they are not reported in
the curves derived by 5'%0 (e.g., Waelbroeck et al., 2002). Intra-LIG
oscillations have also been reported in tectonically stable sectors adja-
cent to our study area (see Section 2), specifically at the Cilento head-
land (Fig. 1).

Sequences of RSLi such as staircases of marine terraces or tidal
notches, have been studied using the classical sequential method (e.g.,
Armijo et al., 1996). This method involves assigning an older or younger
MIS relative to the elevation of a dated palaeoshoreline. However, many
works in the last few decades emphasize the importance of the reoccu-
pation problem in sea-level reconstruction studies, especially for
palaeoshorelines located in regions that are tectonically stable or with
low rates of crustal vertical movements (e.g., Roberts et al., 2009, 2013;
Crosetto et al., 2024). The reoccupation problem occurs whenever sea-
level fluctuations reuse or modify existing palaeoshorelines, compli-
cating the determination of which sea-level stand created a particular
shoreline feature. This makes it challenging to assign the correct MIS to
these indicators based solely on elevation. Indeed, the reoccupation
problem arises because the sea level during younger interglacials may
reach the same or even higher elevation than those of older interglacials.
This is due to the interplay between eustatic changes and glacial isostatic
adjustment, and the tectonic behaviour, potentially overprinting
geological evidence of the older highstands. Recently, many examples of
reoccupation have been described in the Mediterranean (Lambeck et al.,
2010; Cerrone et al., 2021b; De Santis et al., 2023; Robertson et al.,
2019) and abroad (e.g., Chauveau et al., 2021).

Our study aims to reconstruct sea level oscillations in a coastal sector
of southern Cilento (Fig. 1) by integrating: (i) a classical geomorpho-
logical and stratigraphical approach based on field mapping of RSLi, and
(ii) an age-elevation model of these features. The model works through
iteration between global sea level curves (Waelbroeck et al., 2002; Kopp
et al., 2013) with an uplift rate calculated based on age constraints from
literature data. The age constraints used for the modelling include a
recent set of U-series dating on speleothems, which postdate the for-
mation of marine deposits and other erosional RSLi, in the Infreschi
Cave, a sea cave next to our investigated area (Isola et al., 2024; Bini
et al., 2020).

2. Geological background and previous investigations

The eastern margin of the southern Tyrrhenian Sea basin is charac-
terised by alternating steep rocky cliffs, small sandy pocket beaches, and
coastal plains. In particular, the southern side of Mt. Bulgheria (southern
Italy), features headlands and narrow bays (Fig. 1). The study area be-
longs to the fold-and-thrust-belt of the southern Apennines, whose for-
mation is related to the late phases of interaction, which lasted from the
Early Miocene to the early part of the Middle Pleistocene (Patacca et al.,
1990; Patacca and Scandone, 2001), between the Adriatic and European
plates (Malinverno and Ryan, 1986; Patacca et al., 1990; Royden, 1993).
Since the late Miocene, thrusting in the chain has occurred simulta-
neously with the back-arc extension in the Tyrrhenian Sea, driven by the
roll-back of the subducting Apulian slab (Faccenna et al., 2001a, 2001b;
Malinverno and Ryan, 1986; Royden et al., 1987). Extensional processes
migrated eastwards toward the chain, which led to a change in the
tectonic regime at Mt. Bulgheria to a stable one. Quaternary extension
along the western side of the Southern Apennines is demonstrated by
subsidence of coastal grabens such as the Garigliano, Campania and Sele
Plains, and coeval uplift of the horst blocks - namely Sorrento peninsula
and Cilento headlands - between them (Rehault et al., 1987; Caiazzo
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et al., 2006 and references therein; Vitale and Ciarcia, 2018 and refer-
ence therein; Fig. 1a). At the Licosa Promontory, located in northern
Cilento, a wave-cut platform at ca. 5 a.s.l. has been constrained to MIS
5c, while two other wave-cut platforms at ca. 10 m and ca. 6 m a.s.l.,
along with one at ca. 1.5 m a.s.l., have been correlated with a double
peak during the LIG and MIS 5a, respectively (Iannace et al., 2001 and
reference therein; Cerrone et al., 2021a). In addition, along the southern
side of the Sorrento Peninsula (Fig. 1), Cinque and Romano (1990),
Riccio etal. (2001) and Iannace et al. (2003) identified three distinct sets
of tidal notches and wave-cut terraces grouped at 7.5-8 m a.s.l., 6.5 m
and 3.5 m a.s.l. The entire sequence has been attributed to MIS 5e based
on morphostratigraphic correlations, with U-series dating on corals and
speleothems providing constraints (Cerrone et al., 2021a and reference
therein). In addition, the authors recognised remnants of erosional
palaeoshorelines at ca. 2.5 m a.s.l., which they related to either MIS 5a
or MIS 5c.

The study area extends from Cala d'Arconte to Baia degli Infreschi
(Infreschi Bay) located along the southern side of Mt. Bulgheria, a car-
bonate massif in southern Cilento (Fig. 1). The massif bounds to the NE
margin of the Policastro Gulf and is made up of carbonate rocks ranging
in age from the Upper Triassic to the Lower Miocene, forming the Bul-
gheria tectonic unit (ISPRA, 2016), which is related to the Apennine
Platform (Vitale and Ciarcia, 2018). The Bulgheria unit (Upper
Cretaceous-Eocene) is further divided into the Roccagloriosa and Mt.
Bulgheria tectonic subunits. The Mt. Bulgheria subunit includes the
formations of Dolomia Superiore (dolomite) and Calcari di Monte Crivo
(limestones) (Fig. 1b, ISPRA, 2016). The Bulgheria unit is tectonically
overlain by (i) the Ligurian Accretionary Complex, which consists of the
Nord-Calabrese tectonic unit (Cretaceous-lowermost Burdigalian) and
the Parasicilide unit (uppermost Cretaceous-Middle Eocene), and (ii)
wedge-top basins composed of Lower Miocene-Pliocene siliciclastic
sediments (Caiazzo et al., 2006 and reference therein; ISPRA, 2016;
Vitale and Ciarcia, 2018). These sediments are considered syn-orogenic
deposits, which include the Cilento group (Fig. 1). Finally, the succes-
sion is capped by post-orogenic continental and marine deposits, such as
the Lentiscosa Synthem (Late Pliocene/Early Pleistocene, ISPRA, 2016),
a shallow-water marine unit (Fig. 1), and Quaternary deposits.

In the Cilento area, Mt. Bulgheria is characterised by a staircase
sequence of both wave-cut and wave-built marine terraces, ranging from
a few metres up to ca. 400 m a.s.l. (Ascione and Romano, 1999). The
highest marine surface, located ca. 400 m a.s.l, is attributed to the
Santernian substage (Early Pleistocene, 1.8 Ma-1.5 Ma, Cohen and
Gibbard, 2019) of the Calabrian stage. Additionally, based on the
presence and shape of Hyalinea balthica, the terrace at 280 m a.s.l. has
been constrained to the Emilian substage (Early Pleistocene, 1.5 Ma-c.
1.2 Ma, potentially MIS 37; Ruggieri and Selli, 1949; Cita et al., 2006;
Gibbard and Head, 2009, Cohen and Gibbard, 2019) of the Calabrian
stage.

The marine terrace at ca. 150 m a.s.l. is attributed to a generic Middle
Pleistocene, based on morpho-stratigraphic records (Ascione and
Romano, 1999).

The elevation of RSLi from the Last Interglacial ranges between 5 and
8ma.s.l. (e.g., Ascione and Romano, 1999; Ferranti et al., 2006; Cerrone
et al., 2021a), and indicates that the Cilento area, as well as the nearby
Sorrento Peninsula, has been tectonically quasi-stable since at least the
Last Interglacial. Since there are no long-term accurate chronological
constraints, precise uplift rates estimates for the Middle Pleistocene
cannot be made.

