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A B S T R A C T

Cliff-top boulder deposits represent one of the most extreme and debated geomorphological expressions of high- 
energy coastal processes, as their emplacement requires sustained overtopping of cliffs during coastal flooding. 
Occurring several metres above mean sea level and well beyond the reach of ordinary wave run-up, cliff-top 
boulder deposits are particularly sensitive indicators of extreme wave events. In this study, we investigate cliff- 
top boulder deposits atop a 10-m-high cliff in south-eastern Sicily by integrating geomorphological observations 
with hydrodynamic modelling for both present and Last Interglacial forcing conditions. Hydrodynamic modelling 
was used to simulate extreme wave events that can cause coastal flooding and wave flow under tropical-like 
cyclone and tsunami scenarios. To evaluate the geomorphological effects of these extreme wave events, we 
modelled and compared the current scenarios under the present-day sea level, and Last Interglacial scenarios, 
which in contrast, incorporate elevated relative sea level and intensified hurricane and tsunami forcings to 
evaluate wave flow needed for cliff-top deposit emplacement. The results reflect a scenario with a Last Inter
glacial post-highstand regressive phase, highlighting the role of sea-level-controlled boundary conditions in 
enabling extreme coastal flooding and inland boulder transport. Our results indicate that Mediterranean cliff-top 
boulder deposits reflect the effectiveness of extreme waves acting under specific boundary conditions, rather 
than the absolute magnitude of the waves themselves, with relative sea level exerting a first-order control on 
coastal impact.

1. Introduction

Coastal boulder deposits represent key geomorphological archives 
for reconstructing the occurrence, magnitude, and recurrence of past 
high-energy coastal events such as storms and tsunamis (Cox et al., 
2020; Goto et al., 2010; Kennedy et al., 2021, 2025; Kortekaas and 
Dawson, 2007; Minamidate and Goto, 2024). However, the geomor
phological significance of coastal boulder deposits is strongly dependent 
on their depositional setting, elevation, and relationship with coastal 
morphology, which control both their emplacement mechanisms and 

their preservation potential. Several studies have revealed these features 
along the North Atlantic coasts, where long-term monitoring was per
formed on storm-induced boulder transportation (Autret et al., 2017, 
2023; Cox et al., 2019; Suanez et al., 2026). In particular, the inter
pretation of coastal boulders from Pleistocene highstands, such as the 
Last Interglacial (LIG), remains challenging due to subsequent erosion, 
reworking, and overprinting by later sea-level oscillations (Ruban, 2019;
Marriner et al., 2017). Within this broad category, cliff-top boulder 
deposits (CTBDs) represent one of the most extreme and debated 
geomorphological expressions of high-energy coastal processes. Unlike 
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coastal boulders emplaced on shore platforms, beaches, or low-elevation 
coastal plains, CTBDs are located atop coastal cliffs, often several metres 
above mean sea level and well beyond the reach of ordinary wave run-up 
(Cox, 2020; Cox et al., 2018; Hall et al., 2006; Watanabe et al., 2019; 
Williams and Hall, 2004). Their emplacement, therefore, requires not 
only large wave heights but also exceptional hydrodynamic conditions 
typical of the higher sea level during the Last Interglacial—conditions 
capable of overtopping cliffs and sustaining high flow velocities across 
subaerial surfaces (Watanabe et al., 2019)—making CTBDs particularly 
sensitive indicators of extreme coastal flooding. Furthermore, atmo
spheric and oceanographic conditions in the Mediterranean basin during 
the Last Interglacial should have determined intensified tropical-like 
cyclones, with higher wave heights and flow velocities capable of pro
ducing greater wave setup and runup along the cliffs, also considering 
different tide phases (Autret et al., 2016; Fichaut and Suanez, 2011).

CTBDs have been documented worldwide along high-energy coast
lines in the Atlantic (Cox et al., 2018; Dunán-Avila et al., 2024; Etienne 
and Paris, 2010; Hall et al., 2006; Hansom and Hall, 2009; Noormets 
et al., 2004; Pedoja et al., 2023; Rovere et al., 2017), the Mediterranean 
(Biolchi et al., 2016; Causon-Deguara et al., 2025; Corradino et al., 
2025; Delle Rose, 2024; Korbar et al., 2022; Maouche et al., 2009; Nadia 
Mhammdi et al., 2008; Roig-Munar et al., 2019), and the Pacific 
(Bourrouilh-Le Jan and Talandier, 1985; Canavesio et al., 2023; Köhler 
et al., 2025), where they are typically characterised by large boulder 
volumes, significant inland transport distances, and preferential accu
mulation near cliff edges or along low-roughness pathways. Because of 
these characteristics, CTBDs are commonly regarded as proxies for the 
upper bounds of coastal wave energy. However, their genetic interpre
tation remains controversial (Cox et al., 2020; Goto et al., 2010; Ken
nedy et al., 2021). Tsunamis have traditionally been considered the most 
plausible mechanism for CTBD emplacement, owing to their long 
wavelengths, sustained flow depths, and capacity to generate 
cliff-overtopping inundation. More recently, observational evidence and 
numerical modelling have shown that storm waves may also be capable 
of emplacing TCBDs under higher sea-level conditions, where favour
able cliff geometry and reduced surface roughness act to amplify wave 
run-up and inland flow velocities (Dewey and Ryan, 2017; Hall et al., 
2006; Rovere et al., 2017, 2026).

In the semi-enclosed basins, such as the Mediterranean Sea, present- 
day storms are generally less intense than those affecting open-ocean 
margins due to limited fetch, smaller storm size, and reduced 
maximum wave heights. As a result, the occurrence of CTBDs along 
Mediterranean rocky coasts cannot be straightforwardly attributed to 
exceptionally intense storms comparable to oceanic “superstorms” that 
occurred in the Last Interglacial (Hansen et al., 2016; Hearty, 1997; 
Hearty and Tormey, 2017). Instead, Mediterranean CTBDs are more 
plausibly interpreted as the result of boundary-condition amplification, 
whereby moderate-to-strong storms or tsunamis become geo
morphologically effective only when coupled with elevated relative sea 
level. Periods characterised by higher sea level, such as the Last Inter
glacial, would have significantly reduced the vertical distance between 
wave base and cliff tops, increasing the likelihood of cliff overtopping, 
sustained coastal flooding, and inland transport of large boulders.

From this perspective, CTBDs do not necessarily record anomalously 
large waves alone, but rather the combined effect of wave energy and 
boundary conditions, with relative sea level acting as a first-order con
trol on coastal impact. Consequently, CTBDs in the Mediterranean basin 
may represent valuable geomorphological archives of extreme coastal 
events preferentially occurring during warm-climate intervals, when 
elevated sea level fundamentally altered coastal wave dynamics. In this 
sense, Last Interglacial CTBDs offer a robust framework for investigating 
the geomorphological response of rocky coastlines to extreme events 
and provide a process-based analogue for assessing future coastal haz
ards under ongoing sea-level rise.

In this study, we focus on CTBDs located at Capo Muro di Porco in 
south-eastern Sicily, a rocky coastal sector exposed to both seismic and 

atmospheric hazards, including Mediterranean hurricanes. We integrate 
detailed geomorphological observations with hydrodynamic modelling 
under both current (1995-2025 CE) and Last Interglacial (LIG, 129–116 
ka) boundary conditions. Current scenarios are used as process baselines 
to evaluate the geomorphological effectiveness of extreme wave events 
under present-day sea-level conditions, whereas intensified hurricane 
and tsunami forcings combined with elevated relative sea level are 
applied to LIG scenarios to assess the conditions required for CTBD 
emplacement. Through this approach, we evaluate whether the CTBDs 
at Capo Muro di Porco can be interpreted as geomorphological markers 
of extreme wave events associated with LIG boundary conditions in the 
Mediterranean basin.

This paper begins by investigating the atmospheric and oceano
graphic conditions that characterized the Mediterranean Sea during the 
LIG (Section 1.1). We then turn our focus to southeastern Sicily, pre
senting its geological and geomorphological framework—with partic
ular attention to the Capo Muro di Porco —in Section 2. Section 3
outlines the materials and methods used to model extreme wave events, 
specifically cyclones and tsunamis, under both present and LIG condi
tions. The core findings from these simulations are detailed in Section 4, 
followed by a discussion of their broader implications in Section 5. Ul
timately, we conclude (Section 6) that the CTBDs at Capo Muro di Porco 
serve as a unique geomorphological fingerprint, preserving the signa
ture of extreme wave events that impacted the Mediterranean during the 
Last Interglacial.

