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Abstract 

New analyses of marine terraces in the Tyrrhenian Sea margin of Basilicata - northern Calabria 

(southern Italy) have been carried out. In the study area, c. 25 km in length, an impressive flight of 

marine terraces occurs, with the highest terraces reaching ~160 m a.s.l. Detailed geomorphological-

stratigraphical analyses on remnants of paleoshorelines located within 60 m a.s.l. have shown that 

the rocky coast of the investigated coastal stretch has been affected by multiple relative sea level 

fluctuations, during which reworking of older shorelines has occurred. Dating of coral Cladocora 

caespitosa and speleothems, either predating or postdating single paleoshorelines, has allowed the 

construction of a chronological framework for the identified relative sea-level markers, and their 

correlation with MIS 7, MIS 6e and distinct peaks of MIS 5. A mean uplift rate since the Last 

Interglacial has been evaluated in c. 0.25 mm/y, one order of magnitude larger than former 

estimates. The uplift rate value has been used to infer the elevations of MIS 5a, 5c and 6e peaks, 

which are higher than those reported in most sea-level curves worldwide and however consistent 

with several findings from the western Mediterranean. Our results demonstrate that a mere 

sequential correlation may be misleading in the interpretation of flights of marine terraces, and 

indicates that multiple age controls are crucial to unravelling the complex interaction between uplift 

and sea level fluctuations in uplifted coastal areas. The reconstructed MIS 5a, 5c and 6e paleo-

elevations, besides contributing to the assessment of late Quaternary sea level fluctuations in the 

Mediterranean Sea basin, may contribute to constrain coeval ice sheets volume variations.  
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Abstract 45 

New analyses of marine terraces in the Tyrrhenian Sea margin of Basilicata - northern Calabria 46 

(southern Italy) have been carried out. In the study area, c. 25 km in length, an impressive flight 47 

of marine terraces occurs, with the highest terraces reaching ~160 m a.s.l. Detailed 48 

geomorphological-stratigraphical analyses on remnants of paleoshorelines located within 60 m 49 

a.s.l. have shown that the rocky coast of the investigated coastal stretch has been affected by 50 

multiple relative sea level fluctuations, during which reworking of older shorelines has occurred. 51 

Dating of coral Cladocora caespitosa and speleothems, either predating or postdating single 52 

paleoshorelines, has allowed the construction of a chronological framework for the identified 53 

relative sea-level markers, and their correlation with MIS 7, MIS 6e and distinct peaks of MIS 5. 54 

A mean uplift rate since the Last Interglacial has been evaluated in c. 0.25 mm/y, one order of 55 

magnitude larger than former estimates. The uplift rate value has been used to infer the 56 
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elevations of MIS 5a, 5c and 6e peaks, which are higher than those reported in most sea-level 57 

curves worldwide and however consistent with several findings from the western Mediterranean. 58 

Our results demonstrate that a mere sequential correlation may be misleading in the 59 

interpretation of flights of marine terraces, and indicates that multiple age controls are crucial to 60 

unravelling the complex interaction between uplift and sea level fluctuations in uplifted coastal 61 

areas. The reconstructed MIS 5a, 5c and 6e paleo-elevations, besides contributing to the 62 

assessment of late Quaternary sea level fluctuations in the Mediterranean Sea basin, may 63 

contribute to constrain coeval ice sheets volume variations.  64 

 65 

Key words: marine terraces, morpho-stratigraphy, geochronological dating, MIS 5, MIS 6e, 66 

Tyrrhenian margin. 67 

 68 

1. Introduction 69 

In the last decades, increasing attention has been devoted to the reconstruction of sea level 70 

fluctuations recorded during interglacial periods, when warmer temperatures and depletion of ice 71 

sheets as a response of long-term orbital control triggered rises of the sea level (e.g., Imbrie et 72 

al., 1984; Shackleton et al., 1990; Lisieki and Raymo, 2005; Siddall et al., 2007, and references 73 

therein; Huybers and Aharonson, 2010). Such attention rests on the acknowledgement of the 74 

crucial importance of paleoclimatic indicators in understanding the mechanisms governing 75 

temperature change and its effects, as such issues may spread light on the present warm period 76 

and the future (e.g., Kattsov et al., 2005; Turney and Jones, 2010; IPCC, 2013). For instance, the 77 

Last Interglacial period, or Marine Isotope Stage - MIS 5e, is acknowledged as an analogous for 78 

better understanding the consequences of modern global warming (e.g., IPCC, 2013). In this 79 
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regard, paleoshorelines represent first order indicators of sea level fluctuations. In coastal sectors 80 

not affected by crustal displacements, these markers allow the reconstruction of sea level curves, 81 

which provide measures of total volume of the oceans that depends on the global glacial volume 82 

(Mörner, 1982). In fact, once the glacio-hydro-isostatic contributions, which cause the spatial 83 

variability to the field-estimated sea level worldwide, are evaluated, eustatic, or ice-volume 84 

equivalent sea level change may be determined (Lambeck and Chappell, 2001; Creveling et al., 85 

2015). Where tectonically-induced crustal displacements occur, relative sea level (RSL) change 86 

can be reconstructed assuming a constant and known uplift rate in the studied sector (e.g., 87 

Chappell and Shackleton, 1986; Pirazzoli, 1996; Pedoja et al., 2014 and references therein; 88 

Robertson et al., 2019). Crucial to any of such reconstructions is the availability of reliable 89 

constraints to both elevation and age, such as those obtained from fossil corals, of sea level 90 

markers (e.g. Bloom et al., 1974; Bender et al., 1979; Bard et al., 1990; Chappell et al., 1996; 91 

Zazo et al., 2002; Rovere et al., 2016a).  92 

To date a well-constrained field-based sea level change determination, essentially supported by 93 

coral dating, is available for the last interglacial-glacial cycle (e.g., Bender et al., 1979; Bard et 94 

al., 1990; Chappell et al., 1996; Stirling et al., 1998; Yokoyama et al., 2000). Furthermore, 95 

database of the RSL indicators of MIS 5e in the World’s coasts and the coasts of Italy are 96 

available (Ferranti et al., 2006; Pedoja et al., 2014) and an updated and standardized MIS 5e sea-97 

level database for the western Mediterranean Sea has been compiled in the framework of the 98 

World Atlas of Last Interglacial Shorelines (WALIS; Cerrone et al., 2021a). Data on the Last 99 

Interglacial sea level markers supported by the computation of Glacio-hydro-Isostatic 100 

Adjustment (GIA, Lambeck and Chappell, 2001; Creveling et al., 2015) and taking into 101 

consideration local tectonics effects, have allowed estimating globally the MIS 5e eustatic sea 102 
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level (Dutton and Lambeck, 2012; Kopp et al., 2009). However, less constrained are sea level 103 

fluctuations that occurred prior to the Last Interglacial as erosion of marine terraces increases 104 

with age, and assumptions of long-term constancy of uplift may be unsuitable (e.g., Pirazzoli et 105 

al., 1993).   106 

A region suited to the study of sea level markers and the reconstruction of sea level fluctuations 107 

is the Basilicata - northern Calabria sector of the southern Tyrrhenian margin (Fig. 1a and b), 108 

where coral-bearing paleoshorelines occur. Impressive flights of marine terraces testify to long-109 

term Quaternary uplift of the margin of the southern Tyrrhenian basin in the order of several 110 

hundreds of metres, although the southern segment (southern Calabria) was affected by larger 111 

uplift compared with the northern segment (e.g., Damiani, 1970; Dumas et al., 1987, 2000; 112 

Ascione and Romano, 1999; Filocamo et al., 2009; Bianca et al., 2011; Monaco et al., 2017; 113 

Cerrone et al., 2021b). The differential uplift is better expressed by the variable elevations of the 114 

markers of the Last Interglacial, which in the northern segment are located at the same elevation 115 

or a few metres higher than coeval indicators from stable areas in the Tyrrhenian sea margin 116 

while in southern Calabria are strongly uplifted (e.g., Bordoni and Valensise, 1999; Dumas et al., 117 

1987; Esposito et al., 2003; Ferranti et al., 2006). The northward limit of the fast uplifting sector 118 

is undefined due to the lack of data in a ~100 km long coastal strip (Ferranti et al., 2006). Further 119 

north, the northern Calabria to Basilicata appears as a key area for the reconstruction of a 120 

comprehensive framework of recent uplift of the southern Tyrrhenian margin.  121 

Using a geomorphological-stratigraphic approach, we studied the relative sea-level markers that 122 

occur in a ~25 km-long coastal belt extended from Basilicata to northern Calabria. The identified 123 

paleoshorelines are sculpted in carbonate bedrock and characterised by shallow marine deposits 124 

composed of carbonate pebbles/conglomerates and calcarenites. In several instances the marine 125 
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deposits bear coral Cladocora caespitosa, encrusting algae and mollusks and, in some outcrops, 126 

either cover or are covered by carbonate cave deposits. Field evidence, constrained by U-series 127 

dating of coral samples and speleothems either predating, or postdating, the identified 128 

paleoshorelines allowed the reconstruction of a chronological framework for the analysed sea 129 

level markers and constraining the late Quaternary uplift of the investigated area. By overall 130 

data, constraints to the late Quaternary sea level history of the Tyrrhenian Sea can be inferred.  131 

 132 

2. Geological framework 133 

An indented coastal perimeter featuring narrow headlands and bays characterises the steep rocky 134 

coast of the investigated area, which is located in the eastern margin of the Tyrrhenian Sea basin 135 

(Fig. 1a), from Maratea, in the north, to Scalea (Fig. 1b). The rocky backbone of the study area is 136 

formed of Triassic to Miocene carbonates that are tectonically overlain by ophiolitic nappes 137 

(Iannace et al., 2005; 2007), with both units being part of the southern Apennines fold and thrust 138 

belt (Fig. 1b). Neogene to Quaternary NE-verging thrusting in the southern Apennines were 139 

coeval, since the late Miocene, with back-arc extension in the Tyrrhenian Sea basin, with both 140 

processes being related to the roll back of the west-dipping Apulian-Ionian slab (e.g., Malinverno 141 

and Ryan, 1986; Patacca et al., 1990; Royden, 1993; Faccenna et al., 2001; Fig. 1a). Quaternary 142 

extension in the southeastern Tyrrhenian basin affected the southern Apennines margin with 143 

formation of a series of coastal grabens (e.g., Rehault et al., 1987; Caiazzo et al., 2006). In the 144 

horst blocks, Quaternary marine terraces testify to the attainment, since the Early Pleistocene, of 145 

a coastal perimeter that approximates the modern one (Ascione and Romano, 1999; Filocamo et 146 

al., 2009). Ceasing of shortening in the southern Apennines at ~0.7 Ma was followed by 147 

regional-scale uplift of the mountain range and foothills to the east of it occurred in response to 148 
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detachment and rebound of the Ionian slab (Cinque et al., 1993; Patacca and Scandone, 2001; 149 

