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ABSTRACT

The timing, duration and evolution of sea level during the Marine Isotope Stage 5e (MIS 5e) highstand is
a subject of intense debate. A major problem in resolving this debate is the difficulty of chronologically
constraining the sea level fall that followed the peak of the highstand. This was mainly controlled by ice-
sheet dynamics, the understanding of which is relevant for assessing future sea-level behavior due to
global warming. Here we use stratigraphical and geochoronological (U/Th dating and tephra finger-
printing) evidence from the Infreschi archaeological cave (Marina di Camerota, Southern Italy) to
constrain relative sea level (RSL) evolution during the MIS 5e highstand and younger stages. Uranium-
thorium dating of speleothem deposition phases places the maximum highstand RSL at 8.90 + 0.6 m
a.s.l, as indicated by the near-horizontal upper limit of Lithophaga boreholes measured for along a
~3.5 km coastal cliff section. Geochronological data show that RSL fell more than 6 m before ~120 ka,
suggesting a duration of the Last Interglacial highstand significantly shorter than proposed in some
previous studies. Modelling shows that the RSL trend predicted by the ICE-5G and ICE-6G ice-sheet
simulations is consistent with our data, but requires an additional significant reduction of both
Greenland and Antarctic ice sheets to match the height of the local maximum highstand if no correction
for tectonics is applied. Reconciling field data and models requires an earlier and likely shorter duration
of the MIS 5e highstand. This suggests that our new data can constrain global ice-volume variations
during the penultimate deglaciation, as well as glacial inception at the end of the Last Interglacial. Ac-
cording to our chronology, there is no local evidence of higher-than-present-day sea levels after 120 ka.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

well documented (e.g., Miller and Douglas, 2004; Clarke et al.,
2016). Addressing outstanding questions and challenges

Sea-level rise as a direct consequence of global warming is now regarding rates, magnitudes and sources of future sea-level rise

requires integration of ice-sheet, sea-level and solid-Earth
geophysical models supported by dense, globally distributed and
well-dated relative sea-level (RSL) records (Dutton et al., 2015). The
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Last Interglacial (LIG), which occurred during Marine Isotope Stage
5e (MIS 5e), was a period of warmer temperature (e.g., 0.5—1.0 °C
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higher than pre-industrial values (Kaspar et al., 2005; Otto-Bliesner
et al., 2013; Fischer et al., 2018). Due to this higher average global
temperature, ocean thermal expansion (McKay et al., 2011) and
massive ice melting produced a global sea-level at ~6 to ~8 m above
the present one (e.g., Kopp et al., 2009; Dutton and Lambeck, 2012;
O'Leary et al.,, 2013; Dutton et al., 2015), making the LIG a key period
for evaluating current and future scenarios of sea-level rise. How-
ever, despite extensive investigations, conflicting interpretations
on the different factors underlying the eustatic sea level during LIG
persist. Uncertainties concerning the contributions of Greenland
and Antarctica ice-sheet melting during the LIG (Dutton and
Lambeck, 2012; O’Leary et al., 2013; Dutton et al., 2015; Rohling
et al.,, 2019) result in different conclusions on the global sea level,
presenting challenges for the correct understanding of the effects of
future climate change. Similarly, the timing and rate of ice accu-
mulation and related sea-level drop at the end of the LIG is also the
subject of ongoing debate (e.g., Stirling et al., 1998; Moseley et al.,
2013; Rohling et al., 2019).

The Mediterranean coast preserves a wide range of sedimentary
and geomorphologic proxies related to the LIG highstand. These
have been locally termed “Tyrrhenian” (Issel, 1914; see review in
Asioli et al, 2005 and references therein). Previous work has
identified at least two separate highstands (e.g. Bonifay and Mars,
1959), namely the “Eutyrrhenian” (assigned at ca. 125 ka, i.e.
correlative to MIS 5e) and the “Neotyrrhenian” (assigned at ca. 100
ka or ca. 80 ka, that is, correlated to MIS 5a and MIS 5c). Although
the recent accurate dating of Eutyrrhenian and Neotyrrhenian de-
posits on Mallorca has demonstrated they are both related to the
MIS 5e highstand (Mubhs et al., 2015), both earlier and more recent
studies provide an inconsistent framework of the chronology and
magnitude of MIS 5 sea-level oscillations. (i.e., Hearty et al., 1986;
Mauz, 1999; Vesica et al., 2000; Jedoui et al., 2003; Zanchetta et al.,
2004; Marra et al., 2019).

Two main sources of uncertainty in MIS 5 sea-level in-
vestigations in the Mediterranean lie at the heart of many of the
current disagreements. The first concerns the integrity of the sea-
level markers, which need to be collected with accurate elevation
measurement and robustly related to contemporary mean sea level
(e.g., the indicative meaning: Van De Plassche, 1986; Shennan et al.,
2015). Strict adherence to these principles has not always been the
case, especially in older studies, even if rigorous approaches have
been followed in more recent work (Rovere et al., 2016). The second
concerns the quality of the geochronological data, which has been
obtained using different dating methods (e.g., thermoluminesce
and/or optical-stimulated luminescence Mauz, 1999; amino-acid
racemization, Hearty et al., 1986; U/Th, Vesica et al., 2000), each
with its own degree of uncertainty and analytical limits. For
example, many U/Th radiometric ages have been obtained on
mollusk shells, in spite of the well-known issue of U mobility (e.g.,
Ivanovich et al., 1983; Hillaire-Marcel et al., 1996; Mubhs et al., 2015).

For the Mediterranean region, there is scant radiometric data
constraining the beginning of the RSL fall after the LIG highstand
(Lorscheid et al., 2017; Ferranti et al., 2006). The availability of these
data are vital for constraining the melting of Greenland and
Antarctica ice sheets in response to global warming scenarios
(Stocchi et al., 2018).

