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Abstract 13 

We present the first detailed overall study on the rock coasts in the central Adriatic Sea (Abruzzo, Italy), which 14 

is one of the few cases of a coast with clastic soft rocks in the entire Mediterranean area. The coast is composed 15 

of cliffs with small beaches, coastal slopes with or without a contiguous coastal plain and intervening low-lying 16 

coasts. It is developed on the eastern seaward side of a wide plateau and mesa landscape shaped on an Early-17 

Middle Pleistocene clay-sand-sandstone-conglomerate marine sequence covered by Late Pleistocene – Holocene 18 

continental deposits. 19 

The study focuses on the overall coast and on eight specific sites, combining: (i) DEM (2 m cell, LiDAR-20 

derived) analysis and geological-geomorphological surveys of the emerged and submerged areas, for the 21 

cliff/coastal slope characterization, (ii) the results of U/Th, 14C sediment dating and archaeological and 22 

palaeontological attributions, for constraining the coastal evolution, and (iii) aerial photo time-series (1954-23 

2013 time span) analysis, for the recent cliff retreat assessment. The overall features of the cliffs and coastal 24 

slopes were defined in terms of their morphology, lithology, tectonic setting, landforms and geomorphological 25 

processes, whereas the analysis of Late Pleistocene – Holocene continental deposits and landform distribution 26 

defined and constrained the evolution of the coastal system. This enabled us to define eight different types of 27 

coastal cliffs/slopes meaningful for clastic soft rock coasts. The coastal types were defined in terms of: (i) 28 

lithology (15% cliffs on marine sandstone, 15% cliffs on marine conglomerate, 3% cliffs on continental 29 

deposits, 43% coastal slopes on clay-sand-sandstone-conglomerate sequences), (ii) morphostructural setting 30 

(i.e. clay/sandstone-conglomerate interface elevation), and (iii) of state of activity (3.8% active cliffs, 13.8% 31 

inactive cliffs, 15.9% palaeocliffs, 43% of inactive and locally reactivated landslides on coastal slopes). 32 

Variable retreat rates were also defined, from retreat measurements over a 60-year time span (ranging from 33 

0.15 m/yr to ~1 m/yr), and were found to be induced by episodic and localized cliff recession processes and 34 
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connected to combined wave-cut and gravity-induced slope processes. The assessment of coastal and gravity-35 

induced geomorphological processes, combined with the analysis and dating of the continental deposits, 36 

allowed us to define the Late Pleistocene to present evolution and timing and the evolutionary mechanisms of 37 

the main coastal types of soft rock coasts. They are connected to wave-cut and gravity-induced erosion cycles 38 

on cliffs and to large rotational ancient landsliding with local recent reactivations on coastal slopes. For the 39 

different coastal types the expected hazard conditions were outlined. 40 

 41 

Highlights: 42 

− Geomorphological features of the coastal slopes and cliffs of the Central Adriatic area;  43 
− Lithological features and chronological (U/Th and 14C) and palaeontological (Mammal remains) constraints of the 44 

Late Quaternary continental deposits along the coast;  45 
− Definition of eight types of coastal cliffs and slopes meaningful for soft rock coasts;  46 
− Distribution of geomorphological processes and evolution mechanisms of coastal types. 47 

 48 

Keywords: Rock coast, clastic rocks, cliffs and coastal slopes, Central Italy, Mediterranean Sea. 49 

 50 

1. Introduction 51 

The mid-Western Adriatic coast is one of the few examples of a coast on clastic soft rocks in the whole 52 

Mediterranean Sea region. Other cases are limited to short coastal segments, for example the western Bulgarian 53 

Black Sea, on sandstones, clays and limestones (Simeonova, 1985); the eastern Black Sea, Anapa (Russia) and 54 

Sukhumi (Georgia), on soft clays (Zenkovich, 1985); the Southern Crimea Peninsula, on steeply sloping flysch 55 

beds (Shuisky, 1985); Northern Marche, Adriatic Sea, on clay-sandstone (Colantoni et al., 2004); Southern 56 

Tuscany, Tyrrhenian Sea, on sand and sandstones (Bini et al., 2013); Trieste Gulf, Northern Adriatic sea, on 57 

flysch sediments (Biolchi et al., 2016a); and some larger sections that characterize the Mediterranean Iberia 58 

and Balearic Islands whose cliffs occur in conglomerate and/or soft rocks (Furlani et al., 2014). Mediterranean 59 

rock coasts are intimately related to the complex geological history of this area, controlling hard and soft rock 60 

types, vertical and horizontal tectonic movements and climate/sea-level fluctuations. They have been shaped 61 

during the Pleistocene and Holocene and strongly modelled over the last 6,000 years, when the sea level 62 

increased to or close to that at present (Bird, 2008; Antonioli, 2012). Although the Quaternary evolution of the 63 

Mediterranean coasts has been extensively studied, few studies have addressed defining the coastal types of 64 

the soft rock coasts and their evolution in relation to the regional geological setting, local tectonic and 65 

stratigraphic features, and ancient and present geomorphological processes (Furlani et al., 2014; Antonioli et 66 

al., 2017 and references therein). 67 
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The mid-Western Adriatic area is composed of a Pleistocene marine sequence, with different poorly 68 

consolidated clastic sediment and weak clastic rocks outcropping on the coastline (Cantalamessa and Di 69 

Celma, 2004; Chiocchini et al., 2006; ISPRA, 2012a,b,c; Di Celma et al., 2016). In a coastal section as short 70 

as 66 km, a homogeneous mesa-plateau morphostructural setting (D’Alessandro et al., 2003; Miccadei et al., 71 

2017), a large morphological variability (ca. 22 km of coastal cliffs, ca. 28 km of coastal slopes and ca. 16 km 72 

of alluvial plains; D’Alessandro et al., 2001) and a complex Quaternary history are documented (ISPRA, 2012 73 

a,b,c). This makes the area ideal for characterizing a rock coast system on soft clastic rocks in relation the Late 74 

Quaternary evolution and the influential coastal geomorphological processes. 75 

This study analyses the geomorphologic, lithologic and structural-jointing features of the study area, focusing 76 

on the effects of inherited morphstructures on the landforms, processes and dynamics affecting coastal cliffs 77 

and slopes. It combines (i) field and scuba-dive geological and geomorphological mapping with geostructural 78 

analysis, (ii) a detailed characterization of the continental Quaternary succession improved with new 79 

radiometric and palaeontological chronological constraints, and (iii) interpretations of aerial photos and DEMs 80 

time series. The integrated detailed geological-geomorphological approach, with a focus on the Late 81 

Quaternary history, provides a contribution to defining: (i) the features and constraints of the Late Pleistocene-82 

Holocene continental deposits developed on the rock coasts; (ii) the types of cliffs and coastal slopes, 83 

meaningful for rock coasts on soft clastic rocks, in terms of lithological, geomorphological, tectonic features, 84 

acting geomorphological processes, and retreat rates; and (iii) the distribution of competing geomorphological 85 

processes (mainly coastal and gravity-induced) leading to different mechanisms and timings of the 86 

morphostructural evolution of cliffs and coastal slopes and their inherent natural hazards. Finally, the study 87 

provides an effective approach for predicting the behaviour of the soft rock coasts, which is the basis for 88 

correctly assessing hazard distribution and managing coastal areas.  89 

2. Soft rock coasts 90 

Rock coasts represent the 75-80% of coasts worldwide (Emery and Kuhn, 1982; Trenhaile, 1987; Sunamura, 91 

1992), and they comprise more than 50% of coasts in the Mediterranean area (Fig. 1, Furlani et al., 2014). 92 

Furthermore, rock coasts composed of soft materials are a peculiar subgroup (Finkl, 2004; Sunamura, 2015). 93 

Although soft sediment coasts (e.g. beach/dune systems and mudflats) have been widely investigated given 94 

their high economic and social values, interest in rock coasts has grown rapidly in recent decades (Naylor et 95 
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al., 2010), and many scientists have focused on the factors controlling their erosional processes (Sunamura, 96 

1983, 1992, 2015; Trenhaile, 1987, 2014, 2015; Griggs and Trenhaile, 1994; Griggs, 1995; Andrade et al., 97 

2002; Dickson et al., 2004; Antonioli et al., 2017). Their geomorphological features and dynamics, and 98 

therefore their safe management and development, remain a challenge, particularly for rock coasts on soft 99 

materials because they are the result of intricate combinations of many endogenous and exogenous factors, 100 

including lithology and structures of outcropping rock formations, climate, wave energy, tides, and long term 101 

sea-level changes (Sunamura, 1992, 2015). The diverse intensity and timing of interacting factors produces a 102 

complex combination of subaerial and coastal processes (Griggs and Trenhaile, 1994). These act over different 103 

temporal and spatial scales and spatial scales, influenced by the inherited morphostructural and stratigraphical 104 

setting resulting in a wide spectrum of cliff morphologies and retreat modes (Trenhaile, 1987; Sunamura, 1992; 105 

Griggs and Trenhaile, 1994; Sherman and Gares, 2002). 106 

Most research activity, particularly in the Mediterranean area, has focused on hard rock coasts, investigating 107 

geomorphological processes and evolution, cliff stability and cliffs morphotypes (Andriani et al., 2005; 108 

Andriani and Walsh, 2007; De Pippo et al., 2007; Di Crescenzo and Santo, 2007; Budetta et al., 2008, 2015; 109 

Arnott, 2009; Furlani et al., 2011, 2014; Miccadei et al., 2011a, Thébaudeau et al., 2013; Farabollini et al., 110 

2014; Kennedy et al., 2014; Biolchi et al., 2016a,b; Antonioli et al., 2017). Few works have outlined the 111 

geomorphology of coastal cliffs and slopes on soft (usually with uniaxial compressive strengths of <5 MPa, 112 

