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ARTICLE INFO ABSTRACT

Editor Name: Dr. Fabienne Marret-Davies The current rapid change of the Earth’s climate has resulted in an increasing interest for the past warm periods as
potential long-term scenarios of the effects of the present global warming. The last such a period occurred
129-116 ka, known as the Last Interglacial (LIG), when the continental ice volume was significantly smaller than
present, leading to a global sea-level (GSL) higher than present one. Detailed morpho-stratigraphic data, sup-
ported by a robust U/Th chronology, from Grotta delle Capre, central Italy, provided new chronological insights
on the relative sea-level (RSL) dynamic during the LIG in the Mediterranean region. Our results indicate that, on
Tyrrhenian Sea coasts of the central Italy, after having stationed at ~9 m a.s.1., the LIG RSL fell at an elevation
<3 ma.s.l. as early as before 123 ka, and then no longer rose above this elevation either during the later stages of
the LIG or afterwards. The results match previous studies based on U/Th dating of terrestrial limiting points from
Grotta Infreschi, ~200 km SE from Grotta delle Capre along the same Tyrrhenian Sea coasts, and are in
agreement with the Red Sea RLS and GSL records and the probabilistic LIG sea level assessments based on
globally distributed records. On the other hand, our reconstruction is not supported by implications of U/Th
dating of corals and phreatic overgrowth on speleothems from the Balearic Island of Mallorca. Such an incon-
sistency in the overall knowledge around the LIG RSL reconstruction results in a high uncertainty in modelling
the ice and sea-level dynamic during this warm period, which needs to be reduced through more and more high-
resolution, stratigraphic and chronological investigations of the morphological and sedimentary sea-level
records.
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1. Introduction

The Last Interglacial (LIG, ~129-116 ka, e.g., Stirling et al., 1998;
Muhs, 2002; Muhs et al., 2015), roughly matching the Marine Isotope
Stage (MIS) 5e (Govin et al., 2015; Rovere et al., 2015; Dutton et al.,
2015), is considered a potentially useful analogue to study Earth climate
in a condition of excess of warmth (e.g., Otto-Bliesner et al., 2006; Clark
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and Huybers, 2009; Hoffman et al., 2017), though the boundary con-
ditions were quite different from the current anthropogenic-driven
global warming. Specifically, a stronger summer insolation and a CO5
concentration higher than pre-industrial Holocene, may have promoted
a peak of the global mean temperature ~ 0.8 °C above pre-industrial
values (CAPE-LIG Project Members, 2016; PIGS Working Group of
PAGES, 2016; Liithi et al., 2008; Hoffman et al., 2017). In turn, this

Received 13 June 2023; Received in revised form 3 November 2023; Accepted 21 November 2023

Available online 25 November 2023

0921-8181/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:biagio.giaccio@cnr.it
www.sciencedirect.com/science/journal/09218181
https://www.elsevier.com/locate/gloplacha
https://doi.org/10.1016/j.gloplacha.2023.104321
https://doi.org/10.1016/j.gloplacha.2023.104321
https://doi.org/10.1016/j.gloplacha.2023.104321
http://creativecommons.org/licenses/by/4.0/

B. Giaccio et al.

resulted in a reduction of the continental ice volume and a consequent
rising of the global mean sea-level (GMSL), whose estimates are still
matter of debate (e.g., Rohling et al., 2009; Kopp et al., 2009; O’Leary
et al., 2013; Dutton et al., 2015; Dyer et al., 2021). The study of the LIG
sea-level is, therefore, considered of particular relevance for investi-
gating the response of the cryosphere to a warmer world and can give
useful insights for future scenarios linked to global warming (e.g., Alley
et al., 2005; Rohling et al., 2009; Kopp et al., 2009; Joughin and Alley,
2011; Levermann et al., 2013; Burke et al., 2018; Capron et al., 2019),
especially for the very high scenarios of CO2 emission (IPCC, 2023).
However, reconstructing the detailed timing and dynamic of the sea-
level oscillations during the LIG is still a challenge. Some studies
recognized that there have been more than one oscillation (Hearty et al.,
2007; Kopp et al., 2009; Thompson et al., 2011; Medina-Elizalde, 2013;
Rohling et al., 2019), while others support the notion of a relative sea
level-stability (e.g., Barlow et al., 2018; Polyak et al., 2018). Con-
straining radiometrically the LIG sea-level dynamic can be a hard task
and different approaches have been used to assess it (Rohling et al.,
2009; Kopp et al., 2009; O’Leary et al., 2013). However, high-quality
radiometric dating remains pivotal to reliably constraining the tempo-
ral and spatial evolution of the LIG relative sea-level (RSL) (e.g., Dutton
et al., 2015; Hibbert et al., 2016; Pasquetti et al., 2021; Rovere et al.,
2023).

