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Sara Biolchi, Cléa Denamiel, Stefano Devoto, Tvrtko Korbar, Vanja Macovaz, Giovanni

Scicchitano, Ivica Vilibić and Stefano Furlani
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Preface to ”Landscapes and Landforms of Terrestrial

and Marine Areas”

In the last decade, the interest in integrated studies of terrestrial and marine landscapes and

landforms has been expanding, thanks to technological improvements and also to the development

of innovative methods for the collection and analysis of geospatial data in the so-called “white

ribbon.” Onshore geomorphological data have been increasingly integrated with submerged datasets

for paleo-environmental reconstructions and land management purposes. Modern advances

in geo-acoustic and optical full-coverage mapping of both seafloor and near-shore areas allow

geoscientists to acquire a large amount of remote data that can be combined with onshore data and

direct ground-truthing information, with promising outputs. Hence, the production of detailed and

accurate maps imaging both the seabed and the coastal morphology can foster integrated studies of

emerged and submerged landscapes and landforms.

Investigating emerged and submerged landscapes as a continuum began to be applied mostly

in geomorphological research concerning volcanic islands or in marine geohazard assessment (e.g.,

large coastal landslides). Recently, studies on coastal geohazards induced by global and climate

changes lato sensu took advantage of coupling terrestrial and marine spatial datasets to model and

quantify impacts in terms of vulnerability and risk scenarios. Additionally, both reconstruction of

Late Quaternary geomorphological evolution and geoarchaeological research in coastal areas have

been highly favored by the combination of onshore and offshore datasets. Merging data from coastal

and nearshore areas has also supported the recognition of geodiversity and geosites, and the study

of those ecological aspects that disclose the system connectivity across the coastline. This makes

coordinated plans for the management of terrestrial and marine areas more effective and capable

of addressing complex problems, preserving and managing coastal environmental resources and

ecosystems.

The aim of this Special Issue of Water on “Landscapes and Landforms of Terrestrial and Marine

Areas” was to collect contributions showing how the integration of emerged and submerged datasets

is unquestionably beneficial in scientific research and environmental management. The volume

includes a review paper showing the reasons why the integration of terrestrial and marine datasets

would be desirable in geoenvironmental research and outlining the fields of geosciences that have

mostly benefitted from land-and-sea dataset integration. The core of the Special Issue consists of

13 articles dealing with landscapes and landforms of the Mediterranean region. However, a case

study from coastal areas of the Indian Ocean is included, too. The articles focus on Late Quaternary

landscape evolution, geohazards, geomorphological mapping, geoarchaeology, geoheritage, and

geodiversity and marine benthic habitat mapping. Vulnerability of coastal areas was also examined,

taking into account the consequences of extreme events enhanced by climate change. The majority

of the research carried out took advantage of surveying, modeling, mapping, and analyzing different

types of datasets.

The editors would like to thank the authors of the articles for having enthusiastically contributed

to this volume, and for their kind cooperation during the whole editorial process. In particular,

the involvement of members of the Italian Association of Physical Geography and Geomorphology

(AIGeo) is acknowledged. We are grateful to May Zheng, section managing editor, for having so

professionally and kindly supported us throughout each step of the Special Issue planning and

management.
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1. Introduction

In the last decade, the interest to jointly analyze landscapes and landforms of emerged
and submerged areas has been expanding [1]. A major contribution in this direction
has been provided by technological improvements and the development of innovative
methods for collecting and analyzing geospatial data in the so-called “white ribbon.” A key
advance has undoubtedly been the innovation in robotics, remote sensing, and computer
vision technologies that have fostered the ability to easily construct high-resolution and
even photorealistic terrain models as a base surface for 3D mapping in the underwater
environment [2].

Different fields of geosciences have recently benefited from integrating land-and-sea
spatial datasets (cf. [1]), mainly as a result of the following:

• An improved understanding of coastal and marine landforms and processes generat-
ing them;

• A more efficient assessment of risks and impacts in coastal and nearshore areas, in the
context of the ongoing climate change and the development of coastal areas;

• The promotion of more sustainable management practices for coastal and marine
environments and related resources.

The aim of this Special Issue is to collect contributions that demonstrate how the
integration of emerged and submerged datasets is unquestionably beneficial, in a wider
perspective, for geoenvironmental research.

2. Investigating Terrestrial and Marine Landscapes

Investigating terrestrial and marine landscapes as a continuum began to be applied
mostly in geomorphological research concerning ocean volcanic islands—in order to inves-
tigate the effects of volcanic eruptions on volcanic apparatus (i.e., landslides and collapses;
e.g., [3])—or in marine geohazard assessment referring to large coastal landslides (e.g.,
Nice landslide; [4]).

Recently, studies on coastal geohazards induced by global and climate changes lato
sensu took advantage of coupling terrestrial and marine spatial datasets (e.g., elevation
data) in order to model and quantify impacts due to, for example, coastal subsidence,
sea-level rise, and extreme weather events (i.e., storms), in terms of vulnerability and risk
scenarios [5–10].

Curiosity and attention on this approach spread also toward other scopes. Both the
reconstruction of Late Quaternary geomorphological evolution and the geoarchaeological
research in coastal area have highly been favored by the combination of onshore and
offshore datasets [11,12]. Indeed, the continental shelves have undergone several sea-level

Water 2021, 13, 1201. https://doi.org/10.3390/w13091201 https://www.mdpi.com/journal/water

1



Water 2021, 13, 1201

oscillations, and recorded a sea-level fall at ca. 130 m below the present msl during the
Last Glacial Maximum (LGM). Thus, large portions of the present continental shelves were
exposed to subaerial processes that shaped landforms lying on the seafloor nowadays.
These areas possibly hosted prehistoric and historic human settlements—as witnessed
by archaeological remains, pollens, bones, or other remains in the sediments, caves, and
so forth—which can be discovered and investigated in support of paleo-environmental
reconstructions.

Furthermore, merging data from coastal and nearshore areas helped the identification
of geodiversity and geosites and the study of marine and landscape ecology considering
their connectivity across the coastline. This makes coastal environmental management prac-
tices more effective and capable of addressing complex problems, especially in the present
context of climate change and sea-level rise. A coordinated plan for the management of
terrestrial and marine areas, such as the Protocol on Integrated Coastal Zone Manage-
ment, is indeed fundamental to preserve and manage coastal environmental resources and
ecosystems [13,14].

All these themes can be faced in different ways, and the combined knowledge of ter-
restrial and submerged landscapes can shed light on cases of geomorphological equifinality
between land and sea features.