Ascione et al., 2012). Fast uplift with rates >1 mm/y is inferred from late Quaternary raised 150 

marine terraces along the Ionian coastal belt and Tyrrhenian coast of southern Calabria (e.g., 151 

Dumas et al., 1987; Miyauchi et al., 1994; Bordoni and Valensise, 1999; Amato, 2000; Ferranti 152 

et al., 2006; Bianca et al., 2011; Monaco et al., 2017). Consistently, geomorphic evidence from 153 

the Aspromonte massif (southern Calabria) indicates slow uplift in the Early Pleistocene 154 

followed by pulses of rapid uplift during the late Quaternary (Robustelli, 2019). In southern 155 

Calabria, raised Holocene shorelines indicate fast uplift continuing nowadays due to the 156 

summation of a regional plus a local component associated with the activity of large normal 157 

faults, which would account for values ranging between 0.1 and 0.7 mm/yr of vertical fault slip 158 

(e.g., Ghisetti, 1992; Westaway, 1993; Miyauchi et al., 1994; Bordoni and Valensise, 1999; 159 

Tortorici et al., 2003; Ferranti et al., 2007). The rapidly uplifting region is well correlated with 160 

sectors characterised by high seismic release (e.g., Antonioli et al., 2006; Ferranti et al., 2007), 161 

with devastating historical earthquakes occurred in 1783, 1908 and 1925 (Rovida et al., 2021). A 162 

more subdued seismicity characterises the Basilicata – northern Calabria coastal belt, where 163 

inland and offshore historical seismicity is sparse and of moderate energy (M≤5; Rovida et al., 164 

2021). 165 

A flight of marine terraces reaching elevations ranging from ~130 m, in the north, to ~160 m, in 166 

the south (Filocamo, 2007; Filocamo et al., 2009) characterises our study area. As most marine 167 

terraces are undated, there is a long debate on their chronological framework, e.g., the highest 168 

marine terrace (130–160 m a.s.l.) has been correlated with MIS 5e by Westaway (1993) and 169 

framed in the late Early Pleistocene by Filocamo et al. (2009). These authors correlated with 170 

MIS 19 a marine terrace located 100 m a.s.l. in the San Nicola Arcella - Scalea sector (Fig. 1b) 171 
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and highlighted that block-faulting accompanying uplift substantially ceased since the Middle 172 

Pleistocene. The chronological framework by Filocamo et al. (2009) relies on literature dating on 173 

coral Cladocora caespitosa and D/L measurements on bivalves by Carobene et al. (1986) and 174 

Carobene and Dai Pra (1991), who correlated the marine terraces in the ~12–17 m and  ~5–9 m 175 

elevation ranges with the late MISs of the Middle Pleistocene and MIS 5e, respectively, and 176 

terraces in the ~5–2 m range to either MIS 5c or MIS 5a. By these data, Ferranti et al. (2006) 177 

inferred an uplift rate in the range of 0.05–0.03 mm/y since the Last Interglacial. 178 

 179 

3. Materials and Methods 180 

The study was based on the combination of geomorphological-stratigraphical analyses with new 181 

geochronological analyses. As both the marine and overlying continental deposits are carbonate 182 

in nature, methods such as Optically Stimulated Luminescence - OSL dating that provides 183 

reliable ages for late Quaternary marine terraces (e.g., Ramos et al., 2012; Carvalhido et al., 184 

2014), could not be used in our study. However, colonies of coral Cladocora caespitosa are 185 

widespread in the marine terraces we analysed, along with calcareous speleothems either 186 

predating or postdating the identified sea level markers. Speleothems and corals are considered 187 

excellent samples to be dated with U-series disequilibria methods because in most cases they 188 

consist of pure calcium carbonate, free from a detrital component that makes problematic the 189 

dating of dirty carbonates. Paleoshorelines dating was thus based on U-series analyses of coral 190 

samples, pre-treated through mineralogical analyses. Dating of speleothems was used to 191 

constrain the ages of marine deposits not bearing corals, or bearing undated corals due to 192 

weathering/recrystallization, or to cross-check dating of corals. Specifically, the analysed 193 

speleothems consist of flowstones, i.e. coverings of cave floor and walls that accrete roughly 194 
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parallel to the host surface (Ford and Williams, 1989). Stable isotope analyses were performed at 195 

Bochum University (Institut für Geologie, Mineralogie und Geophysik, Ruhr-Universität) to 196 

constrain the water formational environment of three speleothems. The age model we obtained 197 

for the marine terrace flight was used for estimations of the uplift rate and elevations of paleo-sea 198 

level at different late Quaternary sea level peaks. 199 

 200 

3.1 Geomorphological-stratigraphical approach  201 

In order to outline the coastal geomorphology framework of the study area, we first mapped the 202 

flights of terraced surfaces in the entire investigated coastal belt, with a particular focus on the 203 

terraces located in the first tens of metres (~60 m) a.s.l. For the analysis of topography, we used 204 

1:5000 scale maps and LiDAR data released by the Italian Ministry of Environment – MATTM, 205 

with resolutions of 1×1 m and 2×2 m. The marine terrace remnants are small size (ranging from 206 

a few to few tens of m) and spatially discontinuous. In the study area, as commonly along rocky 207 

coasts, information on RSL obtained from mapping of terraces using topographic data alone may 208 

be misleading unless it is integrated by detail-scale field data. In fact, slope breccia and alluvial 209 

fan sediments commonly bury the marine terrace surfaces, thus hampering RSL estimations.  210 

Detail-scale field surveys were carried out at several sites (Fig. 1b) aimed at the: (i) identification 211 

and mapping of sea level markers, (ii) reconstruction of the relative chronology among sea level 212 

markers identified at each site, and (iii) spatial correlation among markers located in different 213 

sites. The morpho-stratigraphical reconstructions were focused on the detection of 214 

erosional/depositional sea level indicators and investigation of the crosscut relationships between 215 

those features and continental deposits and landforms. The depositional indicators are clastic 216 

shore deposits, calcarenites and coral and algal bioconstructions, while the erosional indicators 217 
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are abrasion platforms, tidal notches, coastal caves and L. lithophaga hole bands. As sea-level 218 

markers, we considered the abrasion platform-sea cliff edges, or shoreline angles, which 219 

correspond to the highest elevation reached by the sea during interglacial periods (Lajoie, 1986). 220 

The platform inner edge is an essential geodetic marker (Jara-Muñoz et al., 2019, and reference 221 

therein) especially in the western Mediterranean where the tide range is limited (±0.25 m; 222 

Antonioli et al., 2015). The elevations of the platform inner edges were constrained by crossing 223 

topographic and GPS data, and/or using a laser distance meter. The positions of the inner edges, 224 

where buried by continental covers, were geometrically reconstructed using the intersection point 225 

between the profiles of the paleo-sea cliffs and marine platforms. The error in the elevation of 226 

the sea level markers ranges from some dm to 1 m depending on whether the inner edge is 227 

apparent or buried.  228 

 229 

3.2 U-series dating and mineralogical characterization of corals 230 

The 230Th/234U method is the most widely used dating technique applied to continental carbonate 231 

deposits and corals and is based on the extreme fractionation of the parent isotopes 238U and 234U 232 

from their long-lived daughter 230Th in the hydrosphere (Edwards et al., 2003). On the contrary, 233 

molluscs are not suitable for U-series dating due to an open-system postmortem history, in fact 234 

the discrepancy between the U-series dating on corals and molluscs could be from ten to hundred 235 

of thousand years because of postmortem processes of U-uptake not quantitatively quantified 236 

(Kaufman et al., 1971, 1996; Ivanovich et al., 1983; Carobene et al., 1986). Uranium, markedly 237 

more soluble than Th in the surface and near-surface environments, is readily mobilised as the 238 

highly soluble uranyl ion (UO2
2+) and its complexes, whereas Th is easily hydrolysed and 239 

precipitated or adsorbed on detrital particles. Uranium is co-precipitated with CaCO3 on 240 
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exsolution of CO2, while Th is generally negligible. In the absence of detrital Th, 230Th only 241 

forms in situ by radioactive decay of co-precipitated U. In a closed system the extent to which 242 

the 230Th/234U activity ratio has returned towards unity is a function of time, taking into account 243 

also the state of disequilibrium between 234U and 238U (Kaufman and Broecker, 1965). 244 

For corals it is important to verify their original aragonitic nature and check for the eventual 245 

presence of calcite. In fact, no-weathered corals are originally made up of aragonite. The 246 

occurrence of relevant calcite indicates that weathering processes have affected the coral after its 247 

burial, with consequent opening of the chemical system. Therefore, a mineralogical 248 

characterization of coral samples was carried out through the X-ray powder diffraction (XRD) 249 

method. Each sample of coral and speleothem has been cleaned mechanically by washing it with 250 

de-ionized water and ultrasonically cleaned for a few minutes. Then, the preparation of coral 251 

samples consists in dividing the corals between the internal septas from their external walls with 252 

the help of a microdriller because the different thickness may react differently to the weathering 253 

processes (Roberts et al., 2009). Hence, most samples were split in two sub-samples, 254 

distinguished by labels w (wall) and s (septas).  255 

For routine mineralogical characterization of coral samples a GE-Seifert MZVI automated 256 

diffractometer (XRD) was used, with CuKα radiation, 40 kV and 30 mA, 5s per step and a step 257 

scan of 0.05° 2θ in the 3–70° 2θ interval. The software package RayfleX (GE Inspection 258 

Technologies, 2004) was used for data processing, and phase identification was made by means 259 

of the ICDD-PDF2 database. For quantitative XRD phase analysis, i.e. calculation of percentages 260 

of aragonite, calcite and all the other associated minerals, we used both the GE-Seifert MZVI 261 

instrument (counting 18s per step, step scan 0.02° 2θ) and a PANalytical diffractometer, 262 
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equipped with a high speed PIXcel detector, Ni-filtered, CuKα radiation, pyrolytic graphite 263 

crystal monochromator, 40 kV and 40 mA, step size of 0.02° and scanning time 8 s/step. The 264 

data were refined using the Rietveld method (Bish and Post, 1993, and references therein); the 265 

XRD spectra were elaborated with multiple refinements by the GSAS package (General 266 

Structure Analysis System; Larson and Von Dreele, 2004) and its graphical interface EXPGUI 267 

(Toby, 2001), as well as with HighScore Plus software. The Rietveld structural models were 268 

based on the American Mineralogical Crystal Structure Database (AMCSD, Downs et al., 2003). 269 

For U-series analyses only Cladocora caespitosa corals with > 95% aragonite have been used. 270 