Esposito et al. (2003) provided a precise and well-comprehensive
description of RSLi from a few tens of km north of Cala d'Arconte to
Infreschi Cave. The Authors grouped the recognised five RSLi based on
morphostratigraphical correlations and their elevation. In particular,
the highest RSLi ranges between 10 and 12 m a.s.l., which they attrib-
uted to a generic pre-Tyrrhenian, and other RSLi between 8.5 and 3 m a.
s.l., assigned to the MIS 5e-5a interval (Table 1). However, recent
research at Infreschi Cave by Bini et al. (2020), which was further
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Table 1
The RSLi reported for the study area by Esposito et al. (2003), Isola et al. (2024),
and this study.

Esposito et al., 2003 Isola et al., 2024 This study

between ca. 9.3
and 8.4 m a.s.l.
between ca. 5.9
and 4.4 m a.s.l.
between ca. 4.5
and 3.5 m a.s.l.
between ca. 2.5
and 1.7 m a.s.l.

RSLi-1: 11 £+ 1 m a.s.l. (in site LE
and ARC, Fig. 2)

RSLi-2: 8 + 1 m a.s.l. (in sites LE, TI,
CB, BI3, Figs. 2-5)

RSLi-3: 4 + 0.5 m a.s.l. (in sites LE,
TI, CB, BI1, BI2, BI3, Figs. 2-6)
RSLi-4: 2.5 4+ 0.5 m a.s.l. (in sites
BI3 and BIE, Figs. 2, 5, and 7)

Evidence between 12
and 10 m a.s.l.

Evidence between 8.5
and 8 m a.s.l.

Evidence between 7.5
and 5m a.s.l.

Evidence between 4.5
and 4 m a.s.l.

Evidence between 3.5
and 3m as.l

updated by Isola et al. (2024), suggests a different scenario. Isola et al.
(2024) carried out a morphostratigraphical reconstruction in the coastal
sector of Mt. Bulgheria, supported by numerous U-series dating on
speleothems, and integrating the age constraints from Bini et al. (2020)
for the same area. Isola et al. (2024) assign the upper limit of Lithophaga
burrows located at 8.35 4 0.18 m a.s.l. to a paleo sea level predating MIS
7, likely MIS 9c (referred to as MIS 9e by the Authors). Such result is
based on evidence that in the Infreschi Cave site the Lithophaga burrows
are covered by speleothems chronologically constrained by U/Th dating
to MIS 6-8 interval. Meanwhile, the highest elevation of the Last
Interglacial RSLi was determined to be at 5.3 + 0.18 m a.s.l. Never-
theless, tidal notches and other morphological indicators below the
elevation of the upper limit of Lithophaga burrows suggest minor sea
level oscillation during the LIG along ca. 12 km of the coast (Isola et al.,
2024).

3. Methods
3.1. Field survey

In 2023, field surveys were carried out along the approximately 8
km-long coastline surrounding the southern sector of Mt. Bulgheria,
from Cala d'Arconte to Infreschi Bay (Fig. 1c). Infreschi Bay (Fig. 1c) is
also the main site of the studies of Bini et al. (2020) and Isola et al.
(2024), and is the only site in common to the present work. Neverthe-
less, with regards to the Infreschi Bay, our study focuses mainly on Coral
Cave, while the studies of Bini et al. (2020) and Isola et al. (2024)
concentrated primarily on the Infreschi Cave, located at ca. 200 m east
of Coral Cave (Fig. 1c). In Esposito et al. (2003), instead, the study fo-
cuses on the whole coastal sector of Mt. Bulgheria, and sites in common
with our study are: Cala d'Arconte (ARC in Fig. 1), Torre dell'Isola (TI in
Fig. 1), Lentiscelle (LE in Fig. 1), Cala Bianca (CB in Fig. 1), and Coral
Cave, which is identified as Infreschi Cave in Esposito et al. (2003).

RSLi considered in this work include notches, wave-cut platforms
and the upper limit of Lithophaga burrows. Their elevation was measured
by a Leica DISTO D810 laser measuring device, with an accuracy of 1
mm, and a metered rod with a 10-cm error. These techniques are
particularly useful along the Cilento coast due to its topography, with
much of the study area characterised by sea caves several tens of metres
in height and steep cliffs. RSLi elevations were directly measured rela-
tive to the local biological mean sea level (Rovere et al., 2015). In
microtidal Mediterranean settings, the biological mean sea level corre-
sponds closely to the mean sea level, with an accuracy of 0.1 m (Vacchi
et al., 2020). The local biological mean sea level has been used in Bini
et al. (2020) and, partially, in Isola et al. (2024). In contrast, Esposito
et al.'s (2003) elevation is referenced to a generic mean sea level
(Table 1).

Through a morpho-stratigraphic correlation conducted in the field,
we systematically grouped all site observations and data into four
distinct RSLi, providing a clearer framework for analysis.

The elevations of the identified RSLi, along with the associated
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margin of uncertainty, result from fieldwork aimed at organising a large
amount of previous, often contradictory, data (Table 1). These elevation
values and their uncertainties vary slightly across the study area. So, the
central values reported in this work for each RSLi were derived as the
average of the values recorded at the study sites, rounded to the nearest
half meter or meter. The uncertainty range was attributed to encompass
the maximum and minimum measured values.

The margins of error in our measurement may be attributed to both
(i) measurement errors and/or differences in the reference level used to
calculate the elevations of RSLi and, (ii) the presence of local RSLi that
do not duplicate across multiple sites.

We are aware that the values reported in this study with the asso-
ciated uncertainty are simplified. This is because we start from the
assumption that data with broader areal extent represent the primary
RSLi and that these, in turn, are included in the sea-level curves used for
our modelling based on the synchronous correlation approach (e.g.,
Roberts et al., 2009, 2013; Meschis et al., 2024; Varzi et al., 2024).

3.2. The synchronous correlation approach

The sequence of RSLi has been modelled by applying the synchro-
nous correlation method (e.g., Houghton et al., 2003; Roberts et al.,
2013, 2009). This method has been largely used within the Mediterra-
nean realm and elsewhere over the past decade, when raised palae-
oshorelines and RSLi in general are used to derive uplift rates both in
tectonically stable areas (e.g., Pedoja et al., 2018; De Santis et al., 2023,
2021) and tectonically active areas (e.g., Roberts et al., 2013, 2009;
Meschis et al., 2022a, 2022b, 2020, 2018; Robertson et al., 2023, 2019;
Cerrone et al., 2025). In this work, we consider a “tectonically quasi-
stable area” where the mean elevation of an RSL, constrained to the
LIG, ranges between 5 and 8 m (Antonioli et al., 2006). The synchronous
correlation method is based on the idea that Quaternary sea-level
highstands carving raised RSLi in the landscape, are unevenly spaced
in time. This implies that RSLi preserved and mapped in the field are
unevenly spaced in elevation, for a given uplift rate.

It is important to note that this approach can be adapted to scenarios
with either constant or variable uplift rates, as demonstrated by previous
investigations (e.g., Roberts et al., 2009; Meschis et al., 2018; Varzi
et al., 2024). Furthermore, the synchronous correlation method ad-
dresses and highlights the “reoccupation” problem of younger RSLi over
older ones, and helps to avoid assigning flawed ages to undated palae-
oshorelines when regions with relatively low uplift rates are investi-
gated (e.g., De Santis et al., 2023, 2021; Meschis et al., 2020, 2018;
Robertson et al., 2023, 2020, 2019).