Finally, the ever-growing scientific and industrial interest in integrating land-and-
sea datasets is strongly promoting technological advances and new approaches to pic-
ture/depict/represent land- and seascapes in a single view (cf. [15]). Prampolini et al. [1]
draw the state of the art of the methods and remote sensing technologies that underpin the
current ability to produce seamless digital elevation models (DEMs) and/or digital terrain
models (DTMs) for coastal areas, with a comparison of their convenience, limitations, and
costs, including some new promising techniques (e.g., structure from motion (SfM) and
satellite-derived bathymetry (SDB)).

3. The Special Issue

The papers of this volume deal with two main themes, which fully reflect the initial
aim and purposes of the Special Issue:

1. Terrestrial and marine landforms in nearshore areas, coupling terrestrial and marine
datasets for geomorphological reconstruction, hazard assessment, benthic habitat
mapping, environmental conservation, coastal management, and marine spatial
planning.

2. Landscapes and landforms of recently submerged areas (e.g., during the post-LGM
marine transgression) and comparison with present terrestrial areas.

The articles focus on Late Quaternary landscape evolution, geohazards, geomorpho-
logical mapping, geoarchaeology, geoheritage, and geodiversity and marine benthic habitat
mapping (cf. Table 1). Furthermore, a review paper [1] is included, showing the reasons
why the integration of terrestrial and marine datasets would be desirable in geoenviron-
mental research. Prampolini et al. [1] outline the fields of geosciences that have mostly
benefitted from land-and-sea dataset integration, showing the topic breakdown of the large
number of scientific papers analyzed. The most explored topic is geohazards (34.5% of the
papers), followed by geoarchaeology (16.2%), coastal planning and management (15.5%),
Late Quaternary changes of coastal landscapes (9.9%), geomorphological mapping (8.45%),
marine and landscape ecology (8.45%), and geoheritage and geodiversity (7.0%).
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Table 1. Papers published in the Special Issue grouped according to their theme and content.

Paper Topic/Theme Geographic Context Content

Mattei et al. [17] Geoarchaeology Campi Flegrei (Italy)

- Detailed reconstruction of the coastal
morphoevolutive trend and rsl 1

variations of the last 2 kyr and insight
on the submerged remains of a

Roman harbor

Perotti et al. [18]
Geoheritage and

geodiversity

Sesia Val Grande UNESCO
Global Geopark (Italy)

- Conceptual model and procedure for
evaluating geodiversity connected to

water resources

Coratza et al. [19] Portofino Natural Park and
MPA 2 (Italy)

- Identification and assessment of
land-and-sea geosites for tourist

improvement and fruition

Biolchi et al. [20]

Geohazards

Premantura Promontory
(Croatia)

- Monitoring movement of coastal
boulders and simulation of storm

wave height

Rizzo et al. [21] Gozo (Malta)

- Coastal vulnerability assessment by
means of a vulnerability index that
integrates physical exposure and

social vulnerability

Meilianda et al. [16] Sumatra Island (Indonesia)

- Investigating morphological resilience
of barrier islands to secondary effects of

seismic activity of the
Sumatra–Andaman subduction zone

Guida and Valente [22]

Geomorphological mapping

Cilento Promontory
(Campania, Italy)

- Geomorphological study and
mapping of land-and-sea landforms

Hasan et al. [23] Novigrad and Karin
Sea (Croatia)

- Acoustic map and geomorphological
analysis of river canyons in the NE

Adriatic Sea

De Gioiosa et al. [24]

Late Quaternary changes
and coastal landscapes

Torre Guaceto MPA (Italy) - Reconstruction of Late Pleistocene
landscapes and sea-level oscillations

Novack et al. [25] Northern Adriatic Sea
(Italy–Slovenia)

- Reconstruction of Quaternary
sedimentary succession and

related processes

Savini et al. [26] Cilento Promontory
(Campania, Italy)

- Identification of sea-level oscillations
in marine terraces on land and at sea to

reconstruct geomorphological
evolution of the area during the LGM

Deiana et al. [27] SW Sardinian continental
shelf (Italy)

- Reconstruction of Late Quaternary
geomorphological evolution of

continental shelf areas

Marchese et al. [28] Benthic habitat mapping Southern Adriatic Sea
(Apulia, Italy)

- Mapping the distribution of
coralligenous buildups in shallow

coastal waters
1 rsl: relative sea level; 2 MPA: marine protected area.

Most of the papers included in this volume deal with landscapes and landforms of
the Mediterranean region. However, a case study from coastal areas of the Indian Ocean is
also included [16]. Special Issue contributions took into consideration both the present sea
level, its past oscillations, and possible future variations in terms of sea-level rise.

Vulnerability of coastal areas was also faced under different points of view, taking
into account climate change extreme events, such as storms causing boulder displacement.
The majority of the research carried out took advantage of surveying, modeling, mapping,
and analyzing different types of data (e.g., acoustic data and seabed samples for analyzing
sediments and deposits) (Figure 1).
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Figure 1. Word cloud of the Special Issue “Landscapes and Landforms of Terrestrial and Marine
Areas” providing a visual representation of the most recurrent words in the full texts of the 14 articles
published in the volume. Keywords and focal issues for further investigations on the land-and-sea
interface appear to be sea level, submerged features, data, mapping, modeling, waves, changes,
systems, and so forth.

3.1. Topic 1: Terrestrial and Marine Landforms in Nearshore Areas

The papers concerning the analysis of terrestrial and marine landforms in coastal
and shallow water specifically deal with geomorphological mapping and landscape evolu-
tion [22,23], geoheritage and geodiversity [18,19], geohazards [16,20,21], and marine and
landscape ecology [28].

Guida and Valente [22] studied the geomorphological aspects of onshore and offshore
areas of the Cilento coast (Campania, Italy), correlating land and sea landforms in order to
outline their evolution. They produced a digital geomorphological map that supported a
physical-based modeling of geomorphological evolution.

Hasan et al. [23] mapped and analyzed the morphological features of the river canyons
linking the Karin, Novigrad, and Velebit channels (NE Adriatic Sea). The latter are charac-
terized by tufa barriers that had a role in the Holocene flooding dynamics of the canyons
and karst basins. The authors outlined the evolution of the karst estuarine seafloor and
reported about the flooding of semi-isolated basins due to sea-level rise.

Perotti et al. [18] proposed a GIS qualitative–quantitative methodology (defined as
hydro-geodiversity assessment) to assess and evaluate the geodiversity of both superficial
and underground water resources in the Sesia Val Grande UNESCO Global Geopark
(Italy). They produced a hydro-geodiversity map of the study area, reporting a weighted
evaluation of zones distinguished by a remarkable relationship between surface and
underground hydrodynamics.