About 3 g of corals and 40 g of calcite from speleothems were selected and dissolved in nitric 271 

acid. Few millilitres of hydrogen peroxide were added and heated at 100 °C in order to destroy 272 

organic matter. Isotopic complexes of uranium and thorium were extracted according to the 273 

procedure described in Lawrence Edwards et al. (1987) and alpha-counted using high-resolution 274 

ion implanted Ortec silicon surface barrier detectors. The ages were calculated by means of 275 

Isoplot/Ex (version 3.0), a plotting and regression program designed by Ludwig (2003) for 276 

radiogenic-isotope data. 277 

 278 

3.3 Estimations of uplift and paleo-sea levels  279 

Paleoshoreline dating allowed identification of the Last Interglacial sea level markers. Using as a 280 

reference the MIS 5e sea level marker, we evaluated the uplift rate by applying the classical 281 

Lajoie (1986) equation [1]: 282 

[1]                 U=(E-pSL)/T 283 

where U is the uplift rate, E is the elevation of MIS 5e sea-level marker (in our instance, the 284 

inner edge), T is the approximate time of platform bevelling (Gardner et al., 2001; Rovere et al., 285 
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2016a) and pSL is the elevation of the paleo-sea level at time T. The error (εU) associated with 286 

the obtained uplift rate value was calculated using the error propagation formula by Morel et al. 287 

(2021), which computes the error associated with both depositional and erosional sea level 288 

markers, modified according to our case study (i.e., considering the platform inner edge as the 289 

sea level marker) as follows [2]:  290 

[2]            𝜀𝑈 = (𝐸 − 𝑝𝑆𝐿) × √(𝜀𝑇/𝑇)2 + (√(𝜀𝑝𝑆𝐿2 + 𝜀𝐿𝑖2 + 𝜀𝐹𝑚2)/𝐸)2 291 

where: εT indicates MIS 5e age range; εpSL is the error in MIS 5e paleo-sea level elevation; εLi 292 

is the error in the LiDAR dataset; εFm is the error in field measurements.  293 

The uplift rate value was assumed as constant and used to infer, from Eq. [1], paleoelevations of 294 

distinct sea level peaks both younger and older than MIS 5e. The error εpSLn associated with the 295 

determination of a paleo-sea level peak n was, then, calculated by equation [3]:  296 

[3]     𝜀𝑝𝑆𝐿 = 𝑝𝑆𝐿𝑛 × √(𝜀𝑈/𝑈)2 + (𝜀𝑇𝑛/ 𝑇𝑛)2 + (√(𝜀𝐿𝑖𝑛
2 + 𝜀𝐿𝑖𝑛

2)/𝑝𝑆𝐿𝑛)

2

 297 

 298 

4. Geomorphological-stratigraphical features of the marine terraces  299 

The rocky coast extended from Basilicata to northern Calabria is characterised by narrow coastal 300 

plains and indented promontories (Fig. 2). The largest coastal plain occurs between the 301 

Castrocucco headland and Dino Island, while narrower coastal plains occur between the Torre 302 

Fiuzzi and Grotta del Prete headlands and in the Fiumicello bay (Fig. 2). The rocky slopes of 303 

headlands and cliffs behind the coastal plains are mainly composed of densely fractured 304 

dolostones or dolomitic limestones (Iannace et al., 2007; Fig. 1b), onto which marine terraces are 305 

sculpted. Large and thick alluvial fans and slope breccia sourced by the fractured carbonate 306 

bedrock almost systematically hide the terrace inner edges (Fig. 2).  307 
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The remnants of the highest terrace form a rather continuous belt of wide surfaces that 308 

progressively rise southwards, from 130 m to 160 m a.s.l., while the lower marine terraces are 309 

much smaller (Fig. 2). The abrasion terraces are frequently marked by L. lithophaga holes and 310 

typically mantled by patches of conglomerates and arenites of carbonate nature, sometimes rich 311 

in bivalves, e.g. Spondylus, Ostrea and Cerastoderma. Algal and coral (Cladocora caespitosa) 312 

bioconstructions are widespread in the marine terraces located up to c. 40 m a.s.l. These terraces, 313 

and those located up to c. 60 m a.s.l., are the main focus of our study. In the investigated coastal 314 

belt, evidence of reshaping of both subaerial landscape by coastal processes, and marine 315 

landforms by subaerial processes, testify to a multistage geomorphic evolution. Based on overall 316 

data, we distinguished five paleoshorelines labelled T1 to T5 (Fig. 2). In the following sections, 317 

morpho-stratigraphical characterisations of some key outcrops of the various paleoshorelines are 318 

provided, along with reconstructions of the relative chronology of the coastal and subaerial 319 

sculpturing events. The outcrops described below are the most explanatory for the reconstruction 320 

of the relative sea-level history, due to the presence of multiple geomorphological/stratigraphical 321 

evidences constrained by geochronological data.  322 

 323 

4.1 Paleoshoreline T1 324 

The lowest marine terrace crops out extensively in the northern part of the investigated coastal 325 

belt (e.g., Fiumicello, Ogliastro, Marina di Maratea, Maratea port sites) and in the Torre Talao 326 

sea stack, which rises above the beach of Scalea (Fig. 2 and 2a). The best exposures of marine 327 

terrace T1 occur in the northern flank of the Fiumicello bay and adjacent Ogliastro Cape (Fig. 3). 328 

Because of a continental cover the terrace inner edge is not exposed in those sites, and its 329 

outcropping innermost part is located 5 m a.s.l. (Fig. 3a).  330 
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The Fiumicello terrace is marked by marine deposits (hereinafter, T1 deposit) mostly composed 331 

of calcarenites bearing bivalves and both fragments and globular colonies of C. caespitosa corals 332 

(samples FMC01, FMCO8 and OGL3; Fig. 3b). At the northern border of the Fiumicello bay, 333 

conglomerate lenses made up of well-rounded pebble to cobble-sized carbonate clasts are 334 

interspersed within the calcarenite. The T1 deposit rests erosively on calcareous bedrock and is 335 

covered by tens of m of alluvial fan deposits (hereinafter, UU; Fig. 3) consisting chiefly of 336 

bedsets of massive to crudely stratified, locally amalgamated, pebble-to-cobble conglomerates; 337 

basal bedding contacts are sharp and irregular, with relief of up to 0.7 m.  338 

The Ogliastro terrace (Fig. 2a and 3e) is eroded on beachface deposits (hereinafter, OG deposit) 339 

resting erosively on calcareous bedrock. The OG deposit consists of well-stratified sand and 340 

gravel beds that are typically well-sorted and well segregated into horizontal to gently inclined 341 

seaward beds with inclination of up to 5° (Fig. 3f). Beds show distinct vertical variations in clast 342 

sorting size, ranging from sand to fine pebble, and are occasionally composed of bimodally 343 

sorted, rounded pebbles. Seaward the beds tend to wedge out forming low-angle cross-stratified 344 

bundles. The OG deposit is dissected by sub-vertical, roughly N-S trending fractures and 345 

crevices filled with the foregoing T1 calcarenite (Fig. 3f). The marine succession is capped by 346 

UU deposits consisting of alternating massive to crudely stratified, locally amalgamated, pebble-347 

to-cobble sized gravel beds and clast-supported sheet conglomerates occurring in laterally 348 

continuous beds that extend up to 20 m. 349 

In the Fiumicello and Ogliastro sites, the base of the UU deposit is marked by a reddish paleosol 350 

some decimetres thick (Fig. 3d and e). Speleothems both blanket and are interspersed in the UU 351 

conglomerates and cover the T1 deposit. Two laminated flowstones have been sampled for U-352 

series dating. Of the sampled speleothems, one covers the T1 deposit in the Ogliastro site 353 
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(sample OGL2) and the other, c. 3 cm thick, is part of a cave fill that includes angular breccia 354 

with a reddish matrix, which is inset in the T1 calcarenite outcropping at Fiumicello (sample 355 

FMC07; Fig. 3c).  356 

 357 

4.2 Marine terrace T2 358 

In the Marina di Maratea - Punta Iudia area (Fig. 1b), crosscutting relationships among erosional 359 

and depositional marine landforms indicate a composite morphostratigraphic framework. In that 360 

area, there is evidence of three marine terraces, namely T1, T2 and T4 (Fig. 2; Fig. 4a; Fig. 5a). 361 

The T2 deposit corresponds to a some metres thick marine succession (Fig. 4b), well exposed in 362 

the Marina di Maratea bay and adjacent coastal stretch; it consists of a basal, decimetre-thick 363 

conglomerate made up of pebble- to cobble-sized clasts with coarse sand matrix, passing upward 364 

into about 4 m thick bioconstruction made up of encrusting algae, gastropods, bivalves and a 365 

large amount of colonial corals and fragments of C. caespitosa. Multiple evidences indicate that 366 

the T2 deposit buries a pre-existing coastal morphology sculpted in the carbonate bedrock. The 367 

buried coastal morphology consists of a planar, sub-horizontal abrasion platform and relative 368 

paleo-sea cliffs, with inner edge at +5 m (Fig. 4c), which we correlate with paleoshoreline T1. 369 

Evidences indicating that paleoshoreline T1 predates the T2 deposits are (i) lithophaga holes, 370 

locally filled by calcarenites, which are densely distributed along the carbonate paleo-sea cliffs 371 

associated with the T1 (northern side of the Marina di Maratea bay; Fig. 4d-f), and (ii) the basal 372 

conglomerate of the T2 marine succession, which regularly covers the T1 abrasion platform but 373 

is missing on top of the coastal promontories around the Marina di Maratea bay, where the T2 374 

marine deposit consists only of a thin calcarenite cover (e.g., southern side of the Marina di 375 

Maratea bay; Fig. 5).  376 
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Marine terrace T2 corresponds to the eroded top surface of the carbonate bedrock suspended 377 

above the paleo-sea cliffs of terrace T1. Such a surface, which is overall planar, slightly seaward 378 

dipping and largely patched by calcarenites (Fig. 5c), is interpreted as an abrasion surface; it 379 

ranges in elevation from 6–8 m (outer rim) to 15 m, where its inner edge is well exposed in the 380 

headland to the south of the Marina di Maratea bay (Fig. 4a). Landwards, in the Marina di 381 