The input data of the synchronous correlation method consists of: (i)
age and elevation of past sea-level highstands derived from a global sea-
level curve, and (ii) a chronological constraint (which may either be
from well-established from literature or newly obtained from absolute
dating) of at least one RSLi. This combination provides a vertical
displacement of the chronologically constrained RSLi and, thus, an uplift
rate. So, the synchronous correlation gives a modelled output of current
position of past sea-level highstands, that is then compared with the
observed RSli elevations, allowing to correlation of local RSLi to global
sea-level highstand chronostratigraphy (e.g., Meschis et al., 2020,
2018).

The calculation of the coefficient of determination (R2) assesses
whether a robust correlation exists between mapped RSLi elevations and
the calculated current elevations of past sea-level highstands.

For this method, when at least one age control for a raised RSLi is
available, the simplest scenario of a constant uplift rate through time is
assumed.

If a strong correlation between observations and predictions is not
found, scenarios with variable uplift rates over time are tested, following
previous studies (e.g. Roberts et al., 2009; Meschis et al., 2022a, 2022b).
Alternatively, the observational information may be revisited, and RSLi-
diagnostics rechecked.
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Different sea-level curves and uplift rate scenarios can also be tested
to produce the best match between observed and predicted RSLi.

In the modelling here presented, the first input is a sea-level curve
representing the past sea-level highstands, with particular consideration
given to their timing and global mean elevation. The second input is the
well-established chronological constraint of one RSLi, namely RSIi-2
(see Section 4.2), from literature data (Isola et al., 2024).

4. Data and results

In this section, we describe the main RSLi observed in the study area,
listed from the highest to the lowest elevations (Table 1, from RSLi-1 to
RSLi-4). The bedrock on which the RSLi were carved consists of Triassic
limestones and dolomites from the Dolomia Superiore formation and the
Calcari di Monte Crivo formation (fm), with some areas featuring marine
conglomerates of the Lower Pleistocene related to the Lentiscosa Syn-
them (Fig. 1).

4.1. RSLi-1 (11 £ 1mas.l)

Traces of RSLi-1 (Fig. 2), the highest indicator observed in the study
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area, can be primarily seen at two locations: the cliff bordering Lentis-
celle Beach to the east (site LE in Fig. 1c), carved into the Calcari di
Monte Crivo fm, and the eastern slope of the promontory where Torre
d'Arconte stands (site ARC in Fig. 1c), carved into the Lentiscosa Syn-
them conglomerates.

At site LE, RSLi-1 is represented by a residual tidal notch at ca. 10.5
m a.s.l,, clearly visible on the sides of Serratura Cave (Fig. 2b). At site
ARC, RSLi-1 is represented by the inner edge of the wave-cut terrace
located at ca. 10-12 m a.s.l.

4.2. RSLi-2 (8 £ 1mas.l)

This RSLi (Fig. 3) is the best preserved throughout the study area.
Therefore, in this section, we describe and present only outcrops with
the most significant geomorphological evidence collected during our
fieldwork.

On the cliff bordering Lentiscelle Beach to the east (site LE in Fig. 1c¢),
RSLi-2 is represented by the upper limit of a discontinuous band of
Lithophaga burrows carved into the Calcari di Monte Crivo fm. The band
consists of groups of holes, whose upper limit is located at ca. 8 + 1 m a.
s.l. This upper limit coincides with the elevation of the apex of two
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Fig. 2. Site LE (location in Fig. 1c), cliff bordering Lentiscelle Beach to the east. (a) General view showing the recognised RSLi. (b) Close-up view of the residual tidal
notch at ca. 10.5 m a.s.l. on both sides of Serratura Cave, representing the local evidence of RSLi-1. (c) Groups of Lithophaga burrows (pointed out by red arrows)
whose upper limit is at 8 + 1 m a.s.l., representing the local evidence of RSLi-2. (d) Continuous band of Lithophaga burrows, which tend to become smaller toward the
upper limit (pointed out by blue arrows), representing the local evidence of RSLi-3. For all the next figures, light grey dotted lines, text, arrows and drawings are

associated with RSLi-1, red with RSLi-2, blue with RSLi-3, and green with RSLi-4.
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Fig. 3. Site TI, Torre Dell'Tsola (location in Fig. 1c). (a) General view of the outcrop. (b) Interpretation. (c) The fault scarp where RSLi-2 and RSLi-3 are modelled. (d)
Fairly continuous tidal notch placed at ca. 7.50-7.75 m a.s.l., with Lithophaga burrows extending into it, representing the local evidence of RSLi-2. (e) Detail of the
marine deposit lying on the narrow, strongly seaward sloping abrasion platform, at about 4 + 0.5 m a.s.l., made up of coarse, brown-grey, mixed calcarenite-
siliciclastic sands with rare marine bivalves. (f) Detail of the passage into reddish continental sand with clear traces of pedogenesis, rich in heterometric,

angular, calcareous clasts and crust levels.
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grooves on the cliff face (Fig. 2c).

RSLi-2 is also clearly visible on the wall that borders to the west a bay
located ca. 250 m west of Torre dell'Isola (site TL; Fig. 3a, b). This wall is
likely, at least in part, coincident with a fault scarp (Fig. 3c) that puts in
contact the Calcari di Monte Crivo fm (in the footwall) with the con-
glomerates of the Lentiscosa Synthem (in the hangingwall). At this
location, RSLi-2 consists of a continuous tidal notch placed at ca.
7.50-7.75 m a.s.l., with Lithophaga burrows extending into it (Fig. 3a, b,
d). Below the tidal notch, a narrow abrasion platform can be observed
(see RSLi-3 in Section 4.3), partially covered by two different deposits
(Section 4.5.2; Fig. 3e, f).

On the sea cliff to the east of Cala Bianca (site CB in Fig. 1c; Fig. 4),
RSLi-2 consists of a continuous tidal notch located at ca. 7.90 m a.s.l.
with Lithophaga burrows within it (Fig. 4a, b). This tidal notch is etched
on a sub-vertical wall that can be interpreted as a fault plane formed in
the Calcari di Monte Crivo fm. Below the tidal notch, the sub-vertical
fault plane is covered by vertically lying clast-supported fault breccia.
A platform is incised in this breccia, whose inner margin is at ca. 3.60 m
a.s.l. (Fig. 4a; see RSLi-3 in Section 4.3).

In the Infreschi Bay (Fig. 5), on the cliff where Coral Cave opens (site
BI3 in Fig. 1c; Fig. 5a), RSLi-2 is a well-defined tidal notch visible on
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both sides of the upper part of the cave entrance, at ca. 8.50 m a.s.l.; the
tidal notch is rich in Lithophaga burrows (Fig. 5b). These affect the inner
walls of the cave, from ca. 9 m a.s.l. down to a lower platform that forms
the cave's floor, located at ca. 4 £+ 0.5 m a.s.l. (RSLi-3, see Section 4.3).
Upon closer observation, Lithophaga burrows within Coral Cave seem to
belong to two distinct superposed generations (Fig. 6). The younger (?)
Lithophaga burrows affect a calcareous crust draping the Calcari di
Monte Crivo fm; this crust sometimes contains highly weathered re-
mains of Cladocora caespitosa (Linneo) (Fig. 6). The older generation of
Lithophaga burrows affects also the Calcari di Monte Crivo fm, where it is
not covered by the calcareous crust.

Remnants of the tidal notch at 8.50 m a.s.l. are visible along the
stretch of cliffs at Infreschi Bay between Coral Cave and Infreschi Cave
(Fig. 5¢).

4.3. RSLi-3 (4 £ 0.5 m)

This RSLi is well-preserved throughout the study area and, in this
section, we describe and show the key outcrops.