Sunamura, 2015) clastic rocks (Mortimore and Duperret, 2004; Collins and Sitar, 2008; Walkden and Dickson, 113 

2008; Spagnolo et al., 2008; Trenhaile, 2009; Brooks and Spencer, 2010; Chelli et al., 2010; Walkden and 114 

Hall, 2011; Sunamura, 2015), which are poorly represented coastal types in the Mediterranean area (Furlani et 115 

al., 2014). However, soft rock coasts are of great interest due to: i) retreat rates of 10-2 to 10 m/yr, which are 116 

up to two orders of magnitude greater than hard rock cliffs (Davies et al., 1972; Griggs and Savoy, 1985; 117 

Sunamura, 1994; D’Alessandro et al., 2001; Colantoni et al., 2004; Quinn et al., 2009; Young, 2018); ii) the 118 

episodic and localized nature of cliff recession over a short time span, which tends to an almost parallel 119 

recession over a long time span (Richards and Lorriman, 1987; Dornbusch et al., 2008; Sunamura, 2015); iii) 120 

fast and scattered erosion cycles that include toe erosion, cliff instability, mass movements, talus deposits, and 121 

beach formation and erosion, and the resumption of toe erosion (Colantoni et al., 2004; Dornbusch et al., 2008; 122 

Brooks and Spencer, 2010; Sunamura, 2015), with a contradictory role of the talus and beach deposits 123 

accumulated at the bases of the cliffs.  124 
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These issues and a variable resilience to geomorphological processes have aroused the interest of 125 

geomorphologists, civil engineers, planners and environmental scientists working on hazard quantification and 126 

risk prevention and mitigation on coastal areas (according to the European and national recommendations and 127 

e.g. Pethick and Crooks, 2000; Mortimore et al., 2004; De Pippo et al., 2008; Nunes et al., 2009; Violante, 2009; 128 

Naylor et al., 2010; Bini et al., 2013; Pennetta et al., 2015; Sciarra et al., 2016; Audisio et al., 2017).  129 

 130 

Fig. 1: Map of the Mediterranean and Black Sea area (modified from Furlani et al., 2014) showing rock coasts, low-lying 131 
coasts and beaches, sites of reported cliff recession rates (in m/yr). The red (black in the printed version) box indicates 132 
the location of the study area. 133 

3. Study area 134 

3.1 Regional setting 135 

The study area is located along the Adriatic coast (Fig. 1) between the piedmont reliefs of the NE-verging 136 

Apennines orogen and the Adriatic continental shelf (Fig. 2a). The piedmont-coastal domain is characterized 137 

by the external fronts of the central Apennine fold-and-thrust belt that are buried under Late Miocene-138 

Pleistocene clastic marine to transitional-continental sedimentary sequences. The area moved from a foredeep 139 

basin domain (Late Miocene-Pliocene) to a neritic regressive depositional domain (Early-Middle Pleistocene; 140 

e.g. Ori et al., 1986; Cantalamessa and Di Celma, 2004; Bigi et al., 2013 and references therein). Since the 141 

Middle Pleistocene, this sector has been uplifted up to 200 m above the present sea level (at a rate of ca. 0.2-142 

0.4 mm/yr). The landscape was shaped by fluvial, slope and coastal processes that have combined to produce a 143 

plateau and mesa relief (Demangeot, 1965; Ascione and  Cinque, 1993; Cinque et al., 1993; Dramis, 1993; 144 
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Ascione et al., 2008; D’Alessandro et al., 2003, 2008; Buccolini et al., 2010; Miccadei et al., 2018). This sector 145 

has been affected by Late Pleistocene-Holocene sea-level fluctuations (up to +7 a.s.l., MIS 5e, and down to -146 

120 m b.s.l., MIS 2) and then up to the present sea level during the Holocene (ca. 6,000 BP), with a largely 147 

positive relative sea-level rise at the coast (Lambeck et al. 2004; Ferranti et al., 2006; Antonioli et al., 2009; 148 

Parlagreco et al., 2011; Antonioli, 2012). Taking into account the gentle gradient of the seabed bathymetry 149 

(<0.5%), these fluctuations led to a strong (some tens of km) NE-shifting of the coastline during the sea-level 150 

low-stands (Lambeck et al. 2004). Finally, this domain is characterized by a moderate seismicity generated by 151 

sources that may belong to the buried outer thrust fronts of the central Apennines and to other families of 152 

inherited structures reactivated within the present-day stress regime. According to the INGV and DISS 153 

database (http://diss.rm.ingv.it/diss/), CPTI15 Catalogue (Rovida et al., 2016), this area has been affected by 154 

moderate earthquakes (Mw ~4-5.5, Fig. 2a). 155 

3.2 Geological features of the rock coast 156 

The central Adriatic rock coast area (Abruzzo Region) is 66 km long (Fig. 2b), with ca. 22 km of clastic rock 157 

coast and cliffs with small rectilinear and pocket beaches, ca. 28 km of coastal slopes with or without adjacent 158 

coastal plains and 16 km of alluvial plains intersecting the coast (D’Alessandro et al., 2001, 2003; Miccadei et 159 

al., 2011b). The rock coast is developed on the eastern seaward side of a wide plateau and mesa landscape that 160 

is developed on Early-Middle Pleistocene marine to transitional clastic sediments and is covered by Late 161 

Pleistocene – Holocene continental deposits (Fig. 2b,c). 162 

The lower part of the Pleistocene marine succession comprises several hundreds of metres of consolidated and 163 

stratified blue-grey clay. Upward, a gradual transition to stratified yellow sands occurs (up to 100 m thick), which 164 

consist of weakly consolidated marine sand with thin clay to clayey sand layers (lower part) and moderately 165 

cemented sandstone with sand and conglomerate lenses (upper part). A moderately- to well-cemented 166 

conglomerate layer, up to some tens of metres thick, with sandstone and grey-green clay levels and lenses, lies 167 

on an erosive contact over the sandstone layer. It closes the Early-Middle Pleistocene marine sequence passing 168 

to a transitional environment (Cantalamessa and Di Celma, 2004; Chiocchini et al., 2006; ISPRA, 2012a,b,c; Di 169 

Celma et al., 2016). A distinct erosional contact separates this sequence from the overlying Late Pleistocene-170 

Holocene continental deposits that consist of landslides, slope deposits, colluvial deposits and beach-dune 171 
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systems, while fluvial deposits are present along the mouths and valleys of the main rivers (Miccadei et al., 2011b, 172 

2013; ISPRA 2012a,b,c; Piacentini et al., 2015).  173 

 174 

Fig. 2: a) Main structural domains, faults (modified form C.N.R., 1983) and historical earthquakes (Rovida et al., 2016) of Central 175 
Eastern Apennines. The black polygon indicates the study area. b) Physiographic and lithological scheme of the study area (modified 176 
from Miccadei et al., 2011b). c) Panoramic view of the study area from Punta Aderci to the north. 177 

 178 
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 179 

The structural setting is defined by sub-horizontal to very gently seaward-dipping layers. Two main tectonic 180 

discontinuity (low displacement faults and large joints) systems are present at surface: an ancient Pliocene-181 

Early Pleistocene SW-NE to N-S system transverse to the coastline (D’Alessandro et al., 2008; ISPRA, 182 

2012a,b,c) and a recent Middle-Late Pleistocene NNW-SSE to WNW-ESE system roughly parallel to the 183 

coastline (D’Alessandro et al., 2008). The structural setting is a result of Pleistocene uplift and NE-tilting, 184 

which caused the bedrock sequence to be at different structural elevations along the coast, with the top 185 

conglomerate level ranging from sea level to more than 100 m a.s.l. (Bigi et al., 1997; Chiocchini et al., 2006; 186 

ISPRA 2012a,b,c). From a hydrogeological point of view, the conglomerate, sandstone and sand layers in the 187 

upper parts of the mesa-plateau reliefs may host local aquifers, with small springs located at the contact over 188 

the clay unit on the cliffs and coastal slopes. 189 

The geomorphological configuration is the result of marine, fluvial and gravity-induced slope processes 190 

operating over the variable lithological and structural features. The cliffs are affected by competing coastal 191 

erosion and landsliding, whereas the coastal slopes are mostly affected by large rotational and translational 192 

landslides (Cancelli et al., 1984; Buccolini et al., 1994; D'Alessandro et al., 2001; Fiorillo, 2003; Aringoli et 193 

al., 2002, 2013; Della Seta et al., 2013; Piacentini et al., 2015). Anthropogenic landforms are largely present 194 

all along the coastal area and are mostly represented by coastal infrastructure and tourist facilities. Remains of 195 

the old Adriatic coastal railway built at the end of the 1800s are located at the bases of the cliffs and coastal 196 

slopes and are protected by barriers. Hence, parts of the rock coast are armoured at the toe with protective 197 

materials. Moreover, two harbours (Ortona and Vasto) changed the coastal morphodynamics, inducing the 198 

formation of large beach-dune systems covering the cliffs (Miccadei et al., 2011b). 199 

The coastal area is characterized by a Mediterranean climate (Peel et al., 2007) with maritime influences. The 200 

average annual precipitation amounts (data from Region Abruzzo Hydrographic Service) are 600-800 mm/yr, 201 

with occasional heavy rainfall (>100 mm/d and 30-40 mm/h; Miccadei et al., 2012b). The coastal climate is 202 

characterized by the most frequent and highest waves arriving from the NW and NE with moderate intensity 203 

(Ortona wavemeter according to GNRAC, 2006 and ISPRA, 2018). The majority of the significant waves (>0.5 204 

m) are higher than 2 m, and the strongest waves, which are as high as 3.5-6 m, have a 5% probability. Finally, 205 

the area features a microtidal environment characterized by an overall range of ≤1 m (ISPRA, 2018).  206 