Maratea bay southern side, the T2 surface is covered by coarse grained slope breccia (Fig. 5e), 382 

while in the northern side the T2 deposit is covered by alluvial fan deposits (Fig. 5d) composed 383 

of stratified, fine- to coarse-pebble conglomerates, with angular gravel clasts set in reddish silty 384 

to sandy matrix. Beds are ungraded and extend laterally for metres, even though low angle 385 

erosive bases occasionally occur. 386 

South of Marina di Maratea, at Punta Iudia (Fig. 5a), the T2 conglomerates and calcarenites form 387 

neptunian dikes filling several m deep, subvertical crevices in the carbonate bedrock. Here an 388 

apparent reddish paleosol is interposed between the T2 deposit and the slope deposit cover, 389 

which consists of massive to crudely stratified conglomerates made up of angular to subangular, 390 

pebble- to boulder-sized clasts; basal bedding contacts are irregular and locally sharp; the matrix 391 

is locally abundant and consists of a mixture of greyish and brownish poorly-sorted sand and silt. 392 

C. caespitosa bioconstructions have been sampled both in the Marina di Maratea bay (samples 393 

MMR10 and MMR11) and Punta Iudia (sample PDR) sites. 394 

In the Punta Matrella - Santojanni area (Fig. 1b) well developed marine terraces that we correlate 395 

with T2 are suspended above the modern sea cliffs at +8–9 m (outer rim of the abrasion 396 

surfaces), from which they gently rise landwards. In the northern border of the Santojanni bay, 397 

the T2 platform is marked by patches of calcarenites and coarse-grained conglomerates, which 398 

include clasts potholed by lithophaga. In the Punta Matrella headland, an abrasion surface rising 399 
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up to 15 m a.s.l., where the inner edge is locally apparent, is potholed by lithophaga and patched 400 

by conglomerates and calcarenites rich in bivalve shells and balanides. Where not exposed, the 401 

innermost parts of marine terrace T2 are covered by subaerial deposits generally composed of 402 

alluvial fan sediments and, in some instances, slope breccia. Both alluvial fan and slope breccia 403 

deposits are composed of crudely stratified unconsolidated beds made up of pebble- to cobble-404 

sized clasts set in a reddish matrix. Outcrops of this coastal stretch reveal that marine terrace T2 405 

has been reworked by coastal processes after its formation. This reworking is inferred from the 406 

presence of arenites and fine-grained conglomerates, which rest erosively on the T2 deposit. 407 

Specifically, they patch an irregular morphology and fill crevices and potholes sculpted on the 408 

T2 deposit (Fig. 5b). Locally (on the c. +15 m platform in the inner boundary of the Marina di 409 

Maratea bay; Fig. 5c), thin remnants of continental conglomerates with reddish matrix are 410 

interposed between the arenites and the underlying, eroded T2 bioconstructions (Fig. 5e).  411 

In the Marina di Maratea - Punta Iudia coast, the T2 deposits and carbonate bedrock are affected 412 

by metre-size horizontal caves and conduits occasionally filled with continental breccia, coated 413 

and floored by laminated flowstones (Fig. 5d). We sampled for U-series dating the laminated 414 

speleothems that floor two caves located in the Marina di Maratea bay (samples MMR2 and 415 

MMR12; Supplementary Figure S1) and a cave formed in the T2 calcarenite in the Punta Iudia 416 

site (sample PDA2).  417 

 418 

4.2.1 Paleoshoreline T2 in the Scalea site  419 

Marine terrace T2 is the lowest in a flight of three terraces that shape the headlands of the Scalea 420 

coast (Fig. 1b; Fig. 2e). In the sea cliffs just to the north of the Scalea village (Fig. 6a), the T2 421 

terrace consists of a slightly sea-dipping abrasion platform, marked by lithophaga holes and 422 
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covered by patches of coarse-grained sandstones to fine-pebble-grade gravels and 423 

bioconstructions, which consist of encrusting algae, bryozoans, gastropods and colonies and 424 

fragments of C. caespitosa occasionally developing decimeter-size globular growth forms (Fig. 425 

6b). The calcarenites are affected by potholes (Fig. 6c) and crevices coated by speleothems and 426 

covered by slope and colluvial deposits (Fig. 6e), which indicate subaerial conditions postdating 427 

the formation of T2. A C. caespitosa colony and a flowstone coating a coral bioconstruction 428 

have been sampled for U-series dating (samples SLC and SLC05, respectively). The slope 429 

deposits, several metre-thick and extensively outcropping in the sea cliff at the inner border of 430 

the bay, consist of stratified, up to 20° inclined, clast-supported conglomerates made up of 431 

angular to subangular, pebble- to boulder-sized clasts. The matrix is composed of reddish and 432 

yellowish fine-grained sediments, and is locally abundant to form occasionally matrix-supported 433 

beds (Fig. 6e). 434 

At Scalea, the T2 abrasion platform is located at elevations > 12 m (outer edge). For the T2 inner 435 

edge, which is hidden by the slope deposits, we inferred an elevation in the range of 16±1 m by 436 

integrating GPS measurements with topographic data.  437 

The Scalea T2 calcarenites are affected by lithophaga holes (Fig. 6d) filled by yellowish and 438 

reddish fine-grained sediments, which represent the distal and basal part of the above mentioned 439 

slope deposits. Overall, the similarity of this outcrop with terrace T2 in the Marina di Maratea - 440 

Punta Iudia sites suggests that the lithophaga holes result from a marine reshaping of marine 441 

terrace T2. 442 

 443 

4.3 Sea-level markers around 20 m a.s.l.: paleoshoreline T3 444 
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At several sites along the coastal stretch between the Castrocucco and Scalea headlands, there is 445 

evidence for raised sea level markers at elevations ≥ 20 m, which we label T3. The best exposure 446 

in these markers is that of Grotta del Prete site (Fig. 1b; Fig. 2d) where an abrasion platform cuts 447 

the limestone bedrock (Fig. 7a).  448 

The inferred elevation of the platform inner edge is +22 m with a ±1 m uncertainty because of a 449 

colluvial cover. The abrasion platform is mantled by an up to 20 cm thick conglomerate 450 

composed of pebble- to boulder-size clasts. The matrix is locally abundant and consists of 451 

coarse- to very coarse-grained sandstone. An overlying biocontruction consists of encrusting 452 

algae, bryozoans, gastropod and bivalve shells, and colonial C. caespitosa corals (samples GRP1 453 

and GRP2; Fig. 7b). The bioconstructed body is blanketed by coarse-grained sandstones to 454 

granule-grade deposits showing horizontally to low-angle lamination; at the top beds are bundled 455 

into weakly discordant sets (Fig. 7c). The sandstones are common as infill of bioconstruction 456 

crevices and potholes as well as mantle the basal gravel lag. Evidence of pedogenesis at the top 457 

of these sediments indicates a subaerial exposure (Scarciglia et al., 2006).  458 

Evidence of the T3 paleoshoreline is widespread in the sea cliffs behind the Praia coastal plain 459 

and to the south of the Grotta del Prete site. At Pantano site (Fig. 2) a RSL rise up to +20 m is 460 

testified by a bioconstruction with encrusting algae, gastropods, bivalves and coral fragments, 461 

and lithophaga holes. These are covered by a speleothem sampled for dating (sample PNT). At 462 

Ginnasio site (Fig. 2) an abrasion platform cut in calcareous-dolomitic bedrock with a well-463 

exposed inner edge at 20 m crops out. The platform is potholed by lithophaga holes well 464 

apparent also along some crevices, which preserve decimeter-size globular growth forms of C. 465 

caespitosa and bioconstructions with gastropods and encrusting algae. The crevices are also 466 

filled with massive subrounded, pebble- to cobble-sized gravels interpreted as deposited at the 467 
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base of the paleo sea-cliffs, as also suggested by the presence of occasional clasts of beach 468 

conglomerates sourced by the outer edge retreat of the terrace above. Paleoshoreline T3 may be 469 

correlated southward with both massive and ungraded conglomerates made up of subrounded, 470 

pebble- to boulder-sized clasts (locally potholed by lithophaga) that mantle the cliff behind the 471 

beach of San Nicola Arcella at about +20 m, and abrasion platforms, lacking in marine deposits, 472 

on top of an isolated rock within the beach of San Nicola Arcella (+19 m) and at Torre San 473 

Nicola (inner edge at ~20 m). 474 

Evidence of paleoshoreline T3 occurs also in the Castrocucco headland (Fig. 2). In the 475 

southwestern part of the that headland, a marine terrace carved on carbonate bedrock in the west 476 

and on well-cemented slope deposits in the east, crops out from 15 m (outer rim) to 20 m (inner 477 

edge). The sedimentary cover consists of a basal conglomerate composed of pebble- to fine 478 

cobble-size clasts passing upward to alternating coarse-grained sandstones and fine pebble-grade 479 

gravels with horizontal bedding. Regular and parallel stratification along with good clast-size 480 

sorting are indicative of swash and backwash processes in the upper beachface. Beach deposits 481 

patch laterally the paleo-sea cliff and are covered, in the east, by slope breccia. To the south 482 

(Praia - Tortora exit of the SS 18 road), beach deposits rest erosively on calcareous bedrock at c. 483 

20 m. To the west, densely distributed lithophaga holes up to c. +20 m occur along the sea cliff at 484 

the northern boundary of the beach (Fig. 8a). At 15–20 m a.s.l. along the sea cliff at the SE 485 

headland termination, the bedrock is affected by open fissures filled by calcarenites and coated 486 

by few cm thick laminated flowstones (Fig. 8b). One of these concretions (sample CSC8, Fig. 487 

8d) is densely potholed by lithophaga holes filled with calcarenites (Fig. 8c-d).  488 

 489 

4.4 Paleoshoreline T4 490 



22 

The best exposure of marine terrace T4 occurs in the Torre Fiuzzi area, where a wide wave-cut 491 

platform has its outer edge at ~18 m; the inner edge has been detected at 35 m a.s.l. (Fig. 2c; Fig. 492 

9). The platform, slightly seaward dipping, is mantled by a few m thick calcarenite bearing C. 493 

caespitosa colonies, which have been sampled for Th/U analyses (samples TFZ1 and TFZ2).  494 

An abrasion platform with inner edge at +30–35 m and marked by lithophaga holes patches of 495 

pebble- to cobble-sized gravels occurs in the Torre Dino site. Speleothems inset in the gravels 496 

have been sampled for U-series dating (sample TRR1).  497 

Sea level indicators at ~40 m a.s.l. occur in the sites of Scalea (Fig. 6a), Marina di Maratea (Fig. 498 

5) and along the Castrocucco headland. Here at +35–40 m there are remnants of a tidal notch 499 

(Fig. 8a) and, to the east, an abrasion platform covered by dm-thick fine- to coarse-grained, 500 

rounded pebbles. At the inner margin of Tortora coastal plain (Fig. 2) an abrasion platform (outer 501 

edge at +20–30 m) patched by dm-thick, well-cemented rounded gravels extends for about 2 km. 502 