The Mediterranean coasts preserve abundant evidence of the LIG sea
level highstand (e.g., Hearty et al., 1986; Hillaire-Marcel et al., 1996;
Antonioli et al., 2015) in the form of marine terraces, beach deposits and
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erosive features (e.g. notches, shore platforms), which have extensively
been revised in recent papers (e.g., Antonioli et al., 2018; Cerrone et al.,
2021; Dumitru et al., 2021; Pasquetti et al., 2021; Marra et al., 2019,
2020, 2023). Despite the application of different dating methods (e.g.,
U/Th: Hillaire-Marcel et al., 1996; Amino Acid racemization: Hearty
et al., 1986; Optical Stimulated Luminescence -OSL- Mauz, 1999), the
current chronological accuracy has made it challenging to attribute
geomorphological forms and/or deposits to the LIG (Pasquetti et al.,
2021; Cerrone et al., 2021 and references therein). A suite of U/Th
dating on corals and speleothems overgrowths at Mallorca Island in-
dicates that the LIG RSL highstand was relatively stable and lasted from
~126 to ~118 ka (Muhs et al., 2015; Polyak et al., 2018). More recently
Bini et al. (2020), dating a suite of phreatic speleothems as terrestrial
limiting points (i.e., the speleothems that lie above the High Astro-
nomical Tide -HAT-, thus the RSL was lower than the position of the
speleothem deposition, e.g., Rovere et al., 2016) in the archeological
cave of Infreschi (southern Italy), found a substantial drop in the RSL of
several meters already before 120 ka. These regional differences can be
accounted by different glacial isostatic adjustment (GIA) background (e.
g., Stocchi et al., 2018), and/or tectonic components. However, the
possibility to test GIA models and/or estimate tectonic components for
the region is largely hindered by the necessity to produce a better
chronological framework of the LIG highstand successions in the Med-
iterranean (Pasquetti et al., 2021).

With the aim of improving the knowledge on the dynamics of the LIG
highstand, we investigated the sedimentary infilling and the
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Fig. 1. Simplified geological map of Mt. Circeo (https://geoportale.regione.lazio.it/geoserver) with location of Grotta delle Capre. Inset, reference map of the Grotta

delle Capre and of previously investigated Infreschi Cave (Bini et al., 2020).
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geomorphological features of Grotta delle Capre (literally “Goat Cave”),
a coastal cave along the central Italy Tyrrhenian side (Fig. 1). The study
was supported by a new suite of U/Th dating of terrestrial limiting
points that provided new insights on the timing of the sea level drop
following the LIG highstand.

2. Site description and previous investigations

Grotta delle Capre opens on the southern slope of Monte Circeo in the
Mesozoic carbonate units (Segre, 1991) (Fig. 1). It belongs to a system of
marine caves along the coast containing continental infilling renowned
for their Middle to Upper Paleolithic archeological remains (e.g., Blanc
and Segre, 1953; Bietti and Grimaldi, 1991).

The first modern report on the stratigraphy of the cave is due to Blanc
and Segre (1953), who performed a detailed reconstruction of the
stratigraphy at the entrance of the cave and described the presence of
Lithophaga (date mussels or boring mussels) boreholes band up to nine m a.
s.l., which was also previously observed by Issel (1883). Blanc and Segre
(1953) recognized 12 layers. The lowest layer (layer 1 for Blanc and
Segre, 1953), resting on the carbonate bedrock, was described as a
marine coastal deposit containing marine mollusks and related to the
“Tyrrhenian” (often synonymous today with the LIG highstand).
Durante and Settepassi (1974) reported a new description of the stra-
tigraphy of the cave which is close to that proposed by Blanc and Segre
(1953), but consisting of 9 main layers. They recognized two sea-level
highstand markers: the upper one marked by a marine notch accom-
panied by the upper level of Lithophaga boreholes at ~8 m a.s.l, and the
lower one corresponding to the basal beach deposit (layer 9 for Durante
and Settepassi, 1974, corresponding to the layer 1 of Blanc and Segre,
1953). These two marine phases were related to the Eutyrrhenian (the
upper limit of Lithophaga boreholes band) and the Neotyrrhenian (the
beach deposits) following the popular scheme proposed for the Medi-
terranean area by Bonifay and Mars (1959). Durante and Settepassi
(1974) performed a detailed description of the marine faunas contained
in the basal marine deposit (layer 9) reporting at least three species
characteristic of the warm water fauna typical of the “Tyrrhenian’:
Cymatium ficoides, Bursa (Crustata) pustulosa, and Lithodomus (Myo-
forcepts) caudigerus.