In this paper, we combine U/Th dating and tephrochronological
data to constrain the timing of the RSL in a LIG sequence at Grotta di
Infreschi (Marina di Camerota, Southern Italy, hereafter Infreschi
Cave, Fig. 1) and compare these data with geophysical model RSL
predictions. The data provide age limits on the phase of RSL
decrease that followed the local MIS 5e highstand, and can shed
new light on global ice-sheet dynamics immediately preceding and
following the LIG.
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2. Geological setting

Infreschi Cave (39°59'57”N, 15°25’33”E) is located on the Cilento
Promontory, southern Italy, a large structural high between the
Gulfs of Salerno and Policastro, ca. 4.5 km east of Marina di
Camerota (Fig. 1). The cave is part of a larger, almost circular
embayment (Baia d' Infreschi), and has formed in bedrock mainly
composed of limestones and cherty limestones of the Mt. Bulgheria
Mesozoic-Cainozoic units (Ascione et al., 1997). Limestone has been
intensively karstified and several caves partly destroyed and/or
modified by marine abrasion (Esposito et al., 2001).

Esposito et al. (2003) described the general stratigraphy of the
cave. Sarti (1996) and Martini (2015) reported preliminary strati-
graphic data on the continental infilling succession containing
archaeological remains attributed to the Neanderthal presence in
Middle Palaeolithic (research by L. Sarti in 1977—1985). Esposito
et al. (2003) performed two U/Th ages (111.9 + 11.0 and 91.7 + 8.2
ka) on some flowstones using the alpha-counting method and
interpreted the whole succession as substantially younger than MIS
5e, with the marine deposits correlated to the highstands of MIS 5a
and 5c. The evidence of marine highstands are represented in the
Baia di Infreschi by beach deposits and boreholes of the Lithophaga
lithophaga, which show a clear horizontal-to-sub-horizontal upper
limit.

From a geodynamic point of view, the area is dominated by
extensional tectonics linked to counterclockwise rotation of the
Italian peninsula related to the roll back of the lithospheric slab
(e.g., Facenna et al., 2013). In terms of the elevation of MIS 5e de-
posits, Ferranti et al. (2006) consider the area to be relatively
tectonically stable, with vertical movement estimates from
~0.03 mm/yr to ~0.07 mm/yr for the last ~125 kyr. The area is
microtidal with maximal ranges of ca. + 0.2 m (Naples Tidal Station;
https://www.mareografico.it [accessed 29/01/2020]).

3. Material and methods
3.1. Fieldwork

Fieldwork was conducted between 2017 and 2018. Altitude
measurements were obtained using a graduated rod equipped with
a spirit level (repeated measurements on the same sea-level in-
dicators yielded associated errors of < +0.1 m; Zanchetta et al.,
2014; Bini et al., 2018) and referenced to local biological mean
sea-level indicators (Vacchi et al., 2020), which has often been used
to determine the mean sea level with reasonable accuracy (+0.1 m)
in microtidal Mediterranean settings (Laborel and Laborel-Deguen,
1996; Schembri et al., 2005; Vacchi et al., 2020). All elevations are
expressed in metres above sea-level (m a.s.l.). The final elevation
error associated with our measurements is < 0.2 m. Fieldwork was
focused on Infreschi Cave. However, in order to have a clearer and
broader framework of the general tectonic behavior (i.e., homoge-
nous vs variable uplift rate), we measured the elevation of the top
of Lithophaga boreholes along the cliffs surrounding the Baia di
Infreschi and near Marina di Camerota ca. 3.5 km apart (Fig. 1c).
Lithophaga (date or boring mussels) live in the range of the upper
limit of the infralittoral zone down to more than —30 m (Laborel
and Laborel-Deguen, 1996). However, the highest concentrations
are in the top few metres and their upper limit coincides closely
with sea level (Péres and Picard, 1964; Laborel and Laborel-Deguen,
1996; Rovere et al., 2015). Once clearly identified, the upper limit of
the Lithophaga boreholes is considered a good indicator of past RSL
(e.g. Ferranti et al., 2006; Rovere et al., 2016). Fig. 1 shows the po-
sition and elevation of the upper limit of the Lithophaga boreholes
in the Baia di Infreschi and surroundings. Fig. 2 shows the


https://www.mareografico.it

M. Bini, G. Zanchetta, R.N. Drysdale et al.

Quaternary Science Reviews 250 (2020) 106658

0° 9° 18°
a)
451 5= S

a5y

Salerno
Gulf

36°H

Marina di
Camerota

8.6 Elevetion (m) of the
| O lithophaga boreholes
3 i T, o

7

_ Baia
':,T'd ’Infreschi

Fig. 1. Reference maps. a) and b) Location maps. Satellite imagery from Google Earth (imagery sources copyright 2014 Google and 2020 Maxar Technologies); c) sections where
Lithophaga boreholes upper limit is identifiable. Lidar dada are from the Geoportale Nazionale http://www.pcn.minambiente.it/mattm/.

reconstructed stratigraphy of the cave integrated with the detail of
the archaeological section (Sarti, 1996). The field survey, corrobo-
rated by new U/Th dating, allowed us to produce a new suite of sea-
level data (e.g., index and limiting points) according to the protocol
described by the International Geoscience Programme (IGCP) pro-
jects 61, 200, 495, 588, and 639 (e.g., Shennan et al., 2015; Padgett
et al..,, 2018; Khan et al., 2019).