The platform inner edge is covered by tens of m-thick alluvial fan deposits forming a planar 503 

depositional slope; it is composed of clast supported, sheet conglomerates made up of alternating 504 

beds of angular, pebble to fine cobble grade clasts and pebbly sandstones. Stratification is plane 505 

parallel but internal truncation surfaces may be observed as well as yellowish and reddish 506 

intervening paleosols.  507 

 508 

4.5 Paleoshoreline T5 509 

Evidence of paleoshoreline T5 is widespread in the inner margin of the Praia coastal plain and 510 

southwards, down to Scalea. In the abandoned sea cliff behind the Praia coastal plain, a large 511 

karst cave (Madonna della Grotta, MdG site; Fig. 2) is located from c. 50 to 65 m a.s.l. A marine 512 

reshaping of the MdG cave is testified by poorly sorted, fine pebble- to sandy matrix-supported 513 
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conglomerate of pebble to boulder grade which mantle the southern edge of the cave (Fig. 10). 514 

The conglomerates are interpreted as the result of progressive accumulation of cliff-collapsed 515 

material that outcrops from 50 to 58 m a.s.l. Gravel sediments and carbonate bedrock are 516 

affected by lithophaga holes. Using the upper limits of the lithophaga holes and conglomerates as 517 

indicators, paleoshoreline T5 is constrained in the 55–60 m elevation range. The lithophaga holes 518 

and conglomerates patched on the cave wall are mantled by a several cm-thick flowstone, the 519 

basal part of which has been sampled for U-series analysis (sample MDN01; Fig 10).  520 

The MdG paleoshoreline can be correlated with several abrasion platforms outcropping to the 521 

north of that site in the Torre Nave and Castiglione headlands and Rosaneto (Fig. 2) where 522 

lithophaga holes locally occur. To the south, the best exposures of paleoshoreline T5 occur in the 523 

Scalea coast (abrasion platform at +60 m; Fig. 6a) and Ginnasio headland (Fig. 2); here an 524 

abrasion platform at ~ +60 m is blanketed by a 2 m thick gravel beach deposit characterized by 525 

thin and regular stratification with gentle dip (~3°) seawards. The marine sediments are covered 526 

by alluvial fan deposits of which the fan landform is still recognizable. Fan sediments consist of 527 

west-inclined, well-stratified, clast-supported conglomerates composed of alternating beds of 528 

angular pebble to fine cobble grade and pebbly sandstone. The beds are stacked upon one 529 

another, forming bedsets that tend to pinch-out both laterally and downward, occasionally 530 

characterised by concave-up erosional surfaces. The alluvial fan deposits rest unconformably 531 

also on the lower paleoshoreline T3 at Ginnasio site.  532 

 533 

5. Mineralogical analyses, U-series dating and stable isotope results 534 

X-ray diffractometry analysis has allowed selection of corals sampled for U-series dating. Based 535 

on XRD results some of the samples with relatively high calcite content (20–30%) were 536 
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discarded, while the aragonitic nature of corals sampled in Scalea, Grotta del Prete, Torre Fiuzzi 537 

and Fiumicello sites, with moderate calcite amount that is always below 3%, has been assessed 538 

(Table 1). The acceptability of the analysis result (Supplementary Table T1) was judged by the 539 

weighted reliability factor (Rwp), the profile agreement factor (Rp) and a goodness of fit indicator 540 

(χ2). In fact, on fifteen different coral samples, only four of them have been suitable for 541 

geochronological analysis, whereas all the others show a significant opening of the chemical 542 

system (Table 1). 543 

U-series analyses, both on speleothems and corals, have shown that 230Th/232Th activity ratios are 544 

always higher than 80, indicating that samples do not contain a significant detrital fraction. 545 

Furthermore, the uranium content of corals, about 2–3 ppm, approaches the average value of 546 

uranium abundance in living corals and the initial 234U/238U activity ratio (234U/238Ui) of marine 547 

carbonates generally approaches that of the marine water. These data are an evidence of the 548 

general good quality of obtained ages. The results of the U-series analyses are summarised in 549 

Table 2. 550 

Stable isotope analyses of the speleothems sampled at the sites of Ogliastro, Fiumicello and 551 

Torre Dino were carried out. Both calcite standards used at the Ruhr-Universität Bochum 552 

(Supplementary Table T2) were run for the calcite sequence on a ThermoFisher Scientific 553 

MAT253 equipped with a GasBench II and a ConFlo IV. The results (Supplementary Table T3 554 

and Supplementary Figure S2) show that both δ13C and δ18O are negative values, which indicate 555 

that the analysed calcite samples have been deposited by freshwater solutions.  556 

 557 

6. Discussion 558 

The flight of marine terraces analysed with this study is characterised by distinct erosional and/or 559 

depositional sea-level markers and T1 to T4 terraces up to ~40 m of elevation are characterised 560 
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by Cladocora caespitosa bioconstructions. Based on morphostratigraphy reconstructions, we 561 

have spatially correlated the terrace remnants and related them to five paleoshorelines: T1, 562 

located 5+1/-0 m a.s.l.; T2, located +16±1 m; T3, with at +22±1 m; T4, in the 35–40 m range; 563 

T5, in the 55–60 m range; for each paleoshoreline, the elevation range is set based on vertical 564 

positions of the corresponding sea level markers (i.e., platform inner edge) along the entire 565 

investigated coastal stretch. Locally, as for the Ginnasio staircase, clastic sediment exposures, 566 

contact relationships between marine and continental deposits and their apparent cross-cutting 567 

relationships clearly indicate that the investigated coastal stretch suffered alternating 568 

morphodynamics, that is the area experienced multiple periods of marine aggradation onto which 569 

slope and/or alluvial fan systems prograded. Specifically, there are sites where evidence of 570 

drowning of subaerial landforms occurs, e.g. the MdG site (Section 4.4), as well as reworking by 571 

coastal processes of some marine terraces during younger relative sea level rises. An example 572 

occurs in the Ogliastro site, where the T1 calcarenite clearly postdates the OG marine 573 

conglomerate (Section 4.1). The occurrence of N-S trending fractures that dissect the OG, a 574 

feature that is not observed in any other of the analysed marine successions, is an indication of 575 

the old age of the OG relative to marine terraces T1 to T5, although the paleoshoreline 576 

correlative to the OG is undetermined. Particularly clear is also the reworking of paleoshoreline 577 

T1 in the Marina di Maratea site (Section 4.2). It is worth noting that the best exposures of 578 

paleoshoreline T1 occur in the sites of Ogliastro - Fiumicello, where the good preservation of the 579 

T1 calcarenites may be related to the emplacement, probably soon after the T1 formation, of the 580 

UU continental cover, which originally was much more extended seawards than at present. Such 581 

interpretation is suggested by the exposure of the T1, which results from its exhumation in 582 

response to differential sea cliff retreat (possibly even during the Holocene), was favoured by the 583 
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presence of the thin paleosol interposed between the T1 and UU deposit (Section 4.1). Absence 584 

of the T1 along most of the investigated coast may result from reworking and erosion of that 585 

marine terrace, where not buried and in general outside the sheltered environments, by sea 586 

storms even in present times. In fact, at the terminations of several of the minor headlands, there 587 

are small-size, gently inclined and low-lying (< 5 m a.s.l.) capes that could be eroded remnants 588 

of the T1. 589 

 590 

6.1 Age model 591 

The new U-series dating on C. caespitosa corals differ from ages provided in previous works 592 

(Carobene et al., 1986, Carobene and Dai Pra 1990, 1991). Corals, dated by U-series method in 593 

these old papers, were strongly recrystallized. Calcite contents ranged between 3 and 25 %, 594 

showing a significant alteration of samples after their burial. Moreover, uranium contents were 595 

inversely correlated with the calcite contents, demonstrating that the process of recrystallization 596 

produced a significant loss of uranium, thus opening the chemical system. Since the age is 597 

directly correlated with the 230Th/234U activity ratio, a loss of uranium made higher the isotope 598 

ratios, increasing the age of corals. This inference is strongly supported by the high correlation 599 

coefficient (r2 = 0.99) of uranium abundances of five corals versus their correspondent calcite 600 

percentage (Supplementary Figure S3). 601 

In addition, corals from the shoreline deposits located at higher elevation are characterised by 602 

higher calcite contents and lower uranium abundances, indicating that the older the relative age 603 

of corals the stronger the alteration and the consequent induced increase of the age 604 

(Supplementary Figure S4). This rationale, supported by a correlation coefficient of 0.99 for 4 605 

samples, suggests that the recrystallization process was constant and continuous over time. 606 
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Finally, the lack of correlation between the 234U/238U activity ratios and the elevation of marine 607 

deposits suggests that the fluids producing the alteration were characterised by different 608 

composition and the weathering processes had different intensity and duration. Based on that, the 609 

coral ages are not reliable and the reconstructions based on them are to be considered misleading. 610 

The new U/Th data provide a robust chronological framework for the identified paleoshorelines, 611 

with ages of corals and speleothems matching those of warmer and cooler periods, respectively 612 

(Table 3). All dated deposits are younger than the last warm stage of the Middle Pleistocene, i.e. 613 

MIS 7, aged 190–235 ka (Waelbroeck et al., 2002).  614 

In the identified paleoshorelines, the T2 is precisely dated in the Scalea site based on ages from 615 

both a coral and the overlying speleothem, while coral samples from the Ogliastro, Marina di 616 

Maratea and Punta Iudia deposits were unsuitable for dating due their low aragonite content 617 

(Table 1). For the T1, the lag between coral and speleothems ages is too large to precisely 618 

constrain the marine terrace age. The lack of multiple age controls on single paleoshorelines is, 619 

however, effectively integrated by morphostratigraphic information, which allows expanding 620 

spatially age constraints of the surveyed sites (Table 4). 621 

The 151±11 ka old speleothem outcropping at the southeastern edge of the Castrocucco headland 622 

is correlated with MIS 6 (Table 3) thus constraining the following RSL rise, proved by the 623 

lithophaga holes in the speleothem, to MIS 5. Coral dating indicates that the analysed marine 624 

terraces flight records each of the MIS 5 sea level peaks. The 120±7 ka coral age allows 625 

correlation of paleoshoreline T4 with the Last Interglacial (Table 4), which spans from ~128 to 626 

116 ka (Stirling et al., 1998; Shackleton et al., 2002) or from 130 to 118 ka according to Rohling 627 

et al. (2019, and references therein). In the western Mediterranean, the Last Interglacial 628 

highstand is framed between ~126 and 116 ka according to evidence from Mallorca Island 629 



28 

(Polyak et al., 2018), while by data from the nearby southern Cilento (Bini et al., 2020) the MIS 630 

5e upper limit is set at 120 ka. The 98±4 ka coral age and 99±12 ka old speleothem from the 631 

Scalea site constrain paleoshoreline T2 to MIS 5c, framed between 106 and 93 ka (Lisiecki and 632 