Ruffo and Zarattini (1991) performed an archeological excavation
and reported additional stratigraphic data. They again described the
upper limit of sub-horizontally boreholes of Lithophaga lithophaga be-
tween ~8-10 m a.s.l. The general stratigraphy, though more detailed
resulting from observation during the archeological excavation, is
comparable with those proposed by Blanc and Segre (1953) and Durante
and Settepassi (1974). However, they noted for the first time the
enrichment in volcanic elements (i.e., pumices and glass shards) in some
layers, and reported the presence of discontinuous “stalagmitic” for-
mation directly above the coastal marine deposits. Antonioli et al.
(2018) described in detail the upper sea-level highstand marker (i.e. the
marine notch), reporting an altitude of 9.28 + 0.18 m a.s.l. and attrib-
uting this sea-level marker to the LIG highstand based on the finding of
the warm species Thetystrombus latus (previously named Strombus
bubonius; e.g., Taviani, 2014), which is characteristic of the Mediterra-
nean LIG highstand deposits, in the near succession of the Grotta del
Fossellone (Durante, 1975). More recently, Marra et al. (2023) per-
formed new stratigraphic and geochronological investigations on the
cave succession. They recognized the notch described in previous
studies providing a new measurement of its elevation at 9.5 + 0.2 m a.s.
1. and subdivided the sedimentary succession into five main strati-
graphic units, from the younger SU1 to the older SU5. Marra et al.
(2003) also provided the first radioisotopic dating for the sedimentary
succession based on “°Ar/3°Ar dating of primary and sub-primary tephra
layers, supporting the attribution of the tidal notch and of the beach
deposits to the LIG. In conclusion, all the previous studies are consistent
in describing (i) the presence of a higher sea-level marker characterized
by a sub horizontal level of Lithophaga boreholes and a notch at about
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the same height, (ii) a “basal” coarse beach deposit, and (iii) a conti-
nental succession laying on the beach sediments, as summarized in
Fig. 2.

3. Materials and methods
3.1. Field and topographic investigations

A new survey was conducted between 2020 and 2022, producing a
new lithostratigraphic description followed by the collection of several
samples for U/Th dating (carbonate concretions and speleothems) and
tephrochronological analyses (glass-composition).

The direct measurement with DGPS of the RSL indicators (i.e., notch
and Lithophaga burrows) or terrestrial limiting points (i.e., speleothems,
tephra layers) along the sedimentary succession was not possible
because of their position inside the cave. To overcome this problem we
used the Trimble®R10 GNSS (Global Navigation Satellite System) to
measure the elevation of a point located in front of the cave entrance
(Table TS1) and then we reported the measurements of all indicators at
this point using graduated rods equipped with a spirit level. This
selected point marked the limit of the local biological mean sea-level
indicators (Vacchi et al., 2020), which in microtidal Mediterranean
settings correspond the mean sea-level with reasonable accuracy (+0.1
m, e.g. Vacchi et al., 2020 and reference therein). The Trimble®R10
GNSS was employed with RTK Quick-point acquisition method. Subse-
quently, we performed post-processing and referenced the measurement
to the current geoid model ITALGEO2005. Taking into account the
vertical precision, the finest R10’s measure introduced an error of
£0.035 m, post-processing introduced an error of £0.066 m, and the use
of spirit bars introduced an error of +£0.1 m (Bini et al., 2018; Zanchetta
et al., 2014). Therefore, we can approximate the overall vertical error to
+0.15 m as calculated using methods described in Shennan et al. (2015)
(Table S1 and S2).

3.2. U/Th geochronology

Speleothem samples GDC5 and GDC9 for U/Th dating were collected
along the exposed section at the cave entrance (Figs. 2 and 3) to chro-
nologically constrain the sediment infill succession. Two additional
flowstone samples, covering the notch and the Lithophaga boreholes
(GDC12, Fig. 2¢) and the beach deposits in the innermost part of the cave
(GDC3, Fig. 2c), were collected to get a terminus ante quem (i.e., a
chronological indication before of which these sediments formed) for
these sea-level markers.

The samples were cut and polished at the Laboratory of Paleocli-
matology and Geoarchaeology of the University of Pisa. The U/Th
dating on the chipped subsamples was performed at the High-Precision
Mass Spectrometry and Environment Change Laboratory (HISPEC),
Department of Geosciences, National Taiwan University. All U-Th
chemistry and isotopic measurements were conducted on a Thermo-
Finnigan Neptune multi-collector inductively coupled plasma mass
spectrometer (Shen et al., 2008, 2012; Cheng et al., 2013). A gravi-
metrically calibrated triple-spike, 22°Th-233U-236U, and the isotope
dilution method (Shen et al., 2003) were employed to correct for mass
bias and to determine U-Th isotopic compositions and contents (Shen
et al., 2003). Half-lives of U-Th nuclides used for 2*°Th age calculation
are given in Cheng et al. (2013). Uncertainties in isotopic data and 2*°Th
dates are given at the two-sigma (20) level or two standard deviations of
the mean (20,,) unless otherwise noted. An initial 230Th /232Th atomic
ratio of (4 & 2) x 10~® was applied for age correction. Results are shown
in Table 1.

3.3. Tephrochronology

3.3.1. Glass chemical composition
The tephra or volcaniclastic layers LU4, LU6 and LU 9 (Fig. 3) were
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Fig. 2. Planimetry (a) and cross topographic/stratigraphic sections (b—c) of Grotta delle Capre (modified from Ruffo and Zarattini 1991).

sampled for glass geochemical fingerprinting, aimed at correlating them
with possible well-dated proximal or distal equivalents. The samples
were wet-sieved, observed under binocular microscope and then
mounted on polished slides for major element glass composition ana-
lyses, using a Cameca SX50 electron microprobe, equipped with a five-
wavelength dispersive spectrometer, at Istituto di Geologia Ambientale
e Geoingegneria of the Italian National Research Council (IGAG-CNR) of
Montelibretti, Rome. Operating conditions and internal and external
standards were the same as described in Monaco et al. (2022).