3.2. U/Th dating

Samples for U/Th dating were selected in the field with the
intention of chronologically constraining phases of speleothem
concretions growth, which also infill boreholes following sea-level
fall, using the lowest and outermost parts, and discarding concre-
tions with obvious weathering. The selected blocks were extracted
using a battery drill, cut and polished in the laboratory, then sub-
sampled for dating using a dental drill at the Laboratory of Paleo-
climatology and Geoarcheology, Department of Earth Sciences,
University of Pisa. Samples were selected with the aid of thin sec-
tions to avoid potentially weathered samples and/or clastic-rich
calcites. The U/Th dating was performed at the School of Earth
Sciences, University of Melbourne, following the method described
by Hellstrom (2003). Samples were dissolved and a mixed
236_233y_229T spijke was added prior to removal of the car-
bonate matrix with ion-exchange resin. A purified U and Th fraction
diluted in nitric acid was introduced into a multicollector

inductively coupled plasma mass spectrometer (MC-ICPMS Nu-
Instruments Plasma). The 23°Th/?38U and 234U/?38U activity ratios
were calculated from the measured atomic ratios using a stan-
dardized parallel ion-counter procedure and calibrated against the
HU-1 secular equilibrium standard. Correction for detrital
contamination was applied following the method described by
Hellstrom (2006) using an initial activity ratio of detrital thorium
(23°Th/232Th); of 1.5 + 1.5 (Table 1).

3.3. Tephra major element analyses

The major element composition of glass and pumice fragments
from the tephra Inf-1 embedded in the inner part of the archaeo-
logical stratigraphic succession infilling the cave (Fig. 2) was
measured to geochemically fingerprint the tephra and correlate it
to a known and dated eruption. Analyses were performed using a
wavelength-dispersive electron microprobe (WDS-EMPA) (Sup-
plementary, Table S1) at the laboratory of the Istituto di Geologia
Ambientale e Geoingegneria of the Italian National Research
Council (IGAG-CNR) (Rome, Italy) using a Cameca SX50 electron
microprobe equipped with a five-wavelength dispersive spec-
trometer. Operating conditions were set to 15 kV accelerating
voltage, 15 nA beam current, 10—15 um beam diameter, and 20 s per
element counting time; Wollastonite (Si and Ca), corundum (Al),
diopside (Mg), andradite (Fe), rutile (Ti), orthoclase (K), jadeite
(Na), phlogopite (F), potassium chloride (Cl), barite (S), and metals
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Fig. 2. Lithostratigraphic Units (LU) and geochronology of Infreschi Cave (modified after Esposito et al., 2003). The height scale is indicative to make it possible to view all the units.

Table 1
Corrected (in bold) and uncorrected U/Th (italic) ages. The activity ratios have been standardized to the HU-1 secular equilibrium standard, and ages calculated using decay
constants of 9.195 x10~° (>3°Th) and 2.835 x 10~ (***U). *Molluscs.

Field Sample ID 233U (ng/g) [>3°Th/?*8U]
(altitude m asl)

[>*U/%U] Ageunc ka (95%) [**Th/***U] [#°Th/>*’Th] Agecorr (ka)

(95%)

Lab. Sample ID [234U/238U);

UMD180823-345 INF18/1A (4.12) 230 0.8939 (0.0023)  1.0318 (0.0016) 214.20 (2.10)  0.009439 (0.000072) 90.74 212.74 (2.58) 1.0579 (0.0027)
UMD180823-349 INF18/1B (4.12) 272 0.9327 (0.0028)  1.0390 (0.0017) 239.50 (3.10) ~ 0.004745 (0.00032)  196.47 196.47 (3.22) 1.0765 (0.0032
UMD180823-340 INF18/3A (4.51) 237 0.8674 (0.0027)  1.0262 (0.0016) 199.97 (2.07) 0.005496 (0.000061) 157.8 199.11 (2.25) 1.0460 (0.0027)
UMD180823-344 INF18/3B (4.51) 272 0.8771(0.043)  1.0266 (0.0016) 206.19 (3.17)  0.004279 (0.000035) 205.0 205.53 (3.28) 1.0475 (0.0027)
UMD180823-386 INF18/5A (2.86) 148 0.6721 (0.0025)  1.0366 (0.0023) 112.94 (0.89) 0.008260 (0.000050) 81.4 111.65 (1.58) 1.0502 (0.0031)
UMD180823-420 INF18/5B (2.86) 166 0.6774 (0.0031)  1.0341 (0.0016) 115.06 (0.99) 0.003402 (0.000021) 199.1 114.53 (1.33) 1.0471 (0.0022)
UMD180823-362 INF18/4 (3.71) 401 0.7068 (0.0033)  1.0478 (0.0018) 120.84 (1.10)  0.000950 (0.000006) 744.1 120.67 (1.12) 1.0672 (0.0025)
UME190501-284 INF18/4A (3.73) 354 0.7079 (0.0023)  1.0488 (0.0015) 120.41 (0.96) 0.00334 (0.000067) 212.3 120.35 (0.93) 1.0685 (0.0021)
UME190812-343 INF18/4B (3.76) 504 0.7065 (0.0033)  1.0454 (0.0020) 120.15 (1.66) ~ 0.0007452 (0.00014) 93.7 120.09 (1.66) 1.0639 (0.0028)

UME190501-222
UME190501-218
UME190812-328
UMD180831-271
UME191014-374

INF18/2G (1.70)*
INF18/2E (1.70)*
INF18/2F (1.70)*
INF18/2A (1.70)*
INF18/2 (1.70)*

887
1318
1300

680

0.74935 (0.00226) 1.1300 (0.0015) 115.10 (0.68)
0.85291 (0.00148) 1.1687 (0.0013) 135,78 (0.58)
0.88059 (0.00373) 1.1645 (0.0020) 145.71 (1.38)
0.5539 (0.0018)  1.0819 (0.0016) 77.343 (040)
0.63727 (0.00193) 1.0643 (0.0019) 98.33 (0.58)

0.0004187 (0.000008) 17895.3
0.0001965 (0.000004) 43400.7
0.0004981 (0.000010) 17680.2
0.000054 (0.000001) 10350.8
0.000063 (0.000001) 10132.3

115.03 (0.68) 1.1799 (0.0020)
135.72 (0.56) 1.2475 (0.0017)
145.66 (1.38) 1.2481 (0.0028)
7733 (0.41) 1.1019 (0.0019)
98.27 (0.57) 1.0848 (0.0025)
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(Mn) were used as standards. The Ti content was corrected for the
overlap of Ti—K a peaks. In order to evaluate the accuracy of the
electron-microprobe analyses, two international secondary stan-
dards (Kakanui augite and rhyolite RLS132 glasses from the United
States Geological Survey) were measured prior of each analytical
run. Details of the test results are reported in the Supplementary
Table 2.