On the cliff bordering Lentiscelle Beach to the east (site LE in Fig. 1c;
Fig. 2), carved into the Calcari di Monte Crivo fm, RSLi-3 is represented

Fig. 4. Site CB, Cala Bianca (location in Fig. 1c). (a) General view with the position of RSLi-2 and RSLi-3, here represented respectively by a continuous tidal notch
located at ca. 7.90 m a.s.l. and by a platform a few meters wide, with a highly irregular surface and inner margin at ca. 3.6 m a.s.l. (b) Detail of the tidal notch of RSLi-
2. ¢) detail of the small colony of Cladocora caespitosa (Linneo) found on the platform of RSLi-3.
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Fig. 5. Infreschi Bay, where sites BI1, BI2, and BI3 are (location in Fig. 1c). Site BI3 corresponds to Coral Cave and its immediate surroundings. (a) Coral Cave and its
surroundings with RSLi-2, RSLi-3, and RSLi-4. The dotted black rectangle represents the area reported in more detail in Fig. 8. (b) Close-up view of the tidal notch
with Lithophaga burrows representing RSLi-2 seen from inside the Coral Cave; toward the foreground, in the left side, a continental deposit of unit U4 mantle the wall
of the cave. (c) General view of the sector of Infreschi Bay between Coral Cave and Infreschi Cave, with red arrows pointing out the well-preserved portions of the
tidal notch of RSLi-2. (d) Continuous band of Lithophaga burrows, located at ca. 3.5-3.7 m a.s.l., representing RSLi-3 at site BI1; the blue arrows point out its upper
limit. On the right of the figure, the cave notch of Fig. 5e can be seen. (e) Cave notch with an abrasion platform in front representing RSLi-3 at site BI3, which is
contiguous to BI1; the blue arrows indicate the upper limit of Lithophaga burrows.

by the upper limit of a continuous band of Lithophaga burrows, at ca. 3.5 notch RSLi-2 at 7.90 m a.s.l. (Section 4.2), RSLi-3 is represented by a

m a.s.l. The burrows tend to become smaller toward the upper limit, platform at most a few meters wide, with a highly irregular surface,
which appears sharp (Fig. 2d). incised in a vertically lying clast-supported fault breccia. The inner
At Cala Bianca (site CB in Fig. 1c, Fig. 4), below the continuous tidal margin of this platform is at ca. 3.6 m a.s.l. A marine deposit a few cm
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Fig. 6. Coral Cave (site BI3; location in Fig. 1C). Note: (a) the generation involving the calcareous crust containing weathered remains of C. caespitosa, and (b) the

two generations of Lithophaga burrows visible in the inner walls of the cave.

thick, consisting of yellowish, coarse sand containing scattered deci-
metric to centimetric calcareous clasts, generally angular to subrounded,
is present on this platform in small, discontinuous patches. This deposit
contains rare specimens of Bolma rugosa (Linneo); a small in situ colony
of C. caespitosa, highly recrystallized as indicated by XRD analyses (Prof.
Giuseppina Balassone, pers. comm.), was also found (Fig. 4c).

At Torre dell'lsola (site TI; Fig. 3), RSLi-3 appears as a narrow,
strongly seaward sloping abrasion platform, modelled on the Calcari di
Monte Crivo fm, set at about 4 + 0.5 m a.s.l., partially occupied by both
marine and continental deposits (Fig. 3d, e, f; see Section 4.5.2).

Evidence of RSLi-3 is present throughout the Infreschi Bay (sites BI1,
BI2, BI3; Fig. 5). At sites BI1 and BI2 (Fig. 5d, e), RSLi-3 is recognizable
in the upper limit of a continuous band of Lithophaga burrows, located at
ca. 3.5-3.7 m a.s.l. (Fig. 5d). Laterally, RSLi-3 transitions into a cave
notch in which Lithophaga burrows are visible, with abrasion platform in
front (Fig. 5e).

At Coral Cave (site BI3; Fig. 5a), RSLi-3 is represented by an abrasion
platform, shaped in the Calcari di Monte Crivo fm. This platform forms
the floor of the cave and is located at an elevation ranging from 3.5 to
4.5 m a.s.l., considering both the cave and its immediate surroundings.
Near the Coral Cave, the platform passes laterally to tidal notches and/or
cave notches with Lithophaga burrows (Fig. 5a).

4.4. RSLi-4 (2.5 £ 0.5m)

RSLi-4 is not well preserved. It generally consists of cave notches at
ca. 2.5 m a.s.l. (see Fig. 5a) and small remnants of abrasion platforms
with inner margins at ca. 2.5 + 0.5 m, which are present throughout the
study area. The best outcrops are located at Cala Bianca and Infreschi
Bay.

At Cala Bianca, a few tens of metres SW of the site CB (palaeo RSLi-2;
Section 4.2), there is an abrasion platform with good lateral continuity,
slightly seaward-sloping and carved into the Calcari di Monte Crivo fm,
whose inner margin is ca. 2.5 m a.s.l.

In the eastern sector of Infreschi Bay (site BIE; Fig. 7), RSLi-4 consists
of a quasi-horizontal abrasion platform carved into the Calcari di Monte
Crivo fm. The inner margin of this platform transitions, slightly higher
up, into a discontinuous tidal notch located at ca. 2.5 m a.s.l. (Fig. 7a, b),
partially filled by marine deposits and drilled by Lithophaga burrows

(Fig. 7¢). Patches of marine deposits (described in the following Section
4.5.3) are present onto the platform.

4.5. Deposits associated with the analysed RSLi

In this section, we describe in detail the deposits associated with the
RSLi that are most significant to the reconstruction of both the mor-
phostratigraphical setting and the geomorphological evolution of the
study area.

4.5.1. Deposits of Coral Cave

At Coral Cave (Section 4.2), the Lithophaga burrows are present
seamlessly up to ca. 8.5 m a.s.l. On the platform which forms the floor of
the cave and ranges in elevation from 3.5 to 4.5 m a.s.l. (RSLi-3; Fig. 5a),
there is a succession of deposits (Fig. 8). These deposits are grouped in
the following units, listed from bottom to top:

1) Ul. It consists of a clast-supported pebbly deposit, with a scarce
coarse sand matrix. Clasts are calcareous in nature, poorly sorted,
and range from subrounded to subangular. Deposit Ul contains Pa-
tella caerulea Linneo, Spondylus gaederopus Linneo, Manupecten pes-
felis (Linneo), Mimachlamys varia (Linneo), Patella sp., Cladocora
caespitosa (Linneo). This unit, which is indicative of a high-energy
beach, can be interpreted as coeval to the formation of the wave-
cut platform.

U2. Above the pebbly deposit of Ul, isolated patches of coarse, well-
cemented mixed siliciclastic-calcareous arenite are found. These
patches contain isolated subrounded to subangular pebbles and/or
fine, well-rounded gravels, along with small, indeterminable bio-
clasts. This deposit drapes a bioherm of C. caespitosa, ca. 30-40 cm
high, located roughly in the centre of Coral Cave's entrance. Deposit
U2 can be interpreted as a syn wave-cut platform deposit, indicative
of a high-energy beach. The arenitic-gravelly deposit postdates the
bioherm of C. caespitosa. XRD analysis of C. caespitosa samples re-
veals a high concentration of calcite (Prof. Giuseppina Balassone,
University of Naples Federico II, pers. comm.), indicating a post-
mortem diagenesis where the original aragonitic shells have trans-
formed into calcite.