4. Results
4.1. Morpho-stratigraphy

The cave opens seaward to the south, through a wide entrance on a
steep cliff and presents an elongated planimetry (~60 m long and ~20 m
wide) that becomes narrower in the innermost part (Fig. 2a). The cave
connects with the external side also through a minor lateral barrow,
which opens along the western wall (Fig. 2a-b). The floor is at an
elevation of ~7.5-7.0 m a.s.l and is relatively flat throughout the cave. It
subtends the top of the sedimentary infilling, which is exposed close to

the main entrance as a cliff due to the active erosion of winter sea storms
(Fig. 2¢).

The cave walls show a continuous and evident small indentation, the
tidal notch described in detail by Antonioli et al. (2018), with the retreat
point measured in this work at 9.51 + 0.14 m a.s.l. Abundant Lithophaga
boreholes with a clear sub-horizontal limit a few cm above the upper
limit of the notch m a.s.l. (Fig. 2b—c) is also present. The sedimentary
succession cropping out at the main entrance was subdivided in eleven
lithostratigraphic units (LU#), from the lower LU1 to the uppermost
LU11 (Figs. 2 and 3), which belong to five main depositional-
environmental systems, i.e.; (i) beach deposits, (ii) speleothems, (iii)
colluvial deposits, (iv) block fall deposits and (v) alluvial deposits, which
can contain sub-primary and reworked volcanic ash layers and stalag-
mites (Fig. 3).

Beach deposit: (LU1) rests directly on the cave floor and consists of
rounded boulders and gravels marked by Lithophaga boreholes, with a
yellowish sandy and sandy gravels matrix and rare marine fossils
(Fig. 3). In the innermost part of the cave, well-rounded pebbles and
well-sorted sands, possibly corresponding to LU1, emerge under the
terrestrial sediments that likely here become thinner (Fig. 2¢). Laterally
on the cave wall, LU1 seems to rest on a poorly expressed erosive notch,
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Fig. 3. Stratigraphy and chronology, with detailed location of the U/Th-dated stalagmite sub-samples, of the Grotta delle Capre sedimentary infilling outcropping at
cave entrance (Fig. 2). The “°Ar/*Ar age of the sub-primary tephra LU9 and volcaniclastic layers LU4 and LU6 are from Marra et al. (2023).

which may correspond to the notch reported by Durante and Settepassi
(1974).

Stalagmite (LU2) is a discontinuous thinly laminated speleothem
which rests directly on the boulders of the LU1 (Fig. 3). This carbonate
concretion (sample GDC-5) displays a basal tufa layer followed by a
columnar fabric frequently interrupted by thin (submillimetric) tufa
layers (Frisia et al., 2000), ending with a few millimeter thick tufa layer
(Fig. S1).

Colluvial deposit (LU3) consists of massive pedogenised dark reddish
silty sands. It corresponds to layer 2a of Blanc and Segre, 1953, and part
of layer 8 of Durante and Settepassi, 1974 (Fig. 3).

Alluvial deposit (LU4-LU7 and LU9-LU11) consists of a fining up-
ward succession of sand, silt and gravel deposits, representing the lateral
etheropic lithofacies of the debris cone developed from the lateral
barrow of the cave (Fig. 2). LU4 is a black to dark violet volcaniclastic

silty sand composed by garish, poorly vesicular scoria in garish dense
microlithic texture of the juvenile clasts (Fig. 3). LU4 correspond to part
of layer 2a of Blanc and Segre (1953) and to the sample GDC-6 of Marra
etal. (2023), dated to <144.9 + 27.6 ka. LU5 is a massive reddish sandy-
silty deposit with sparse gravel and some evidence of calcite deposition
by dripping water and fragmented speleothems dropped from the cave
ceiling (i.e., stalactites and soda straws). The deposit also contains re-
mains of bones and land snails shells like Pomatia elegans. In particular,
at ca. 4 m a.s.l. there is a stalagmite in growth position (Fig. 3). The
stalagmite (Sample GDC-9) shows submillimetric lamination with
microcrystalline fabric in the basal part followed by columnar elongated
fabric on the top (Fig. S1). LU6 is a lenticular layer of well stratified
whitish and yellowish fine to medium volcanic ash made of strongly
altered whitish-yellowish and moderately vesicular micropumices
including secondary blackish manganese nodules. It corresponds to
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indicate that the cave entrance was never completely closed as sup-
ported by the archeological remains along the whole succession (Ruffo
and Zarattini, 1991) and the presence in the LU5 of remains of land snail
shells of semi-forest habitat like Pomatia elegant (e.g., Lozek, 1990). The
LUS8, representing a phase of collapse of the cave ceiling (Fig. 3), may
have obstructed the cave entrance, but the presence of LU9 above this
unit in a more internal position, which is an almost primary tephra
deposit, indicates that this obstruction, if any, was only partial and likely
short in time. So, there is no evidence of potential missing of marine
transgression or RSL oscillation during the considered period.