Raymo, 2005; Spratt and Lisiecki, 2016) and further indicate correlation of the speleothem with 633 

MIS 5b (Tables 3 and 4). Correlation of paleoshoreline T2 with MIS 5c contrasts with the former 634 

attribution of the calcarenites outcropping in the Marina di Maratea site to MIS 5e based on 635 

isoleucine epimerization (Carobene and Dai Pra, 1991). Such a discrepancy may be reconciled 636 

based on recent findings from the Mediterranean area, which indicate that the high coefficients 637 

of variation for epimerization values make the distinction between substages of the same MIS 638 

difficult (Torres et al., 2013).  639 

The 83.8±3.6 ka old coral sample from Grotta del Prete site indicates a correlation of 640 

paleoshoreline T3 with MIS 5a (Table 4), which is globally framed in the 85–80 ka range 641 

(Lisiecki and Raymo, 2005; Spratt and Lisiecki, 2016), and fits both the 84.2–82.3 ka (Tuccimei 642 

et al., 2006) and c. 82–80 ka (Dorale et al., 2010) ranges of MIS 5a estimated by data from 643 

Mallorca Island. Consistent with overall chronological framework are the ages of the 644 

speleothems that postdate paleoshorelines T2 to T4. In fact, the speleothems that postdate 645 

paleoshoreline T2 in the Marina di Maratea - Punta Iudia area correlate with MIS 5b (MMR2, 646 

90±10 ka) and the younger MIS 4 (MMR12, 67±6 ka and PDA2, 64±6 ka; Tables 3 and 4). 647 

Similarly, correlation of paleoshoreline T3 to MIS 5a is supported by the 54.7±2.7 ka age of the 648 

speleothem that covers the lithophaga holes at c. +20 m at Pantano site, and the 78.8±7.7 ka age 649 

of the speleothem at Torre Dino is consistent with correlation of paleoshoreline T4 with MIS 5e 650 

(Tables 3 and 4).  651 



29 

The above age model results in an elevation of MIS 5a paleoshorelines higher than that of the 652 

MIS 5c markers. A direct superposition between MIS 5a and MIS 5c deposits is not proven by 653 

dating. However, evidence from the Scalea site of lithophaga holes affecting the T2 calcarenites, 654 

and from the Marina di Maratea - Punta Iudia sites of subaerial exposure between two 655 

superposed marine deposits (Sections 4.2 and 4.2.1), are both consistent with a reworking of the 656 

MIS 5c marine terrace T2 during a later sea level rise. Worthy to note, the dated MIS 5a 657 

bioconstruction of the Grotta del Prete terrace is mantled by arenites (Section 4.3). Clear 658 

evidence of subaerial exposure at the top of the bioconstruction is not found, hence the sand 659 

infills of the calcarenite crevices may result from high frequency eustatic variability over MIS 660 

5a, consistent with depositional evidence of marine terraces from southernmost Calabria (Dumas 661 

et al., 2005).  662 

Paleoshoreline T5 is constrained by the 152+33/-26 ka age of the speleothem, which in the MdG 663 

site covers the sea-level markers and can be related to MIS 6 (Tables 3 and 4). Considering the 664 

karst environment that hosted the MdG paleoshoreline, it is reasonable that the marine deposits 665 

patched on the cave walls were cemented soon after their deposition, fairly correlated with one of 666 

the MIS 7 peaks, during the following sea level fall.  667 

The coral from paleoshoreline T1 in the Fiumicello site is aged 161±18 ka, thus framed in the 668 

cold MIS 6. The T1 calcarenite is postdated by two speleothems aged 78±3 ka and 82±5 ka, 669 

which do not strictly constrain the T1 age. However, evidence from the Marina di Maratea site 670 

indicates that the +5 m marine terrace predates the T2 deposits (Section 4.2). Further information 671 

on T1 relative age can be inferred from the age vs. elevation framework for paleoshorelines T2 672 

to T5 discussed above, which clearly indicates that paleoshorelines correlated with sea level 673 

peaks of MIS 5 and 7 are all raised above c. +15 m. Hence, correlation of paleoshoreline T1 with 674 
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MIS 6e, a marked warm period recorded in the 165–175 ka time span during the cold stage MIS 675 

6, is reliable (Table 4).  676 

The age model discussed so far allows assessment of relative sea level positions during the late 677 

Quaternary in the investigated area. The RSL curve reconstructed for the study area is shown in 678 

Fig. 11. Besides elevations of the dated paleoshorelines, the curve of Fig. 11 relies on vertical 679 

positions of dated speleothems, which constrain the upper limit to the elevations of coeval RSL. 680 

Those constraints are supported by stable isotope results on concretions inset in the marine 681 

deposits of paleoshorelines T1 (Fiumicello and Ogliastro sites) and T4 (Torre Dino site; 682 

Supplementary Figure S2), which rule out a deposition from marine water that could be 683 

hypothesised based only on their elevations and ages, with uncertainties on the latter ones 684 

spanning on MIS 5a age (Table 3).  685 

 686 

6.2 Constraints to the late Quaternary uplift  687 

The new chronological framework for the analysed flight of raised marine terraces implies a 688 

reappraisal of the late Quaternary uplift for the investigated area. The reconstructed RSL curve 689 

represents a robust starting point for the evaluation of recent uplift. Isolating the tectonic 690 

component from the curve is not straightforward, if uncertainties on eustatic elevations of late 691 

Quaternary sea level peaks are considered. However, among sea level peaks that imprinted the 692 

investigated coastal stretch, only on MIS 5e elevation there is a general consensus. In fact, 693 

although varying worldwide as a result of GIA (e.g., Creveling et al., 2015), it is widely accepted 694 

that MIS 5e sea level was higher than the present one (e.g., Waelbroeck et al., 2002; Siddall et 695 

al., 2003) and set in the 2–9 m elevation range (Siddall et al., 2007; Hearty et al., 2007), with 696 

+6.6 m as the most probable peak (Kopp et al., 2009). In stable areas of the Mediterranean, RSL 697 
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indicators of MIS 5e span from +2 to 8 m (Benjamin et al., 2017), being at +2–3 m in Mallorca, 698 

Balearic Islands (Vesica et al., 2000; Bardaji et al., 2009), up to +7 m in the eastern 699 

Mediterranean (Sivan et al., 2016), with a +6±3 m value considered reliable for the 700 

Mediterranean Sea (Lambeck et al., 2004) and in the range of +5–8 m in the Tyrrhenian coast of 701 

peninsular Italy (Antonioli et al., 2006, and references therein; Ferranti and Antonioli, 2007). 702 

Using as a reference MIS 5e, we evaluated a mean uplift rate in the Last Interglacial to Present 703 

time span for our study area. The uplift rate and related error were calculated following equations 704 

[1] and [2]. For the uplift rate calculation, we used a RSL value corresponding to the mean 705 

elevation of paleoshoreline T4 (Table 4), and assumed a MIS 5e sea level value of +6 m with an 706 

error of 3 m (Lambeck et al., 2004; Antonioli et al., 2006; Ferranti and Antonioli, 2007). Then, 707 

considering that in the Mediterranean sea level peaks occur at different times according to the 708 

varying geographical location (Stocchi et al., 2018), we assumed for MIS 5e peak a 120-127 ka 709 

age range based on our coral age and data by Bini et al. (2020) from nearby areas. The resulting 710 

mean uplift rate since the Last Interglacial is of 0.255±0.021 mm/y.  711 

The c. 0.25 mm/y uplift rate that we estimated exceeds by one order of magnitude that of 0.05–712 

0.03 mm/y estimated by Ferranti et al. (2006) for our study area based on former dating by 713 

Carobene et al. (1986) and Carobene and Dai Pra (1990, 1991). Besides being one order of 714 

magnitude larger than coastal uplift of passive margins worldwide (e.g., Pedoja et al., 2014), the 715 

c. 0.25 mm/y value exceeds the post-Last Interglacial uplift of most of the Tyrrhenian basin 716 

margin. In fact, since the Last Interglacial most of the Tyrrhenian Sea coastal belt was 717 

substantially stable, although with some local exceptions (Bordoni and Valensise, 1999; Ferranti 718 

et al., 2006; Cerrone et al., 2021a). In contrast, fast post-Last Interglacial uplift in the range of 719 

0.4–1.35 mm/y affected the entire southern Calabria – northeastern Sicily belt, where fault-720 
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induced contributions are superimposed on regional scale vertical motions (e.g., Dumas et al., 721 

1987, 2000; Bordoni and Valensise, 1999; Antonioli et al., 2006; Ferranti et al., 2006, 2007; 722 

Bianca et al., 2011; Monaco et al., 2017). Within such a framework, our study area appears as 723 

the locus of a change in the behaviour of the southern Tyrrhenian margin: it separates formerly 724 

uplifted areas that are stable at present, in the north (e.g., Sorrento peninsula and Cilento, with 725 

post-MIS 5e uplift ranging from null to 0.07 mm/y; Ferranti et al., 2006), from the fast uplifting 726 

southern Calabria. Between the latter and our study area, a c. 150 km long coastal belt occurs 727 

where marine terrace are either undated or poorly constrained and such a lack of information 728 

hampers a thoroughly reconstruction of the recent vertical motions of the southern Tyrrhenian 729 

margin. However, the raised paleoshorelines in the Basilicata – northern Calabria margin that we 730 

analysed show no net evidence of displacement both across and along the coast, and such 731 

evidence may indicate the contribution of a large-scale phenomenon governing uplift or/and 732 

faulting in the offshore, where some moderate historical earthquake is recorded (Rovida et al., 733 

2021). Multiple indicators, e.g., raised fluvial/alluvial plain terraced deposits (Filocamo, 2009; 734 

Filocamo et al., 2009), features of topography and rivers’ long profiles (Mazzoli et al., 2014; 735 

Buscher et al., 2017) and the occurrence of a long wavelength topographic bulge in northern-736 

central Calabria (Faccenna et al., 2011), point to surface uplift involving the area spanning from 737 

the coast to the mountain belt interiors in the Basilicata – northern Calabria sector. Surface uplift 738 

appears as the response to crustal extension and associated development of high-angle normal 739 

faults (Mazzoli et al., 2014), possibly combined with large-scale, deep-seated mechanisms such 740 

as slab rebound following break off (Cinque et al., 1993; Westaway, 1993; Wortel and Spakman, 741 

2000), or upper mantle upwelling around the edges of the non-detached part of the Ionian slab 742 
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located beneath southernmost Calabria (e.g., Gvirtzman and Nur, 1999; Piromallo and Morelli, 743 