2

—



V. De Santis et al.

Geomorphology 478 (2025) 109692

Fig. 7. Baia Infreschi east (site BIE, location in Fig. 1¢). (a) Panoramic view of BIE site. (b) schematic sketch of the outcrop in BIE site. (c) Lithophaga burrows at the
inner margin of the platform. (d) C. caespitosa within the deposit lying on the platform. (e) Close-up view of the yellowish calcarenite with subangular clasts lying on
the RSLi-4 platform, containing bivalves.

3)

4)

U3. Above Ul and U2, there is a deposit consisting of well-sorted,
medium-fine tawny-yellowish laminated sands. The sands are
strongly cemented and exhibit a subhorizontal to slightly sloping
inclination toward the interior of the cave. They are devoid of
macrofauna and partially drape the lower part of the cave walls. This
deposit can be interpreted as sands of aeolian origin.

U4. Above the fine sands of U3, toward the inner part of the cave, a
continental deposit is found. The deposit consists of a reddish-brown

10

sandy soil containing angular to subangular heterometric calcareous
clasts. It gradually thickens toward the inner edge of the cave, where
it merges with the cave roof. Additionally, a thin, yellowish sandy-
silty layer within deposit U4 is interpreted as a pyroclastic deposit
by Filocamo (2000). Deposit U4 is regarded as indicative of a con-
tinental environment.

All of the depositional units identified in Coral Cave overlie the
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Fig. 8. Deposits at the entrance of Coral Cave (see black dotted rectangle in Fig. 5): (a) outcrop; (b) interpretation. Blue colour highlights all the landforms related to

RSLi-3 (tidal notch and abrasion platform, it is not covered by deposits).

Lithophaga burrows found on the cave walls and floor, suggesting that
they are younger than the burrows.

4.5.2. Deposits of Torre dellTsola (TI)

Below the tidal notch at ca. 7.50-7.75 m a.s.l., the strongly seaward
sloping abrasion platform at ca. 4 + 0.5 m a.s.l. related to RSLi-3
(Fig. 3b) is partially covered by two different deposits (Fig. 3b). To-
ward the outer side of the bay, there is a deposit composed of coarse,
brown-grey, mixed calcarenitic-siliciclastic sands with subhorizontal
stratification and rare marine bivalves, including Tetrarca tetragona
(Linneo), Barbatia barbata (Linneo), Mimachlamys varia (Linneo),
Diodora graeca (Linneo), Patella caerulea Linneo, Patella spp. The upper
part of these sands is reddish-brown (Fig. 3f). Toward the top, it grad-
ually transitions into a reddish continental sand with clear traces of
pedogenesis, rich in heterometric, angular, calcareous clasts (Fig. 3f).
Within this layer, worked lithic fragments (flint), femic minerals, and
levels of calcareous concretions are present.

Toward the inner side of the bay, the deposit consists of breccias and
conglomerates with heterogeneous and heterometric clasts (centimetric
to metric in size) embedded in a matrix of reddish sands and silts
(Fig. 3b).

4.5.3. Deposit of Baia degli Infreschi est (BIE)

In the eastern sector of Baia degli Infreschi (BIE site; Fig. 7), the RSLi-
4 subhorizontal abrasion platform carved into the Calcari Monte Crivo
fm terminates at a discontinuous tidal notch at ca. 2.5 m a.s.l. A marine
deposit partially fills the innermost part of this platform, consisting of a
coarse, clast-supported conglomerate with subrounded, centimetric to
decimetric calcareous clasts. This conglomerate is what partially fills the
edges of the tidal notch (Fig. 7a, b). Toward the outer margin, the de-
posit covers the abrasion platform in patches. It is composed of a coarse,
clast-supported conglomerate with subrounded to subangular, centi-
metric to decimetric calcareous clasts, and sections of a cemented
yellowish calcarenite, containing subrounded to subangular. The de-
posit contains Spondylus gaederopus, Chlamys varia, Ostrea sp., Balanus
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sp., and highly recrystallized C. caespitosa (Fig. 7d, e), along with
numerous indeterminate mollusc fragments.

4.6. Results from the synchronous correlation approach

Field evidence we surveyed in the first ca. 12 m a.s.l. suggests a
complex history of the relative sea level oscillations for southern Cilento
(Fig. 6), in agreement with previous investigations at Infreschi Cave
(Bini et al., 2020; Isola et al., 2024). However, there are no direct age
controls for the mapped RSLi, such as the upper limits of Lithophaga
burrows and fossil tidal notches. So far, the only chronological con-
straints are based on a series of U/Th dating on speleothems, which have
indirectly established a relative chronology for RSLi recognised in the
study area (Bini et al., 2020; Isola et al., 2024). Thus, the synchronous
correlation method (Section 3.2) provides a viable approach for deter-
mining ages to undated RSLi.

Our model is driven by the assumption that RSLi-2 belongs to MIS 9c,
according to the conclusions of Isola et al. (2024). Indeed, Isola et al.
(2024) recognise, in the Infreschi Bay, an upper limit of Lithophaga
burrows at 8.35 m a.s.l. The Authors recognise the same upper limit
along the Cilento coast, specifically at Marina di Camerota (“Spiaggia di
Peppe” site) and at Palinuro Harbour, where they measured elevations
of 8.6 +£ 0.1 m and 8.8 + 0.1 m a.s.l,, respectively. We have correlated
this upper limit with our RSLi-2, which we have measured at 8 + 1 ma.s.
L. in several localities of the study area (Fig. 1c).

We tested several sea-level curves. A first plausible scenario was
obtained using, as input for the synchronous correlation method
(Section 3.2), the sea-level curve of Waelbroeck et al. (2002). Thus,
adopting the correlation of RSLi-2 with MIS 9c¢, we have considered that,
according to Waelbroeck et al. (2002), MIS 9c was attained at. ca. 330
ka, when the sea level reached an elevation of 5 m a.s.l. Since the mean
current elevation of RSLi-2 is at 8 m a.s.l., the mean vertical displace-
ment is 3 m within 330 ka, resulting in a mean uplift rate of 0.009 mm/
yr. This uplift rate has been assumed to be constant since the final part of
the Middle Pleistocene, based on literature data that estimate a final
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Middle Pleistocene uplift, although no numerical rate has been calcu-
lated (Ascione and Romano, 1999).

Nevertheless, this simulation could not justify and assign ages to all
RSLi we have recognised in the field (Supplementary material 1). Using
exclusively the sea-level curve from Waelbroeck et al. (2002), which is
derived from §'80 data, the field-measured RSLi at a mean elevation of
4 m a.s.l. remains unassigned, as it shows a poor fit with this model.

Aimed at assigning ages to all observed RSLi up to 12 m a.s.l., we
integrated the sea level curve of Waelbroeck et al. (2002), replacing,
only for the LIG (132-116 ka), the values with the sea-level stillstands
from Kopp et al. (2013). This resulted in a composite sea-level curve of
the final preferred best-fitting scenario (which maintains the uplift rate
of 0.009 mm/yr, assumed as constant) reconstructed as shown in
Table 2. This choice was driven by: (i) field evidence from our study sites
which suggest multiple sea-level oscillations during the LIG (Section 4:
RSLi-2, RSLi-3 and RSLi-4), in broad agreement with some consideration
made by Isola et al. (2024) as indirect result of their chronological
constraints; and (ii) the inability of traditional global sea level curves
based on 580 (e.g., Waelbroeck et al., 2002) to resolve these intra-LIG
oscillations.

We associated the expected RSLi elevations (generated by the syn-
chronous correlation method) with the observed RSLi elevations (4th
column of Table 2) by finding the best match between them. Hence, we
obtained a coefficient of determination (R?) value of 0.98 (Fig. 9).