1.1. Atmospheric and oceanographic variables in the Mediterranean 
basing during the last interglacial

Here, we refer to LIG as the Marine Isotope Stage (MIS) 5e, spanning 
approximately 129 to 116 thousand years ago (ka). This was the most 
recent geological period characterized by a climate slightly warmer than 
the pre-industrial (Hoffman et al., 2017; Lang and Wolff, 2011; Obreht 
et al., 2022; O'ishi et al., 2021; Otto-Bliesner et al., 2013; Turney et al., 
2020). Global mean annual sea surface temperature (SSTs) during the 
LIG peaked at levels warmer than the 1870–1889 climatological mean 
(Hoffman et al., 2017). Within the Mediterranean basin, paleoceano
graphic data from marine cores (Fig. 1) highlighted that LIG SSTs were 
consistently higher than late-Holocene temperatures (Dixit et al., 2020; 
Martrat et al., 2004, 2014). Specifically, the Western Mediterranean 
exhibited large annual SST anomalies (difference between interglacial 
optimum and preceding glacial maximum, MIS 6) ranging from 7 ◦C to 
10 ◦C (Davtian et al., 2019), with the Gulf of Lions showing anomalies up 
to 10 ◦C. Reconstructions from the Eastern Mediterranean suggest a 
considerable SST increase from 125 ka (Obreht et al., 2022). One 
high-resolution record indicates an abrupt SST increase of 3.6 ◦C in 
approximately 100 years (between 125.67 and 125.57 ka) (Obreht et al., 
2022, 2025). This warming trend coincided with strong stratification, 
allowing heat gained at the surface to be trapped, and consequently, 
large SST variations were controlled by changes in the mixed layer depth 
(Amies et al., 2019; Marino et al., 2007; Obreht et al., 2022).

The most prominent feature of the LIG Mediterranean climate was a 
profound change in the basin's freshwater budget, leading to the depo
sition of organic-rich sapropel layer S5 (~128.3–121.5 ka) (Amies et al., 
2019; Cane et al., 2002; Rohling et al., 2004, 2006). The timing of S5 
coincided with precession minima, which are associated with the 
northward migration and intensification of the monsoon rain belt over 
North Africa (Amies et al., 2019; Grant et al., 2016; Heslop et al., 2023; 
Huang et al., 2021). The resulting increase in monsoon precipitation 
over the Sahara drove a large influx of low-freshwater runoff into 
Eastern Mediterranean surface waters (Amies et al., 2019; Tisserand 
et al., 2009). Model results highlighted that African monsoon runoff 
increased substantially, reaching levels up to ~8.8 times the modern 
pre-Aswan Nile discharge (Amies et al., 2019). This freshwater injection 
caused negative anomalies recorded in planktic foraminiferal calcite 
(Rohling et al., 2004). The actual onset of S5 deposition (~128.3 ka) 
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followed the estimated increase in monsoon intensity (~128.5 ka) by 
about 200 years, implying a rapid preconditioning of the eastern Med
iterranean for sapropel formation(Amies et al., 2019; Rohling et al., 
2004, 2006).

The rapid addition of large volumes of freshwater led to strong 
density stratification of the water column, causing the pycnocline and 
nutricline to shoal (Incarbona et al., 2022; Obreht et al., 2022). This 
weakening of dense water formation resulted in oxygen starvation at 
depth (Incarbona et al., 2022). In the Aegean Sea, ventilation is inferred 
to have collapsed completely within 40 ± 20 years of the onset of surface 
freshening, despite the primary hydrological change being centred on 
the open Eastern Mediterranean basin (Marino, 2008; Marino et al., 
2007). Euxinic conditions (indicated by isorenieratene, a marker for 
photic zone anoxia) subsequently expanded through the Aegean water 
column up to 200m or less and reached the open Eastern Mediterranean 
~100–300 years later (Marino et al., 2007).

In the Western Mediterranean and its northern borderlands, the MIS 
5e was also characterized by enhanced moisture availability (Dixit et al., 
2020). Geochemical data from the northern Tyrrhenian Sea indicate 
high river discharge and lower Sea Surface Salinity during MIS 5e, 
resulting from enhanced winter rainfall (Dixit et al., 2020; Gao et al., 
2025; Kallel et al., 2004). The winter's precipitation variability was 
primarily influenced by the North Atlantic atmospheric circulation 
(Dixit et al., 2020). This synchronous pattern—of heightened winter 
runoff in the west and intensified summer monsoonal rainfall and car
bon deposition in the east—reveals a closely coupled low- and 
high-latitude climate system that collectively generated anoxic condi
tions throughout the Mediterranean basin (Rohling et al., 2006). The 
early LIG (ca. 127 ka) experienced a decrease in deep water oxygenation 
followed by episodes of severely reduced North Atlantic Deep Water 
formation, indicating a weakened Atlantic Meridional Overturning 
Circulation (Hayes et al., 2014; Levy et al., 2023). A mid-LIG cooling 
decrease (ca. 126 ka to ca. 122 ka) recorded in speleothems in the Levant 
basin suggested an atmospheric circulation reorganization, potentially 
involving increased moisture uptake from the central and western 
Mediterranean due to heightened air flow from the North Atlantic (Levy 
et al., 2023).

2. Geological and geomorphological settings

The Maddalena Peninsula, encompassing the Capo Muro di Porco 
area along the Ionian coast is located within the Hyblean Plateau of 

southeastern Sicily (Bianca et al., 1999; Meschis et al., 2020; Monaco 
et al., 2002; Westaway, 1993). The Hyblean plateau represents the 
emergent foreland of the Sicilian-Maghrebian domain (Fig. 2a), forming 
part of the African Pelagian Block (Bianca et al., 1999; Cultrera et al., 
2015; Henriquet et al., 2019, 2021; Westaway, 1993). From a structural 
point of view, the peninsula is identified as a calcareous horst dipping 
gently towards the East-Northeast (Viger et al., 2024; Westaway, 1993). 
The lithostratigraphic succession includes Miocene limestones overlain 
by Pleistocene calcarenites (Cultrera et al., 2015; Grasso and Lentini, 
1982; Meschis et al., 2020; Scicchitano et al., 2016). The active defor
mation observed in this region is primarily linked to the large system of 
normal faults related to the Malta Escarpment (MESC), a regional 
structural boundary that has been active since the Middle Pleistocene 
(Argnani et al., 2012; Argnani and Bonazzi, 2005; Azzaro and Barbano, 
2000; Bianca et al., 1999; Gambino et al., 2022; Piatanesi and Tinti, 
1998). As a consequence, the coastal zone is marked by multiple se
quences of uplifted paleoshorelines and marine terraces (Dutton et al., 
2009; Meschis et al., 2020; Scicchitano et al., 2016; Scicchitano and 
Monaco, 2006). Both contemporary and ancient coastal cliffs are 
frequently associated with karst levels (including caves, channels, and 
siphons) incised within the carbonate rock sequence (Bianca et al., 1999; 
Scardino et al., 2022a; Scicchitano and Monaco, 2006; Varzi et al., 2024) 
.

The Maddalena Peninsula coastline is characterized by the wide
spread occurrence of coastal boulder fields (Scicchitano et al., 2007, 
2012, 2020). These boulders are scattered across an extensive Pleisto
cene abrasion platform located between 5 and 15 m above sea level 
(Fig. 2b) (Scicchitano et al., 2008, 2012). The platform gradually slopes 
toward the sea and is generally bordered by coastal cliffs reaching up to 
5-10 m in height (Fig. 2c and d) (Scicchitano et al., 2012; Spampinato 
et al., 2011). The largest boulders, weighing up to 50 tons, tend to 
accumulate preferentially on promontories exposed to the northeast, 
sometimes located up to 70 m inland from the modern coastline 
(Scicchitano et al., 2007, 2008).