3.4. Sea level and glacial- and hydro-isostatic adjustment
modelling

We investigated the contribution of glacial and hydro-isostatic
adjustment (GIA) by means of forward numerical modelling. The
GIA processes that locally modulate RSL change in response to ice-
sheet fluctuations are described by the so-called sea-level equation
(SLE; Farrell and Clark, 1976; Mitrovica et al., 1994; Stocchi and
Spada, 2007). We solve the gravitationally and rotationally self-
consistent SLE by means of the pseudo-spectral approach (Milne
and Mitrovica, 2003; Stocchi and Spada, 2007). We account for
time-dependent ocean functions (i.e. variable coastlines in time)
and geocentric motion (Degree one). Solid Earth is assumed to be
spherically symmetric, deformable but not compressible and radi-
ally stratified (Spada et al., 2004), and all the parameters depend on
the radius (1D rheological model) characterized by linear Maxwell
viscoelastic rheology. A purely elastic lithosphere and Maxwell
viscoelastic mantle is divided into four layers based on the VM2
discretization (Peltier, 2004).

We employed ICE-5G and ICE-6G ice-sheets models (Peltier,
2004; Peltier et al., 2015), which describe continental ice thick-
ness variations from 123 ka to the present-day. In order to simulate
the actual MIS 5e transgressive peak that is also affected by the GIA

M
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signal from Termination Il melting, we duplicate and combine each
chronology in series, thus covering two glacial-interglacial cycles
(from 246 ka to present day). In doing so, we are forced to make the
crude assumption that the MIS 6 glacial maximum was equal to the
Last Glacial Maximum (LGM), but geological and modelling evi-
dence suggest that this was not the case (Lambeck et al., 2006;
Colleoni et al., 2016; Creveling et al., 2015; Dendy et al., 2017;
Rohling et al., 2017).

4. Results
4.1. A revised Infreschi stratigraphy

The Infreschi succession represents the remnant of a partially
collapsed cavern, and contains seven main litostratigraphic units
(LU) developed on the local carbonate substratum (Figs. 2—4). The
older unit is a cemented gravelly beach deposit in a sandy matrix
with sparse fossils (LU-1, Figs. 2 and 4a), directly resting on the
vertical wall of the cave and discontinuously outcropping in the E
side of the cave. This unit is covered by flowstone on top of which
some stalagmites have grown (LU-2, Figs. 2, 3 and 4d). The general
draping shape of the flowstone and the morphology of LU-1 indi-
cate that LU-1 experienced a first phase of erosion and dismantling
followed by the flowstone draping. Both surfaces of LU-1 and LU-2
units are densely riddled with Lithophaga boreholes (Figs. 2, 3 and
4d,e). In both sides of the cave, the Lithophaga boreholes terminate
in a straight horizontal front at ~8.70 m a.s.l. on the vertical cave
walls (Fig. 3).

A second gravelly, poorly-to-well cemented beach deposit with
a sandy matrix rests on the cliff (LU-3, Figs. 2 and 4b). LU-3 contains
abundant remains of Chama sp. mollusks, and is overlain by well-

Fig. 3. General view of the western sector of the Infreschi Cave with the main morpho-stratigraphical features highlighted.
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-0

Fig. 4. Features of the main lithostratigraphic units (LU) recognized at Infreschi Cave. a: LU-1 beach deposits. Note the surface intersected by numerous Lithophaga boreholes; b:
Beach deposits of the LU-3; c: view of the LU-7 archaeological deposit with the tephra layer correlated with the X-6 regional marker; d: contact between the LU-1 beach deposits
and the first phase of speleothem deposition (LU-2). Note the surface of LU-2 with numerous Lithophaga boreholes; e: LU-1 with Lihtophaga boreholes with infilling of speleothem

calcite; f: Aeolian sands (LU-4) with typical cross-stratification.

stratified and well-sorted medium sands of aeolian origin (LU-4,
Figs. 2, 3 and 4f). Both LU-3 and LU-4 have buried the Lithophaga
boreholes, indicating they are younger than the boreholes (Fig. 3).
This succession is capped by a red paleosol (LU-5) containing
~50—60 cm of a reworked white volcanic ash layer (sample Inf-0)
showing centimetric alternation of fine to coarse ash. The succes-
sion has been partially eroded and dismantled, and is capped by a
phase of flowstone deposition (LU-6, Figs. 2 and 3) that forms a
complex succession of draperies over the wall surface covering
almost all previous LUs. The succession described thus far was
completely carved and then filled by a succession of continental
deposits (LU-7, see Figs. 2, 3 and 4e), resting on LU-3 and cover
blocks containing Lithophaga boreholes and the cave walls. These
deposits comprise a complex succession of blocks, breccias with a
reddish matrix, and sandy-to-silty deposits, containing Middle
Paleolithic artifacts and bone remains (“Musterian”, Sarti, 1996;
Martini, 2015, Figs. 2 and 4c). Importantly, the lower part of this
continental clastic succession contains a decimetric-thick and
massive tephra layer (Inf-1, Figs. 2 and 4c). Large blocks and boul-
ders probably representing the final collapse of the cave structure
seal the whole succession.

In Infreschi Cave, and in the greater part of the Baia di Infreschi
and the area of Marina di Camerota, there is a very clear evidence of
the upper limit of the Lithophaga boreholes. The mean altitudinal

values of the upper limit measured in four sections where it can be
followed reasonably well over a distance of ca. 3.5 km, is 8.7 + 0.6 m
a.s.l. (Figs. 1 and 3).