9 

 

4. Methods 207 

We analysed a 66 km-long coastal section and eight specific sites on coastal cliffs and slopes, combining (1) 208 

the interpretation of aerial photos and DEMs, (2) geological-geomorphological field surveys and (3) the results 209 

of sediment dating.  210 

The main physiographic features of the entire investigated sector and the morphology of the cliffs and coastal 211 

slopes, were derived from stereoscopic imaging analysis of aerial photos (2001-2002 Regione Abruzzo flight, 212 

provided by Abruzzo Region Cartographic Office) and from GIS processing (ArcMap 10.1 © Esri) of a 213 

LiDAR-derived DEM at a 2-m cell size (acquired in 2011, provided by the National Geoportal of the Italian 214 

Ministry of Environment, http://www.pcn.minambiente.it/). The analysis aimed to identify and map scarps, 215 

break-in-slopes, flat and counter slope areas, landslides deposits, as well as to a preliminary differentiation 216 

between continental and marine Quaternary deposits. The coastal indentation index was calculated as the ratio 217 

between the real length of the coastal sector and its rectified length (Mastronuzzi et al., 1992; Maracchione et 218 

al., 2001), based on the 1:5,000 topographic map of the Abruzzo Region, 2007 edition (provided by Abruzzo 219 

Region Opendata services). 220 

Existing cliffs retreat rates, based on aerial photos from 1954, 1975 and 1985 (D’Alessandro et al., 2001), have 221 

been integrated with more recent data using a comparable methodology. The cliffs were mapped on Volo Italia 222 

1999 orthophotos (provided by the National Geoportal), Abruzzo Region 2009 and 2013 orthophotos (provided 223 

by Abruzzo Region Opendata services), extending the estimation of retreat rates over the last ~60 years, from 224 

1954 to 2013, and to cliffs on continental deposits, not investigated previously. 225 

A detailed geological field survey was conducted over the area, at a scale of 1:5,000, and on eight cliffs and 226 

coastal slope sites, at a scale of 1:1,000. The survey was based on a litho-stratigraphic approach, keeping 227 

attention on the litho-stratigraphic features of bedrock and superficial deposits, coastal and slope landforms 228 

and tectonic features of marine bedrock. This survey aimed to detail the presence and spatial distribution of 229 

superficial Quaternary continental deposits, improve existing lithological and tectonic information about the 230 

clastic marine bedrock, and investigate the morpho-stratigraphic relationships between bedrock, slope 231 

deposits, landslide deposits and eluvium-colluvium covers. Detailed litho-stratigraphical profiles on cliffs were 232 

realized to map lithological features at cliffs base and upper edge, stratigraphy of deposits building the cliffs, 233 

and tectonic features and joints. 234 

http://www.pcn.minambiente.it/
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The stratigraphic interpretation of the Quaternary continental deposits was supported by chronological 235 

constraints. Ages of calcretes and calcareous concretions were obtained by alpha spectrometry U/Th dating, 236 

undertaken by the Environmental & Isotope Geochemistry Lab. of RomaTre University of Rome. Three 237 

calcretes outcrops were sampled, by collecting, at each location, four coeval subsamples at the same 238 

stratigraphic level. Subsamples were prepared by removing altered parts and any recrystallized fragments. 239 

About 20 g of selected carbonatic material was dissolved in 7 N HNO3. Insoluble residue was removed by 240 

centrifugation and digested in a mixture of HF+HClO4+HNO3. The two solutions were mixed and spiked with 241 

a tracer containing 228Th and 232U in secular equilibrium. Hydrogen peroxide was added to remove organic 242 

matter present in the solution. Isotopic complexes of uranium and thorium were extracted according to the 243 

procedure described in Edwards et al. (1987) and alpha-counted using high-resolution ion-implanted Ortec 244 

silicon surface barrier detectors. Ages were determined adopting the total sample dissolution technique (TSD) 245 

elaborated by Bischoff and Fitzpatrick (1991) for dating isotopically dirty carbonates. In order to calculate the 246 

230Th/238U and 234U/238U activity ratios of the pure carbonate fraction, samples are plotted on a three-247 

dimensional isochron, whereby the X, Y and Z axes are the 232Th/238U, 230Th/238U and 234U/238U activity ratios, 248 

respectively. The age of the sample was calculated by means of Isoplot/Ex 3.0, a plotting and regression 249 

program designed by Ludwig (2003) for radiogenic-isotope data. Errors are quoted as 1σ, as conventionally 250 

adopted with alpha-spectrometry. 14C dating was undertaken on lignite remains by the Radiocarbon Dating 251 

Lab. of the La Sapienza University of Rome; standard chemical pre-treating were carried out (12% HCl 252 

leaching followed by diluted alkaline solution treating and exsiccation at 110°C) followed by conversion to 253 

benzene (combustion and purification, lithium carbide synthesis, hydrolysis, catalytic trimerization with Cr) 254 

and radiocarbon activity counting (LSC) beta multichannel spectrometers; the provided age is “conventional”, 255 

since very ancient ages (~ 40,000 yrs) are not suitable for calibration. Archaeological remains (Usai et al., 256 

2003) and new palaeontological attribution of mammal findings, analysed by the Palaeontological Lab of the 257 

La Sapienza University of Rome, provide further information for the stratigraphic attribution of continental 258 

deposits. 259 

The geomorphological field survey was undertaken at scales of 1:5,000 – 1:1,000 to identify present and 260 

ancient landforms and the morphogenetic processes affecting the coast (Smith et al., 2011; Chelli et al., 2016). 261 

Periodic field observations were carried from 2004 to 2017 and used for the direct observation and 262 

photographic documentation of active processes of cliff landsliding and retreat. Scuba-diving surveys 263 
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performed at a scale of 1:1,000 down to 15 m b.s.l. provided information on the submerged parts of cliffs, as 264 

shore platforms and the underwater extensions of deposits related to the cliffs’ evolution. Scuba survey 265 

procedures and methods were applied according to the Geological Survey of Italy guidelines up-scaled for 266 

detailed mapping (Orrù and Ulzega, 1987; Miccadei et al., 2012a). The geostructural analysis of rock masses 267 

was carried out at seventeen locations along the main cliff areas to characterize the geometry, spatial 268 

distribution and density of jointing affecting the cliffs.  269 

All the detailed mapping and data are summarized on the simplified geomorphological map and in the detailed 270 

block diagrams presented in the next section, as well as in the coastal types sections and schemes discussed 271 

later on. 272 

5. Results 273 

5.1 Morphological and lithological features 274 

The planar geometry of the coastline ranges from rectilinear to sinuous, with an overall indentation index of 275 

1.22, locally increasing up to 1.35. The profile morphology is quite heterogeneous (Fig. 3), and four main 276 

morphological types of cliffs and coastal slopes are identified: 1) vertical cliffs up to >25 m high, 2) vertical 277 

cliffs up to >25 m high with gentle concave-convex slopes at their bases, 3) undulated concave-convex slopes 278 

up to >100 m high, and 4) slope-over-wall profiles with slopes up to >100 m high and walls 5-10 m high. 279 

Geological and geomorphological investigations outline a complex Late Pleistocene – Holocene continental 280 

succession made-up of landslide, slope, eluvium-colluvium, beach-dune, fluvial, calcrete and travertine 281 

deposits, overlaying the Early-Middle Pleistocene marine to transitional clastic (clay, sand, sandstone, and 282 

conglomerate) units through a distinct and irregular erosive contact (Fig. 4, Table 1). 283 

The landslide and slope deposits are composed mainly of chaotic sands and calcareous pebbles, including 284 

conglomerate and sandstone blocks. They are present at the cliff bases, produced by translational landslides 285 

and rockfalls. Within the landslide deposits at the cliff toe between Punta Aderci and Punta Penna, a bone 286 

remain was sampled and attributed to a Bos primigenius femoral part, whose most probable stratigraphic 287 

attribution is the early Holocene (Fig. 5a, b, Table 2). Moreover, the most widespread landslide bodies consist 288 

of ancient >1km2 large rotational sliding, made-up of tens to hundreds of metres wide blocks of conglomerate 289 

and sandstone. These blocks are strongly counterslope tilted, with strata dipping more than 35° towards the 290 

SW, covering most of the coastal slopes between the Moro and Salinello rivers (Fig. 4).   291 
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Conglomerate Conglomerate 

Tectonic features 

G 
Sub-horizontal 

 

Sub-horizontal 

 

Sub-horizontal 

 

Sub-horizontal 

 
Chaotic Chaotic Sub-horizontal Sub-horizontal 

Fr 

N60°E, 75°  NW 

N90°E, 75°N 

N40°W, 80°NE 

N50°W, 50°NE 

N10°E, 80°ESE 

N20°E, 80°WNW 

N60°E, 80°NW 

N90°E, 90° 

N60°W, 85°SW 

N60°W, 85°NE 

N20°W, 80°NNE 

N60°E, 90° 

N70°W, 70° NNE 

N20°W, 90° 

 

N10°E, 70°ESE 

N45°E, 90° 

N10°W, 60°WSW 

N50°W, 90° 

/ 

N10°E, 80°ESE 

N30°E, 90° 

N60°E, 80°NW 

N60°W, 90° 

N30°W, 70°NE 

N60°W, 90° 

N50°W, 80°NE 

N20°W, 90° 

N30°E, 80°SE 

N60°E, 90° 

N15°W, 80°ENE 

Geomorphological features 

L 

Rockfalls, 

translational 

sliding, wave 

erosion 

Rockfalls, 

translational 

sliding, wave 

erosion, notch 

Rockfalls, 

translational 

sliding, wave 

erosion 

Rockfalls, 

translational 

sliding, notch, 

shore platform 

Complex 

landslides, 

rockfalls 

Complex 

landslides, 

rockfalls 

Rockfalls, notch, 

shoreplatform 

Rockfalls, 

shoreplatform 

SP -- -- --  Horizontal  -- -- Horizontal  Horizontal  

N -- On silty sand -- 
On 

conglomerate 
-- -- 

On 

conglomerate 
-- 

Retreat rates 

R 0.63 m/yr 0.85 m/yr 0.76 m/yr 0.46 m/yr 0.25 m/yr 0.97 m/yr 0.15 m/yr 0.75 m/yr 