The mobilization and deposition of these boulders have been corre
lated with the impact of extreme wave events (Nandasena et al., 2022; 
Scicchitano et al., 2007). Hydrodynamic equations, combined with 
radiocarbon dating of marine organisms encrusting the blocks, suggest 
that the heavier and larger boulders were transported by tsunami waves 
generated by historical seismic events (e.g., 1169, 1693, and 1908) 
(Scicchitano et al., 2007, 2008, 2010). Specifically, displacement evi
dence has been documented in an ancient Greek quarry located in the 

Fig. 1. – Regional scale framework of Mediterranean Sea; marine core locations derived from literature works that considered the paleo-oceanographic variables 
during LIG (details in the Supplementary Material S1); surface currents derived from work of (Pinardi et al., 2015) (representing 1987–2007 time-mean circulation at 
15 m depth); while North African paleodrainage network was summarized by works of Rohling et al. (2002); Osborne et al. (2008); Amies et al. (2019).
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northern sector of the peninsula (Scicchitano et al., 2012, 2020). While 
intense storms (such as the 2009 event) were capable of moving large 
blocks (up to approximately 41 tons) (Kushabaha et al., 2024; Scicchi
tano et al., 2020), the largest boulders are considered remnants of 
tsunami events. Direct witness provided useful insights for the impact of 
extreme weather systems, like Mediterranean hurricanes (aka medi
cane), which represent mesoscale cyclones that develop over the Med
iterranean Sea and display tropical-like cyclone (TLC) characteristics 
(Miglietta et al., 2025). Video analysis conducted during medicane 
Zorbas (26-29 September 2018) in the flooded Greek quarry of Penin
sula Maddalena demonstrated that smaller boulders (ranging between 1 
and 2 tons) were displaced via turbulent flow, reaching velocities up to 
4 m/s (Nandasena et al., 2022; Scardino et al., 2022b; Scicchitano et al., 
2020). These movements were attributed to the impact of multiple 
waves under submerged conditions, rather than a single catastrophic 
wave. This coastal stretch is characterized by micro-tidal tides with a 
range between 0.1 and 0.3 m (Braitenberg et al., 2011;McDonagh et al., 
2024). Typically, the impact related to TLCs and seasonal storms results 
in a temporary increase in water levels, which is reflected in extended 
inland (Scardino et al., 2022b;Scicchitano et al., 2021).

Global eustatic sea-level estimates for the MIS 5e is generally 
attributed to 6 ± 3 m in stable areas (Dutton and Lambeck, 2012; Fer
ranti et al., 2006; Hearty et al., 2007; Maxwell et al., 2021). The 
sea-level position during the MIS 5e highstand in southeastern Sicily is 
recorded at various elevations due to the region's differential uplift 
pattern (Dutton et al., 2009; Meschis et al., 2020; Spampinato et al., 
2013; Varzi et al., 2024). Also the area of Capo Muro di Porco experi
enced differential vertical land movements, with measured uplift rates 
typically decreasing from north to south (Anzidei et al., 2021; Meschis 
et al., 2020; Viger et al., 2024). Here, marine terrace deposits attributed 
to MIS 5e are extended from 10 m to 27 m of elevation, overlaying 
Miocene paleodune deposits (Meschis et al., 2020; Scicchitano et al., 
2016; Spampinato et al., 2011)(Spampinato et al., 2012).

Paleo-sea level markers provide essential chronological constraints 
for quantifying the tectonic deformation in this area (Scicchitano et al., 
2016; Spampinato et al., 2011, 2012, 2013). The Akradina Terrace, 
located near Siracusa, provides critical evidence, with its inner edge 

mapped at +32 m (Bianca et al., 1999; Cosentino and Gliozzi, 1992; 
Lambeck et al., 2004). Based on current interpretations, this terrace is 
correlated with either MIS 5c or, less likely, MIS 5e (Antonioli et al., 
2006; Ferranti et al., 2006). If attributed to MIS 5c, this suggests an uplift 
rate of around 0.25 mm/a (Meschis et al., 2020). The underwater geo
morphology along the coast between Capo Santa Panagia and Ognina 
(near the Maddalena Peninsula) displays at least two submerged 
paleo-cliffs, found roughly between − 9 and − 22 m, and between − 20 
and − 45 m depth (Dutton et al., 2009; Scicchitano and Monaco, 2006; 
Spampinato et al., 2011). U/Th dating of speleothems within the sub
merged caves and 14C dating of encrusting serpulid layers from the 
Plemmirio Cave (located at − 20.22 m depth on the Maddalena Penin
sula) provide critical age constraints (Dutton et al., 2009; Ferranti et al., 
2010; Scicchitano and Monaco, 2006), with clusters of U-Th ages 
spanning from 72.4 ± 0.8 ka to 76.5 ± 1.3 ka (Dutton et al., 2009). This 
evidence suggests that the submerged paleo-shoreline detected at 
approximately − 20 m depth is attributable to the MIS 5a substage 
(~76.5 ka or 80.0 ka). The combined use of submerged and terrestrial 
markers consistently indicates a long-term average uplift rate of 0.2 to 
0.4 mm/a in the Siracusa region over the last glacial–interglacial cycle. 
This uplift is due to regional geodynamic processes acting in concert 
with the activity of the offshore geological structures (Bianca et al., 
1999; Gambino et al., 2021, 2022; Meschis et al., 2020).

At Capo Muro di Porco, the studied CTBDs consist of a field of large 
calcarenite boulders emplaced on the cliff-top surface 10 m above the 
present-day shoreline. The boulders are located several metres above 
mean sea level (msl), ranging from 12 to 15 m of altitude, and lie well 
beyond the reach of ordinary wave run-up under present-day conditions 
(Inghilesi et al., 2000), implying emplacement by cliff overtopping and 
sustained coastal flooding. Wave data from the Catania buoy 
(RON—Rete Ondametrica Nazionale; www.idromare.com), covering 
the last 18 years along the Ionian coast of Sicily, provide significant 
spectral wave height (Hm0) and peak period (Tp) measurements. The 
most severe storm recorded occurred on 2 February 1996, characterized 
by an Hm0 of about 6.2 m and a Tp of 11.3 s (Scicchitano et al., 2020). 
Furthermore, boulder elevations are also higher than the estimated 
runup of historical tsunamis, which reached up to 5 m above msl (Billi 

Fig. 2. – Geological features of southeastern Sicily; a) main tectonic structures of Western Ionian basin. NAF, North Alfeo Fault; SAF, South Alfeo Fault, (modified 
after Gambino et al., 2021), wave rose are extracted from Catania buoy data (managed by ISPRA); b) area of Capo Muro di Porco in Peninsula Maddalena with 
locations of coastal boulders surveyed in this study; c) cliff of Capo Muro di Porco highlighting the boulder field locations; d) evidence of marine terrace deposits 
overlaying the Miocene paleodune.
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et al., 2009; Scicchitano et al., 2022). The deposit is discontinuous and 
spatially organized, with 166 CTBDs extending from 40 to 104 m from 
the cliff edge along a pathway characterized by relatively low surface 
roughness. This pathway corresponds to the Miocene palaeodune 
cropping out on the cliff-top surface, which provides a smoother sub
strate compared to the surrounding marine deposits.

The boulders composing the deposit are lithologically consistent 
with the marine terraced deposits and occur as isolated blocks rather 
than as a continuous ridge. Local imbrication of boulders is occasionally 
observed. Their spatial arrangement does not show evidence of 
constructional features typical of talus accumulation or gravitational 

collapse from the cliff face. On the other hand, the paleo-cliff corre
sponding to the LIG highstand is located about 600 m landward of the 
current cliff edge. The observed distribution suggests inland transport 
across the cliff-top surface following overtopping events, with boulder 
positions controlled by local topography and surface roughness.

No comparable cliff-top boulder deposits have been identified in the 
surrounding coastal sectors or elsewhere along the rocky coasts of 
insular Sicily (Causon Deguara and Gauci, 2017; Scicchitano et al., 
2007, 2012, 2020).