2003; Faccenna et al., 2011).  744 

 745 

6.3 Inferences on the late Quaternary sea level history 746 

With the assumption of a constant uplift of 0.255±0.021 mm/y, the fragments of the RSL curve 747 

of Fig. 11 can be corrected for the tectonic component (Fig. 12). 748 

Based on elevations of paleoshorelines T1 to T3 and T5, we inferred the paleoelevations of the 749 

corresponding sea level peaks and calculated the correlative errors using equation [3]. The 750 

inferred paleoelevations of MIS 5a and 5c peaks relative to the present mean sea level are 751 

+1.35±1.01 m and -9.50±1.37 m, respectively. Global scale estimations of MIS 5a peak vary 752 

between -30 m (Papua New Guinea; Lambeck and Chappell, 2001) and +3–5 m (eastern coast of 753 

the USA; Wehmiller et al., 2004), with a -20 m mean value based on curves by Lea et al. (2002) 754 

and Waelbroeck et al. (2002; Fig. 12). However, our sea level estimation for MIS 5a peak agrees 755 

with that by Shackleton (2000) and data from Bahamas (Neumann and Hearty, 1996), Bermuda 756 

(Hearty, 2002) and western Mediterranean. In particular, using data from phreatic overgrowths 757 

on speleothems from Mallorca Island, Dorale et al. (2010) and Ginés et al. (2012) inferred 758 

elevations of c. +1 m and +1.5–2.5 m for MIS 5a peak, respectively. Consistently, a MIS 5a level 759 

of +1.5–2 m is estimated by geomorphological evidence and beach deposits from stable areas of 760 

southern Italy, namely Sorrento peninsula and Salento (locations in Fig. 1a; Belluomini et al., 761 

2002; Iannace et al., 2003; Mastronuzzi et al., 2007). Using the Ogliastro speleothem a ~78 ka 762 

age limit to MIS 5a peak and an upper limit of c. -15 m to the falling sea level at that time may 763 

be inferred. Similarly the speleothem aged 90 ka indicates that during MIS 5b the sea level was 764 

at least < -17 m. 765 
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Regarding MIS 5c peak, which based on global scale curves ranges from c. -8 m (Shackleton, 766 

2000) to much below -20 m (e.g., Waelbroeck et al., 2002; Siddall, 2003; Spratt and Lisieki, 767 

2016), less information is available from the Mediterranean area. The low amount of data on 768 

MIS 5c somehow supports our evidence on its level less elevated than MIS 5a, and with findings 769 

of MIS 5c markers essentially in areas affected by fast uplift, e.g. southern Calabria and 770 

northeastern Sicily (Balescu et al., 1997; Mauz and Hussler, 2000; Bianca et al., 2011; Monaco 771 

et al., 2017). An elevation of MIS 5c below the present sea level is inferred also by Bini et al. 772 

(2020) for the nearby southern Cilento. 773 

Assuming the 0.255±0.021 mm/y uplift rate value as constant even earlier than the Last 774 

Interglacial, we infer a sea level around -37 m (-37.07±12.63 m) for MIS 6e peak. As no other 775 

evidence of coeval markers is known to date in the Mediterranean, we cannot crosscheck our 776 

evaluation. However, it is widely acknowledged that during MIS 6e the sea level was some tens 777 

of m below the Present sea level, and our result appears consistent with some global-scale 778 

estimates of MIS 6e peak at c. -30 m (Siddall et al., 2003; Shackleton, 2000), while contrasts, 779 

e.g., Waelbroeck et al. (2002) and Spratt and Lisieki (2016), who place that peak below our 780 

value. 781 

The correlation scheme of Fig. 12 shows that the elevation of paleoshoreline T5 matches several 782 

peaks. Our preferred correlation of T5 is with MIS 7 due to both field evidence discussed above 783 

and the lack between the T4 and T5 of other marine terraces, which should occur if the T5 was 784 

older than MIS 7. According to most global-scale curves, MIS 7 peaks were located from a few 785 

to 10 m below the present mean sea level (e.g., Shackleton, 2000; Waelbroeck et al., 2002; 786 

Cutler et al., 2003; Siddall et al., 2003). Correlation of T5 with MIS 7e is suggested by both our 787 

correlation scheme (which would rule out a correlation with MIS 7a; Fig. 12) and evidence from 788 
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submerged speleothems from the Tyrrhenian Sea, which indicates that the sea level was < -18 m 789 

during MIS 7c (Dutton et al., 2009). Assuming constancy in uplift, an elevation a few metres 790 

below the present sea level may be inferred for MIS 7e. A comparable elevation, or below it if 791 

the uplift was faster, agrees with findings of MIS 7 indicators, which in southern Italy are all 792 

from tectonically raised areas (e.g., Dumas et al., 1987; Cinque and Romano, 1990; Cinque et al., 793 

1994; Amato, 2000; Bianca et al., 2011). 794 

The uplift rate that we evaluated, and elevations inferred for MIS 5a and 5c, MIS 6e and MIS 7 795 

peaks, all rely on an assumed MIS 5e value based on mean elevation of the Last Interglacial 796 

markers in stable areas of the Mediterranean. The assumed value bears an eustatic plus a 797 

component due to water load, which in the central Mediterranean caused subsidence and related 798 

RSL rise during MIS 5e (e.g., Rovere et al., 2016b, Stocchi et al., 2018; Bini et al., 2020). 799 

Modelling carried out to date suggests that, along the coast of central Tyrrhenian Sea, the 800 

contribution of GIA is in the range of 0.75–2 m for MIS 5e markers (Stocchi et al., 2018). Even 801 

assuming a 2 m value for GIA, the overestimation of the uplift rate would be in the order of 10-3 802 

mm/y, thus falling in uncertainty that we associated with our uplift and sea level evaluations.  803 

 804 

7. Concluding remarks  805 

The new morphostratigraphical and geochronological data on Basilicata - northern Calabria 806 

paleoshorelines indicate that morphology of the investigated coastal stretch has been imprinted 807 

by late Quaternary uplift and coeval sea level fluctuations, which have driven multiple re-808 

shaping of the coastal belt by alternating shallow marine and continental processes.  809 

The estimated c. 0.25 mm/y late Quaternary uplift, of one order greater than previously 810 

estimated, points to the need for both a reassessment of the age framework of the upper part of 811 
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the marine terrace flight in the study area and, more importantly, in depth investigations of sea 812 

level markers to the south of the study area, where coral bearing deposits occur. Such 813 

investigations are meaningful to the definition of the late Quaternary tectonic behaviour of a 814 

coastal area struck in historical times by several moderate to strong offshore earthquakes, the 815 

sources of which are still undefined.  816 

The new data have allowed unravelling the presence of sea level markers related to each of the 817 

eustatic peaks of MIS 5, to MIS 7 and the cooler MIS 6. In the Fiumicello and surrounding area, 818 

the MIS 6e paleoshoreline has been well preserved from later erosion by burial of alluvial fan 819 

deposits sourced, during younger MIS 6 substages, by frost action in the steep slopes and river 820 

basins behind the coast.  821 

Our findings on the vertical distribution of the dated paleoshorelines clearly demonstrate that a 822 

mere sequential correlation based on assumption that the higher is the older may be strongly 823 

misleading in the interpretation of flights of marine terraces. Hence, our results indicate that 824 

multiple age controls are crucial to unravelling the complex interaction between uplift and sea 825 

level fluctuations in tectonically active coastal areas.  826 

Important implications of our data are the multiple constraints to the history of the sea level 827 

fluctuations in the Tyrrhenian Sea. The net evidence of re-shaping of the coast by each of the 828 

three peaks of MIS 5 and MIS 6e in a moderately uplifting area, is a clear evidence that the MIS 829 

5a, 5c and 6e peaks were confined in a range, around/below the sea level, less pronounced than 830 

that predicted by the most widely used sea level curves. Nonetheless, our evaluations of MIS 5a 831 

and 5c peaks that according to our data are of c. + 1 m and -10 m, respectively, are consistent 832 

with several findings from the western Mediterranean. The reconstructed paleo-elevations of 833 

MIS 5a, 5c and MIS 6e (c. -37±12 m), besides contributing to a better definition of GIA models 834 
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for the Mediterranean, have implications on estimations of ice volume fluctuations during the 835 

late Quaternary.  836 
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CAPTIONS TO FIGURES 1231 

Figure 1. a: Simplified tectonic sketch of the Tyrrhenian Sea basin and southern Apennines 1232 

mountain belt (redrawn and modified after Moussat et al., 1986), with indication of the study 1233 

area (box). b: Geological sketch of the study area (redrawn and modified after Iannace et al., 1234 

2007), with indication of the study sites. 1235 

 1236 

Figure 2. Geomorphological map for the northern Calabria - Basilicata coastal sector. Insets a to 1237 

e show magnifications of key areas located in the main map (dashed boxes).  1238 

 1239 

Figure 3. Marine terrace T1 at Fiumicello (a to d) and Ogliastro (e and f). a: View of marine 1240 

terrace T1 covered by UU alluvial fan deposit. b: The T1 calcarenite, with a Cladocora 1241 

caespitosa globular colony (sample FMC01; location in a). c: Laminated flowstone (sample 1242 

FMC07; location in a) inset in the T1 calcarenites. d and e: Contact surface, marked by a reddish 1243 

paleosol, between the T1 and UU deposit in the sites of Fiumicello (diagram d) and Ogliastro 1244 

(diagram e). f: T1 calcarenites filling a N-S oriented open fissure formed in the OG marine 1245 

conglomerates. 1246 

 1247 

Figure 4. a: T1 and T2 marine terraces in the Marina di Maratea bay (northern side). b: T2 1248 

marine succession patched onto the T1 abrasion platform and paleo-sea cliff. c: The T1 abrasion 1249 

platform, with well exposed the inner edge. d: The T1 paleo-sea cliff, densely potholed by 1250 

lithophaga and patched by the T2 conglomerate and calcarenites. e: Close-up view of the T2 1251 

calcarenites filling lithophaga holes in the T1 paleo-sea cliff. 1252 

 1253 
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Figure 5. a: Paleoshoreline T2 in the southern side of the Marina di Maratea bay and Punta Iudia 1254 

(in the background), with locations of photos in diagrams b and c; note the outer rim of an 1255 

abrasion platform correlated with marine terrace T4. b: T2 calcarenites erosively covered by 1256 

marine arenites in the Punta Iudia site. c: T2 abrasion platform boreholed by lithophaga and 1257 

partly covered by T2 calcarenites, covered by slope breccia; the calcarenites and breccia are 1258 

erosively covered by arenites that mark a post-T2 RSL rise. d and e: Morphostratigraphic 1259 

sketches (vertical exaggeration, horizontal scale is approximate) of the outcrops in the northern 1260 

(diagram d) and southern (diagram e) sides of the Marina di Maratea bay.  1261 

 1262 

Figure 6. Scalea Site, with (a) the flight of marine terraces at +60 m (T5), +35–40 m (T4) and 1263 