 292 
Table 1   Lithological, tectonic and geomorphological features of the eight surveyed cliff-coastal slopes areas (locations in Fig. 2 and 293 
Fig. 4). Hc: cliff height; Hs: coastal slope height; Sty: slope type; Lf: lithotypes at the cliff foot.; Le: lithotypes at the cliff upper edge; 294 
G: structural strata setting; Fr: fracturing; L: landforms; SP: shore platform, following Sunamura’s classification (1992); N: notch; R: 295 
retreat rate. 296 

 297 
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 298 

Fig. 3: Topographic profiles in the coastal areas from LiDAR data with a 2-m cell size resolution. Units of measurement are metres. 299 
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 300 

Fig. 4: Schematic geomorphological map of the rock coast area (over hill-shade image from the 2 m DEM). Location of a, b, c, d, e 301 
in Fig. 4f. 302 
  303 
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 304 

Fig. 4: (continue) Schematic geomorphological map of the rock coast area (over hill-shade image from the 2 m DEM). Location of a, 305 
b, c, d, e in Fig. 4f. 306 
  307 
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Eluvium-colluvium deposits comprise clay-sand-gravel chaotic to laminated assemblages. Extensive layers of 308 

eluvium-colluvium deposits cover the flat tops of the coastal slopes and cliffs overlying the conglomerate 309 

bedrock unit. They also cover flat areas and scarps along the coastal slopes, as well as the small valleys incising 310 

the cliffs. Clayey-sandy deposits are occasionally present at the bases of the coastal cliffs and are cut back by 311 

the present marine erosion, such as in the case of the Punta Penna cliff, where lignite remains were 14C dated 312 

to 42 ± 8 ky (Fig. 5c, d,  Table 2, location in Fig. 4).  313 

Calcretes are made up of small patches (not represented in Fig. 4) of laminated calcareous concretions ranging 314 

from porous and soft to compact and hard, with horizontal undulated stratification. They generally fill the flat 315 

areas or counterslope depressions, overlaying ancient landslide deposits. U/Th dating of two different outcrops 316 

provide ages of 31 ± 4 ky and 52 ± 8 ky (Table 2, location in Fig. 4). Travertine deposits are characterized by 317 

small horizontal-growing, massive structure on some cliffs, with vertical stratification parallel to the cliff, and 318 

by encrusting massive convex bodies made-up of a sequence of millimetre-size undulated layers. They are 319 

built-up by carbonate precipitation on local springs and small waterfalls on the cliffs and in little pools at the 320 

cliff toe, overlying pre-existing forms and deposits related to cliff recession as conglomeratic blocks. The age 321 

of the travertines provided by U/Th dating is 9 ± 7 ky (Table 2, location in Fig. 4). 322 

Gravelly to sandy beaches, locally associated to sand dunes, are scattered all along the bases of cliffs and fill 323 

in small to large pocket beaches. In some cases, they are backed by coastal plains that are up to hundreds of 324 

metres wide (Fig. 4).  325 

Recent (Holocene) and terraced (Middle-Late Pleistocene) fluvial sand-gravel deposits with clay-silt lenses 326 

are present at the mouth of the main fluvial valleys intervening between the rock coast sectors (Fig. 4). 327 

 328 

#N Sample Description Method Age 

#1 Fossacesia (FC) Calcrete U/Th 52 ± 15 ky BP 

#2 Francavilla al Mare (FNC) Calcrete U/Th 31 ± 3.3 ky BP 

#3 Punta Ferruccio (PF) Travertine concretion U/Th 9 ± 7 ky BP 

#4 Punta Penna (Roma 1889) Lignite remains 14C (conv. age) 42.8 ± 1.5 ky BP 

#5 Punta Aderci 
Mammal remain:  

femur of Bos primigenius  
Palaeontological analysis Early Holocene 

#6 Punta Aderci Archaeological findings Archaeological analysis 

XI-VIII century BC 

(Usai et al., 2003) + 

1350 or 1817 AC 

Table 2   Constraints on the Quaternary continental deposits. 329 

 330 
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 331 

Fig. 5: a) Sample location within the landslide deposits at the cliff base between Punta Aderci and Punta Penna. b) Bone remain 332 
attributed to a Bos primigenius femoral part dated to early Holocene (Table 2). c) Sample location within a clay-sand deposit at the 333 
base of the Punta Penna cliff. d) Lignite remains 14C dated to the Late Pleistocene (42 ± 8 ky, conv. age, Table 2). 334 

 335 

Lithological features indicate that the coastal slopes and cliffs are developed on different bedrock units, with 336 

variations between toes and tops, and were grouped into 1) cliffs on sandstone, 2) cliffs on conglomerate, 3) 337 

coastal slopes on ancient slide deposits, and 4) cliffs on late Quaternary slope continental deposits. 338 

 339 

5.1.1 Cliffs on sandstone 340 

Cliffs on sandstone constitute over the 15% of the study area and characterize the promontories of Torre 341 

Mucchia, Punta Lunga and Punta dell'Acquabella (Table 1, Fig. 4). They are primarily vertical to very steeply 342 

seaward-dipping and >25 m high, with locally gentle concave-convex base profiles (Fig. 3). These cliffs are 343 

formed when the bedrock clay/sandstone-conglomerate (referred to as c/scg hereon) interface is just below 344 

present sea level. The sandstone bedrock unit consists of moderately consolidated and weakly cemented sand 345 

at the lower part of the cliff (s, Fig. 6a). The upper part, is made of cemented sandstone, with strata ranging 346 

from 10 to 30 cm in thickness and poorly cemented sandstone strata interbedded (ss, Fig. 6a). Occasionally 347 
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(i.e. promontory of Punta dell'Acquabella, Fig. 6b,c), the cliff toes are characterized by lenses of well to poorly 348 

cemented conglomerate, 2-5 m thick, with heterometric rounded pebbles (ø 5-10 cm). The cliff toes are partly 349 

covered by recent slope sand deposits, with embedded blocks of conglomerate and sandstone up to >10 m in 350 

size (c, Fig. 6a). Above the top of the cliffs a gentle slope is usually present, mostly covered by silt-sandy-351 

gravelly eluvial-colluvial and slope deposits. 352 

 353 

Fig. 6: Coastal cliffs on sandstone. a) Torre Mucchia cliff on marine sandstone (ss) and sands (s) and with rockfall deposits at the base 354 
(c). b) Punta dell'Acquabella, cliff on sandstone (ss) with conglomerate levels (cg), with basal notch in a poorly cemented conglomerate 355 
lens (pc-gc). c) Block diagram of the cliff on sandstone of Punta dell’Acquabella. 356 

 357 
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5.1.2 Cliffs on conglomerate 358 

Cliffs on conglomerate extend over 15% of the area and characterize the promontories of Punta Ferruccio, 359 

Punta Aderci and Punta della Penna (Table 1, Fig. 4, 7). They are >25 m high with a sub-vertical and sometimes 360 

gentle concave-convex slopes at their bases (Fig. 3). In these cliffs, the bedrock c/scg interface is well below 361 

present sea level. The conglomerate is moderately to well cemented, made of heterometric calcareous pebbles 362 

and cobbles 1 to 20 cm in size (cg, Fig. 7). Levels and lenses of sandstone and silty-sand from 2 to 5 m thick 363 

are present, locally outcropping at the cliff toe. In some cases, the cliffs are covered by recent slope and 364 

landslide deposits, consisting of conglomerate blocks up to >10 m in size (e.g. Fig. 7b). The slopes above the 365 

cliffs are usually covered by silty-sandy-gravelly eluvium-colluvium and slope deposits. At Punta Ferruccio, 366 

the conglomerate along the cliff is encrusted by phytohermal travertine concretions (tr, Fig. 8), which, 367 

according to U/Th analysis, are dated to 9 ± 7 ky (Table 2). 368 
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 369 

Fig. 7: Coastal cliffs on conglomerate. a) Punta Aderci cliff on marine conglomerate (cg). b) Punta Ferruccio, cliff on conglomerate 370 
(cg), with basal notch in sandy-clay (sc). c) Block diagram of the cliff on conglomerate of Punta Ferruccio. d) Punta Aderci, cliff on 371 
conglomerate (cg) at the internal margin of a horizontal shore platform developed on conglomerate (cg-p), with small discontinuous 372 
notches in the sandstone lenses (ss). e) Block diagram of the coastal cliff on conglomerate with shore platform at Punta Aderci. 373 
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 374 

 375 
Fig. 8: Punta Ferruccio, stratigraphic log and photo of travertine formations and encrustations (tr and black thick surfaces) developed 376 
over a conglomerate cliff (cg) with sandstone lenses (ss) and sand (s). Travertine also encrusts rockfall deposits (ls) at the base of the 377 
cliff. The sample location refers to dated sample #3 (Table 2). 378 

 379 

5.1.3 Coastal slopes on ancient landslide deposits 380 

Coastal slopes are widespread and extend over 43% of the area (Table 1, Fig. 4). The profile morphology 381 

includes undulated concave-convex slopes up to >100 m high. Alternating steep scarps, flat areas and 382 

counterslopes, with no lateral continuity or height correlation (Fig. 9) that are occasionally contiguous with 383 

coastal plains occur. Slope-over-wall profiles are also common, with 5-10-m cliffs at the bases of the slopes. 384 