No historical or instrumental records exist of storm- or tsunami- 
induced cliff overtopping that could emplace such a deposit under 

Fig. 3. – Geomorphological and topographic features of Capo Muro di Porco; a) location of surveyed boulders and coastal landforms (map was realized through QGIS 
software); b) Grant et al. (2014) sea-level curve, the temporal range of sapropel S5 deposition is highlighted in gray, while the dashed black lines indicate the 
temporal constraints considered for the paleo-landscape reconstruction (see Table 2); c) current topographic profile reporting present-day elevations and sea level 
(dashed cyan line) and d) corrected topographic profile for a vertical displacement of − 13.65 m corresponding to corrected LIG sea level for Capo Muro di Porco site. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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present-day relative sea-level (RSL) conditions. This lack of modern 
analogues, together with the elevation and spatial arrangement of the 
boulder field, suggests that its emplacement required boundary condi
tions different from those that characterised the Holocene.

3. Material and methods

This work combines morpho-topographic surveys at Capo Muro di 
Porco with hydrodynamic modelling to reconstruct wave flow condi
tions for different extreme wave scenarios during LIG, focusing on 
medicanes and tsunamis. The methodology considered the development 
of a present-day Digital Elevation Model (DEM) and Terrestrial Laser 
Scanner (TLS) survey to assess the dimensional features of CTBDs. These 
dimensional features represent an important insight for the reproduc
ibility of data related to coastal boulder studies(Cox et al., 2025). Using 
the dimensional data from the TLS, the minimum wave flow necessary to 
initiate boulder transport was estimated via incipient motion equations 
(Nandasena et al., 2022). The wave flow values obtained through 
incipient motion represent the threshold velocities for the CTBD 
movements. These thresholds were then evaluated against simulated 
wave flows from storm and tsunami models, applied to a reconstructed 
LIG paleo-landscape of Capo Muro di Porco. The procedural steps are 
outlined below: 

1 Morpho-topographic surveying and boulder characterization at Capo 
Muro di Porco;

2 Specification of forcing conditions for medicanes and tsunamis;
3 Cyclone intensity modeling (Lin et al., 2023 model);
4 Earthquake-generated tsunami modeling (Okada-Delft3D model 

suite);
5 Morphodynamic modeling of medicanes and tsunamis (XBeach 

model).

3.1. Morpho-topographic surveys through terrestrial laser scanner and 
LiDAR in Capo Muro di Porco

We used a Faro Focus X130 terrestrial laser scanner to measure the 
dimensions of the CTBDs on the Capo Muro di Porco cliff (Fig. 3). 
Ground control points (GCPs) were measured along the cliff using an 
EMLID RS3+ differential GNSS receiver. GCP measurements were cor
rected in post-processing considering the base stations of the Rete Inte
grata Nazionale GPS (RING) and HxGN SmartNet networks (managed by 
Hexagon). The collected ellipsoid elevations were converted into 
geodetic elevations referenced to Earth Gravitational Model (EGM) 2008 
(Pavlis et al., 2012). We then extrapolated the “ab” and “ac” surfaces of 
each CTBD following the approach described by Nandasena et al. (2022)
and reported in other studies (Dunán-Avila et al., 2024; Engel et al., 
2025; Scardino et al., 2025). These surfaces were converted to meshes 
and translated to planar projections to determine their areas and axial 
lengths (a > b > c). Finally, the actual volumes of each boulder were 
calculated in CloudCompare software. To calculate the minimum flow 
velocities required to move each boulder, we applied the 
incipient-motion formulas, using the coefficients shown in Table 1. 
Among the pre-transport conditions reported in Nandasena et al. (2022), 
we only calculated threshold velocities for submerged or subaerial 

isolated boulders, joint-bounded boulders, and cliff-edge, which repre
sent the only pre-setting conditions detectable in the field.

The LIG paleo-landscape of Capo Muro di Porco was reconstructed 
considering the published horizontal limestone-lowering rate for this 
area, which was estimated equal to 0.14 mm/a (Furlani and Cucchi, 
2013; Scardino et al., 2022a; Scicchitano et al., 2016). This limestone 
lowering rate, applied over a period extending to 119 ka, is reflected in a 
cliff edge that lies more than 16 m farther seaward than the present one. 
A seaward buffer extending 16 m from the cliff-edge was produced in 
QGIS, and the LiDAR-DTM data from the Ministry of the Environment 
and Energy Security (MASE) was corrected with geodetic elevations of 
EGM 2008 and modified to project the cliff edge to the seaward limit of 
this buffer. The modified LiDAR-DTM was extracted with 2 × 2 m cell 
width and a mean vertical resolution of about 20 cm. To model the 
changes of the local topography at the LIG period, elevations on 
LiDAR-DTM cells were corrected with the RSL of LIG period. The 
assessment of RSL of the LIG period was performed considering the 
sea-level curve from Grant et al. (2014), the displacements of uplift rates 
reported by Meschis et al., (2020), and Glacial Isostatic Adjustment 
(GIA) from Stocchi et al. (2018). Grant et al. (2014) reported a sea-level 
value of − 19.6 m for 119 ka. In contrast, the elevation of the marine 
terrace attributed to the same period was found to be 16 m (Meschis 
et al., 2020). This was inferred by a chronological constraint from a coral 
sample of Cladocora caespitosa collected at 14 m above msl within the 
marine terrace deposit yielded an age of 119 ka. Considering the GIA 
prediction for 122 ka, which indicated a corrected eustatic level of 4 m 
in the study area (following mantle viscosity profile 3 from Stocchi et al., 
2018), the GIA rate at 122 ka was estimated to be 0.12 mm/a. Using this 
rate, the sea-level curve from Grant et al. (2014) was corrected for 127.5 
ka, 122 ka, and 119 ka. Furthermore, the local tectonic uplift rate for the 
Maddalena Peninsula area was estimated to be 0.16 mm/a (Meschis 
et al., 2020). This tectonic uplift correction was then applied to the 
adjusted Grant et al. (2014) sea-level curve to derive the corrected LIG 
topography (Fig. 3) for the Capo Muro di Porco (Table 2). Following the 
LIG sea level, the elevations of the modified LiDAR-DTM were corrected 
for the value reported in column E of Table 2.

The main geomorphological features are mapped to assess the 
different roughness values across the cliff, in particular highlighting the 
difference between the low-roughness paleodunes and the high- 
roughness LIG marine deposits. The roughness was assessed through 
TLS data, using roughness tool function in CloudCompare software.

3.2. Forcings of extreme wave events: climate dataset and geological 
structure

Extreme wave events were simulated following three main scenarios: 

1) A baseline scenario given by the medicane impact modelled under 
current oceanographic and atmospheric conditions for the Capo 
Muro di Porco site.

2) A scenario where the TLC generated the atmospheric and oceano
graphic anomalies during the LIG with an intensified medicane 
impacting the LIG paleo-landscape;

3) an earthquake-generated tsunami over the LIG paleo-landscape.

The medicane scenario used as a baseline is medicane Ianos (15–20 
September 2020), which impacted south-eastern Sicily on 16–17 
September 2020 (Ferrarin et al., 2023). The tsunami of 1693 AD was 
used as the baseline scenario for earthquake-generated tsunamis 
impacting the same region(Scicchitano et al., 2022).

LIG-forcings for the medicane were assessed from the Paleoclimate 
Model Intercomparison Project Phase 4, collectively known as the 
PMIP4-CMIP6 ensemble model (Eyring et al., 2019; Kageyama et al., 
2016, 2021)(data will be distributed through the official CMIP6 chan
nels via the Earth System Grid Federation ESGF, https://earthsyst 
emcog.org/projects/wip/CMIP6DataRequest). The PMIP4-CMIP6 

Table 1 
Coefficients used to calculate the minimum flow 
velocity to transport boulders.

Coefficients Values

Drag 1.5
Lift 0.7
Static friction 0.5
Bed angle 1.2◦

G. Scardino et al.                                                                                                                                                                                                                               Quaternary Science Reviews 385 (2026) 110012 

6 

https://earthsystemcog.org/projects/wip/CMIP6DataRequest
https://earthsystemcog.org/projects/wip/CMIP6DataRequest


simulation for the LIG is defined as the Tier 1 equilibrium experiment 
lig127k (Huan et al., 2023; Otto-Bliesner et al., 2017). The time slice is 
set at 127,000 years before present (127 ka) (Otto-Bliesner et al., 2017, 
2020). The experimental design specifies this point because the orbital 
forcing (eccentricity, obliquity, and perihelion) produces large Northern 
Hemisphere seasonal insolation anomalies, while minimizing the 
imprint of earlier deglaciation events, and assumes atmospheric green
house gas concentrations similar to the pre-industrial period (Marino 
et al., 2015; Yeung et al., 2021). Variables considered from 
PMIP4-CMIP6 derive from HadGEM3 model: SST; air temperature at 
1000 hPa; mean sea level pressure (MSLP); specific humidity at 
1000 hPa.