4.2. Uranium—Thorium chronology

The top and the very base of the LU-2 flowstone-stalagmite
system were dated using U/Th, returning an age range of ~240-200
ka (Fig. 2 and Table 1). The age reported by Esposito et al. (2003) for
this unit was ~111 ka. Three samples from different speleothem
calcite Lithophaga borehole fillings, representing the early stages of
the LU-6 concretion phase (Fig. 2; 4e) and collected at ca. 3.70 m
a.s.l., yielded consistent ages of ~121-120 ka (Fig. 2 and Table 1).
This is in agreement with the outer samples of the LU-6 flowstone
collected at 2.86 m a.s.l., which yielded two ages of ~115 and ~112
ka. This latter unit was dated by Esposito et al. (2003) at ca. 90 ka.
This is more consistent with our data, as Esposito et al. (2003) may
have sampled a younger portion of this flowstone deposition phase.
Considering the consistency of our U/Th dating for LU-2, and the
good agreement with Esposito et al. (2003) for LU-6, we believe
that, rather than a problem of dating (MC-ICPMS can have 20—40
better accuracy than alpha dating, e.g., Hellstrom, 2006), the
marked difference in the dating results for LU-2 (i.e., ~240—200 ka
vs ~111 ka) suggests a sampling problem, which, due to the complex
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Fig. 5. Representative major elements composition for the tephra layer Inf-1 from LU-7 of the Infreschi succession and the equivalent tephras. a) Total alkali versus silica clas-
sification diagram (left; Le Bas et al., 1986) and CaO/FeO vs Cl source-discriminating diagram (right; Giaccio et al., 2019) for the layer Inf-1 and for the major Campi Flegrei tephra
markers spanning the 115—40 ka interval. b) Selected bi-blots for the Inf-1, Campanian Ignimbrite and X-6 tephra, showing that the best geochemical matching is with the X-6

tephra (data source are reported in legend). For comparison, the composition of Layer G of

draping of the different generations of flowstone-stalagmite, can
locally be overlapped by the younger LU-6.

Finally, series of subsamples from two different individuals of
Chama sp. shells collected from the LU-3 beach deposits yielded
inconsistent ages between ~77 and 145 ka (Fig. 2).

Grotta del Cavallo, correlated to the X-6 tephra (Zanchetta et al., 2018), is also shown.

4.3. Tephra glass composition

The tephra layer Inf-0 within LU-5 is highly altered and,
although sampled at different points, yielded no suitable samples
for chemical analyses.
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Glass shards from the Inf-1 tephra embedded in LU-7, within the
archaeological succession, instead show good preservation, and are
well-suited for EMPA-WDS analyses. The volcanic glass has an
almost homogenous trachytic composition (Fig. 53, left), featuring a
SiO, content ranging between ~62.8 wt % and 61.2 wt % and by a
relatively narrow variability of the K;0/NayO ratio (~1.7—0.9). As a
whole, the composition of this layer shows the typical features of
Campanian tephras (e.g., Tomlinson et al., 2012, 2015). In particular,
according to the CaO/FeO vs Cl discriminating diagram (Giaccio
et al., 2017, 2019), it can be ascribed to Campi Flegrei, with which
it shares a similar high content of Cl (~0.5—1.0 wt%) and relatively
low CaO/FeO (~0.5—0.6).

4.4. Numerical models

The gravitationally self-consistent GIA modelling shows that the
area is affected by subsidence. Here, the dominant signal is the
water-loading term, which causes a generalized subsidence of the
centre of the Mediterranean Sea (Lambeck and Purcell, 2004;
Stocchi and Spada, 2007; Stocchi et al., 2018). The viscous response
of the Earth’s mantle drives a monotonous RSL rise (solid curves in
Fig. 6a) that delays the crossing of present-day mean sea level with
respect to eustatic sea level (dashed curves in Fig. 6a). Both ice-
sheet chronologies show that the eustatic sea level is very close
to the present-day at 127.5 ka. However, the GIA keeps the local RSL
~1 m lower than today at 127.5 ka, and then drives a monotonous
~1.5 m rise until 123.5 ka for both models. Interestingly, this shows
that the difference in MIS 6 glacial configuration between ICE-5G
and ICE-6G can no longer be appreciated in this area, and the GIA

signal is purely dominated by the Earth’s mantle rheology.

The sudden eustatic jump at 123 ka that characterizes both
models is an artefact of the repetition in time of two consecutive
chronologies. ICE-5G is characterized by a ~1 m rise mostly driven
by Greenland Ice Sheet (GrIS) melting, while ICE-6G is character-
ized by ~ 3.5 m rise stemming from both GrIS and Antarctic Ice
Sheet (AIS) melting. A sudden RSL drop follows the highstand in
both models and the crossing of the present-day mean sea level is
again delayed with respect to the eustatic (dashed curves) by the
viscous response of the mantle.

We further modify the two ice-sheet chronologies by extending
the highstand peak between 123 and 127.5 ka through the scaling
of GrIS and AIS thickness (Fig. 6b). The results show that an
extended highstand period results in a ~0.5 m higher peak at 123 ka
in response to the GIA-induced subsidence The deviation of the
local GIA-modulated RSL curve from the eustatic curve further in-
creases when 2000 years of static ice-sheets volume are added to
the chronology (Fig. 6¢). Accordingly, the longer relaxation time
allows the local GIA response to drive a higher maximum highstand
peak. Of course, this pattern strongly depends on the mantle vis-
cosity profile as well as other rheological parameters that describe
the solid-Earth model (Stocchi et al., 2018).

Considering the Infreschi RSL morpho-stratigraphic data, and
especially the elevation of the Lithophaga boreholes at ca. 9 m a.s.l.
(see sections 4.1. and 4.2), we also performed a second run by
scaling the GrlS and AIS thickness to approach the elevation of the
observed RSL biomarkers (Fig. 6d). The predicted GIA trend remains
the same, but the maximum highstand is now higher (Fig. 6d). We
applied a further modification by including a two-step highstand in
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both ice-sheet chronologies: the maximum eustatic highstand is
maintained until 125 ka and is then lowered to the original value at
124.5 ka (Fig. 6e). Accordingly, the GIA results in a small RSL rise
(secondary fluctuation) between 124.5 and 123 ka (Fig. 6e). Finally,
we also allow for a linear ice thickness increase between 125 and
120 ka, which results in a monotonous RSL drop (Fig. 6f).