The tidal notch retreat point at 9.51 &+ 0.14 m and the upper limit of
the Lithophaga boreholes band (which roughly matches the elevation of
the tidal notch retreat point), provide clear indications for the highest
RSL in the cave. Lithophaga are more or less ubiquitous limestone-
boring lamellibranchs (e.g., Laborel and Laborel-Deguen, 1996). Lith-
ophaga lithophaga live in the range of the upper limit of the infralittoral
zone down to more than —30 m (Laborel and Laborel-Deguen, 1996).
However, considering that the highest concentration of boreholes is
generally in the top few meters and, in microtidal environment, their
upper limit is very close to the mean sea level (Péres and Picard, 1964;
Laborel and Laborel-Deguen, 1996; Rovere et al., 2015), they are
considered a good indicator of past RSL (e.g., Ferranti et al., 2006;
Rovere et al., 2016). Specifically, the upper limit should closely repre-
sent the Mean Low Water Spring (MLWS) that in the Mediterranean -
and specifically in the area of Grotta delle Capre (data from Civ-
itavecchia tidal station, https://www.mareografico.it/it/stazioni.html)
is ca. 20-25 c¢m below the Mean Sea Level (MSL, Rovere et al., 2015,
2016), assuming a tidal range similar to today.

Similarly, the retreat point of tidal notches is used to identify the
former sea-level (Trenhaile, 2015 and reference therein). In the Medi-
terranean, the notch profile is supposed to extend between the lowest
and highest tidal levels with the retreat point near the mean sea-level
(Pirazzoli and Evelpidou, 2013; Antonioli et al., 2015). Antonioli et al.
(2018) correlated these two RSL markers with the LIG based on the close
presence (e.g., Grotta del Fossellone, Fig. 1) of marine coastal deposits
containing the typical “warm” guest gastropod Thetystrombus latus,
which is also corroborated by the paleontological finding from Durante
and Settepassi (1974) in the LU1 and the recent radioisotopic date of
Marra et al. (2023) even in an indirect way. The slightly different
elevation of the two markers, i.e., the retreat point of notch and upper
limit of Lithophaga boreholes band, both considered as relatively precise
indicators of RSL, is coherent with some observation of the notches in
caves along the Tyrrhenian coast, the elevation of which results not
identical to that of the notch along exposed cliffs (Carobene, 2015).

In agreement with the previous interpretations of the most recent
studies (e.g., Antonioli et al., 2018; Marra et al., 2023), these morpho-
logical markers of the sea-level highstand can reasonably be associated
with the beach deposits of LU1, which likely represent the sub-coeval
sedimentary expression of the tidal notch. Though not supported by
chronological data, as the flowstone samples draping the tidal notch
(GDC-12) and the beach deposits (GDC-3) collected in the interior of the
cave yielded useless indications (Table 1), this assumption appears fully
consistent with the nature of submerged beach deposits of LU1 and with
its elevation, which ranges from ~3 m, at the cave entrance, to ~7 m, in
the innermost cave room (Fig. 2¢). An important direct chronological
constrain for the age of LU1 beach deposits, as well as for the entire
Grotta delle Capre succession, is represented by the age of the lower
speleothem (LU2) developed over the marine beach LU1, which repre-
sents a terrestrial limiting point and thus a terminus ante quem for the
deposition of LUL. Therefore, assuming that the markers of the sea
stationing at 9.51 + 0.14 m are the morphological expressions of the
sub-coeval LU1 beach deposits, the ages of LU2 indicate that this sea-
level highstand is older than ~123 ka (Table 1, Fig. 3), which conse-
quently can be identified as the LIG highstand (Fig. 4).

The whole infilling succession following the basal stalagmite depo-
sition (LU2) shows unambiguous continental features, related to the
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transport and alternation of sandy-silt sediments from outside the cave
(e.g., the colluvial-aeolian sediments of LU3, alluvial sediment of LU5-
LU11 containing sub-primary tephra fall LU9) and inside processes
like the collapse of ceiling blocks (LU8), and chemical deposition (spe-
leothems LU2 and within LU5) (Ruffo and Zarattini, 1991) (Figs. 3 and
4). This indicates that there is no evidence of sea-level rising above 3 m
a.s.l. younger than 123 ka, during the LIG or other MIS 5 substages. This
is confirmed by the speleothem ages found in younger LU5, which grew
between ~112 ka and ~ 110 ka, and of the sub-primary tephra LU9,
dated to ~109 ka (Marra et al., 2023) (Figs. 3 and 4). In contrast, based
on a different interpretation of the genesis of the alluvial deposits con-
taining the tephra LU9/Maddaloni/X-6, i.e., as colluviated dune de-
posits, and on their correlation with beach deposits, cropping along the
Pontine coast, dated at ~101 ka, Marra et al. (2023) suggest a second
rising of the sea-level at ~2.5 m a.s.l. during the MIS 5c. However, such
an interpretation conflicts with the clear alluvial nature of the deposits
containing the tephra LU9.