The marine conglomerate unit generally outcrops on the upper scarps, bounding the flat tops of the hills, 385 

whereas the underlying sand-sandstone deposits are just occasionally exposed. The bedrock c/scg interface is 386 

well above present sea level and the clayey marine deposits are generally buried under continental deposits 387 

consisting of large roto-translational landslides deposits covered by slope and eluvium-colluvium deposits. 388 

Landslide deposits consist of blocks of conglomerate and sandstone that are ten to hundreds of metres in size 389 

and strongly tilted counterslope, with strata dipping more than 35° towards the SW (Fig. 9), outlining steep 390 

scarps all along the coastal slopes down to the coastline. Slope deposits consist of chaotic sands and calcareous 391 
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pebbles, including blocks of conglomerate and sandstone referable to the marine bedrock unit. Sandy eluvium-392 

colluvium and small patches of calcretes overlay slope and landslide deposits, mostly in flat and countersloping 393 

areas. Calcretes are made of laminated calcareous concretions ranging from porous and soft to compact and 394 

hard, with horizontal undulated stratification. Two samples of calcretes over landslide deposits were U/Th 395 

dated to 31 ± 4 ky and 52 ± 8 ky (Table 2, location in Fig. 4), providing at least a Late Pleistocene age for the 396 

large landslides. Some of the coastal slopes are covered at their toes by beach and dune deposits and by 397 

anthropogenic deposits (e.g. railway and road embankments, harbour earth works). 398 

 399 

Fig. 9: Coastal slopes. a) Block diagram summarizing coastal slope geomorphological and stratigraphical features. b) Punta del 400 
Guardiano coastal slope, sandstone (slb) landslide blocks at sea level, outcropping with counterslope attitudes (dipping up to 35° SW) 401 
and covered by recent gravel beach deposits. 402 

 403 
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5.1.4 Cliffs on slope continental deposits 404 

Cliffs on slope continental deposits extend approximately over 3% of the coastal area, mainly located at Torre 405 

Mucchia, Punta Aderci and Punta della Mucchiola areas (Table 1, Fig. 4). Cliffs are up to >10 m high and 406 

developed on Late Pleistocene to Holocene slope - colluvial deposits (sla, Fig. 10a). They consist of brown 407 

sands alternating with poorly to moderately cemented ochre layers, including up to 10 cm-thick gravel layers 408 

of rounded calcareous granules and pebbles of 1-20 mm in size as well as silt levels (Fig. 10b). These deposits 409 

lie on an erosive surface over the marine conglomerate (cg), with a maximum thickness of approximately 4 m 410 

and clinostratification parallel to the slopes (Fig. 10c). Some of these cliffs, as the case of Punta della 411 

Mucchiola, are also developed on ancient landslide deposits. In the Punta Aderci area, huts with ceramic 412 

remains as well as an historical ossuary are present within the deposits (Usai et al., 2003), which are now cut 413 

back by the recession of the cliffs. 414 

 415 
Fig. 10: Cliffs on continental deposits. a) Punta Aderci cliff on finely laminated sandy colluvial and slope deposits (sla) with clino-416 
stratification and overlying an erosive surface (dashed line) on a marine conglomerate (cg); * marks the location of archaeological 417 
findings dated to historical times (Usai et al., 2003). b) Close up of the sand and silt deposits with granules and pebbles thin layers. c) 418 
Slope and colluvial deposits (sla) lying on an erosive surface over the marine conglomerate (cg). 419 
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5.2 Structural setting and jointing 420 

The structural setting of the bedrock unit in the coastal area is defined by horizontal or gently (<5°) NE-dipping 421 

strata connected to the Pleistocene regional uplift. Two tectonic discontinuities systems affect the bedrock unit 422 

with NE-SW to NNE-SSW and NW-SE to WNW-ESE directions (Fig. 4). The NE-SW to NNE-SSW system 423 

does not affect the Quaternary continental deposits. The NW-SE to WNW-ESE discontinuities are mostly 424 

sealed by Holocene colluvial and slope deposits along the coast, but in the inner hilly area they affect the late 425 

Middle - Late Pleistocene fluvial deposits and secondary valley development (Fig. 4). The first system pre-426 

dates the Early Pleistocene, and the second occurred during the late Middle-Late Pleistocene and may be 427 

connected to the uplifting and gentle tilting of the clay-sand-sandstone-conglomerate sequence. 428 

Large joints pervasively affect the rock masses all along the cliffs and coastal slopes. The main orientations 429 

are N-S, NE-SW and NW-SE, both parallel and perpendicular to the coastline, with vertical or seaward dipping 430 

(Table 2, Fig. 4). The spacing ranges from a few decimetres to 3-5 m, with larger values occurring in the 431 

conglomerate bedrock and smaller ones mostly occurring on sandstones. The persistence is usually several 432 

metres and, locally, joints affect the whole cliff (Fig. 11a, b). The joint apertures range from <1 cm up to 3 cm. 433 

The latter are enlarged by tensile stresses along the free faces of the cliffs and strongly control the development 434 

of rockfalls and large roto-translational landslides. 435 

5.3 Cliffs and coastal slopes landforms 436 

The main landforms are generated by coastal processes, as notches, beach systems, and shore platforms, and 437 

gravity-induced slope processes, as several different types of landslides (Table 1, Fig. 4). 438 

Notches are present and well developed (up to some metres deep) at the feet of sandstone and conglomerate 439 

cliffs, whereas discontinuous, small (depths of a few decimetres) notches are incised on poorly cemented layers 440 

on sandstone cliffs, and their deepening is limited by hanging rockfalls. 441 

On conglomerate cliffs, notches develop deeply in poorly cemented clayey sandstone interbedded layers 442 

outcropping at the cliff bases. Due to the hardness of overhead conglomerates, they develop up to 7 m in depth 443 

and 4 m in height, i.e. at Punta Ferruccio (Fig. 7a,b,c). On cliffs on sandstone discontinuous notches are also 444 

present, even though the deepening is limited to few decimetres by hanging rockfalls. Locally, i.e. Punta 445 

dell’Acquabella, where the base of sandstone cliffs is made of conglomerate lenses, notches several metres 446 

deep and just 1 m high are incised (Fig. 6b,c). Where a horizontal shore platform is present (Fig. 7d,e), the 447 

notches are usually small and discontinuous and mainly occur on weak sandstone lenses within the 448 
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conglomerates. The incision of notches is continuously active where a continuous wave erosion is present (Fig. 449 

6b,c) or active only during heavy sea storms if notches are partially protected by a narrow beach (Fig. 7b).  450 

Pebbly-sandy pocket beaches (Fig. 7b) with widths ranging from metres to tens of metres are scattered at the 451 

cliff bases between the main promontories. They reduce the coastal erosion on the cliffs, sometimes preventing 452 

it and defining inactive cliffs. Several sectors exhibit sandy beaches, generally up to some hundreds of metres 453 

wide and locally connected to dune systems that permanently prevent coastal erosion, thus outlining relict 454 

palaeocliffs.  455 

The submerged parts of cliffs are mostly characterized by sandy seabed with slopes ranging from 0.7% to 456 

2.0%. A gravelly seabed represents the continuation of small pocket beaches below sea level, and are mostly 457 

fed by the erosion of cliffs and surrounding headlands. However, 70 to 100 m-wide sub-horizontal-type shore 458 

platforms occur at the bases of Punta Aderci, Punta della Penna, and Punta dell’Acquabella cliffs (Fig. 7d,e). 459 

The shore platforms are cut on well-cemented conglomerates (Punta Aderci) or on sandstones (Punta della 460 

Penna and Punta dell’Acquabella). Several rocks rising up to 1.5 m above sea level, comprising well-cemented 461 

conglomerate, are present at the outer margin of platforms (Table 1, Fig. 7e).  462 

Gravity-induced slope landforms consist of landslides, rockfalls and topples. Large ancient rotational slides 463 

are widespread along the coast (Fig. 4) and outline large undulated coastal slopes. They are bounded by 464 

continuous and marked top scarps, up to 20-40 m high, and internally characterized by several secondary scarps 465 

separating distinct landside terraces, with marked lateral continuity, related to multiple sliding surfaces. These 466 

scarps are due to displacements within the clay-sandstone-conglomerate sequence, involving coastal slopes 467 

where the top clay layers lay several tens of metres above sea level (Fig. 9). These landslides are mostly ancient 468 

and inactive (except for the Vasto landslide, Calamita et al., 2012), being overlain by recent colluvial and 469 

calcrete deposits. However, the lower parts of the coastal slopes feature small cliffs up to 10 m high (slope-470 

over-wall profile) and are affected by local reactivations or new roto-translational sliding and lateral 471 

spreadings, often damaging roads, facilities and houses.  472 

Rockfalls affect the cliffs due to coastal erosion, notch deepening and the opening of joints under tensile stress 473 

(Fig. 11a, b, d). They occur both on sandstone (i.e. Torre Mucchia, Punta Lunga, and Punta dell’Acquabella, 474 

Fig. 12a, b, c) and conglomerate cliffs (i.e. Punta Ferruccio, Punta Aderci and Punta della Penna, Fig. 12d, e). 475 

Rockfall deposits comprise heterometric boulders, up to 5 m on conglomerate and 3 m on sandstone. Topples 476 

occur when vertical and large spaced joints parallel to the cliff are present (Fig. 12f). Translational slides 477 
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mainly affect coastal cliffs on soft sediments and the toes of coastal slopes on ancient landslide deposits (Fig. 478 

11c). Slides and falls also occur along cliffs on continental deposits and are again induced by notch incisions 479 