It is important to note that, given the sea-level maximum uncertainty
of £13 m in Waelbroeck et al. (2002) (sigma not specified), and a sea-
level maximum confidence interval of ca. 13 m in Kopp et al. (2013)
(2-sigma), we may consider acceptable a gap of up to 10 m between
predicted and the observed RSLi elevations (compare the 3rd and 4th
columns in Table 2).

We finally highlight that we identified four RSLi between 118 ka and
410 ka with intra-LIG oscillations, similar to previous investigations
within the Mediterranean realm regardless of the influence of tectonic
processes (Cinque and Romano, 1990; Riccio et al., 2001; Iannace et al.,
2003; Roberts et al., 2013; Meschis et al., 2018, 2022a, 2022b; Rob-
ertson et al., 2019, 2023; De Santis et al., 2021, 2023). In particular, our
modelling results (Table 2, Table 3, and Fig. 10) show that RSLi-1 should
be correlated with MIS 11 (410 ka). In addition, the results suggest that

Table 2

Ages and sea-level elevations of highstands, both from Waelbroeck et al. (2002)
and Kopp et al. (2013, only for LIG), in 1st and 2nd columns, respectively. 3rd
column: Predicted RSLi (m) elevations by applying the synchronous correlation
method. It is based on chronological constraint that RSLi-2 at 8 + 1 m a.s.l. dates
to MIS 9c¢ (Isola et al., 2024), attained at ca. 330 ka with a sea-level at 5 m a.s.l.
(Waelbroeck et al., 2002), and resulting vertical displacement of 3 m and uplift
rate of 0.009 mm/y.

Ages of Sea-level Predicted Field-measured RSLi

highstands/ relative to elevations of (mean values, in

stillstands (yrs) today (m) RSLi (m) metres)

0 0 0 0

30,000 -80 -80

50,000 —-60 —-60

80,000 -19 —-18

100,000 -20 -19

118,000 (MIS 5e, 3 4 4 (RSLi-3)
“last™)

120,000 (MIS 5e, -0.5 1 2.5 (RSLi-4)
“intra™)

124,000 (MIS 5e, 7 8 8 (RSLi-2)
“first™)

166,000 -50 —49

196,500 -10 -8

215,000 -4 -2

235,000 -12 -10

287,000 -15 —-12

303,000 -15 -12

330,000 (MIS 9c¢) 5 8 8 (RSLi-2)

410,000 (MIS 11) 6 10 11 (RSLi-1)

12
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RSLi-2, which is correlated with MIS 9c (330 ka), was reoccupied by the
older and first intra-LIG highstand (124 ka). Furthermore, RSLi-3 should
belong to the younger intra-LIG stillstand (118 ka) which has reoccupied
an older, undated palaeoshoreline, as suggested by morpho-
stratigraphic and paleoecological features (see Section 5.2), while
RSLi-4 should belong to the middle intra-LIG stillstand (120 ka)
(Tables 2 and 3, and Fig. 10).

Before choosing the modelling scenario based on the combination of
the sea-level curves of Waelbroeck et al. (2002) and Kopp et al. (2013),
we tested different other sea-level curves and, consequently, different
uplift rate scenarios over time. For instance, we tested the curve by
Spratt and Lisiecki (2016), with and without the inset of Kopp et al.
(2013) for the LIG (Supplementary material 2). The main problem in the
use of this curve is that the reconstructed sea level of MIS 11 is at ca. 16
m a.s.l. In fact, in the Spratt and Lisiecki (2016) sea-level curve, to our
reference MIS 9c peak is assigned an elevation at approximately the
same level as today, and an age of ca. 328 ka. This would imply an uplift
rate of ca. 0.027 mm/y for the study area and, as a consequence, an
expected elevation for the MIS 11 RSLi of ca. 27 m a.s.l. However, we
found no field evidence of a paleo sea-level stand at this elevation
(Supplementary material 2).

The value of the coefficient of determination (RZ), calculated for the
composite sea-level curve of Waelbroeck et al. (2002) and Kopp et al.
(2013) is the highest obtained from a scenario which allows to assign all
observed RSLi to past sea-level stillstands. It suggests that our geomor-
phological analysis is robust enough to be used for deriving implications
regarding the Late Pleistocene sea-level changes from MIS 11 to LIG.

5. Discussion
5.1. RSLi reconstruction and their reoccupations

In the investigated O to 12 m a.s.l. elevation range, we identified the
geomorphological-stratigraphical record of multiple sea-level fluctua-
tions that affected the coastal belt of Mt. Bulgheria. Dating of the RSLi,
which are represented mainly by erosional features such as upper limits
of Lithophaga burrows and fossil tidal notches, has been hindered by the
absence of sedimentary material suited for dating. Indeed, although
fossil corals like C. caespitosa are fairly common in the study area,
diagenetic processes hampered obtaining reliable age constraints. To
date, the best chronological constraints come from U/Th dating on
speleothems, which have provided a relatively broad, yet the best
available, chronological range for the RSLi in the study area (Esposito
et al., 2003; Bini et al., 2020; Isola et al., 2024). Using those chrono-
logical constraints, we modelled RSLi in the Mt. Bulgheria coastal area.

Our modelling suggests a correlation of the analysed RSLi with MIS
11 to 5. Worthy to note, our results suggest the constancy of uplift rate in
the study area and in the investigated time interval. Therefore, it appears
that the Mt. Bulgheria area has become quasi-stable from MIS 11.

Field evidence indicates that some RSLi have been reoccupied by
younger sea level rises, resulting in either partial or complete over-
printing of the older features. Therefore, our study area could serve as an
ideal test site for studying and interpreting coastal landforms shaped by
multiple sea-level stillstands in a quasi-stable region during the Qua-
ternary (Ferranti et al., 2006).

In particular, the results of our study suggest that the first and older
sea-level highstand belonging to the MIS 5e (as defined by Kopp et al.,
2013) has reoccupied the position of the 330 ka old MIS 9c sea-level
highstand (Table 3). This implies that the present-day RSLi-2 reflects a
more complex history involving both sea-level changes and relatively
low and modest rates of crustal deformation. Additionally, the third sea-
level highstand of MIS 5.5 (as defined by Kopp et al., 2013) has reoc-
cupied an older, undefined RSLi (Table 3), as indicated by ecological,
geomorphological, and geological evidence (discussed in the next Sec-
tion 5.2). Thus, the present-day RSLi-3 also results from a similarly
complex history of interaction between sea-level changes and relatively
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Fig. 9. Graph depicting the comparison between observed and expected RSLi elevations (Table 3). Good fits are indicated by R? values >0.98.

Table 3
Age model for the RSLi with the proposed age, which comes from the syn-
chronous correlation method and correlation with Marine Isotope Stages.

RSLi Age proposed Marine isotope stage
ki
Label Elevations (ka)
(m)
RSLi- 11+1 410 MIS 11
1
RSLi- 8+1m 330 and 124 MIS 9c and MIS 5e
2
RSLi- 44+05m 118 MIS 5e and another older undefined
3 stage
RSLi- 25+ 05m 120 MIS 5e
4

low rates of crustal deformation.

5.2. The problem of RSLi-3 in the Infreschi Bay and evidence of its
reoccupation

Field evidence suggests that RSLi-3 may result from the reoccupation
of an older palaeo sea-level stillstand by a late sea-level stillstand of MIS
5e. This inference is supported by ecological, geomorphological and
geological data related to RSLi-3 observed in Infreschi Bay, particularly
at Coral Cave (Fig. 1c; Fig. 8). We refer in particular to the presence of a
C. caespitosa bioherm above the platform at 4 + 0.5 m a.s.l., which
represents RSLi-3, in front of the Coral Cave entrance (Fig. 8). Our model
indicates that RSLi-3 is correlated with the last sea-level peak of MIS 5e
(c. 118 ka, Table 1). Nevertheless, the C. caespitosa bioherm above the
platform is incompatible with a sea level at that position, because this
would imply that the bioherm formed in an intertidal environment,
subject to frequent wave action of the surf zone. However, literature
data on living C. caespitosa in the Mediterranean indicate that this coral
is typically found starting from 4 to 5 m below the sea level (Kruzi¢ and
Pozar-Domac, 2003; Peirano et al., 2003). Thus, when the third MIS 5e
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sea-level stillstand was forming RSLi-3 (around 118 ka), the C. caespitosa
bioherm most likely already existed, and consequently, the platform on
which it lies predates the 118 ka old event (Fig. 10a).