5.2. Implications for the age and dynamic of the LIG Sea-level highstand

5.2.1. Comparison with other well-dated LIG and post-LIG records along
the Tyrrhenian coasts

Despite the great wealth of morphological and sedimentary records
associated with the LIG highstand preserved all over the Tyrrhenian
coasts (e.g., Antonioli et al., 2018), relatively few archives hold a solid
and high-resolution chronology required for reconstructing in detail the
timing and dynamic of the RSL during the LIG. For instance, according to
Pasquetti et al. (2021) the application of strict geochemical criteria to
the U/Th samples of the LIG deposits indicates that only ~33% of data
available for the Mediterranean Sea can be considered “reliable”, but
none are from the Tyrrhenian coast of Italian Peninsula. A specific case is
the Infreschi Cave, in southern Campania, 200 km away from Grotta
delle Capre (Fig. 1). Here a precise assessment of the LIG RLS dynamic
(Bini et al., 2020) was obtained based on the same approach of dating
terrestrial limiting points. Bini et al. (2020) found that, following a
stationing at ~9 m a.s.l., marked by a well-developed upper horizontal
level of Lithophaga boreholes at 8.7 + 0.6 m a.s.l., the RSL dropped
below ~3 m a.s.l. before 120 ka. Then a continental succession con-
taining Middle Paleolithic artefacts with a thick tephra layer chemically
correlated with the Mediterranean tephra marker X-6, dated at ~109 ka
(e.g., Regattieri et al., 2015) and recently attributed to the Maddaloni
eruption from an early activity of the Campi Flegrei caldera (Monaco
et al., 2022), complete the successions. Therefore, overall, the Infreschi
Cave and Grotta delle Capre replicate the same sequence of sub-
synchronous - within the chronological uncertainty - events. In partic-
ular, despite the lack of geochemical data for the tephra LU9 from Grotta
delle Capre, its 40Ar39Ar dating, indistinguishable from that of
Maddaloni/X-6 (i.e., 109.5 + 0.5 ka and 109.3 + 1.0 ka, respectively),
strongly support the correlation of the tephra LU9 with the Maddaloni/
X-6 (Marra et al., 2023), so allowing a direct tephra synchronization
with Infreschi Cave and adding a new point of occurrence of this well-
known and widespread marker for the MIS 5 successions in the Cen-
tral Mediterranean area (Zanchetta et al., 2018; Monaco et al., 2022).
Summarising, Infreschi and Capre appear to have undergone a similar
morpho-sedimentary evolution, providing convergent evidence that on
the eastern coasts of the Tyrrhenian Sea, as early as 123-120 ka, the RSL
was well below ~3 m a.s.l., with an important sea-level drop of at least
5-6 m occurring between the maximum LIG highstand, and before
123-120 ka.

Geochronological constraints were recently also acquired for the
marine and continental sedimentary infilling of the Guattari Cave
(Marra et al., 2023; Rolfo et al., 2023), a few kilometers away from
Grotta delle Capre (Fig. 1). This set of chronological data is based on the
“OAr/3Ar dating of detrital sanidine, which provides a terminus post
quem for the sediment from which the sanidine crystals are extracted.
The sanidine from the basal marine deposits containing Thetystrombus
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Fig. 4. Paleoenvironmental history and relative sea-level (RSL) indicators from Grotta delle Capre and nearby Guattari Cave (Marra et al., 2023, Rolfo et al., 2023;
Fig. 1) compared with global and Mediterranean reference records. The “°Ar/3°Ar age for the tephra LU9, correlated to the Maddaloni/X-6 marker tephra, is from
Marra et al. (2023). a) Red Sea RSL record (dark blue curve) and the associated uncertainty (pale blue curves) from Grant et al. (2012, 2014); b) Monte Carlo 95%
confidence interval of selected U/Th dating (6234Ui 137-157%o) of sea-level markers from global coral reefs (Medina-Elizalde, 2013); ¢) Mediterranean RSL from
Mallorca Island, based on phreatic overgrowth stalagmite (POS) corrected for GIA (Polyak et al., 2018); d) Mediterranean RSL based on U/Th dating of terrestrial
speleothems and phreatic overgrowths on speleothems that passed geochemical screening proposed by Pasquetti et al. (2021); e) Globally distributed RSL records
based on U/Th dating of corals that passed the geochemical screening proposed by Hibbert et al. (2016); f) Global Mean Sea Level (GMSL) approximation based from
Red Sea core KL11 PM (purple blue line) and its 95% probability interval (purple blue lines) (modified after Rohling et al., 2019); g) probabilistic assessment of the
global sea-level based on statistical analyses of several globally distributed records (Kopp et al., 2009). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

<

latus at ~5 m a.s.]. and from a patch of marine sand cemented to the cave
ceiling at ~7.50 m a.s.l., provided the age of 121.7 + 5.8 ka 116.2 + 1.2
ka, respectively. The sanidine from the sandy continental deposit laying
on the LIG beach yielded instead the age of 126.4 + 3.0 ka, 112.1 + 1.0
ka, 110.4 + 1.4 ka, 104.9 + 0.9 ka and 101.0 + 9.2 ka. Overall, these
data support the attribution of the beach deposits to the LIG highstand
but indicate that the sea-level was not lower than ~7.50 m a.s.l. until
116 ka, at least (Fig. 4), thus not in agreement with the early end of the
LIG sea-level highstand documented at Grotta delle Capre and Infreschi
Cave.