(Fig. 12g, h). Resulting deposits are quickly dismantled by waves and covered by beach deposits (Fig. 12i).  480 

The main cliff segments are separated by the main rivers reaching the coast perpendicularly, with fluvial plains 481 

up to 3 km in width. Occasionally, the cliffs are intersected by dry valleys descending from the side of the 482 

mesa and plateau relief, and in many cases the dry valleys have been truncated due to active cliff erosion and 483 

left hanging. 484 

 485 

Fig. 11: Gravitational slope landforms. a) Punta Ferruccio, rockfall deposits (rf) made of conglomerate blocks at the conglomerate cliff 486 
(cg) foot; the cliff is defined by large parallel joints, which cut large conglomerate blocks off. b) Punta Ferruccio, tension cracks and 487 
fractures (f) on conglomerate (cg) that cut conglomerate blocks off, inducing rockfalls (rf). c) Punta Lunga, translational slide (tl); d) 488 
Punta della Penna, rockfall deposits (rf) consisting of conglomerate blocks partly covered by beach and dune deposits (bd) along a 489 
conglomerate cliff (cg). 490 
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 491 

Fig. 12: Landslides and retreat processes observed through multi-temporal surveys, outlining two different evolutions related to rockfall 492 
and lithological features. Cliff on soft rocks at Torre Mucchia: a) wave erosion; b) first rockfall phase affecting the whole cliff; c) 493 
second rockfall phase. Cliff on hard rocks at Punta Ferruccio: d) wave erosion and notch development; e) fall failure; f) toppling. 494 
Landslides and retreat processes observed through multi-temporal surveys, outlining the evolution of a cliff on soft continental deposits 495 
at Punta Aderci: g) wave erosion and jointing; h) rockfall of well cemented conglomerate boulders; i) slope deposit removal by wave 496 
action. 497 
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5.4 Cliff retreat 498 

The overall values over a 60-year time span range from 9 m to 57 m, corresponding to rates variable from 0.15 499 

m/yr to ~1 m/yr (Fig. 13). The step-like trend of the graph outlines the episodic and localized nature of cliff 500 

recession over a short time span. The highest values (~1 m/yr) occur on the main promontories (Punta Turchino 501 

and Punta del Guardiano) developed on coastal slopes over large ancient landslides, where the cliff bases are 502 

easily incised by marine erosion. High values of retreat rates also involve cliffs developed on conglomerates 503 

(Punta Ferruccio and Punta della Penna) and sandstone (Torre Mucchia and Punta Lunga) with notches (0.85-0.65 504 

m/yr), as well as cliffs on continental deposits (0.9 m/yr, Punta Aderci 2).  505 

Moderate retreat values occur on cliffs on hard sandstone and conglomerates (0.48 m/yr, Punta Acquabella), 506 

whereas the lowest value (0.15 m/yr; Punta Aderci 1) occurs on hard conglomerate cliffs with poor evidence 507 

of coastal erosion at their bases (no notch, large shore platform). Moderate to low values have affected the 508 

Punta Mucchiola area (~0.25 m/yr). The coastal slopes and embayments between the main promontories are 509 

largely armoured to prevent coastal erosion along the path of an ancient 1800s railway, which was later 510 

abandoned and moved some kilometres inland in the late 1900s (due to instabilities connected to coastal 511 

erosion, which is cutting the coastal barriers off). 512 

 513 

Fig. 13: Cliff retreat measured for the eight sites analysed in this work (Table 1) over a 60-year time span range (1954-2013). 514 

  515 
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6. Discussion 516 

The overall analysis defined a gently indented coast with cliffs over 25 m high and coastal slopes over 100 m 517 

high. They are the eastern margin of a mesa-plateau landscape, made-up of clastic marine Early-Middle 518 

Pleistocene sedimentary bedrock. Rock types range from poorly consolidated clay and sand, to well 519 

consolidated, moderately cemented sandstones and conglomerate. The bedrock is covered by scattered Late 520 

Pleistocene – Holocene continental slope and colluvial deposits as well as by large landslides. Locally, cliffs 521 

and slopes are rimmed by sand-gravel beaches, pocket beaches or by up to 500 m-wide coastal plains.  522 

The investigated area is composed of several cliff/coastal slope segments separated by the alluvial plains of 523 

major and minor rivers. The quantitative analysis of the overall plan morphology through the indentation index 524 

outlines a close to steady-state coast with some local prominent indentations (Mastronuzzi et al., 1992; 525 

Maracchione et al., 2001).  526 

6.1 Late Pleistocene-Holocene continental succession of the rock coasts 527 

The bedrock units are covered by a complex Late Pleistocene-Holocene continental succession constrained by 528 

new chronological data (Fig. 14). The deposits of large landslides are the most ancient along the coast and are 529 

only pre-dated by the terraced Middle-Late Pleistocene fluvial deposits of the main valley crossing the coast 530 

(D’Alessandro et al., 2008; ISPRA, 2012a,b,c; Piacentini et al., 2015). The landslide deposits are covered by 531 

patches of slope deposits and eluvium-colluvium deposits encrusted by calcretes (dated back to the middle of 532 

the Late Pleistocene, 31 ± 4 ky and 52 ± 8 ky BP, Table 2, Fig. 14). This back-dates the underlying large 533 

landslides at least to the lower part of the Late Pleistocene (during a sea-level fall and lowstand) or to the late 534 

Middle Pleistocene (as also suggested by Della Seta et al., 2013), whereas they have been partially reactivated 535 

in recent times (e.g. Vasto landslide, Buccolini et al., 1994). 536 

The toes of inactive cliffs and palaeocliffs are covered by colluvial clay-sand deposits and landslide deposits 537 

that have been dated back to the Late Pleistocene (42 ± 4 ky BP, Table 2, Fig. 14) and to the Early Holocene 538 

(Table 2, Fig. 14), respectively, pointing to an early Late Pleistocene development of the inactive cliffs 539 

(possibly during the Tyrrenian sea-level highstand). Further constraints are imposed by travertines 540 

approximately dated to 9 ± 7 ky BP (Table 2). They encrust the inactive cliffs and blocks at their base (Fig. 541 

14), whose formation can be therefore supposed during the early Holocene. Beach and dune systems that 542 

protect inactive and palaeocliffs are related to two main depositional phases known in the Adriatic area: the 543 

first occurred approximately 2,500 years ago, as documented in the Apulia region in the southern Adriatic area 544 
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(Mastronuzzi and Sansò, 2002), and the second is dated to the Late Middle Age, as documented in the study 545 

area (Miccadei et al., 2011b; Fig. 14). Some local beach-dune systems, covering palaeo- and inactive cliffs, 546 

are very recent (<70 yrs) and anthropogenically generated by the realization of harbours (e.g. Punta Penna, 547 

Miccadei et al., 2011b). 548 

Colluvial deposits blanket small valleys along the coast, cover the slopes surrounding the cliffs and the coastal 549 

slopes and locally are subject to local erosion by the present cliffs. Occasionally, they contain remains of huts 550 

with ceramic remains dated to historical times, which in Punta Aderci were attributed to Bronze Age, XI-VIII 551 

century BC (Usai et al., 2003), whereas an ossuary could be possibly attributed to the Black Plague that 552 

occurred in 1,350 AC or to a typhus epidemic in 1,817 AC. This outlines the very recent (centennial and 553 

decadal) and continuous development of the active cliffs cutting back the valleys. 554 

 555 

Fig. 14: Schemes of the Late Pleistocene – Holocene continental deposits along the coastal area and the active, inactive and relict-556 
palaeocliffs and coastal slopes. These deposits lie above the Early-Middle Pleistocene clay-sand-sandstone-conglomerate marine to 557 
transitional regressive bedrock sequence. 558 

 559 

 560 
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6.2 Types of rock coast 561 

A large variability of landforms has been documented, and eight different types of coast have been recognized 562 

that outline a very heterogeneous coastal system. As shown in the scheme of Fig. 15, the different types are 563 

the result of different combinations of (1) lithological features (cliffs on conglomerates, cliffs on sandstone, 564 

and cliffs on slope deposits) and (2) state of activity (active and inactive cliffs, and palaeocliffs). The coastal 565 

slopes fall within a distinct category. The areal and cartographic distribution of these types are summarized in 566 

Fig. 16 and Table 3.  567 

6.2.1 Active cliffs 568 

The heights of active cliffs range from 5 m to more than 25 m, and the morphological profiles vary from 569 

vertical to sub-vertical. Notches can be present at the cliff bases. They developed during the Holocene after 570 

the last sea-level rise and, due to the rapid evolution, eroded historical continental deposits of Middle Ages, 571 

XI-VIII centuries BC 1300s, 1800s (Punta Aderci). Active cliffs are affected by coastal processes and are the 572 

result of rapid cliff erosion cycles, including wave-cut processes with toe erosion and notch formation, cliff 573 

instability, mass movements, formation of talus and beach deposits, erosion of talus and beach deposits, and 574 

resumptions of toe erosion (Fig. 17; for a comparison, see also Colantoni et al., 2004; Dornbusch et al., 2008; 575 

Brooks and Spencer, 2010; Sunamura, 2015). Talus and beach deposits play, in this case, a contradictory role, 576 

protecting the cliffs from a constant wave’s erosion and increasing the wave-induced abrasion process during 577 

storm events. This is strongly controlled by lithological variations along the cliff profiles and at the cliff toes 578 

(i.e. elevation of the bedrock c/sgc, interface) and local structural features, and produces a great variability in 579 

cliff morphology and different retreat rates (from 0.15 m/yr to ~1 m/yr). Therefore, five types with different 580 

geomorphological behaviours have been distinguished. Where a shore platform is present, these types can be 581 

grouped into cliffs with type-B shore platforms (Sunamura, 1992), which is unusual for soft rocks but is locally 582 

due to the occurrence of moderately cemented conglomerates, and into lithologically controlled 583 

morphostructures that range from moderately to rapidly retreating (Finkl, 2004). The large variability is related 584 

to the alongshore and vertical differences in lithology and structural setting.  585 
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 586 