The medicane scenario for the LIG was developed considering the 
atmospheric and oceanographic variables during the occurrence of 
medicane Ianos extracted from ERA5 reanalysis(Hersbach et al., 2020), 
and calculating the anomalies of SST, Temperature at 1000 hPa, MSLP 
and specific humidity at 1000 hPa (Fig. 4). These anomalies were 
assessed using the climatology from 1995 to 2025 of ERA5 reanalysis 
and subtracting the climatology of PMIP4-CMIP6 for each variable 
(month 9 of PMIP4-CMIP6, the procedure is reported in the Supple
mentary Material S2). This approach is generally used in pseudo-global 
warming simulations (Schär et al., 1996) to estimate the impact of 
climate change in a specific case study (González-Alemán et al., 2023).

Forcing conditions for earthquake-generated tsunamis were 

extracted from one of the main faults located offshore southeastern 
Sicily. This fault was identified as fault segment F3 (Gambino et al., 
2021), and was considered as a major active structure along the north
ern sector of the Malta Escarpment (MESC) offshore Eastern Sicily 
(Gambino et al., 2021; Trippetta et al., 2019; Wells and Coppersmith, 
1994). Geometrically, F3 is typically characterized by a N352◦E trend 
and a mean dip of 49◦ toward the east, extending for a length of 
approximately 56 km (Gambino et al., 2021; Scicchitano et al., 2022). 
The F3 fault segment experienced a high seismic potential, capable of 
generating events exceeding Magnitude 7 (Rovida et al., 2020, 2022; 
Trippetta et al., 2019), with empirical scaling relationships suggesting 
maximum expected magnitudes up to 7.97 (Gambino et al., 2021; Wells 
and Coppersmith, 1994). Crucially, the prevailing dip-slip kinematic 
component observed for F3 provides the necessary forcing condition for 
generating tsunamis through coseismic seafloor displacement. For the 
modelling of the LIG-tsunami event, F3 parameters used include a length 
of 56.46 km, a mean dip of 49◦, and an earthquake magnitude of Mw 7.4 
(Fig. 5), as reported for the 1693 AD event (Scicchitano et al., 2022). 
Simulations of a 4.8 m distributed dip-slip motion along the F3 fault 
plane predict a 2.3 m coseismic fault-scarp at the seafloor, involving 2 m 
of hanging-wall downthrow and 0.3 m of footwall uplift (Grezio et al., 
2024).

Table 2 
– Parameters considered for the LIG sea level at different times; Grant et al. (2014) curve (column A) was corrected for the contribution of GIA reported in Stocchi et al. 
(2018) (equal to 0.12 mm/a for scenario MVP3) (column B); adjusted Grant et al. (2014) sea-level curve represent the eustatic level corrected for the GIA (column C); 
displacements due to local tectonic uplift derive from the rates published in Meschis et al. (2020) (column D). LIG corrected elevation is obtained from the sum of 
values of columns A-B-C-D and was considered as a correction for the topography at the given year (column E).

A B C D E

Time 
(ka)

Grant et al. (2014) sea-level 
curve (m)

Correction of GIA (Stocchi et al., 
2018) (m)

Adjusted Grant et al. (2014) sea-level 
curve (m)

Local tectonic uplift 
(m)

LIG corrected elevation 
(m)

127.5 − 5.59 15 9.41 20 29.41
122 − 11.42 14.64 3.22 19.52 16.3
119 − 19.67 14.28 − 5.39 19.04 13.65

Fig. 4. Anomalies of atmospheric and oceanographic variables assessed for the medicane Ianos; a) SST spatial anomalies; b) spatial anomalies of Temperature at 
1000 hPal; c) spatial anomalies of Specific Humidity at 1000 hPa; d) MSLP anomalies.

G. Scardino et al.                                                                                                                                                                                                                               Quaternary Science Reviews 385 (2026) 110012 

7 



3.3. Modelling of cyclone intensity during the last interglacial

The assessment of medicanes intensity under the LIG scenario was 
performed starting from the evaluation of intensity variables and 
modelling the hydrodynamic response at a regional scale. To simulate 
the TLC intensity during the Last Interglacial, we applied the model 
developed by Lin et al. (2023), which is an open-source, physics-based 
tropical cyclone (TC) downscaling model designed to rapidly generate a 
large climatology of tropical cyclones and robustly sample rare events. 
One should note that medicanes develop mainly through a combination 
of baroclinic and air-sea interaction processes. When the latter domi
nates, the development becomes similar to that of hurricanes, possibly 
reaching comparable intensity and damage. Medicane Ianos, the most 
intense cyclone ever recorded so far, attained 1-min sustained winds of 
44 m/s, similar to a category-2 hurricane. This explains why the meth
odology, which is proper for tropical cyclones, has been extended to 
consider also intense medicanes as Ianos, which behaved as tropical 
cyclone for part of their lifetime (Emanuel et al., 2025) .

This model uses monthly-averaged data from ERA5 reanalysis, 
except for the zonal and meridional winds (at 250 hPa and 850 hPa), 
which are substituted with daily data (details are reported in the Sup
plementary Material S3) to reproduce the actual cyclone track with 
associated maximum wind speed values for each point. Here, we used a 
random seed process, placing a seed in the Ionian Sea to simulate a TLC 
under similar atmospheric and oceanographic conditions of medicane 
Ianos. Subsequently, the anomalies generated by medicane Ianos in the 
Ionian Sea were applied to the PMIP4-CMIP6 variables of SST, air 
temperature at 1000 hPa, MSLP and specific humidity at 1000 hPa, in 
order to simulate a TLC under LIG conditions. Outputs of the model 
provide the 3-hourly track of the TLC, along with values for the 
maximum wind speed (Vmax).

The assessment of wind radii for each track point was performed 
using a modified Holland (1980) wind profile adapted for Mediterra
nean TLC (see Supplementary Material S3). The pressure deficit ΔP was 
taken relative to the standard pressure (Pn) of 1013.25 hPa, as in Fer
rarin et al. (2023). The radius of maximum wind (Rmax) was similarly 
estimated using a multi-method ensemble incorporating empirical 
ΔP–Rmax relationships, wind-speed scaling, and theoretical Holland 
(1980) profile constraints, resulting in Rmax values generally between 90 
and 200 km for LIG-TLC.

Once Vmax and Rmax were known for each TLC track point, the radial 
pressure gradient (dp/dR) was assessed to forecast the MSLPLIG values 
using the Bernoulli relationship: 

V2
max

Rmax
=

1
ρ

dp
dR

(Eq. 1) 

dp
dR

= ρ V2
max

Rmax
(Eq. 2) 

Where dp
dR is the radial pressure gradient, and ρ is the air density, Vmax is 

the maximum wind speed, Rmax is the radius of maximum wind in
tensity. The percentage of increase in V2

max with respect to the baseline 
state corresponds to the same percentage of increase in the pressure 

gradient (% dp
dRmax

)

, supposing Rmax remains constant. Assuming a stan

dard pressure Pn equal to 1013.25 hPa, and Vmax,LIG is a result from the 
model of Lin et al. (2023), the MSLPLIG values have been assessed in the 
following way: 

ΔPLIG =

(

Pn − MSLP

)

×

(
Vmax,LIG

Vmax

)
2

MSLPLIG = Pn − ΔPLIG

(Eq. 3) 

MSLPLIG, Rmax and Vmax,LIG were inserted into the Delft3D Tropical 
Cyclone module (Delft3D-TC) to generate initial conditions for water 
level (WL) and significant wave height (SWH) at the regional scale. For 
this, we used a spatial domain with a grid resolution of 0.1◦ × 0.1◦, 
interpolating bathymetric data from EMODnet. Then, a nested grid was 
built in southeastern Sicily with a resolution of 0.05 × 0.05◦, in order to 
extract the boundary conditions for a local modeling (Supplementary 
Material S4). Coupled simulations have been performed by means of 
Delft3D-WAVE with Delft3D-FLOW to incorporate wave-current inter
action(Lyddon et al., 2019; Whitham G.B., 1974). Delft3D-FLOW ac
counts for wave-current interactions via radiation stresses (based on 
Longuet-Higgins and Stewart (1964) and vortex forces (Martins et al., 
2022). Wave effects, simulated by Delft3D-WAVE, are coupled itera
tively with hydrodynamic processes, influencing currents via radiation 
stress gradients and wave-enhanced bottom shear stress. The bottom 
shear stress is computed using a quadratic friction law, with a Manning 
roughness coefficient of 0.07 (Pignatelli et al., 2010). A computational 
time step of 10 min was adopted to resolve water level and spectral SWH 
variations, for a time range equivalent to 16 September 2020 – 19 
September 2020.