Coratza et al. [19] identified and evaluated geosites located both onshore and off-
shore the Portofino Natural Park and MPA (Liguria, Italy). Their analysis was meant
to recognize the most suitable sites for tourist improvement and fruition, outlining con-
nections between the land and sea systems. Scientific, ecological, cultural, and aesthetic
values were considered, as well as site accessibility, services, and economic potential of the
geosites identified.

Biolchi et al. [20] monitored the recent displacement of boulders located on the south-
ernmost coast of the Premantura Promontory (Croatia), possibly due to the storm Vaia that
occurred in October 2018. The authors carried out aerial and underwater photogrammetric
surveys to identify boulders’ movement onshore and submarine landforms associated with
boulder detachment from nearshore seafloor. Furthermore, they modeled a wave height
that could have been responsible for boulders’ displacement.

Rizzo et al. [21] assessed the coastal vulnerability of the NE coast of the Island of Gozo
(Malta), which is characterized by a high economic value due to tourism activity and the
presence of natural protected areas (i.e., Natura 2000 sites). The authors propose an overall

4
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vulnerability index combining physical exposure and social aspects, and a cost-effective
method that can be reliably applied in areas affected by climate- and marine-related
processes (namely, coastal erosion, landslides, and sea-level rise).

Meilianda et al. [16] performed a spatial analysis on multisource datasets to investigate
barrier islands’ morphological changes along Sumatra Island coasts (Indonesia), as a result
of the secondary effects of the seismic activity related to the Sumatra–Andaman subduction
and the Great Sumatran Fault system. In particular, the authors documented that the 2004
megatsunami irreversibly changed barrier islands on the investigated stretches of the coast.

Marchese et al. [28] analyzed biogenic landforms (i.e., coralligenous builds-up) and
mapped their distribution in coastal waters along the Apulian continental shelf (Italy)
through a semiautomated GIS-based methodology relying on geomorphometric techniques.
They calculated the area and volume of these mapped bioconstructions, which represent
a hotspot of biodiversity for the Mediterranean Sea and a key carbonate producer in
temperate water (cf. [29]).

3.2. Topic 2: Landscapes and Landforms of Recently Submerged Areas

The outputs of research on Late Quaternary landscape changes are presented, with
different approaches, in a number of papers of this Special Issue. Mattei et al. [17] supported
their research by means of archaeological markers; De Gioiosa et al. [24], Deiana et al. [27],
and Savini et al. [26] analyzed terrestrial and marine landforms to reconstruct past sea-level
oscillations and paleolandscapes; and Novack et al. [25] took advantage of the acoustic
characterization of stratigraphic records.

Mattei et al. [17] performed a multidisciplinary investigation of the submerged Roman
harbor at Nisida Island (Campi Flegrei, Italy) and set up a multiscale dataset with the goal
of reconstructing the coastal and marine geomorphological evolution of the area. They
were also able to outline relative sea-level changes in the last 2000 years through a new
type of archaeological sea-level marker.

De Gioiosa et al. [24] analyzed LiDAR data, spectral images, and data from onshore
surveys and scuba dives, with the aim of depicting land and sea morphologies and recon-
structing Late Quaternary environmental changes of the Torre Guaceto Marine Protected
Area (Apulia, Italy). The authors inferred climatic phases and related morphogenetic
processes, identifying evidence of past sea-level oscillations.

Novack et al. [25] acoustically characterized the Quaternary sedimentary sequence
of an alluvial plain of the NE Adriatic Sea that was submerged after the LGM. The paper
shows that the sediment grain size is the main factor influencing sound velocity in shallow
areas, the overload effect being negligible.

Deiana et al. [27] analyzed a large amount of multisensor data (seismic data, MBES and
SSS data, dives, and UAV data) from the continental shelf off San Pietro Island (Sardinia,
Italy) to reconstruct the geomorphological evolution of the area during the LGM. The
authors outlined the complexity of a variety of coastal paleolandscapes, which also hosted
Mesolithic population.

Savini et al. [26] spatially analyzed data on marine terraces both on land and at sea.
Geomorphometric analysis on submerged terraces helped to figure out the depth range
distribution of submarine terraces and associate their origin and evolution to the geological
and structural setting of the Cilento Promontory (Campania, Italy). The work focused on
highlighting the importance of submerged terraces formed on an outcropping bedrock
(wave-cut or abrasion platforms) to decipher the signal of sea-level changes along the
promontory and offshore, and to reconstruct the tectono-geomorphological evolution of
the area.

4. Future Perspectives

Significant contributions have been collected in this volume, showing a variety of
approaches and techniques used to integrate terrestrial and marine spatial datasets. The
listed outcomes not only show how innovative and advanced geomorphological mapping
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techniques can support a more informed sustainable management of coastal environments,
but also pave the way for other studies that rely on an improved efficiency in providing 3D
landscape visualization from remote multisource and multiscale data.

The newly available geomorphological mapping tools and techniques are strongly
impacting research on remote landscapes and those environments that are challenging to
visualize, model, and analyze by means of traditional techniques. High spatial, temporal,
and spectral resolution data from planet, moon, asteroid, and comet surfaces in our solar
system collected by means of satellites, landers, and rovers are significant examples. Data
visualization and processing in planetary geomorphology are indeed similar to those
employed for terrestrial and marine data, and the procedure for recognizing landforms and
processes that model planet surfaces can be compared with those acting on the Earth. An
improved 3D visualization is also the basis for a more efficient modeling of those physical
and abiotic processes that feature environmental changes and consequently can critically
improve the associated simulation of future scenarios.

Hence, a strong collaboration among scientific communities working in the field of
subaerial, submarine and planetary geomorphology is strongly needed to improve our
understanding of geomorphic processes and the links between process and form on earth,
seafloor, and even planetary surfaces.
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Abstract: A comprehensive understanding of environmental changes taking place in coastal regions
relies on accurate integration of both terrestrial and submerged geo-environmental datasets. However,
this practice is hardly implemented because of the high (or even prohibitive) survey costs required
for submerged areas and the frequent low accessibility of shallow areas. In addition, geoscientists
are used to working on land or at sea independently, making the integration even more challenging.
Undoubtedly new methods and techniques of offshore investigation adopted over the last 50 years and
the latest advances in computer vision have played a crucial role in allowing a seamless combination of
terrestrial and marine data. Although efforts towards an innovative integration of geo-environmental
data from above to underwater are still in their infancy, we have identified seven topics for which
this integration could be of tremendous benefit for environmental research: (1) geomorphological
mapping; (2) Late-Quaternary changes of coastal landscapes; (3) geoarchaeology; (4) geoheritage
and geodiversity; (5) geohazards; (6) marine and landscape ecology; and (7) coastal planning and
management. Our review indicates that the realization of seamless DTMs appears to be the basic
condition to operate a comprehensive integration of marine and terrestrial data sets, so far exhaustively
achieved in very few case studies. Technology and interdisciplinarity will be therefore critical for the
development of a holistic approach to understand our changing environments and design appropriate
management measures accordingly.