+16 m (T2). Photos in b to e show details of marine terrace T2. b: Calcarenite bearing C. 1264 

caespitosa growth form (sample SLC). c: Calcarenites with pit holes coated by speleothems and 1265 

covered by colluvium. d: Abrasion surface with remnants of calcarenites (light grey), potholed 1266 

by lithophaga. e: Calcarenites affected by m-size crevices coated by speleothems (sample 1267 

SLC05) and filled with slope breccia.  1268 

 1269 

Figure 7. a: Marine terrace T3 in the Grotta del Prete site, with indication of the abrasion 1270 

platform, which rises from +15 m (outer edge) to 22 m (inner edge) and is covered by marine 1271 

and colluvial deposits; note in the background the wide marine terrace T4 in the Torre Fiuzzi 1272 

site. b: C. caespitosa colony (sample GRP2) included in the T3 calcarenites. c: The T3 1273 

succession, made up of conglomerates passing upwards to calcarenites, overlain by an arenite 1274 

body, marked on top by a reddish paleosol.  1275 

 1276 
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Figure 8. a: The sea cliff behind the Castrocucco beach, with the remnants of a tidal notch at c. 1277 

35–40 m and lithophaga holes with upper limit at +20 m. Diagrams b to d show outcrops located 1278 

c. 20 m a.s.l. at the southeastern edge of the Castrocucco headland. b: Neptunian dyke coated by 1279 

a flowstone that is patched by calcarenites. c and d: Speleothem (sample CSC08) inset in the 1280 

carbonate bedrock, potholed by densely distributed lithophaga holes and patched by marine 1281 

arenites, which fill also the lithophaga holes. 1282 

 1283 

Figure 9. View of Torre Fiuzzi site, with indication of marine terrace T4 and a higher marine 1284 

terrace sculpted 140 m a.s.l. on the Dino Island and mainland. 1285 

 1286 

Figure 10. a: Southern wall of the Madonna della Grotta cave, with evidence of the +55–60 m 1287 

paleoshoreline coated by a speleothem (sample MDN01); arrow indicates the top of the marine 1288 

conglomerates. b: Marine conglomerates patched on the carbonate bedrock, which is potholed by 1289 

lithophaga. 1290 

 1291 

Figure 11. Relative sea level curve reconstructed for the investigated sector of the southern 1292 

Tyrrhenian margin. Dated paleoshorelines are indicated by circles; bars indicate paleoshoreline 1293 

elevation range and uncertainty, or 2σ, of coral age. Triangles indicate dated speleothems, with 1294 

age error bars; triangles are coloured according to colours of paleoshorelines that are predated, or 1295 

postdated, by the each speleothem. 1296 

 1297 

Figure 12. Correlation scheme for dated paleoshorelines in the investigated Tyrrhenian margin 1298 

sector vs. late Quaternary sea-level peaks. The sea level curve (with confidence interval) used for 1299 

reference is redrawn from Waelbroeck et al. (2002). The correlation is based on a constant 0.25 1300 
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mm/y uplift rate (black lines) assuming a +6 m value for MIS 5e. Dots, with error bars, mark sea 1301 

level values calculated for MIS 5a, 5c and 6e; bars with arrows indicate upper limits to paleo-sea 1302 

level at c. 90 ka and 78 ka.  1303 



Table 1:  Results of XRD quantitative analyses (wt.%). 
Sample ID Sample type Aragonite Calcite Dolomite Quartz Gypsum 
TFZ2W Corals 98.0 0.8   1.2 
SLC Corals 97.6 1.9 0.5   
FMCO7 Corals 97.5 2.4 0.1   
GRP2 Corals 96.9 3.1    
TFZ2 Corals 92.6 6.7  0.7  
MMRR11w Corals 87.3 12.2  0.5  
GRP1 Corals 78.8 17.4 2.8 1.0  
FMCO8w Corals 77.8 22.2    
FMCO8s Corals 75.9 24.1    
MMR11s Corals 74.1 25.4  0.5  
MMR10w Corals 68.8 29.1   2.1 
MMR10s Corals 62.5 35.7   1.8 
TFZ1 Corals 59.5 38.0 0.8 1.7  
PDR Corals 59.0 32.5 8.5   
OLG3 Corals 1.2 98.8    
TRR1 Speleothems  100.0    
Note: the refining procedure accuracy was based on the agreement indices listed in the Table 
S1. The error is in the range of ± 0.5%.  
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Table 2 Uranium contents (mg/g), acvity ratios, and 230Th/234U ages of the analysed corals and calcite concretions (1σ). The analysed corals are 
Cladocora Caespitosa specimens with a calcite content < 3% 

 
Sample 

ID Site Lat (°) Long (°) Sample 
type 

238U 
[mg/g] 1σ 

234U/ 
238U 1σ 

230Th/23

4U meas 1σ 
230Th/ 
232Th 1σ 

230Th/2

34U calc 1σ Age 
(ka) 1σ 

234U/ 
238U init 1σ 

GRP2 Grotta del 
Prete 39.859910 15.791797 coral 2.468 ± 0.062 1.150 ± 0.025 0.544 ± 0.016 131.844 ± 12.509   83.8 ± 3.6 1.190 ± 0.032 

SLC Scalea 39.819173 15.783385 coral 2.066 ± 0.041 1.254 ± 0.024 0.608 ± 0.016 146.208 ± 14.051   98.0 ± 4.0 1.335 ± 0.032 
FMC01 Fiumicello 39.998549 15.698754 coral 1.806 ± 0.045 1.095 ± 0.021 0.785 ± 0.040 124.200 ± 13.136 - - 161 ± 18 1.150 ± 0.033 
TFZ2W Torre Fiuzzi 39.871695 15.786390 coral 2.287 ± 0.046 1.052 ± 0.018 0.673 ± 0.021 87.949 ± 12.641 - - 120 ±7 1.073 ± 0.025 
PDA2 Punta Iudia 39.954596 15.735311 speleothem 1.038 ± 0.034 1.193 ± 0.013 0.476 ± 0.022 8.096 ± 0.301 - - 64 ± 6 1.231 ± 0.016 
OGL2 Ogliastro 39.999880 15.690515 speleothem 0.215 ± 0.005 1.009 ± 0.019 0.510 ± 0.015 109.354 ± 14.221 - - 78 ± 3 1.011 ± 0.024 

MMR12 Marina di 
Maratea 39.958416 15.734494 speleothem 0.485 ± 0.016 1.058 ± 0.021 0.525 ± 0.019 3.324 ± 0.059 0.461 ± 0.029 67 ± 6 1.070 ± 0.025 

FMC07 Fiumicello 39.998538 15.698920 speleothem 0.598 ± 0.012 1.046 ± 0.011 0.532 ± 0.020 60.019 ± 7.583 0.528 ± 0.071 81 ± 5 1.082 ± 0.014 

MDN01 Madonna 
della Grotta 39.896664 15.784890 speleothem 1.067 ± 0.047 0.979 ± 0.018 0.814 ± 0.031 1.955 ± 0.061 0.749 ± 0.058 152 33/-26 0.968 ± 0.028 

SLC05 Scalea 39.819138 15.783407 speleothem 0.539 ± 0.017 1.075 ± 0.018 0.634 ± 0.028 6.283 ± 0.245 0.602 ± 0.046 99 ± 12 1.099 ± 0.024 
PNT3 Pantano 39.897712 15.784326 speleothem 1.333 ± 0.037 1.009 ± 0.011 0.395 ± 0.015 113.780 ± 12.502   54.8 ± 2.7 1.011 ± 0.013 
CSC8 Castrocucco 39.932927 15.746692 speleothem 0.345 ± 0.006 1.018 ± 0.013 0.765 ± 0.022 12.745 ± 0.507 0.753 ± 0.026 151.0 ± 11 1.028 ± 0.020 

MMR2 Marina di 
Maratea 39.958403 15.734543 speleothem 0.385 ± 0.012 1.079 ± 0.023 0.584 ± 0.022 13.800 ± 0.609 0.568 ± 0.041 90.0 ± 10 1.102 ± 0.030 

TRR1 Torre Dino 39.836211 15.769875 speleothem 10.363 ± 0.452 0.980 ± 0.007 0.513 ± 0.034 2.288.467 ± 321.587   78.8 ± 7.7 0.975 ± 0.008 
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Table 3 Correlation of dated deposits with late Quaternary Marine Isotope Stages 
 

Sample 
ID 

Dated 
deposit 

MIS 3 MIS 4 and 
MIS 5.1 – 

MIS 4 
transition 

MIS 5 MIS 6 

    5a 5b 5c 5d 5e 6a ÷ 6f 6e 
PNT3 speleothem 54.7±2.7 ka         
PDA2 speleothem  64.0±6.0 ka        
MMR12 speleothem  67.0±6.0 ka        
OGL2 speleothem  78.0±3.0 ka        
TRR1 speleothem  78.8±7.7 ka  78.8±7.7 ka      
FMC07 speleothem  82.0±5.0 ka  82.0±5.0 ka      
GRP2 coral   83.8±3.6 ka       
MMR2 speleothem    90.0±10.0 ka      
SLC05 speleothem    99.0±12.0 ka      
SLC coral     98.0±4.0 ka     
TFZ2W coral       120.0±7.0 ka   
CSC8 speleothem        151.0±11.0 ka  
MDN01 speleothem        152.0+33/-26 ka  
FMC01 coral         161.0±18.0 ka 

 

 

Table 3 Click here to access/download;Table;Table 3.docx

https://www.editorialmanager.com/geomor/download.aspx?id=956906&guid=c9650e65-fa09-4c8a-b9a8-656044d4e572&scheme=1
https://www.editorialmanager.com/geomor/download.aspx?id=956906&guid=c9650e65-fa09-4c8a-b9a8-656044d4e572&scheme=1


Table 4 Age model for the raised paleoshorelines and correlation with Marine Isotope Stages 
Paleoshoreline Coral Th/U 

age (ky) Calcite concretion Th/U age (ky) Marine Isotope 
Stage label elevation (m) 

T5 57.5 ± 2.5  
 

> 152.0 +33/-26  MIS 7 
T1 5 +1/-0  161.0 ± 18.0  > 78.0 ± 3.0; > 82.0 ± 5.0 MIS 6e 
T4 37.5 ± 2.5 120.0 ± 7.0  < 151.0 ± 11.0; >78.8±7.7 MIS 5e 
T2 16 ± 1  98.0 ± 4.0  > 64.0 ± 6.0; > 67.0 ± 6.0; > 90.0±10.0; < 99.0 ± 12.0  MIS 5c 
T3 22 ± 1 83.8 ± 3.6  > 54.7±2.7; > 67.0 ± 6.0; < 151.0 ± 11.0 MIS 5a 
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