3.4. Modeling of earthquake-generated tsunami

The parameters for the F3-segment fault (Fig. 5) were used to 
simulate the initial sea surface displacement using elastic dislocation 
model of Okada, 1985. This model calculates the static deformation of 
the seafloor resulting from a sudden slip on a fault plane, which is 
subsequently translated into the initial condition for tsunami propaga
tion. The Okada model provides a closed-form solution for the surface 
displacement (vertical, north, and east components) caused by a finite 
rectangular fault in an elastic, homogeneous, isotropic half-space. The 
required inputs are the fault geometry (strike, dip, rake, length, and 
width), the hypocentral location and depth, and the slip magnitude. For 
our simulation, the distributed slip of 4.8 m along the F3 fault plane was 
translated into a uniform slip model, generating the initial sea-surface 
dislocation pattern that serves as the tsunami source.

This initial water displacement field was then implemented as the 
forcing condition in the Delft3D-Tsunami and Delft3D-FLOW suite to 
model wave propagation. Delft3D-FLOW solves the non-linear shallow 
water equations, which are appropriate for long-wave phenomena like 
tsunamis, using an unstructured finite-volume grid that allows for high 
resolution in complex coastal areas. The tsunami simulation was 

Fig. 5. – Initial conditions for the simulation of earthquake-generated tsunami 
in southeastern Sicily; fault parameters were derived from Scicchitano 
et al. (2022).
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performed in two stages to balance computational efficiency and near
shore accuracy. First, propagation was simulated on a regional-scale 
coarse grid (0.02◦ × 0.02◦ of cell resolution) covering the Ionian Sea 
and southeastern Sicily to capture the basin-wide wave dynamics. The 
time series of water levels are made available at the boundaries of a 
nested local grid (0.005◦ × 0.005◦ of cell resolution). Second, these 
boundary conditions were used to drive a high-resolution local grid 
focused on the Capo Muro di Porco coastline, enabling detailed 
modelling of coastal flooding and wave flow at the boulder sites. The 
total simulation time was 15 min with a 1-min output interval, sufficient 
to capture the first and most energetic tsunami waves.

3.5. Morphodynamic models of extreme waves: hurricanes and tsunami

The evaluation of wave flow able to dislodge the coastal boulders of 
Capo Muro di Porco under LIG scenario was performed through XBeach 
model. The boundary conditions of XBeach model derived from outputs 
of forcing conditions obtained in the Delft3D simulations of TLC and 
tsunami scenarios. The XBeach model was run in surfbeat mode, which 
resolves short-wave group forcing on infragravity timescales, enabling 
the simulation of wave setup, run-up, and wave-driven coastal processes 
during extreme events. The spatial domain was created using a high- 
resolution grid generated with the Delft3D-GRID module, featuring an 
offshore cell resolution of 18 × 18 m and a nearshore cell resolution of 
4 × 4 m (see Supplementary Material S4 for details on grid resolutions). 
LIG-LiDAR data were interpolated onto the grid to define the morpho- 
topography, while multibeam data from Scicchitano et al. (2016) were 
used to interpolate the nearshore and offshore areas.

4. Results

The flow needed to initiate boulder motion highlighted a scenario 
where CTBDs could be dislodged when the sea level was higher than 
present and compatible with the LIG scenario. The chronology of the 
marine terrace deposits (119 ka) suggests the boulder movements 
occurred during the LIG post-highstand regressive phase, rather than at 
the sea-level highstand (~125 ka). Furthermore, the extreme wave 
events would have been stronger than present, suggesting wave flow 
compatible with tsunami or intensified medicane during LIG.

4.1. Results-wave flow needed to initiate boulder motions

The field surveys performed in Capo Muro di Porco site revealed a 
strong relationship between boulder locations and coastal landforms 
atop of the cliff. The distribution of coastal boulders is patchy, reflecting 
the varying roughness of the rocky coastline. Notably, the Miocene 
paleodune surface, extending from the cliff edge to roughly 40 m inland, 
is completely devoid of boulders. This absence indicates that the pale
odune likely served as a preferential pathway that facilitated boulder 
transport, a role enabled by its low surface roughness of 0.178 as 
measured by TLS. In contrast, the extensive marine deposit landward of 
the paleodune has a high roughness value of 0.5, which would have 
hindered the inland transport of boulders (Fig. 6a). Flow assessed from 
incipient motion formula range from 1.79 m/s to 7.55 m/s under sub
aerial/submerged conditions, and 3.96 m/s to 7.56 m/s under joint 
bounded conditions (Fig. 6b). Average flow velocities for each pre- 
setting condition resulted as follow: 

- SB-sliding resulted equal to 3.1 ± 0.6 m/s;
- SB-overturning resulted equal to 4.7 ± 0.8 m/s;
- SB-saltation resulted equal to 5.8 ± 1.1 m/s;
- JB-saltation/lifting resulted equal to 5.84 ± 1.1 m/s.

4.2. Results – LIG extreme wave events at the regional scale

To achieve the best performance of the TLC during LIG, we applied 

the Lin et al. (2023) model with ERA5 reanalysis variables for medicane 
Ianos (Fig. 7a and b). Subsequently, we applied the same model altering 
the atmospheric and oceanographic conditions with the anomalies re
ported in Table 3, which are computed against the ERA5 dataset period 
1995-2025. The intensity variables revealed a TLC that was 24% more 
intense than the baseline scenario (Fig. 7c).

The cyclone intensity variables (Vmax and MSLP) along the simulated 

Fig. 6. – Geomorphological features reconstructed for the LIG scenario at Capo 
Muro di Porco; a) buffer area of ancient cliff indicated from Inferred Cliff-LIG 
polygon and location of coastal boulders surveyed through TLS; b) flows 
needed to initiate boulder motion, which were assessed through incipient 
motion formulas for Subaerial/Submerged (SB) and Joint Bounded 
(JB) conditions.
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tracks were used to force the regional Delft3D-TC model, incorporating 
the LIG topography at 119 ka. This corrected LIG sea level was a critical 
boundary condition for simulating coastal flooding and wave action 
during the LIG. Conversely, simulation with present sea level cannot 
determine flooding surface over the CTBD location (as already observed 
in Scicchitano et al., 2022).

Regional-scale modeling of the LIG cyclone indicates that the com
bined effect of stronger winds, lower central pressure, and higher sea 
level resulted in significantly increased significant wave heights (SWH) 
and water levels along the Ionian coast of Sicily compared to present-day 
conditions (Fig. 8a and b-c). The spatial pattern of maximum SWH 
shows a broad area of wave heights exceeding 8 m offshore of south
eastern Sicily (Fig. 8d and e-f), with peak values focused on promonto
ries such as Capo Muro di Porco site.

Similarly, the earthquake-generated tsunami scenario, modelled 
with the same corrected LIG sea level, produced a widespread wave field 
originating from the F3 fault segment on the Malta Escarpment. The 
simulated tsunami propagation (Fig. 8g–i) shows direct energy focusing 

toward the study area, with maximum offshore wave amplitudes 
exceeding 3 m.