Keywords: terrestrial geomorphology; submarine geomorphology; white ribbon; paleo-geography;
coastal management

1. Introduction

Ongoing climate changes are producing remarkable impacts worldwide [1]. From the melting of
polar ice sheets, and the consequent sea-level rise, to the increasing occurrence of extreme weather
events [2], climate changes are notably modifying and/or threatening Earth’s environment and
ecosystems. Considerable effects have been observed especially in coastal regions [3], which host
more than 10% of global population [4]. Coastal erosion, flood risk, increased landslide occurrence
and wetland loss are expected to intensify in the coming decades [2], posing serious threats for
inhabited areas and environmental assets. A major issue is the uncertainty about the extent and
timing of climate-driven impacts, which has often reflected in a “non-immediate” adoption of effective
prevention measures and in a non-sustainable coastal management, producing negative socio-economic
consequences [2,5].

Coastal zones are the interface between the terrestrial and marine environments and together
with nearshore ones are affected by multiple physical processes that originate in both the terrestrial
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(i.e., fluvial) and marine (i.e., waves and tides) environments. These processes drive geomorphic change,
which determines increasingly hazardous conditions (e.g., unstable cliffs, lowlands susceptible to
floods) in coastal areas in relation to climate changes and economic development [3,4]. A comprehensive
understanding of environmental changes taking place on coastal regions, whose ecosystems are highly
productive and very susceptible to changing environmental conditions, relies on an accurate integration
of both terrestrial and submerged geo-environmental datasets. This practice is often lacking in coastal
management and that still need to be addressed in many regions of the world, where climate change,
rising sea levels, tectonic and marine geohazard of different nature are pressing harder year by year
and resources need to be more carefully managed (e.g., [6]).

The absence of a seamless spatial data framework prevents in particular a standard procedure
for locating and referencing spatial data across the land-marine interface. Different accessibility and
investigation costs are the main causes for the huge disparity in size and quality among terrestrial and
marine spatial datasets used in environmental research, especially in geomorphological investigation.
Landscapes and landforms of terrestrial and marine areas have been traditionally investigated
separately, and scientific communities used to working on land—coastal zone included—or at sea
independently. On land, geomorphological mapping has been extensively used as a primary method
to visualize and analyze Earth surface features ever since early geomorphological research. Taking
advantage of the cartographical potentials of Geographic Information Systems (GIS) and the increasing
availability of remote sensing tools, data, and products—especially high-resolution aerial and satellite
imagery and derived datasets such as Digital Elevation Models (DEMs) and Digital Terrain Models
(DTM)—geomorphological maps have been largely produced for many emerged sectors of Earth’s
surface. Besides being crucial for georisk assessment and land management, detailed geomorphological
maps provided reference data for a variety of applied sectors of environmental research, such as
landscape ecology, forestry or soil science and spatial planning [7,8]. In the terrestrial domain, the need
to share and integrate spatial data for more efficient resource information management has been
recognized for over a decade. On the contrary, although the latest developments in submarine
acoustic remote sensing [9] have offered increasingly detailed DEMs for the submerged domain of
the Earth’s surface, only less than 18% of the world’s seafloor has been surveyed with a resolution of
30 arc-second, while less than 9% of world’s seafloor has been mapped with high-resolution multi-beam
sonar [10–15]. Undoubtedly, new technologies are revealing more of the seafloor than ever before.
The recent development of marine robotics, along with the critical improvement in optical underwater
imaging systems (among which the use of hyperspectral cameras in the submarine realm, [16]) and
computer vision made it possible to obtain, for the first time, 3D optical reconstruction and a real
perception of underwater environments. This allowed for the first time to make more accessible the
scientific understanding of submarine processes and environments, not only to scientists but even to
the community, with a renewed appreciation of their heterogeneity. Nevertheless, a comprehensive
characterization and categorization of submarine landforms and processes is still in its infancy,
notwithstanding the important applications for the whole spectrum of submarine geomorphological
research [9].

The attention recently paid to the integration of terrestrial and marine spatial datasets for different
purposes is notable, although the generation of seamless DEMs and DTMs, based on a reliable
integration of onshore, nearshore, and offshore data, is often a challenge for the most part of the coastal
regions, especially due to technical issues often associated with the integration of multisource data
(i.e., differences in resolution, precision, and accuracy among the datasets available). Addressing
this process relies on the development of innovative approaches in using methods and techniques
traditionally developed for the investigation of terrestrial environments, for exploring and imaging
submarine landforms. A variety of challenging and promising techniques capable of providing a
homogeneous and continuum representation of the Earth’s surface from the land down to the deep
seafloor has been recently tested. They basically rely on the collection of high-quality data for the
integration of multiscale elevation datasets coming from different sources (i.e., bathymetric Light
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Detecting And Ranging (LiDAR), photogrammetry, and echo-sounders—Figure 1). The application of
photogrammetry based on the Structure from Motion technique (using a variety of platforms such as
scuba diving, uncrewed surface vehicles—USV—and/or uncrewed aerial vehicles—UAV) has gained
in particular new attention as a valuable tool for obtaining bathymetric measurements in very shallow
environment, where acoustic devices cannot be safely employed, demanding high costs as in the case
of LiDAR surveys [17]. The intertidal and nearshore zones are indeed of critical importance to be
surveyed to bridge the gap between the land and the sea and to obtain a reliable integration of marine
and terrestrial spatial dataset (Figure 1).

Figure 1. Different technological solutions for collecting high-resolution terrestrial and marine data
exploiting different platforms: satellite imagery, airborne Light Detecting And Ranging (LiDAR) and
bathymetric LiDAR, Uncrewed Aerial Vehicles (UAV)-mounted instruments, and keel-mounted and
ROV (Remotely Operated Vehicle)-mounted echo-sounders to obtain high-resolution imagery and
derived datasets such as DEMs and DTMs. Note the comparison of different coverages between
traditional bathymetric survey vessels (equipped with acoustic systems, such as MBES-MultiBeam
EchoSounders) and airborne optical sensors (i.e., bathymetric LiDAR), both in deep and shallow water.
The advantages in time and costs of using the latter is obvious, although LiDAR systems provide a
lower spatial sampling rate that generates much lower accuracy and precision than that offered by
acoustic systems, especially when approaching extinction depths (see Section 3.2 and Table 1 for further
details on pros and cons).

This paper aims at showing the reasons why the integration of terrestrial and marine dataset is
beneficial for (i) an improved understanding of coastal processes and landforms, (ii) a more effective
assessment of coastal risks and impacts, (iii) a sustainable management of coastal environments and
associated resources. Progress in the fields of marine acoustic and underwater optical imaging that are
contributing to obtain a seamless 3D reconstruction from the land to the sea, are also discussed.