5. Discussion
5.1. Tephra correlation

Considering the U/Th chronology and archaeological con-
straints, the tephra Inf-1 in LU-7 should be younger than ~115 ka
and likely older than ~40 ka (late Marine Isotope Stage 3, MIS 3),
which is the uppermost limit of the Mousterian (Higham et al.,
2014). The tephra could thus be associated with a number of
Campi Flegrei, or Campi Flegrei-like, tephras known from the
115—40 ka interval, among which the Campanian Ignimbrite (CI), C-
22, X-5 and X-6 are the most widespread (e.g., Bourne et al., 2010;
2015; Wulf et al., 2012; Giaccio et al., 2012; 2017; 2019; Insinga
et al., 2014; Sulpizio et al., 2010; Tomlinson et al., 2015; Leicher
et al.,, 2016).

The total-alkali-versus-silica classification diagram allows
exclusion of many of these tephra layers, keeping as potential
correlatives only the CI and X-6 tephras (Fig. 5a, left). However,
although the glass composition of the CI and X-6 appear quite
similar, using some selected oxides, such as Al,03, Ky0, FeOyr,
which allow us to readily discriminate CI from X-6, the composition
of Infreschi 1 tephra matches very well that of X-6 (Fig. 5b). The X-6
tephra is an important and widespread tephra that in Mediterra-
nean marks the first pronounced stadial of MIS 5, corresponding to
Greenland Stadial GS24 or the North Atlantic cold event C23 (e.g.,
Sulmona Basin: Regattieri et al., 2015; Fucino Basin: Mannella et al.,
2019; Lake Ohrid: Zanchetta et al., 2016; Tenaghi Philippon: Wulf
et al,, 2018). Its best current radiometric dating has been deter-
mined by the °Ar/>*’Ar method of sanidine extracted from the
Sulmona and Tyrrhenian Sea X-6 tephra, which yielded the ages of

Infreschi paleoenvironment
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109.1 + 0.8 ka and 108.9 + 1.8 ka, respectively (Regattieri et al.,
2015; lorio et al,, 2014). This tephra has also been found within
“Musterian” layers at Grotta del Cavallo in southern Italy (Zanchetta
et al,, 2018), confirming the importance of this tephra in con-
straining the age of the Middle Palaeolithic of the Central
Mediterranean.

5.2. Palaeoenvironmental reconstruction

The results of the stratigraphical-geomorphological in-
vestigations indicate that the cave experienced two marine trans-
gressions and regressions, documented by the shallow marine
lithofacies of LU-1 and LU-3 and by the transitional-to-continental
lithofacies of LU-2, LU-4, LU-5, LU-6 and LU-7, respectively (Fig. 2).
Overall, this paleoenvironmental framework is similar to that
proposed by Esposito et al. (2003), but the more detailed morpho-
stratigraphical and geochronological data acquired in this study
allow us to better and precisely constrain the succession of
depositional-erosional events, which are summarized in the
following paragraphs.

The first evidence of marine deposits is LU-1 (Figs. 2 and 4a),
which is covered by the first phase of concretions of LU-2 dated to
MIS 7 (Fig. 2); consequently, LU-1 can be attributed to a previous
highstand, i.e., MIS 9e interglacial or earlier (Fig. 7; e.g., Lisiecki and
Raymo, 2005; Railsback et al., 2015).

After a long phase of emergence, during which the MIS 7
flowstone LU-2 formed (Fig. 7), Infreschi Cave experienced a second
marine transgression, which was responsible for the formation of
the Lithophaga boreholes up to an elevation of ~8.7 m and the
deposition of the beach deposits of LU-3 (Figs. 2, 3 and 4b). Because
both LU-1 and LU-2 are extensively burrowed by Lithophaga, the
ages of the LU-2 flowstone/stalagmites also constrain the chro-
nology of this second marine ingression, which has to be younger
than MIS 7. The upper chronological limit of this marine emergence
is precisely constrained by age of the morpho-stratigraphic markers
of the subsequent marine regression, represented by the speleo-
them deposition phase, which covers and/or fills the Lithophaga

Shallow marine I Lithophaga
Beach LU- LU-1?
Dune LU-4
Soil Uu-5
Speleothem LU-6 LU-2
Slope LU:7
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Elevation and age (2c uncertainty) of continental markers indicating that the relative sea level was below that given altitude.

Elevation and inferred age of the top of the Lithophaga boreholes indicating the maximum RLS of the MIS 5e highstand.

Minimum age (2c uncertainty) of the end of the MIS 5e highstand with a RLS lower than 2 m a.s.l.

Fig. 7. Chronology of the main stages of the paleoenvironmental evolution and Relative Sea Level (RSL) of the Infreschi Cave plotted against the benthic stack record from Lisiecki

and Raymo (2005).
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boreholes, and by the continental deposits containing the X-6
marker tephra (LU-6 and LU-7, Fig. 2). The U/Th dating of LU-6,
including the calcite that infills the Lithophaga boreholes (Fig. 2
4f), between ~120 and ~111 ka, and the X-6 tephra of ~109 ka,
precisely constrain the age of the Lithophaga boreholes to the
maximum highstand of MIS 5e (Fig. 7).

As far as the age of the shells in the beach deposits of LU-3 is
concerned, the scattered results between ~77 and ~145 ka merely
confirm the general unreliability of the age of these samples
because of the high mobility of U in shells (e.g., Muhs et al., 2015).
This is supported by the U content, which is higher than expected
for marine shells (e.g., >0.6 ppm, Ivanovich et al., 1983; Aliyev and
Sari, 2003), indicating post-mortem U uptake. However, the
234 /238U iiar activity ratio is close to (1.17 + 0.08), that expected
for marine carbonates (i.e., ~1.15; e.g. Hibbert et al., 2016; Medina-
Elizalde 2013). Whilst it is not decisive to assign a firm age for LU-3,
the position of the shells with respect to the LU-6 flowstone, which
developed above LU-3, links LU-3 to a late stage of the MIS 5e
highstand, postdating the phase of Lithophaga bioerosion that
occurred prior to 120 ka (Fig. 7).