Fig. 15: Cliff types defined in the studied coastal area. A: active cliff on slope continental deposits; B: active cliff on conglomerate, 587 
with notch; C: active cliff on conglomerate, with horizontal shore platform; D: active cliff on sandstone, with notch; E: active cliff on 588 
sandstone; F: inactive cliff; G: palaeocliff; H: coastal slope.  589 

 590 

 591 

 592 

 593 
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Type  Length (m)       % 

A - Active cliff on continental deposits 325 0,5 

B - Active cliff on conglomerate with notch 245 0,4 

C - Active cliff on conglomerate with shore platform 545 0,8 

D - Active cliff on sandstone with notch 260 0,4 

E - Active cliff on sandstone 1100 1,7 

F - Inactive cliff on sandstone and conglomerate 9100 13,8 

G -Palaeocliff on sandstone and conglomerate 10500 15,9 

H - Coastal slope on clay-sand-sandstone-conglomerate 28150 42,8 

Low coast 15600 23,7 

Table 3   Distribution of cliff types and coastal slopes in the study area. 594 

 595 

Fig. 16: Planimetric distribution of cliff types and coastal slopes in the studied coastal area. Lettering refers to Fig. 15 and Table 3. 596 
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 597 
Table 4   Lithological, tectonic and geomorphological features of the types of rock coasts defined in this study (see Fig. 15, 16, Table 598 
3). Hc: cliff height; L: main lithology; Lf: lithotypes at the cliff foot and shore platform; Le: lithotypes at the cliff upper edge; J: jointing; 599 
SP: shore platform, according to Sunamura’s classification (1992); N: notch; P: main geomorphological processes; R: retreat rate. 600 

 601 

Active cliffs on slope continental deposits (A) are usually 5-10 m high (Fig. 16, Tables 3, 4). They are 602 

developed on very soft rocks, are bordered by small sand-gravel beaches or by a gently sloping sand-gravel 603 

seabed and show no notches at their bases. These cliffs are affected by intense wave erosion with connected 604 

small rockfalls comprising soft rock blocks (progressively removed by wave action in a ~15-year time span, 605 

with the rejuvenation of coastal erosive processes at the cliff, Fig. 12g,h,i). Cliff retreat ranges from moderate 606 

to high (with a rough estimation of 0.5-1.0 m/yr, as documented in the Punta Aderci area, Fig. 12g,h,i).   607 
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Active cliffs on conglomerate with notches (B) are >25 m high (Fig. 16, Tables 3,4). Their feet are often on 608 

soft sandy-clay lithotypes overlaid by medium-hard jointed conglomerate rock (bedrock c/scg interface below 609 

present sea level) and notches are deeply developed in the sandy-clay deposits (following the notch 610 

morphology recognized by Sunamura, 1992, and summarized by Trenhaile, 2015, and Antonioli et al., 2015). 611 

Cliff height, notch depth, rock strength and tensile stress (progressively enlarging the cliff-parallel tectonic 612 

joints) are the main factors controlling cliff evolution. The notches may be incised up to 7-10 m before a cliff 613 

becomes unstable, which induces large topple and fall failures (also according to Kogure et al., 2006; 614 

Trenhaile, 2015). The duration of the notch incision/cliff failure process has been documented to be 615 

approximately years or tens of years (Fig. 12d, e, f), resulting in retreat rates of up to >0.85 m/yr (Fig. 13).  616 

Active cliffs on conglomerate with horizontal shore platforms (C) are up to >25 m high (Fig. 16, Tables 3, 617 

4) and are developed in jointed moderately cemented conglomerate with sand-sandstone lenses (bedrock c/scg 618 

interface below present sea level). They are fronted by shore platforms cut on conglomerate (type-B shore 619 

platform, Sunamura, 1992), the outer margins of which are characterized by small rocks. Small notches can be 620 

occasionally present at the bases of cliffs and are mostly cut into weak sand-sandstone lenses. The marine 621 

erosion on the platform strongly prevails on the cliff dynamics, as confirmed by cliff retreat rates as low as ~0.15 622 

m/yr (Fig. 13).  623 

Active cliffs on sandstone with notches (D) are up to >25 m high (Fig. 16, Tables 3, 4) and are developed on 624 

moderately consolidated to cemented jointed sandstone (bedrock c/scg interface close to present sea level). 625 

The dimensions and shapes of the notches are variable according to the hardness of the sandstone layers 626 

(Trenhaile, 2015) and may be up to >3 m deep. Notch deepening induces rockfalls and topples. Cliff height, 627 

notch depth, rock strength and jointing control cliff evolution that is manifested by recession connected to 628 

episodic and localized landslides (Fig. 12a, b, c) and results in moderate retreat rates of <0.5 m/yr (Fig. 13).  629 

Active cliffs on sandstone without notches (E) are <25 m high (Fig. 16, Tables 3, 4) and are developed on 630 

poorly consolidated horizontal sandstone layers (bedrock c/scg interface close to present sea level). They are 631 

affected by intense wave erosion, which induces frequent rockfalls rather than notch incision due to the 632 

occurrence of soft sandstones. Poorly consolidated rockfall deposits are rapidly weathered and removed by 633 

wave action, rejuvenating the process and inducing overall retreat rates up to 0.85-0.65 m/yr (Fig. 13).  634 
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6.2.2 Inactive cliffs 635 

Inactive cliffs (F) are characterized by vertical scarps ranging from 15 m to more than 25 m high with concave 636 

convex slopes in the lower part (Fig. 16, Tables 3, 4). They are on conglomerate or sandstone with clay layers 637 

and lenses. The bases of the cliffs are covered by slope and rockfall deposits, which restrain the effects of 638 

present-day coastal erosion (Sunamura, 1992). In some cases, cliff inactivity is related to anthropic protective 639 

barriers armouring the cliff bases (see also Griggs and Trenhaile, 1994). Gravity-induced slope processes, 640 

which primarily induce translational sliding and occasional small rockfalls, and the incision of small dry 641 

valleys, are the only active processes, the distributions of which are related to lithological features and strengths 642 

and triggered by meteorological events. The cliffs are covered by landslides (as old as up to 10 ky), slope and 643 

colluvial deposits (dated back to 42.8 ±1.5 ky at Punta Penna) and are occasionally encrusted by travertines 644 

(U/Th dating 9.0±7.0 ky at Punta Ferruccio), suggesting that these cliffs were first formed during the early 645 

Late Pleistocene (possibly during the Tyrrhenian sea-level highstand), after which they experienced slow 646 

evolution and retreat due to subaerial processes (e.g. weathering and landslides, Fig. 17). Cliffs on sandstone 647 

are evolving more rapidly, with small landslides and rockfalls affecting the upper cliff edges.  648 

 649 

6.2.3 Palaeocliffs 650 

Palaeocliffs (G) are 15 m to > 50 m high, mostly with concave convex profiles, and they comprise sandstone 651 

or conglomerate with clay layers and lenses (Fig. 16, Tables 3, 4). The cliff bases are covered by densely 652 

vegetated landslide-slope deposits. These deposits are covered by beach-dune deposits up to several tens or 653 

some hundreds of metres wide. Palaeocliffs are the result of the change in coastal processes from erosive to 654 

depositional, with the formation of beach-dune systems and coastal plains at the bases of the cliffs (Miccadei 655 

et al., 2011b). The latter prevent wave erosion under any condition at the cliff base, in their present 656 

geomorphological setting. 657 

Most likely paleocliffs formed during the Holocene or early Late Pleistocene, similarly to inactive cliffs. The 658 

state of paleocliff was established at least during the Middle Holocene, since beaches were developed at their 659 

bases in historical times (i.e. 2,500 years ago Mastronuzzi and Sansò, 2002) and in the Late Middle Age 660 

(Miccadei et al., 2011b). Locally, as the case of the northern Punta Penna area, cliffs activity have been 661 

prevented by the formation of a beach and a dune system in very recent times (Fig. 17), caused by variations 662 
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of the alongshore drift due to harbours built in the 1950s (Miccadei et al., 2011b). Even though the palaeocliffs 663 

are mostly stabilized by a cover of recent deposits, slope processes can be occasionally activated due to minor 664 

rockfalls and slides that affect the cliffs’ edges and are triggered by meteorological events (Fig. 17). 665 

6.2.4 Coastal slopes 666 

Coastal slopes (H) are several km-long slopes up to more than 100 m high (Fig. 16, Tables 3, 4) that have 667 

step-like or slope-over-wall morphology. They are developed on clay-sand-sandstone-conglomerate bedrock 668 

(bedrock c/scg interface well above present sea level) covered by large roto-translational landslides made of 669 

large blocks of sandstone and conglomerate that are tilted counterslope, with large landslide terraces. The bases 670 

of the slopes are subject to intense coastal erosion, forming cliffs that are almost vertical, 5-10 m high, or they 671 

are fronted by a coastal plain. 672 

The main landslides are mostly inactive and are consistent with similar morphologies documented along the 673 

Adriatic coast (Crescenti et al., 1986; Aringoli et al., 2002, 2013; Fiorillo, 2003; Colantoni et al. 2004; Iadanza 674 

et al., 2009; Calamita et al., 2012 and references therein). New data on Quaternary eluvium-colluvium and 675 

calcretes overlaying landslide deposits and filling landslide counterslopes and ponds provide a chronological 676 

constraint (31 ± 4 ky and 52 ± 8 ky) and date the oldest gravitational processes to at least the early Late 677 