2. Why Integrating Terrestrial and Marine Datasets?

The generation of a seamless digital terrain model that spans the terrestrial and marine
environments is a key process for the mapping, modelling, and forecasting of the impact climate-driven
changes to coastal geomorphic processes and environmental responses that may occur. This process
has in particular the potential of making achievable a more integrated and holistic approach to the
management of the coastal zone and the establishment of a timely disaster response and adoption
of mitigation measures, especially for those climatically sensitive coastal areas where the changing
climate is already severely pressing coastal population and their economy.
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Hereafter are seven main distinct reasons why a wider integration of land and sea datasets is of
great benefit for the associated implications in the context of global environmental changes. They refer
to geomorphological research, and to all those applied sectors of environmental research (e.g., marine
spatial planning, archaeology and landscape ecology) that focus on spatial planning and sustainability
(Table 1 and Figure 2).

Table 1. Outline of the most relevant scientific literature showing the outputs of integrated terrestrial
and marine research with reference to the ‘seven good reasons’ mentioned above.

Field of Applications Relevant Examples

1 Geomorphological mapping
Miccadei et al. [18–20]; Leon et al. [21]; Gasparo Morticelli et al. [22];
Mastronuzzi et al. [23]; Prampolini et al. [6,24]; Brandolini et al. [25];

Furlani et al. [26]; Campobasso et al. [27]; Genchi et al. [28]

2 Late-Quaternary changes of
coastal landscapes

Bridgland et al. [29]; Pujol et al. [30]; Rovere et al. [31]; Westley et al. [32];
Micallef et al. [33]; Kennedy et al. [34]; Greenwood et al. [35];

Aucelli et al. [36]; Foglini et al. [37]; Benjamin et al. [38]; Furlani et al. [39];
Furlani and Martin [40]; De Gioiosa et al. [41]; Lo Presti et al. [42]

3 Geoarchaeology

Antonioli et al. [43]; Bailey and Flemming [44]; Harff and Lüth [45,46];
Fisher et al. [47]; Benjamin et al. [48]; Westley et al. [32]; Bailey et al. [49];
Furlani et al. [50]; Anzidei et al. [51]; Evans et al. [52]; Westley et al. [53];
Bailey et al. [54]; Aucelli et al. [36,55]; Harff et al. [56]; Cawthra et al. [57];

Benjamin et al. [38]; Benjamin et al. [58]; Furlani and Martin [40];
Mattei et al. [59]; Sturt et al. [60]; Veth et al. [61]

4 Geoheritage and geodiversity
Orrù and Ulzega [62]; Orrù et al. [63,64]; Brooks et al. [65];

Rovere et al. [66]; Mansini Maia and Alencar Castro [67]; Veloo [68];
Gordon et al. [69,70]; Coratza et al. [71]

5 Geohazards

Moore et al. [72]; Mulder et al. [73]; Assier-Rzadkiewicz et al. [74];
Caplan-Auerbach et al. [75]; Gee et al. [76]; Masson et al. [77];

McMurtry et al. [78]; Zhang et al. [79]; Dan et al. [80]; Scheffers and
Scheffers [81]; Chiocci et al. [82]; Baldi et al. [83]; Parrott et al. [84];

Casalbore [85]; Violante [86]; De Blasio and Mazzanti [87];
De Gange et al. [88]; Sultan et al. [89]; Casalbore et al. [90,91]; Chiocci and
Ridente [92]; Lambeck et al. [93]; Mazzanti and Bozzano [94]; De Jongh

and van Opstal [95]; Della Seta et al. [96]; Knight and Harrison [97];
Masselink and Russel [98]; Mastronuzzi et al. [99]; Minelli et al. [100];

Carracedo [101]; Cazenave et al. [102]; Mataspaud et al. [103];
Mottershead et al. [104]; Biolchi et al. [105]; Yonggang et al. [106];

Antonioli et al. [107]; Aucelli et al., [108]; Zaggia et al. [109];
Casalbore et al. [110]; Di Paola et al. [111]; Moore et al. [112];
Obrocki et al. [113]; Pennetta et al. [114]; Urlaub et al. [115];
Biolchi et al. [116]; Buosi et al. [117]; Mucerino et al. [118];

Toker et al. [119]; Rizzo et al. [120]

6 Marine and landscape ecology
Hogrefe et al. [121]; McKean et al. [122,123]; Tallis et al. [124]; Wright and

Heyman [12]; Vierling et al. [125]; Brown et al. [126]; Leon et al. [21];
Marchese et al. [127]; Prampolini et al. [6,128]; Harris and Baker [129]

7 Coastal planning and management

Cicin-Sain and Belfiore [130]; Sarda et al. [131]; Schultz-Zehden et al. [132];
Cogan et al. [133]; Ehler et al. [134]; Watts et al. [135]; Meiner [136];

Schlacke et al. [137]; Smith et al. [138]; Qiu and Jones [139];
Kerr et al. [140]; Ramieri et al. [141,142]; Barbanti et al. [143];
Domínguez-Tejo et al. [144]; UNEP/MAP [145]; UNEP-MAP

PAP/RAC [146]; Decision IG. 22/1 [147]; Decision IG. 22/2 [148];
Sustainable Development Goals [149,150]; UNEP/MAP PAP [151]

In detail, integrated research merging terrestrial and submarine data can substantially contribute to:

1. Development in the field of geomorphological mapping and coastal morphodynamics thanks to
innovative mapping techniques and products for coastal and nearshore environments;

2. Deeper understanding of Late-Quaternary changes of coastal landscapes and environments,
with positive implications for prediction of future risk scenarios;

3. New approaches for geoarchaeological research development in coastal and
nearshore environments;
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4. More comprehensive recognition and assessment of geoheritage and geodiversity;
5. Wider assessment of coastal geohazards and vulnerability in the frame of disaster risk reduction,

thanks to the development of models of different processes (e.g., coastal hydrodynamic modelling);
6. Critical support to other disciplines involved in generating key-data for the sustainable

management of marine resources, such as marine and landscape ecology;
7. Establishment of more sustainable development objectives in planning and management of

coastal areas, also in the framework of Integrated Coastal Zone Management.

Figure 2. Thematic distribution of the main scientific literature referring to the integration of terrestrial
and marine datasets according to the fields of application shown in Table 1.

2.1. Geomorphological Mapping

Analyzing and representing terrestrial and marine data in an integrated perspective allows us to
provide a comprehensive picture of a coastal landscape, taking into account the variety of processes that
contribute to landform development through time. The most appropriate tool for the representation
of emerged and submerged landscapes and landforms in coastal areas (or, in general, in transition
environments) is an integrated geomorphological map that relies on the availability of elevation data
from the onshore to the offshore settings. Scientific literature started to report consistent examples
toward this effort only during the last decade (e.g., [18–20]).