4.3. Results – wave flow from morphodynamic model and comparison 
with theoretical model

The outputs from the regional models (water level and SWH time 
series) were then used as boundary conditions for the high-resolution 
XBeach morphodynamic model at Capo Muro di Porco site. The results 
of the local flooding simulations are summarized in Fig. 9, which shows 
the root-mean-square wave height (Hrms) at the Capo Muro di Porco 
coast for three scenarios: (a) present-day medicane Ianos forcing on LIG 
topography, (b) intensified LIG cyclone forcing on LIG topography, and 
(c) LIG tsunami forcing on LIG topography. All three scenarios generate 
flooding that inundates the boulder positions, but the spatial extent and 
magnitude of Hrms are greatest for the LIG cyclone (Fig. 9b) and tsunami 
scenario (Fig. 9 c).

In terms of wave flow velocity, a key parameter for boulder 
dislodgement, both the LIG cyclone and LIG tsunami scenarios produced 
velocities exceeding 3.1 m/s, surpassing the theoretical thresholds 
required for initiating sliding motion (see Section 4.1). The wave flows 
simulated with present sea level (displaced 13.6 m below LIG sea level in 
Fig. 10a) do not reach the elevation of CTBDs (both for medicane and 
tsunami scenarios). The present-day cyclone scenario, even on LIG 
topography, generated lower flow velocities, insufficient to mobilize the 
largest boulders (Fig. 10b). Only the wave flow generated by the LIG 
tsunami was powerful enough to displace CTBDs through all transport 
modes (sliding, overturning, and saltation).

Fig. 7. – Cyclone intensity variables modelled according to Lin et al. (2023) model: a) wind speed and Rmax for medicane Ianos conditions using ERA5 atmospheric 
variables from 15 to 20 September 2020; b) wind speed and Rmax under LIG forcing scenarios derived by applying LIG anomalies to ERA5 data; c) maximum wind 
speed (Vmax) and MSLP minima along cyclone tracks for both present-day and LIG forcing scenarios.

Table 3 
– Medicane Ianos-induced anomalies, computed from ERA5 data, were subse
quently applied to PMIP4-CMIP6 variables (lig127k-month9).

Anomaly of sea 
surface 
temperature – 
ΔSST (◦C)

Anomaly of air 
temperature at 
1000 hPa – Δta (◦C)

Anomaly of 
specific 
humidity – ΔQ 
(g/kg)

Anomaly of mean 
sea level pressure 
– ΔMSLP (hPa)

− 3.42 − 3.35 0.0002 1.2
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5. Discussion

The elevated RSL during MIS 5e is recognized globally, with esti
mates placing the mean sea level during the LIG highstand between 6 
and 9 m higher than today (Dutton and Lambeck, 2012; Kopp et al., 
2009). In the Mediterranean basin, tectonically stable regions usually 
display boulder deposits at elevations ranging from 6 to 7 m, as observed 
on the northwestern coast of Egypt (Hegab and El-Asmar, 1995) and 
along rocky coasts of Apulia (Italy) (Delle Rose, 2024; Delle Rose et al., 
2020; Mastronuzzi and Pignatelli, 2012; Mastronuzzi and Sansò, 2004; 
Scardino et al., 2020). The attribution of coastal boulders to a specific 
LIG scenario is strongly constrained by the resolution of RSL curves. In 
this work, we used the average values from the Grant et al. (2014) 
sea-level curve for MIS 5e, which has an associated uncertainty of 
approximately 12 m under 95% of confidence (see Fig. 4). To better 

constrain the RSL attribution, the direct evidence of sea-level indicators 
has been considered. In the study area of Capo Muro di Porco, the 
presence of an inner edge of MIS5e located at 22-27 m of elevation 
suggested a significant contribution from local uplift -estimated at 0.16 
mm/a (Meschis et al., 2020), and 0.12 mm/a of GIA rate in southeastern 
Sicily (Stocchi et al., 2018). This required elevation directly engages the 
long-standing scientific controversy surrounding whether the LIG was 
characterized by “superstorms” of unprecedented intensity(Hearty, 
1997; Hearty et al., 2002). Studies of massive boulders located on North 
Eleuthera Island, Bahamas, initially suggested that storms of greater 
intensity than those in the Holocene were necessary for their emplace
ment during the LIG (Bourgeois and Weiss, 2009; Hearty, 1997; Hearty 
et al., 2002; Kindler and Strasser, 2000). However, more recent hydro
dynamic modelling in the Bahamas proposed an alternative interpreta
tion, arguing that storms of historical intensity (such as Hurricane 

Fig. 8. Regional modelling outputs for extreme wave scenarios during the LIG: a-b-c) SWH and surface wind vectors simulated for the current forcings of medicane 
Ianos; d-e-f) SWH and wind vectors simulated for the intensified cyclone under LIG conditions; g-h-i) tsunami water surface elevation at selected time steps (1, 6, and 
11 min after fault rupture), simulated for a Mw 7.4 earthquake on the F3 segment of the Malta Escarpment. All simulations incorporate corrected LIG sea level 
(119 ka).

Fig. 9. – Coastal flooding modelled through XBeach for LIG scenarios: a) Hrms modelled using present-day medicane conditions over LIG topography; b) Hrms 
modelled using intensified cyclone conditions over LIG topography; c) Hrms modelled using tsunami conditions over LIG topography.
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Sandy) were sufficient to transport these boulders if combined with the 
high LIG RSL (RSL from +3.5 m to +12.5 m) (Rovere et al., 2017). 
Similarly, analysis of an MIS 5e boulder ridge in Sal Island, Cape Verde, 
showed that, while present-day waves could not reach the feature, the 
transport threshold for boulders (sliding and overturning) was exceeded 
only when RSL exceeded +5m(Rovere et al., 2026). The results align 
with this framework, demonstrating that the presence of LIG RSL was 
the necessary condition for extreme wave events to be effective.

However, considering the CTBD masses and their distance from the 
cliff-edge (up to 105 m), it could be reasonable that multiple transport 
mechanisms occurred in Capo Muro di Porco. Based on the outcomes of 
theoretical flow values and XBeach model results, the CTBDs could have 
been mobilized by either an intensified cyclonic event (under a LIG 

warmer climate) or an earthquake-generated tsunami (energy equiva
lent to 1693 AD tsunami event). Both scenarios produced cliff over
topping and flow velocities exceeding the empirical thresholds (3.1 m/s) 
when coupled with the LIG RSL. The ratio between the theoretical flow 
of the incipient motion formula and modelled flow through XBeach is 
shown in Fig. 11 for each pre-setting condition under LIG scenarios.

The LIG cyclone scenario is supported by paleoclimate modelling, 
which suggests that the Mediterranean basin experienced significantly 
higher storm surge extremes during the regressive phase of LIG, 
particularly in the summer (Scussolini et al., 2023). These extreme 
events correlate strongly with anomalies in seasonal sea level pressure 
minima and are likely linked to the warmer SSTs prevailing in the 
Mediterranean during the LIG (Hoffman et al., 2017). Despite Lin et al., 

Fig. 10. – Wave flow profiles from XBeach modelling: a) LIG bed level displaying scaled velocities relative to LIG sea level (blue reference) and current sea level (red 
reference, ~13.6 m below corrected LIG sea level); b) analysis of LIG wave flow scenarios with maximum scaled velocities for various wave impact types. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 11. Heatmaps illustrating the relative wave-induced flow intensity experienced by each boulder under different extreme wave impacts, across four transport 
modes: sliding, overturning, saltation (for submerged or subaerial isolated boulders in pre-transport settings), and saltation/lifting (for joint-bounded boulders in pre- 
transport settings). Each cell represents the ratio of the maximum flow velocity at the boulder location to the empirical threshold flow velocity required to initiate 
transport for the respective mode; a) medicane Ianos scenario with LIG paleotopography; b) Intensified cyclone scenario under LIG atmospheric and oceanographic 
conditions; c) Tsunami scenario with LIG paleotopography.
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2023 model constraints that limit maximum medicane intensities to 
approximately 45 m/s (see Supplementary Material S3)—consistent 
with realistic medicane—our simulations still demonstrate a 24% 
intensification under LIG conditions. This suggests that even with con
servative modelling assumptions, warmer sea surface temperatures 
during the LIG would have substantially increased medicane potential 
intensity.