A possible scenario to explain morpho-stratigraphical evidence from
Coral Cave implies that during the MIS 5e transgression, the platform at
4 + 0.5 m a.s.l. already existed (Fig. 10a). As the sea level rose and
reached this pre-existing platform during the transgression toward the
peak of MIS 5e, it is likely that unit Ul was deposited (Fig. 10b). Then,
the C. caespitosa bioherm formed above Ul during the last phase of sea
level rise and the first highstand of MIS 5e, which culminated at 124 ka
according to our model (Table 1, using timing of Kopp et al., 2013). At
124 ka, the sea level was at the RSLi-2 position, fully submerging the
platform with an estimated water depth of ca 4 m (Fig. 10c). Following
our correlative modelling, the sea level subsequently dropped to the
RSLi-4 position (Fig. 10d), around 120 ka. During this phase, the
C. caespitosa bioherm may have undergone early diagenesis and erosion
in a subaerial environment. Later, around 118 ka, the sea level rose
again, reoccupying the platform at 4 + 0.5 m a.s.l. (Fig. 10e). We
attribute to the 118 ka sea-level stillstand the deposition of coarse are-
nite with gravels of U2, which mantled the C. caespitosa bioherm and
probably also partly reworked the Ul. Finally, the sea level dropped at
the end of MIS 5e (after 118 ka in our modelling). To this phase and the
following periods, we attribute continental units U3 and U4, which
indicate a coastline progressively retreating farther away (Fig. 10f). The
absence of other marine units lying stratigraphically above U3 and U4
confirms the absence of any further sea highstands above present-day
sea level during subsequent MIS 5 sub-stages in the study area, as
already concluded in Isola et al. (2024). Nevertheless, in the Tyrrhenian
coastal sector of the Basilicata and northern Calabria, ca. 30 km to the SE
of our study area (between Maratea and Scalea), Cerrone et al. (2021b)
reconstructed the elevations of MIS 5a and 5c sea level peaks, finding
them to be higher than those reported in most sea-level curves world-
wide and consistent with observations from the western Mediterranean.
For instance, the reconstructed elevation of MIS 5a along the Tyrrhenian
coast of northern Calabria-Basilicata is ca. 2 m a.s.l., and future
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Fig. 10. Reconstruction of sea level oscillations in the Coral Cave site. (a) Pre-MIS 5e Transgression: At the Coral Cave site, before the MIS 5e transgression, the paleo
sea-level peak of MIS 9c was already established (Isola et al., 2024). The platform at 4 + 0.5 m a.s.l., dating back to an undefined stage, was also present. (b) MIS 5e
Transgression: During the transgression of MIS 5e, the sea level reached the existing platform at 4 + 0.5 m a.s.l., leading to the formation of Ul. (c) First MIS 5e
highstand: the first highstand of MIS 5e reoccupied the earlier MIS 9c RSLi. During this phase, the C. caespitosa bioherm formed above Ul. (d) Second MIS 5e sea-level
stillstand: the sea level dropped to form RSLi-4. During this phase, the C. caespitosa bioherm may have undergone early diagenesis and partial erosion in a subaerial
environment. (e) The third and last sea-level stillstand of MIS 5e formed RSLi-3 with the reoccupation of the previously formed platform at 4 &+ 0.5 m a.s.l. To this
phase, we attribute the deposition of coarse arenite with gravels of U2, which mantled the C. caespitosa bioherm. (f) Deposition of aeolian sand above U1l and U2, and
partial erosion of previously formed r deposits. This can be considered also the present-day situation. Along the wall of the cave, Lithophaga burrows were drawn with

different colours in relation to the supposed phase of their formation.

investigations might reveal the occurrence of MIS 5a marine deposits
also in our study area. It is also plausible that the lower sea level still-
stand at 2.5 m a.s.l. (RSLi-4) could be correlated with MIS 5a.

5.3. Further local stratigraphic implications

Our results have significant local implications. At this scale, the
concept of “reoccupation” of sea-level highstands is essential for inves-
tigating RSL indicators in regions with relatively low rates of crustal
deformation. Our findings highlight that in such areas, older sea-level
indicators may be reoccupied or overprinted by younger ones. This
emphasizes the need for careful consideration of reoccupation processes
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to avoid erroneous interpretation of RSLi data. Accurate identification
and dating of sea-level markers are essential for understanding past sea-
level changes and their implications for coastal evolution in these
regions.

Although our modelling provides a possible explanation and chro-
nological attribution for the complex geomorphological features related
to sea-level oscillations, some questions remain open and unsolved when
we compare our model with existing field data.

Notably, none of the chronological data obtained so far in the study
area directly refers to continental or marine units (Bini et al., 2020; Isola
et al.,, 2024). On the contrary, the available ages refer to speleothem
which have been used to indirectly constrain the marine and continental



V. De Santis et al.

units recognised. The only exception is the marine conglomerate (LU-3
in Bini et al., 2020 and Isola et al., 2024, corresponding to our U1), dated
using marine fossil shells with scattered results between ~77 and ~ 145
ka (Bini et al., 2020).
Some unresolved issues arise from field data, and they need to be
compared with (and possibly explained in the light of) our model.
Those issues are outlined below, along with potential explanations:

1) The reoccupation of RSLi-2 during the first MIS 5e highstand may
have led to the drilling of speleothems by Lithophaga, Such speleo-
thems are located at elevations lower than 8 m a.s.l and dated at MIS
6-8 interval in the Infreschi Cave and Infreschi Bay (Isola et al.,
2024). However, it is important to note that Lithophaga is not
required to drill surfaces in a spatially uniformly manner. Therefore,
it is possible that, during the first MIS 5e highstand, the speleothems
dated to MIS 6-8 intervals were not drilled by Lithophaga. Alterna-
tively, these speleothems may have been initially covered by conti-
nental deposits that were later eroded.
The reoccupation of RSLi-3 during the last stillstand of MIS 5e (118
ka) may have caused the dismantling of the C. caespitosa bioherm, as
this bioherm can be correlated with the first highstand of MIS 5e at
RSLi-2 position (124 ka). However, this bioherm likely underwent a
phase of emergence under subaerial conditions, followed by early
diagenesis, between the stillstands forming RSLi-2 and RSLi-4
(Fig. 10d). This phase of early diagenesis may have played a
crucial role in its preservation during the third and final sea-level
stillstand at the RSLi-3 position. Alternatively, a decrease in hydro-
dynamic activity during this sea-level stillstand could have facili-
tated the preservation of the bioherm, as indicated by the finer
sediments of U2 that now cover it.
3) When was the platform at Infreschi Cave, located at 4 + 0.5 m a.s.l.
and later reoccupied by the third sea-level peak of MIS 5e at RSLi-3
position, initially formed?