A traditional (terrestrial) geomorphological map generally represents landform genesis,
distribution, morphometry, and state of activity, offering a dynamic vision of the investigated
coastal landscape (e.g., [23,152,153]). According to the mapping approach used, information on
lithology, geological structure, and age of surficial deposits can be included. The value of such maps
is unquestionable for both scientific and applied research, aiming at environmental conservation
and management, and hazard and risks assessment. The same applies to marine geomorphological
maps [9,154].

The main differences between terrestrial and marine geomorphological maps and the hurdle in
producing geomorphological maps integrating the representation of land and seafloor features in
coastal areas and shallow waters concern:

• Representation scale: terrestrial geomorphological maps are more easily drawn at fine scale
(e.g., 1:5000) than submarine geomorphological maps, because of the higher ease of data collection
on land than underwater;

• Standardized terminology and classification schemes: terrestrial landforms are codified at
an international level, and their definition and representation are generally shared, either
worldwide or country-wide, while for submarine landforms—apart from the main physiographic
classification [155]—different terms and classification schemes are used (e.g., see how bedforms
are differently categorized in: Rubin and McCulloch [156]; Ashley [157]; Wynn and Stow [158];
Stow et al. [159]);
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• Standardized symbology: standard symbols are codified for terrestrial geomorphological
mapping, though they may vary from country to country, while they are lacking
for submarine geomorphological mapping and for integrated terrestrial and submarine
geomorphological mapping;

• Coverage of lithological and chronological information: in the terrestrial environment, the coverage
of lithological and chronological data is generally much higher than for the seafloor, thanks to the
wider availability of maps, DTMs, scientific literature, and datasets;

• Acquiring elevation data in marine regions poses significant challenges and some limitations which
make the process more complex, from a technological point of view, than in the emerged system.
Customized surveys and dedicated technological solutions are indeed required to apply specific
corrections that can address all measurements errors created in particular by hydrodynamics
(especially tides and wave motion that must be always severely taken into account in hydrographic
survey carried out by mean of echo-sounders) and the physical variability of the water column
(which has a strong impact on the sound velocity/refraction of beams, creating at places challenging
conditions, such as in the case of fresh water influx at the mouth of a river). Cloud coverage,
turbidity, water surface glint and breaking waves can also create challenging environmental and
operational condition that may prevail during optical remote sensing surveys in shallow water.

Nevertheless, the scientific community has recently paid increasing attention to the
above-mentioned issues and different solutions were introduced to overcome them. First of
all, technological improvements in acoustic remote sensing has now made it possible to acquire
high-resolution elevation data in shallow environments, ranging from 0.5 m [160] to 0.05 m of
resolution [28,161], and also with precision and accuracy close to those achievable for terrestrial
landscape investigation. In addition, even the deep environment (deeper than 200 m, [162])
can be now surveyed at high resolution thanks to the progress made by underwater robotics.
Some compromises are still needed for shallow-water data acquisition, but recent progress has
definitely produced unprecedented results (see Section 3.2 and Table 2 for additional details). On the
contrary, the standardization of terminology, classification schemes, and symbology is definitely
still an unresolved issue, even though many efforts have been made globally to offer practical and
applicable solutions in different contexts. In December 2015, a partnership originated from seabed
mapping programs of Norway, Ireland and the UK (MAREANO, INFOMAR, and MAREMAP,
respectively—MIM) shares experiences, knowledge, expertise and technology in order to propose
advancement in best practices for geological seabed mapping [163]. The development of a standardized
geomorphological classification approach, following previous work published by the British Geological
Survey [164], has been one of the key activities of the MIM group. At the European level,
the EMODnet-Geology Portal (European Marine Observation and Data Network; [165]) is collecting
data from European state members on the geology and geomorphology of European seabeds and
harmonizing the geomorphological representation through a vocabulary developed by the Federal
Institute for Geosciences and Natural Resources [166] and by the British Geological Survey [167].
In addition to research strictly dealing with geological and geomorphological mapping, further
inputs have been also provided by organizations extensively involved in providing seafloor maps
for several environmental purposes, but where precise representation and definition of submarine
landforms were crucial for their applications. The Integrated Ocean and Coastal Mapping (IOCM) of
the National Oceanic and Atmospheric Administration (NOAA) developed the Coastal and Marine
Ecological Classification Standard (CMECS), a scheme for classifying benthic habitats that includes a
geomorphic level for the description of submarine landforms. At the European level (within the frame
of different EU funded projects, such as Mapping European Seabed Habitats (MESH), CoralFish [168]
and CoCoNet [169] among others), various classification schemes were proposed [170,171] taking
inspiration from the CMECS and/or from the analogue European classification scheme EUNIS [172].
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Table 2. List of sensors and techniques cited in the text which are relevant for collecting elevation data
in the shallow-water environment (i.e., white ribbon). Active sensors are those sensors that control
the projection of acoustic or electromagnetic waves (i.e., sound or light) onto the scene, while the
term “passive” refers to those systems or techniques that use ambient light to illuminate the scene
or techniques such as Structure from Motion (SfM). MBES: Multi-Beam Echo-Sounder; PDBS: Phase
Differencing Bathymetric Systems; MPES: multi-phase echo-sounders; ASV: Autonomous Surface
Vessels; USV: Uncrewed surface vehicles; ROV: Remotely Operated Vehicle; UAV: Uncrewed Aerial
Vehicle; LiDAR: Light Detecting And Ranging; LLS: Laser Line Scanning; SDB: Satellite-Derived
Bathymetry; SfM: Structure from Motion.