Finally, the development of the dune deposits of LU-4, which
overlie the LU-3 beach deposits (Fig. 2), indicates a further marine
regression. Although no direct chronological indication is available
for this later stage of the sea level fall, it has to be younger than LU-
3, and older than the overlying LU-7, which contains the X-6 tephra
dated to ~109 ka (Fig. 2). This marks the definitive, full post-LIG
emergence of Infreschi Cave (Fig. 7).

5.3. Implications for the relative sea level during MIS 9(?)-MIS 5
highstands

The new dataset allows the production of a new suite of RSL
index and terrestrial limiting points (Table 2), which provides fresh
insights into sea-level positions for the last ~240 ka.

MIS 9e and MIS 7 — Our data cannot provide detailed infor-
mation for the relative sea level (RSL) during the MIS 9 (or an older
interglacial) and MIS 7 highstands; only qualitative conclusions can
be made. Specifically, considering, on one hand, the elevation of the
LU-1 beach deposits, possibly representing the MIS 9e, and the
absence of any marine evidence attributable to MIS 7, on the other,
we can just conclude that RSL during MIS 9e should have been >6 m
a.s.l. (Figs. 3 and 5), while during MIS 7 it was likely below present
sea level. This is consistent with the data on a submerged stalag-
mite from Argentarola Cave in central Italy (e.g. Bard et al., 2002).

MIS 5e — As described in section 4.2, Lithophaga boreholes show
a consistent pattern over a large area with a well identified, sub-
horizontal upper limit in particular in the Infreschi area. This in-
dicates that the investigated sectors of the coast have experienced
minimal differential tectonic uplift. Therefore, the upper limit
should closely represent the Mean Lower Low Water (mllw) level
that, in the Mediterranean (and specifically in the area), is ca.
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20—25 cm below Mean Sea Level (MSL, Laborel and Laborel-
Deguen, 1996), assuming a tidal range comparable to today.
Therefore, the horizontal line of the upper front of the Lithophaga
boreholes can be considered a close approximation for the RSL in
the area during MIS 5e highstand. Once corrected for the tidal
excursion of ~20 cm, this gives 8.90 + 0.6 m a.s.l. (Fig. 3). An
additional marker for RSL would be represented by the transition
between the gravel beach deposits of LU-3 and the aeolian sand of
the LU-4, which represents a terrestrial limiting point (i.e., a point
that constrains the RSL below a given elevation, Rovere et al., 2016).
Even though this limit is not chronologically well constrained, its
age should be younger than the highstand indicated by the Lith-
ophaga boreholes, but older than the U/Th of speleothems, indi-
cating the RSL was lower than or close to ~2 m a.s.l. before 120 ka
(Fig. 7). Speleothems can also be considered terrestrial limiting
points (Table 2) because their formation is not possible below sea
level. For this reason, the U/Th dating of the calcite speleothem
filling the Lithophaga boreholes is of particular interest to constrain
the RSL drop after the highstand peak. Three independent but
internally consistent U/Th ages indicate deposition of speleothem
calcite at ~120 ka. This should represent the oldest phase of LU-6
flowstone, implying that by ~120 ka at least ~6 m of sea level
lowering occurred from the highstand peak at 8.70 m a.s.l. (Fig. 7).
The top of the lower flowstone drape (LU-6, Fig. 2) indicates no RSL
rise occurred between 120 and 11 ka. This is further confirmed by
the ~109 ka age of the tephra layer within the lower portion of LU-7
containing the Paleolithic artifacts. The Infreschi Cave record
cannot tell us about the timing of the highstand, but ultimately it
indicates that RSL was already below at least 2 m a.s.l. before 120
ka.

According to the model outputs shows in Fig. 6, the initial dif-
ferences between the inferred and predicted RSL fluctuations,
either in the maximum vertical elevation or in the timing and
length of the RSL highstand, can be reduced by modifying the ice-
sheet chronologies, assuming no tectonic displacement of our
markers to higher or lower elevations.

In particular, the predicted RSL curves according to ICE-5G and
ICE-6G, although being characterized by lower highstands (be-
tween 2 and 4.5 m), reach the present-day sea-level elevation
before 120 ka; i.e. consistent with the observed drop of at least ~6 m
between 125 and 120 ka (Fig. 6a—c). However, because the viscous
response of the Earth’s mantle tends to delay the occurrence of the
transgressive peak and to reduce or increase its maximum eleva-
tion (with respect to the eustatic value) according to the duration
(time window), a ~6m RSL drop commencing by 125 ka implies that
the volumetric reduction of Greenland and Antarctic ice sheets was
significant, early and occurred relatively rapidly. This is, for
instance, in agreement with model simulations of AIS contribution
to global mean sea level performed by De Conto and Pollard (2016),
which show an early important contribution from the AIS, which
progressively decrease after ~125 ka. This is consistent also with

Table 2

New suite of RSL index points (IP) and terrestrial limiting points (TLP) produced in this study. IR is the indicative range. Elevations are expressed in m above the modern mean

sea level.
Dated facies Age (kyr) Elevation (m) IR RSL (m) Type
Upper limit of lithophaga holes 5e 8,7+06 mllw-msl 89+06 P
Speleothem 199,1 +2,2 45 +0,1 above msl <4,51 + 0,1 TLP
Speleothem 2055+ 3.3 45+0,1 above msl <4,51 + 0,1 TLP
Speleothem 2127 +2,6 4101 above msl <4,12 + 0,1 TLP
Speleothem 2388 +3,2 41+0,1 above msl <4,12 + 0,1 TLP
Calcite in lithophaga holes 120,7 + 1,1 3,7+01 above msl <3,71 +0,1 TLP
Calcite in lithophaga holes 1204 +0,9 3,7+01 above msl <3,73 £0,1 TLP
Calcite in lithophaga holes 120,1 £ 1,7 38+01 above msl <3,76 + 0,1 TLP
Tephra in Aeolian sand 109,1 + 0,8 2,7+01 above msl <2,7 + 0,1 TLP