2

~

Regarding this question, we propose two hypotheses based on liter-
ature data about LIG and MIS 11: (i) an Early MIS 5e Sea-Level Stillstand
and (ii) an Older Highstands (MIS 11):

(i) The platform may have initially formed during an early sea-level
stillstand of the MIS 5e highstand. This potential stillstand might
not be captured by the intra-LIG sea-level curve of Kopp et al.
(2013), which was used in our model and aligns best with the
field data. Some authors suggest the existence of a brief early sea-
level stillstand before the higher peak of the LIG (Amorosi et al.,
2014; Rohling et al., 2019);

(ii) Alternatively, the platform's initial formation could be associated
with earlier highstands, such as those during MIS 11, which are
not resolved in the sea-level curve of Waelbroeck et al. (2002),
used in our model for all highstands except MIS 5e. For instance,
some authors report the presence of substages MIS 11a and MIS
11c, (Shakun et al., 2015; Spratt and Lisiecki, 2016; Tzedakis
et al., 2022).

4) In our reconstruction, we assume that the third and last sea-level
stillstand of MIS 5e occurred at 118 ka. However, this assumption
is somewhat at odds with the age of the speleothem sample POZZ22-
1 reported by Isola et al. (2024) from Pozzallo, which was not
investigated in the present study. This sample (a speleothem
covering a marine deposit at ca. 1.5 m a.s.l.), yielded an age of 119.8
+ 0.8 ka, suggesting the sea level in the area had already definitively
dropped by around 119 ka. On the other hand, the existence of a
third sea-level stillstand of MIS 5e at 118 ka is partially supported by
other chronological data from Bini et al. (2020) and Isola et al.
(2024) (samples INF18/4, INF18/4A, INF18/4B, and INF20-5),
which come from the only site in common with our study, namely
Infreschi Bay. However, the difference between our modelled
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chronology and the field datum from speleothem sample POZZ22-1
(Isola et al., 2024) is small. Therefore, a possible reconciliation
may be achieved considering the ranges of uncertainties in the
chronology of intra-LIG sea-level stillstands by Kopp et al. (2013)
and the uncertainty in the dating reported in Isola et al. (2024). On
the other hand, the chronological data from Bini et al. (2020) and
Isola et al. (2024) in partial agreement with our reconstruction,
include:

(i) three U/Th dates from calcite in Lithophaga holes reported by
Bini et al. (2020) in the Infreschi Cave (samples INF18/4, INF18/
4A, INF18/4B): these three dates range around ca. 120 ka and
come from samples located around 3.7-3.8 m a.s.l. These three
dates demonstrate that, at Infreschi Cave, the sea level, at 120
ka, was dropped below the present elevation of 3.7-3.8 m a.s.l.
Our reconstruction, at the near site Coral Cave, of a third and last
sea-level stillstand during MIS 5e, attained at 118 ka at a present
mean elevation of 4 m a.s.l., could be reconciled with the chro-
nological data by Bini et al. (2020) assuming that the deposition
of calcite within the Lithophaga holes occurred during the sub-
aerial exposure lasted from the late phase of regression after the
first sea-level highstand of MIS 5e and the last sea-level stillstand
of MIS 5e at 118 ka (Fig. 10d);
Two U/Th dates from speleothems reported by Isola et al. (2024)
in the Infreschi Bay, near Infreschi Cave (sample INF20-5): This
sample, located at 3.5 m a.s.l., gave 2 dates: 108.2 + 8.2 and
112.4 + 6.0. These two dates demonstrate that the sea level
dropped below the present elevation of 3.5 m a.s.l. at 112-108
ka at Infreschi Cave. This is in full agreement with our
reconstruction.

(ii)

5.4. Comparison with global data

On a global scale, our results can contribute to refining sea-level
reconstructions and understanding regional variations in sea-level his-
tory. By demonstrating that reoccupation can occur, especially in
tectonically stable areas, our study provides insights that can be applied
to other regions with similar conditions. This has broader implications
for interpreting past sea-level changes, calibrating sea-level curves, and
understanding the interactions between sea level, tectonics, and climate
across different geographic areas.

In particular, our case study suggests that more than one sea-level
stillstand may have occurred during the LIG and that the best model
to explain the observed RSLi implies three intra-LIG sea-level stillstands.
These findings are important for studies that use indicators of MIS 5e,
impacting research related to both tectonics and sea-level changes
globally. In addition, our modelling points to a rapid drop in sea level
after the first sea-level highstand, thus before 120 ka: we refer to the
passage between RSLi-2 and the chronologically following RSLi-4
(Fig. 10). The same event, although with small chronological differ-
ences, has also been reported by other recent works in the Central
Mediterranean realm (Bini et al., 2020; Isola et al., 2024; De Santis et al.,
2024; Giaccio et al., 2024).

6. Conclusions

This work presents a model of RSL indicators, based on assumptions
and morphostratigraphic evidence gathered in the field. It is the first
attempt to assign ages to previously undated late Quaternary RSLi in a
quasi-stable region such as the Mt. Bulgheria area (Ascione and Romano,
1999; Ferranti et al., 2006).

The modelling is based on the application of the synchronous
method. For this method, highstands from sea-level curves have been
introduced as inputs. The second input is an uplift rate of the study area.
The uplift rate was derived from the assumption that RSLi-2 is correlated
with MIS 9c, according to the conclusions of Isola et al. (2024). So, we
tested different sea-level curves to achieve the best match between
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observed and predicted sea-level highstands. The final best-fitting sce-
nario was obtained using a composite sea-level curve, combining
Waelbroeck et al. (2002) and Kopp et al. (2013), the latter limited to the
last interglacial period. Among the global sea-level curves focused on
LIG currently available, the one by Kopp et al. (2013) is best suited to
explain the sea-level indicators observed in the study area, while also
incorporating the most recent chronological constraints from Bini et al.
(2020) and Isola et al. (2024).

Our model involved a constant uplift rate of 0.009 mm/yr from MIS
11. However, although the marine terrace at 150 m a.s.l. has been
broadly attributed to the Middle Pleistocene, this attribution has never
been supported by any direct chronological data. Hence, we cannot
exclude the possibility that the Bulgheria Mountain area experienced a
gradual reduction in the uplift rate during the Middle Pleistocene.

Our approach reveals a double case of reoccupation of previous sea-
level stillstands by subsequent ones. In particular, we provide field ev-
idence of the reoccupation of (i) the first MIS 5e highstand (124 ka) on
MIS 9c at c. 8 m a.s.l., and (ii) of the last MIS 5e stillstand (118 ka) on an
undefined older highstand at c. 4 m a.s.l.

Our reconstruction supports the hypothesis that both MIS 9 and MIS
11 had sea levels higher than the present. This aligns with sea-level
curves by Waelbroeck et al. (2002), Siddall et al. (2003, for MIS 9),
Spratt and Lisiecki (2016, for MIS 11) and specific studies on these MISs
(Roberts et al., 2012; Reyes et al., 2014; Dutton et al., 2015; Robinson
et al., 2017; Tzedakis et al., 2022).

In contrast, this work does not support reconstructions of MIS 9 and
11 sea levels being similar to or lower than present. This contrasts with
other sea-level curves (Siddall et al., 2003, for MIS 11; Rohling et al.,
2009; Grant et al., 2014; Spratt and Lisiecki, 2016, for MIS 9) and spe-
cific studies on these isotopic stages (e.g., Bowen, 2010).

On the regional scale, our work is in agreement with findings of
stromatolitic deposits in Apulia (southern Italy) dating to MIS 9 and MIS
11, which allowed reconstructing paleotemperatures higher than the
present for these two isotopic stages (De Santis et al., 2014), which in
turn would imply sea levels higher than the present.

Finally, this work emphasizes the importance of not assuming, where
age constraints are lacking, that RSL indicators at an elevation up to ca.
8 m a.s.l., in tectonically stable areas, were exclusively formed during
MIS 5e, especially.
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