5.2.2. The Grotta delle Capre RSL record in the framework of the regional
and global reference successions

Comparing our RSL values with regional or global data obtained
from “far field” sites (e.g., Chen et al., 1991; Stirling et al., 1998;
Medina-Elizalde, 2013), and other reference records (e.g., the Red Sea,
Rohling et al., 2019), is challenging for the different GIA correction and
potential tectonic biases, which can exist between sites. Aware of these
limits and of the local meaning of the Grotta delle Capre and Infreschi
Cave RSL records, we notice that the early fall of the LIG sea-level at
123-120 ka documented at these sites does not agree with some chro-
nologically well-constrained Mediterranean records of the LIG RSL (e.g.,
Pasquetti et al., 2021). In particular, direct U/Th dating of corals Cla-
docora caespitosa from the Balearic Island of Mallorca (Muhs et al., 2015)
indicates an age ranging from ~126 to ~118 ka for the LIG highstand
corresponding to a RSL of 2.10 + 0.71 m a.s.l. (Lorscheid et al., 2017)
(Fig. 4). This is in good agreement with the detrital sanidine *°Ar/3°Ar
chronology of the nearby Guattari Cave (Marra et al., 2023), the U/Th
chronology of phreatic overgrowth on speleothems that date the LIG
highstand between 126.6 + 0.4 ka and 116.0 + 0.8 ka, with a RSL at
2.15 £+ 0.75 m a.s.l. (Polyak et al., 2018) and with the globally distrib-
uted coral-based evidence supported by a U/Th chronology that passed a
restrictive geochemical screening (Hibbert et al., 2016) (Fig. 4), even if
coral-based RSL reconstruction can have a large associate error in RSL
estimation (Fig. 4).

In contrast, other studies indicate a short duration for the peak of the
LIG highstand and/or a more complex dynamic of the LIG highstand,
featured by several oscillations (e.g., Grant et al., 2012, 2014; Kopp
et al., 2009; Rohling et al., 2019; Medina-Elizalde, 2013), which is in
agreement with our data. Specifically, according to the “empirical”
isotopic-based RSL curve proposed by Rohling et al. (2019), the LIG sea-
level highstand was featured by several oscillations since ~129 ka to
~122 ka (Fig. 4), thus consistent with Capre and Infreschi evidence.
Instead, the probabilistic assessment of the sea level during the LIG,
based on statistical analyses of several globally distributed records
(Kopp et al., 2009), shows two distinct peaks of the LIG highstand
occurring at 126-121 ka and 119-115 ka, respectively (Fig. 4). How-
ever, while for the early peak at ~124 ka there is a 95% probability that
the sea-level was between 3.5 m and 10.0 m a.s.l., during the later peak
at ~118 ka there is a 95% probability that it was between —9 and 10 m
a.s.l. (Fig. 4). Therefore, the elevation of the later sea level highstand
peak is associated with a substantially higher uncertainty than the older
one, and there is a significant probability that it was substantially lower
than the earlier peak or even below the present sea-level (Fig. 4). In this
regard, and in a very general sense, without specific consideration of

GIA, the morphostratigraphic and chronological evidence from Grotta
delle Capre, indicating that after 123 ka the sea-level definitively fell at
elevations <3 m a.s.l., is in agreement with the uncertainty associated
with the second LIG RLS peak, in fact suggesting that on the Tyrrhenian
coasts of central Italy this possible later LIG sea-level rise would have not
occurred and in any case would have not exceeded this height (Fig. 4).

Several numerical GIA models indicate that the RSL highstand could
have occurred in many sectors of the Mediterranean at different times
and elevations (Antonioli et al., 2018; Stocchi et al., 2018; Bini et al.,
2020). According to Antonioli et al. (2018) in the tectonically stable
areas of the Mediterranean, the elevation of the LIG highstand, indicated
by tidal notches, ranges from ~2 to ~12 m a.s.l., with a mean of 5.7 m a.
s.l. Such variability was interpreted as small land movements, deriving
from slow crustal processes, which occurred also in apparently more
stable areas. Antonioli et al. (2018) compared these altitudinal differ-
ences against GIA model predictions from a suite of ice-sheet models. In
particular, they used here different GIA models: (i) ICE-5G, of Peltier
(2004), is a model that describes the ice-sheet thickness variations over
North America, Eurasia, Greenland and Antarctica from 26 ka to pre-
sent. For this time span, ICE-5G was constrained by the means of
geological RSL data and modern geodetic observations (Peltier, 2004).
Prior to 26 ka, the ice-sheet growth is tuned to the !0 curve of Lisiecki
and Raymo (2005). (ii) CE-6G is instead an implementation of the ICE-
5G model (Peltier et al., 2015). Finally, (iii) ANICE-SELEN (e.g. de Boer
et al., 2017) describes the global ice-sheet fluctuations that follow the
5180 curve of Lisiecki and Raymo (2005) stack and that dynamically
account for all the GIA feedback.

Their results indicated that the GIA signal is not the main cause of the
observed highstand variability and that other mechanisms are involved.
Interestingly, Antonioli et al. (2018) recalculated the predicted eleva-
tion between ~120 ka and ~115 ka using the ANICE-SELEN model
(Fig. 5), which, at least in terms of the maximum LIG RSL elevation, is in
relatively good agreement with the RSL highstand markers at Grotta
delle Capre.