The alternative mechanism involved simulating a significant earth
quake (Mw 7.4) along the active F3 segment of the MESC, comparable to 
the earthquake-generated tsunami of 1693 AD (Scicchitano et al., 2022). 
This simulation successfully generated the required wave flows when 
the LIG RSL was incorporated as a boundary condition. On the other 
hand, earthquake-generated tsunami initiated transport under a wider 
range of pre-transport conditions, enabling sliding, overturning, and 
saltation movements in both subaerial and submerged scenarios 
(Fig. 11c). For the Capo Muro di Porco, the integration of 
high-resolution mapping (Fig. 6a and supplementary Material S4) 
revealed crucial geomorphological controls on CTBD dislodgments. The 
Miocene paleodune, characterized by a notably low roughness value 
(0.178), likely served as a preferential pathway enabling landward 
boulder displacement. This contrasts sharply with the area's extensive 
marine terraced deposits, which exhibit a higher roughness (0.5) and 
would have effectively hindered further inland transport. On the other 
hand, the spatial assessment of the roughness values was essential for 
the parametrization of XBeach morphodynamic model. The paleodune 
surfaces are characterized by higher wave flow compared to the sur
rounding marine terrace surfaces, which in turn hinder boulder trans
port. This behaviour has been confirmed by model output, revealing a 
peak in wave velocity near the cliff edge for each modelled scenario 
(Fig. 10).

The difficulty in definitively distinguishing between storm and 
tsunami origins remains a global methodological hurdle for CTBDs 
(Bryant and Nott, 2001; Cox et al., 2020), as evidenced by MIS 5e 
boulder deposits in New Zealand tentatively attributed to a tsunami 
2-3 m high (Kennedy et al., 2007). The climatic conditions of the LIG 
serve as a robust process analogue for assessing future coastal hazards in 
a warming world. Modelling of LIG scenarios demonstrates that rising 
sea levels have the potential to significantly increase wave flows and 
associated wave energy. Furthermore, warmer sea temperatures during 
the LIG likely amplified tropical cyclone development mechanisms. 
Although LIG SST were only about 1.3 ◦C higher than pre-industrial 
levels, IPCC projections indicate that SST could rise by 3 to 5 ◦C above 
those levels in the coming centuries (IPCC et al., 2021; 2019). The 
projected future SST warming under the SSP2-4.5 scenario (3.1 ◦C of 
centennial warming) exceeds the SST warming observed during the LIG 
(1.8 ◦C of centennial warming, Obreht et al. (2022);IPCC et al., 2019). 
This greater warming would enhance intense medicane development in 
a near future, leading to more intense cyclones (González-Alemán et al., 
2019, 2023; Koseki et al., 2021).

6. Conclusions

Based on the comprehensive analysis and modelling results pre
sented in this study, the CTBDs at Capo Muro di Porco (south-eastern 
Sicily) represent a significant geological archive of extreme wave events 
during the LIG post-highstand regressive phase. By integrating high- 
resolution morpho-topographic surveys, hydrodynamic modelling, and 
paleoenvironmental reconstructions, this research demonstrates that the 
mobilization of these large boulders—positioned atop a 10-m-high cliff 
beyond the reach of modern storms and tsunamis—can be satisfactorily 
explained only under LIG conditions. CTBDS at Capo Muro di Porco do 
not necessarily record Holocene extreme events. Instead, their 
emplacement may be preferentially associated with non-Holocene con
ditions, particularly periods characterised by elevated relative sea level, 
such as the LIG regressive phase. Key findings indicate that the RSL 
during the LIG regressive phase, estimated at about 13.65 m above 

present one in the Capo Muro di Porco, was a critical prerequisite for 
extreme waves to reach the CTBD locations. Numerical simulations of 
both intensified TLC and tsunami scenarios under reconstructed LIG 
paleotopography highlighted that wave flow velocities exceeded the 
theoretical thresholds required to initiate boulder motion (sliding, 
overturning, and saltation). Specifically, the modelled LIG cyclone, 
intensified by warmer sea surface temperatures and altered atmospheric 
conditions, and a potential Mw 7.4 earthquake-generated tsunami from 
the F3 fault segment, both produced sufficient wave flows (>3.1 m/s in 
sliding movement) to dislodge and transport the boulders.

The study also highlights the importance of local geomorphological 
controls, such as the low-roughness Miocene paleodune surface, which 
likely acted as a preferential pathway for boulder transport inland. This 
detailed reconstruction moves beyond the traditional storm-versus- 
tsunami debate by showing that either mechanism could have been 
effective under the combined influence of higher RSL and, in the case of 
storms, a warmer, more energetic LIG climate. These results contribute 
to the broader discussion by demonstrating that LIG CTBDs do not 
necessarily require “superstorms” of unprecedented intensity for their 
emplacement. Instead, they underscore the amplifying role of RSL—a 
condition that transformed regional wave hydrodynamics and extended 
the inundation footprint of extreme events.

From this perspective, the apparent rarity of CTBDs along Mediter
ranean rocky coasts does not necessarily reflect the infrequency of 
extreme wave events, but rather the limited occurrence of favourable 
boundary conditions required for their formation and preservation. 
Consequently, previously reported Mediterranean CTBDs lacking robust 
chronological constraints may warrant re-evaluation, as their emplace
ment could plausibly predate the Holocene and be linked to earlier high- 
sea-level intervals. These findings highlight the need for integrated 
geomorphological, hydrodynamic, and chronological approaches when 
interpreting CTBDs in semi-enclosed basins. More broadly, they under
score the importance of considering sea-level-controlled boundary 
conditions when using extreme coastal deposits to reconstruct past wave 
climates and assess future coastal hazards under ongoing sea-level rise. 
As a process analogue for future warming, this work implies that 
contemporary sea-level rise, coupled with projected increases in tropical 
cyclone intensity, may significantly enhance coastal hazard potentials in 
the Mediterranean and other similar regions. Thus, the boulders of Capo 
Muro di Porco serve not only as a fingerprint of past extreme waves but 
also as a tangible warning of the heightened vulnerability of coastal 
systems in a warmer world.
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coast of Guantánamo, Cuba, during Hurricane Matthew (2016). Erdkunde 79, 
191–210. https://doi.org/10.3112/erdkunde.2025.03.02.

Etienne, S., Paris, R., 2010. Boulder accumulations related to storms on the south coast of 
the Reykjanes Peninsula (Iceland). Geomorphology, Rock Coast Geomorphology 
114, 55–70. https://doi.org/10.1016/j.geomorph.2009.02.008.

Eyring, V., Cox, P.M., Flato, G.M., Gleckler, P.J., Abramowitz, G., Caldwell, P., 
Collins, W.D., Gier, B.K., Hall, A.D., Hoffman, F.M., Hurtt, G.C., Jahn, A., Jones, C.D., 
Klein, S.A., Krasting, J.P., Kwiatkowski, L., Lorenz, R., Maloney, E., Meehl, G.A., 
Pendergrass, A.G., Pincus, R., Ruane, A.C., Russell, J.L., Sanderson, B.M., Santer, B. 
D., Sherwood, S.C., Simpson, I.R., Stouffer, R.J., Williamson, M.S., 2019. Taking 
climate model evaluation to the next level. Nature Clim Change 9, 102–110. https:// 
doi.org/10.1038/s41558-018-0355-y.

Ferranti, L., Antonioli, F., Anzidei, M., Monaco, C., Stocchi, P., 2010. The timescale and 
spatial extent of vertical tectonic motions in Italy: insights from relative sea-level 
changes studies. J. Virtual Explor. 36. https://doi.org/10.3809/jvirtex.2009.00255.

Ferranti, L., Antonioli, F., Mauz, B., Amorosi, A., Dai Pra, G., Mastronuzzi, G., 
Monaco, C., Orrù, P., Pappalardo, M., Radtke, U., Renda, P., Romano, P., Sansò, P., 
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Gelder, G., Chauveau, D., Peñalver, L., Frometa, P.D.J.B., Martin-Izquierdo, D., 
Abella, E.C., Bertin, S., Rodríguez-Valdés, Á.R., Arango-Arias, E.D., Traoré, K., 
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