Active Sensors

Sensor Platform
Achievable DTM Resolution

(Nearshore)
Survey Environment

Acoustic

MBES (beamforming)
Vessel ASV/USV

ROV
Sub-metric WaterPDBS (Interferometers)

MPES (Hybrid)

PROS:

- Accuracy and precision address
international standards and can
be validated

- Dedicated software support accurate data
processing and standard requirements

CONS:

- Time consuming because of unfavorable ratio in
coverage/unit of time (i.e., small areas covered in a
long period of time)

- Sensor must be immerged for data acquisition;
very shallow depth measurements (roughly ≤ 2 m)
cannot be performed

- Not suitable for very shallow and topographically
complex seafloor

Optical

Bathymetric LiDAR Airborne UAV Sub-metric Air/water

PROS:

- Favorable ratio in coverage/unit of time
(i.e., wide areas covered in a relatively
small period of time)

- Accuracy and precision address
international standards and can
be validated

CONS:

- Data processing is often time consuming
- Environmental conditions can pose relevant

constrains (water turbidity and
atmospheric condition)

LLS Vessel ROV Sub-metric Water

PROS:

- Favorable ratio in coverage/unit of time
- ROV-based LLS survey can provide

high-resolution data in deep and complex
environments, which are difficult to cover
with traditional ROV-based MBES surveys

CONS:

- Data processing is often time consuming and
results can be difficult to validate

- Environmental conditions can pose relevant
constrains (water turbidity in particular)

Passive Sensors and Computational Techniques

Name Platform DTM Resolution (Nearshore) Survey Environment

Optical

SDB Satellite 2 m Air/Water

PROS:

- Highly favorable ratio in coverage/unit of
time (i.e., wide areas covered in a
relatively small period of time)

- Source data are public and available
(i.e., Sentinel-2)

- Source data also offer photorealistic view
of the surveyed scene

CONS:

- Accuracy and precision are dependent on
processing algorithms (they do not rely on sensor
performance and are not part of
technical specification)

- Data processing is often time consuming
- Environmental conditions can pose relevant

constrains (water turbidity, cloud coverage)

SfM UAV Sub-metric Air/Water

PROS:

- Favorable ratio in coverage/unit of time
(i.e., wide areas covered in relatively small
period of time)

- Camera and platforms (i.e., drones) are
available also at low costs

- Source data also offer photorealistic view
of the surveyed scene

CONS:

- Data processing is often time consuming
- There are no available standards and public

protocols for data processing to guarantee accuracy
of obtained elevation data

- Need for ground control points (GCP) to
validate results

- Environmental conditions can pose relevant
constrains (water turbidity, glint, breaking waves)
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A few attempts have recently been made to overcome the critical issue of defining a standard
symbology for submarine and integrated land–sea geomorphological mapping, and most of them
addressed the issue at the national level. Within the CARG Project (Italian official Geological
Cartography), the Institute for the Protection and Environmental Research (ISPRA) promoted the
production of Geological and Geothematic Sheets at the scale 1:50,000 of the Italian territory. In particular,
in coastal areas, both terrestrial and marine geology and terrestrial and marine geomorphology were
represented [173]. Recently, the Working Group on Coastal Morphodynamics of the Italian Association
of Physical Geography and Geomorphology—in agreement with ISPRA—revised and updated the
legend for the “Geomorphological Map of Italy” [27] with reference to coastal, marine, lagoon and
aeolian landforms, processes and deposits [23]. Within the revision process submerged landforms and
deposits down to the continental shelf break were included in the new legend. The first applications of
this new legend were provided by Brandolini et al. [25], Furlani et al. [26] and Prampolini et al. [6,24].
Brandolini et al. [25] compared multi-temporal maps of anthropogenic landforms in Genoa city
(Liguria region, Italy) to analyze the urban development since the Middle Age to provide a tool for
geo-hydrological risk assessment. Furlani et al. [26] surveyed and mapped the coastal stretch of
the Conero system (Marche region, Italy), focusing on tidal notches as geomorphological markers
for analyzing Late-Holocene tectonic stability of the area. Prampolini et al. [6,24] surveyed and
mapped coastal and submarine areas of the Maltese archipelago in order to produce the first integrated
geomorphological maps of the islands, constituting the basis for geomorphological reconstruction and
coastal hazard assessment in an environment highly sensitive to ongoing climate change (Figure 3).

 

Figure 3. Sketch of the “Integrated geomorphological map of emerged and submerged areas of northern
Malta and Comino (central Mediterranean Sea)” at 1:25,000 scale and related legend (modified after
Prampolini et al. [6]).

With reference to the coverage of lithological and chronological information, it is possible to
produce marine geological maps exploiting data coming from marine geological and geophysical
surveys. Examples from the Italian coastal and marine areas are given by ISPRA and Gasparo
Morticelli et al. [22]. ISPRA, thanks to the CARG Project, has promoted the mapping of the marine
geology of the Adriatic Sea, scale 1:250,000 [174], to represent the main geological structures of the
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Adriatic continental shelf. Gasparo Morticelli et al. [22] published the geological map of Marettimo
Island and the submerged surroundings (Egadi Islands, central Mediterranean Sea), scale 1:10,000,
integrating data from field surveys and previous marine geological and geophysical surveys, carried out
within the CARG Project. Moreover, advances are being made in correlating seabed acoustic backscatter
with surface sediments to perform automatic ground discrimination and reduce the number of ground
truth stations required to produce robust seabed characterization. Recent availability of well-data from
the industry (e.g., ViDEPi [175]) and progress in seismic analysis and seismo-stratigraphic correlation,
contributed for a wider geological characterization of the subseafloor too. This way, it is possible to get
a wider coverage of lithological and chronological information for submarine regions.

2.2. Late-Quaternary Changes of Coastal Landscapes

Scientific literature referring to integrated analyses of terrestrial and marine geospatial datasets
related to coastal areas and continental shelves has proved to be critical in outlining Late-Quaternary
coastal changes and paleo-landscapes.

Quaternary global sea-level changes have been largely studied worldwide with special attention
to the late Pleistocene and Last Glacial Maximum (LGM), when the relative sea level reached its
minimum height of ca. 120–130 m below the present sea level (Figure 4) [176,177].

Figure 4. Sea-level changes during the Quaternary (modified after Grant et al. [177]). Relative sea-level
(RSL) data (blue crosses) and maximum probability of RSL (grey shading) for the last 150 kyr, with an
indication of the rates of sea-level changes (dRSLPmax/dt) expressed as m/kyr.

Consequently, most of the present marine areas down to 130 m of depth, including large portions
of the world continental shelves, were emerged during the LGM and modelled by subaerial processes:
the paleo-geography of emerged and submerged areas was very different from today, and included
land bridges between continental landmasses which do not exist anymore (e.g., the land bridge between
Sicily and the Maltese Archipelago—Figure 5—or between Sicily and Egadi Islands of Favignana
and Levanzo, in southern Europe [39,42], or the Bering land bridge in the northern Pacific Ocean
(Figure 6) [178]).

The post-glacial sea-level rise covered these landscapes, either drowning [33,37] or re-modelling
them through marine processes. At some places, the previously emerged areas hosted prehistoric
and historic human settlements—as demonstrated by ruins, pollens, bones, or other remains in
the sediments, caves, etc. (cf. Section 2.3) [56]. The post-glacial marine transgression led to the
disappearance of vast areas, land bridges, human settlements, and a reconfiguration of geographical
boundaries. Indeed, the reconstruction of paleo-landscapes and their geomorphological evolution
is the basis for further investigations (e.g., on geohazard assessment, identification, and study of
geoarchaeological sites).
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Figure 5. The land bridge between Sicily and Malta (Central Mediterranean Sea) during the LGM
(modified after Prampolini et al. [6]).