10
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data presented by Rohling et al. (2019), which indicate an AIS
derived highstand from ~129.5 to 125 ka. A significant contribution
of AIS melting was also proposed for the early stage of the T-II
deglaciation, i.e., during the meltwater pulse event associated with
Heinrich stadial 11 (~135—130 ka), which through a bipolar seesaw
mechanism likely resulted in a sustained Antarctica warming
(Marino et al., 2015). We also propose that an earlier and shorter
highstand event, as suggested by the new data, points to a rapid
retreat of the North American and Eurasian MIS 6 ice-sheets during
Termination IL.

The differences in the local measured RSL highstand indicated
by Lithophaga boreholes and for instance ICE-5G and ICE-6G model
of Fig. 6a—c may depend on several assumptions in the model and
inaccuracy in the input parameters. We can also presume that part
of the difference is related to a small tectonic uplift of the area and
thus the geophysical model could be used to estimate the values
(Creveling et al., 2015). Considering the altitudinal differences be-
tween the highstand in the ICE-5G and ICE-6G models (Fig. 6a—c)
and the top of the Lithophaga boreholes, we obtain a maximum
range of the uplift rates from ca. 0.05 to 0.04 mm/yr, which can be
considered a further refinement of the previous regional data
indicated by Ferranti et al. (2006). However, the calculated values
again suggest relatively minor tectonic uplift in this area in the last
thousands of years, as supported also by detailed local studies
based on other geological evidence on the position of the Lower
Pleistocene and Pliocene shorelines (Ascione and Romano, 1999). In
any case the eventual presence of these tectonic movements does
not affect the general finding from the Infreschi Cave and the
chronology of the RSL. The model outputs of Fig. 6d—f assume
lower long-term tectonic component. However, the different sce-
narios do not conflict with the point of rapid RLS drop before 120
ka.

Comparing our RSL values with regional or global data obtained,
for instance, on coral dating from “far field” sites (e.g., Chen et al,,
1991; Stirling et al., 1998; Medina-Elizalde, 2013), and the
modelled Red Sea stack of Rohling et al. (2019) is challenging for the

1

different GIA correction and potential tectonic biases, which can
exist between sites. With this in mind, Fig. 8 shows the Infreschi
data and the ICE-6G output model plotted along with Red Sea and
other Mediterranean and global reference records of mean seal
level. The Infreschi data are in good agreement with modelled Red
Sea global stack (Rohling et al., 2019, and references therein),
placing the end of the LIG sea-level highstand sometime before 120
ka, when RSL at Infreschi had already dropped by 6 m. Our data is
also consistent with speleothem growth in a now submerged cave
in the Yucatan, indicating that at ~118 ka local RSL was already
significantly below present sea level (Moseley et al., 2013). There-
fore, although being indicators of the local RSL variation, the new
data provide further constraints to global ice-sheet volumetric re-
constructions (Waelbroeck et al., 2002; Siddall et al., 2003; Grant
et al,, 2014).

On the other hand, our new data are in disagreement with other
scenarios characterized by a late MIS 5e highstand. In particular,
O’Leary et al. (2013), using stratigraphic and geomorphic mapping
and uranium-series geochronology of fossil coral reefs and
geophysical modelling of sea-level records from Western Australia,
concluded that eustatic sea level rose to about 9 m above present at
the end of the LIG (between ca. 120 and 118 ka), suggesting that in
the last few thousand years of the interglacial, a critical ice-sheet
stability threshold was crossed, resulting in the catastrophic
collapse of polar ice sheets and substantial sea-level rise. This
seems to have occurred while RSL at Infreschi decreased. Moreover,
data from U/Th dating of phreatic overgrowths on speleothems
(POS) in Mallorca (Polyak et al., 2018) indicate a LIG highstand at
2.15 + 0.75 m above present levels between ca. 126 and 116 ka
(Fig. 8), which is ~5000 yr younger than our estimate. In this area,
higher marine deposits were found at ca. 11 m a.s.l. (Hearty, 1987).
However their LIG attribution is controversial. In fact, the age of
deposits is not supported by chronological constrains and their
formation can be related with older interglacial periods (e.g. MIS 11,
Lorscheid et al., 2017). It is clear that there are open questions
regarding the evidence from Mallorca and elsewhere in the
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Mediterranean (e.g., Marra et al., 2019), which need to be addressed
in the future.

6. Conclusion

Morpho-stratigraphic and geochronological investigations at
Infreschi Cave allow us to precisely constrain the RSL highstand
during MIS 5e at 8.90 + 0.6 m a.s.l. as well as the timing of the end of
highstand, with an estimated RSL drop of at least 6 m prior to 120
ka. This is consistent with some global mean sea-level curves
indicating an early end of the MIS 5e highstand (Fig. 8), but in
disagreement with the other scenarios of a late MIS 5e highstand.
The model simulations based on the ICE-5G and ICE-6G scenarios
are consistent with our data. However, further volumetric reduc-
tion of GrlIS and AIS melting is required to reproduce the maximum
of the observed RSL highstand, implying that GrIS and AIS retreat
occurred early in MIS 5e. According to our chronology, there is no
evidence of a secondary RSL highstand above 0 m a.s.l. following
MIS 5e including during MIS 5a and MIS 5c.

Our results highlight the necessity for improving the chronology
of Mediterranean sites, which can give important insights on sea-
level evolution through the LIG and also on the behavior of pre-
sent ice sheets, complementing far field data.
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