Specifically, the modelled data indicate that the predicted RSL
elevation for Grotta delle Capre and Infreschi Cave is at ~8 m, i.e.,
slightly lower than the elevation of the RSL markers measured at both
sites. These small differences can be accounted by model inaccuracy
and/or the previously mentioned tectonic movements. However, the
same ANICE-SELEN model suggests that maximum RLS was reached
quite late during the LIG, between 120 and 117 ka (Fig. 5), thus in
contrast with the replicated and stratigraphically robust chronological
data from Grotta delle Capre and Infreschi Cave indicating that at
~120-123 ka RSL had already dropped below ~3 m a.s.l (Fig. 5).
Moreover, the ANICE-SELEN model, though reproducing quite well the
second, but not well-constrained, sea level rise during the second half of
the LIG, fails in reproducing the earlier and statistically well-constrained
peak of the LIG highstand, as reconstructed by Kopp et al. (2009)
(Fig. 5). On the contrary, as the ICE-6G and ICE-5G RSL modelled curves
are concerned, if on one hand they appear in agreement with our
chronological data, i.e., they predict a similar early fall of the sea-level at
~122-120 ka, on the other they fail in reproducing the magnitude of the
local RSL, as they predict a maximum RLS of only 4 m a.s.l. (Fig. 5).
These mismatching can be accounted for the obvious differences in the
input data and boundary conditions of the models. With this regard, our
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Fig. 5. Comparison between selected, high-precision and high 2*°Th/232Th activity ratio (>40; i.e., little age correction) of terrestrial limiting points from Italian
coastal caves on Tyrrhenian Sea (Grotta delle Capre, this study; Infreschi Cave, Bini et al., 2020; Guattari Cave, Rolfo et al., 2023), the GIA models ANICE-SELEN
(Antonioli et al., 2018); ICE-6G and ICE-5G (Peltier et al., 2015; Peltier, 2004) and the global sea-level record from Kopp et al. (2009).

data may provide useful constraints to reduce the degree of assumptions
and the uncertainties of the input data and thus helping their
improvements.

6. Summary and concluding remarks

A new survey at Grotta delle Capre confirms that there are two main
sea-level markers, represented by a clear retreat point of the notch and
the upper limit of Lithophaga borehole band at ~9.5 m a.s.l., interpreted
as indicators of the highstand during the LIG. These sea-level indicators
appear to be associated with a beach deposit, the depositional top sur-
face of which ranges in elevation from ~3 m a.s.l., at the cave entrance,
to ~7 m a.s.l,, in the innermost cave room. A suite of U/Th dating of a
speleothem growth directly on this marine unit at an elevation of ~3 m
a.s.l. indicates that the influence of the sea was no longer recorded in the
cave after ~123 ka, and that before this age the RSL dropped by 6 m at
least. This basal speleothem is in turn covered by a 4.5 m-thick succes-
sion of continental deposits, containing a second speleothem laying at
~4 m a.s.l., dated by U/Th methods to be between ~112 ka and 110 ka,
and the Mediterranean tephra marker Maddaloni/X-6 of ~109 ka,
which indicates that no further sea-level oscillation >3 m during the LIG
is recorded in Grotta delle Capre.

Overall, our data support the notion of very short duration sea-level
LIG highstand and of a likely rapid drop from ~9 m a.s.l. to <3 m. a.s.l.
before ~123 ka. This is in agreement with previous stalagmite evidence
indicating that along the Tyrrhenian coast the RSL during the LIG
highstand dropped for several meters at some time between its
maximum height, presumably in the interval 129-123 ka, and prior to
120 ka (Bini et al., 2020). These data are in good agreement with the
probabilistic assessment of the global sea-level by Kopp et al. (2009) and
with the RSL curve proposed by Rohling et al. (2019), both showing a
complex history of the sea-level variations, with at least two prominent
oscillations within the LIG. Specifically, our data fit very well with the
early (126-120 ka) statistically more robust peak of the LIG global sea-
level of Kopp et al.’s (2009) reconstruction, while they indicate that the
late peak (119-115 ka), which is associated with a higher uncertainty, if
occurred, on the Tyrrhenian coast did not exceed the height of 3 m a.s.1.
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On the contrary, the present and previous U/Th-dated terrestrial
limiting points of the LIG highstand on Tyrrhenian coasts are not
completely captured by the model output proposed in Antonioli et al.
(2018) and suggest a shorter duration of the highstand compared, for
instance, with data from Mallorca Island in the western Mediterranean.
Our results and their comparison with evidence from the literature ev-
idence confirm that the overall framework of the LIG sea-level dynamic
is extremely complex and far from being a coherent one. More high-
resolution stratigraphic and chronological investigations are thus
needed to reduce uncertainties in reconstructing the LIG RSL records
and in GIA numerical models, which are fundamental for understanding
the cryosphere and sea-level dynamics during this warm period, also as a
potential long-term scenario of the future sea-level rise under the cur-
rent global warming.
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