Pleistocene. The large landslides were demonstrated to be possibly induced as single roto-translational 678 

mechanisms by the combined roles of regional uplift, local jointing and glacioeustasy-induced sea-level 679 

fluctuations (Lambeck and Purcell, 2005; Lambeck et al., 2011; Antonioli, 2012; Della Seta et al., 2013) and 680 

local effects of coastal erosion (Fig. 17). 681 

Inherited Pleistocene landsliding affects the recent geomorphological dynamics. Historical and recent 682 

landslides widely involve the lower part of coastal slope. Occasionally, the upper part of the slopes is involved, 683 

with the sliding surfaces displacing Pleistocene landslide deposits and also reactivating older surfaces. 684 

Reactivations are mostly induced by a combination of meteorological conditions, such as heavy rainfall, rapid 685 

snowmelt and marine erosion at the slope base (Buccolini et al., 1994; Calamita et al., 2012; Fiorillo, 2003). 686 

Small cliffs are occasionally formed at the base of the slopes, inducing a slope-over-wall profile, and recede 687 

due to coastal erosion and small landslides. 688 
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6.3 Distribution of landforms, geomorphological processes and evolution of the rock coast 689 

Finally, this study defined the distribution of landforms, geomorphological processes and cliff retreat 690 

responsible for the present coastal setting and evolution, thus contributing to an outline of the general 691 

distribution of hazards on these rock coasts (Fig. 14, Fig. 16). In the overall coastal segment, cliffs and slopes 692 

are dominated by gravitational (79%), coastal (3%), and spatially and temporally overlapping coastal and 693 

gravitational (18%) landforms.  694 

Two types of overall recession mechanism and evolution affect the coastal system. The cliffs have followed 695 

the recession model suggested by Sunamura (1983, 1992, 2015): i) coastal erosion induced by wave action has 696 

defined retreating cliffs, which is favoured by low lithological strength; ii) erosion at the cliff toes has induced 697 

notch incisions and different types of slope instabilities (from rockfalls to slides), which are also controlled by 698 

bedrock lithology strength and jointing (the largest landslides affect cliffs on sandstone and conglomerates 699 

where deep notches are incised); iii) talus debris and landslide deposits have been deposited at the bases of the 700 

cliffs, which are then protected from further erosion; iv) where these deposits are removed by coastal processes, 701 

the cycle is rejuvenated, and cliff erosion proceeds, defining active cliffs (high to very high expected hazards); 702 

v) where the coastal processes are not able to remove the talus/landslide deposits, the cliffs become inactive, 703 

and further erosional processes and retreat are connected to subaerial processes (weathering-landsliding) 704 

induced by meteorological events; vi) where a large coastal plain (including beach and dune systems) is formed 705 

fronting a cliff, it becomes a palaeocliff. Historical and repeated field observations have confirmed the episodic 706 

and localized nature of cliff recession, which occurs over decadal timescales as a discrete step-like process, 707 

but there are also variable overall rates on the order of 10-2 to 10-1m/y (i.e. from 0.15 to ~1 m/yr) due to the 708 

along-shore variability of rocks exposed to wave erosion, which confirm the observed rates on this cliff types 709 

(Davies et al., 1972; Griggs and Savoy, 1985; Sunamura, 1994; Colantoni et al., 2004; Quinn et al., 2009). 710 

The coastal slopes are the result of a long-lasting evolution beginning in the (end of) Middle-Late Pleistocene 711 

with the formation of large rotational and translational landslides. The bases of the coastal slopes are in many 712 

cases rejuvenated by coastal erosion, with the cutting of small cliffs, the formation of new landslides and the 713 

local reactivation of ancient landslides (occasionally large parts of the ancient landslides are reactivated). When 714 

beach systems and coastal plains are developed fronting the coastal slopes, this rejuvenation is inhibited. 715 

Because the coastal areas host small to large urban settlements, infrastructure (railways, roads, and harbours), 716 

tourist facilities, and sites of cultural and traditional importance, the active processes affecting the coastal cliffs 717 
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and slopes expose the population to geomorphological hazards connected to subaerial and coastal processes 718 

due to local-short term (meteorological events, coastal wave erosion, and seismicity) and regional-long term 719 

(tectonic uplift and sea-level fluctuation) changes. Active cliffs are dominated by coastal processes (inducing 720 

cliff retreat) and are affected by expected hazard conditions ranging from high to very high, as summarized in 721 

Fig. 17. The highest expected hazard are on active cliffs with notch (due to large, sudden rockfalls and topple 722 

landslides where deep notches are incised) and on active cliffs on sandstones (due to the lower strength, 723 

frequent landsliding and a fast recession rate). The occurrence of shore platform may partly prevent erosional 724 

processes and the highest expected hazard. 725 

Inactive cliffs are mainly shaped by gravitational processes induced by meteorological events on the cliff scarp 726 

and by coastal marine deposition along the beaches covering the cliffs; the expected hazard conditions range 727 

from moderate to high (Fig. 17). The palaeocliffs, which are fronted by large coastal plains, are dominated by 728 

gravitational processes and represent moderate to high expected hazards due to local landsliding on the cliff 729 

scarp (Fig. 17).   730 

The general hazard conditions of coastal slopes are expected to be highly variable (Fig. 17) and worthy of 731 

detailed analysis because they are connected to two different types (in terms of spatial and temporal 732 

distribution) of gravity-induced instabilities: 1) large, ancient and long-term instabilities affecting the main 733 

coastal slopes at a several-km scale, which were connected to regional processes (uplift-sea level fluctuation) 734 

and might be reactivated by particular geomorphological and meteorological conditions; and 2) small, local 735 

and short-term instabilities that are related to meteorological events and coastal wave-cut processes at the toes of 736 

the coastal slopes. 737 

 738 
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 739 

Fig. 17: Distribution of landforms and processes on the rock coast system on soft clastic rocks of the Central Adriatic Italian area. 740 

 741 

7. Conclusions 742 

This study focused on the rock coast of the mid-Western Adriatic Sea, developed on soft clastic marine rocks, 743 

which is a poorly represented rock coast type in the Mediterranean area. The overall coast, with a focus on eight 744 

areas of cliffs and coastal slopes, was investigated by combining detailed geological-geomorphological 745 

surveys of the emerged and submerged areas, aerial photo time-series and DEM analysis, paleontological 746 

stratigraphical attributions and sediment datings.  747 

The litho-stratigraphical features and chronological constraints of the Late Pleistocene – Holocene continental 748 

deposits allowed the long-term evolution of the coastal system and its timing to be outlined in the framework 749 

of sea-level changes. Large roto-translational landslides characterize the overall shape of the coastal slopes. 750 

They occurred at least in the early Late Pleistocene (post-Tyrrhenian sea-level fall to lowstand), or possibly in 751 

the late Middle Pleistocene, and are partially reactivated in recent times by the present morphoclimatic 752 

conditions. Palaeocliffs and inactive cliffs are covered by Late Pleistocene and Holocene landslides deposits, 753 
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which date the cliff formation to the early Late Pleistocene (Tyrrhenian sea-level highstand). In other cases, 754 

beaches, dunes and travertine deposits date their formation to the early Holocene. Some palaeo- and inactive 755 

cliffs have a very recent decadal history related to the realization of the Ortona and Vasto harbours in the 756 

1950s. Finally, active cliffs are documented to have a recent centennial, decadal and present evolution.  757 

Lithological bedrock features, structural settings and jointing, continental cover deposits, state of activity, and 758 

competing coastal and gravity-induced slope processes define eight different types of coastal cliffs/slopes. 759 

Their distribution is mainly connected to the structural elevation of the bedrock sequence, with clay/sandstone-760 

conglomerate interface well above present sea level for coastal slopes, close to present sea level for cliffs on 761 

sandstone, and below present sea level for cliffs on conglomerate. In addition, it was observed that, besides 762 

the elevation of the clay/sandstone-conglomerate interface, the local lithological variability of the bedrock and 763 

continental deposits are largely responsible for the distribution, morphology and geomorphological evolution 764 

of the coastal types. Active cliffs are subjected to a rapid recession, although episodic and localized over a short 765 

time span. Highly variable retreat rates were assessed, from 0.15 m/yr (type A), where shore platforms are present, 766 

to ~0.5 (type D) and 0.65 (type E), due to the variable strength of sandstone, and up to ~1 m/yr due to very soft 767 

materials (type A) and the development of deep notches inducing cliff collapsing (type B). The erosion cycle 768 

consists of wave-cut processes triggering mass movements, erosion of talus and beach deposits and consequent 769 

reactivation of toe erosion. On inactive and palaeo-cliffs the resumption of toe erosion is inhibited by the 770 

coastal deposits and landslides. The coastal slopes are the result of a long-lasting evolution beginning in the 771 

Middle(?)-Late Pleistocene with the formation of large rotational and translational landslides. Their bases are 772 

continuously rejuvenated by erosive processes, producing small cliffs, new landslides and local reactivations 773 

of ancient landslides.  774 

Finally, the study outlines the importance of combining geological and geomorphological approaches, and 775 

integrated detailed analysis of field and laboratory data to characterize morphology, bedrock litho-776 

stratigraphical features, structural features and jointing, superficial continental deposits, and landform 777 

distribution. This allows the investigation of the active geomorphological processes and their relationship to 778 

the Late Quaternary history, which actually (i) improve the comprehension of the different evolutionary modes, 779 

(ii) provides a basis for planning and undertaking studies on geomorphological hazards and for the assessment 780 

of effective coastal management, (iii) is meaningful for analyses of coastal areas with similar morphotectonic 781 
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settings inside and outside the Mediterranean area, and (iv) provides useful data to define coastal evolution in 782 

scenarios of future sea-level rise.  783 
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