Figure 6. The Bering land bridge during the LGM (modified after Bond [179]).

To reconstruct ancient landscapes located in coastal and shallow-water environments,
geomorphological, archaeological, and geophysical observations of both terrestrial and submarine
areas are required, together with absolute dating of terrestrial and marine sediments, remains and
landforms [54,61]. Hence, technological advances in acquiring data in nearshore areas and in merging
terrestrial and marine spatial datasets (e.g., elevation data) are fundamental for the reconstruction of
present emerged and submerged topography and to infer paleo-geography.

Numerous examples of terrestrial and marine data integration for the reconstruction of
paleo-landscapes are from the Mediterranean Basin [38]. Lo Presti et al. [42] reconstructed the
paleo-geography of Egadi Islands and relative sea-level variations from the LGM until today. Furlani
and Martin [40] reconstructed the paleo-geography of Faraglioni coast (Ustica Island) that was
settlement of a Middle Bronze Age village. They combined geomorphological observation made in
nearshore and onshore areas. Miccadei et al. [18,19] reconstructed the Late-Quaternary landscape
and geomorphological evolution of Tremiti Islands, located north of Gargano promontory, southern
Adriatic Sea. Aucelli et al. [36] carried out a multidisciplinary study of submerged ruins of Roman
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buildings on the Sorrento Peninsula coast (Gulf of Naples). These archaeological remains enabled the
reconstruction of the ancient position of both the sea level and the coastline. Rovere et al. [31] analyzed
the submarine geomorphology of the offshore between Finale Ligure and Vado Ligure (western
Liguria, NW Mediterranean Sea) for the first time, detecting meaningful submarine geomorphological
indicators of former sea levels. Micallef et al. [33] and Foglini et al. [37] reconstructed Late-Quaternary
coastal landscape morphology and evolution of the Maltese archipelago, while Furlani et al. [39]
focused their research on marine notches of the Maltese Islands that resulted in confirmation of the
slowdown of the Late-Holocene marine transgression.

Examples from northern Europe come, among the others, from southern England and northern
France [29], and from Northern Ireland [32]. Bridgland et al. [29] analyzed three fluvial sequences,
particularly terrace staircases, from southern England and northern France to reconstruct climate
fluctuations and paleo-geography of those areas. Westley et al. [32] mapped the continental shelf of
northern coast of Ireland and examined the geomorphology for evidence of past sea-level changes,
reconstructed the paleo-geography of the area considering sea-level lowstands of −30, −14 and −6 m.
This research allowed the identification of ten areas of high archaeological potential.

The combined mapping of emerged and submerged geomorphological features proved to be
functional in analyzing the long-term evolution of coastal landslides. Prampolini et al. [6] showed
that coastal block slides along the NW coast of Malta prolong below the sea level, reaching a depth of
about 40 m, and Soldati et al. [180] demonstrated by means of cosmogenic nuclide dating that they
developed in a subaerial environment—when the coastline was much lower than today—having been
submerged only later on, during the post-glacial sea-level rise.

2.3. Geoarchaeology

As earlier mentioned, Late-Quaternary sea-level changes have exposed large portion of the
present-day continental shelves for long periods of time, resulting in a multitude of archaeological
remains lying on the seafloor today [4,45,46,48,49,52]. Therefore, coupling terrestrial and marine
datasets can be critical in detecting new archaeological sites in coastal and nearshore areas and for a
more comprehensive understanding of already existing ones [60] and references therein. Analyzing
coastal archaeological sites can also contribute to the reconstruction of the paleo-geography of ancient
landscapes [48], and in particular to infer Late-Holocene relative sea-level oscillations (e.g., [43,51]).
Some archaeological remains include functional structures or elements that are unequivocally related
to specific elevation of past sea levels, because of their architecture and proximity to the sea. In other
cases, an in-depth knowledge of landscape evolution helps inferring about the evolution or the dating
of archaeological remains. For example, the proximity of an archaeological site with coastal landforms,
whose evolution can be reconstructed, will help in dating and reconstructing the history of the site
itself [40] and references therein.

As a matter of fact, early human populations tended to move and expand occupying new
territories, in particular during the last glaciation and the early post-glacial period—a period of
time characterized by extreme climate fluctuations [56]. In this frame, the most attractive sites
for human settlements were coastal lowlands that in some parts of the world, were much more
extended than today thanks to sea-level lowstands (e.g., during the LGM, the European land
area was 40% wider than presently; [56,181]). During that period, coastal regions were the most
densely populated since they profited from more tempered climates that led to enhanced water
supplies, and greater ecological diversity. Hence, these areas were sites of prehistoric and historic
human settlements, as witnessed by the findings of archaeological remains, pollens, bones, or other
ruins in the sediments, caves etc. Then post-glacial sea-level rise led to the flooding of these
former territories, redrawing geographical boundaries, and human, plant and animal distributions
(cf. Section 2.2) [56,181]. In this context, Harff et al. [56] reported the results achieved within the
framework of the SPLASHCOS Project—Submerged Prehistoric Archaeology and Landscapes of the
Continental Shelf—(Cooperation in Science and Technology—COST Action TD0902). They succeeded
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in gathering together experts in geology, archaeology, and climate interested in sea-level changes,
paleo-climatology and paleo-geography for reconstructing European submerged landscapes in order
to assess their archaeological potential (e.g., [37], cf. Section 2.2).

Geoarchaeological research benefiting from the integration of terrestrial and marine datasets
is illustrated with reference to the Mediterranean area by Furlani et al. [50], Aucelli et al. [36,55],
Furlani and Martin [40] and Mattei et al. [59]. Furlani et al. [50] studied submerged or partially
submerged archaeological structures located along the Maltese coasts providing a first attempt for
paleo-environmental reconstruction of the Maltese archipelago from the LGM until today, allowing time
and mode of mammal dispersal to the island during the Pleistocene to be inferred. Aucelli et al. [36]
analyzed submerged ruins of Roman buildings located along the Sorrento Peninsula coast (Italy)
and succeeded in reconstructing sea-level oscillations and coastline changes for the Late-Holocene
and tectonic history of the Sorrento Peninsula during the last two millennia. Aucelli et al. [55]
explored and mapped the main underwater structures on and below the seabed of the Roman Villa
of Marina di Equa (Sorrento Peninsula) and analyzed the geological effects of the 79 A.D. eruption
of Vesuvius with the aim of reconstructing the interactions between human and natural events.
Furlani and Martin [40] reconstructed the paleo-geography of Ustica Island, focusing on Faraglioni
Village, providing clues on the evolution of one of the best-preserved Middle Bronze Age sites in the
Mediterranean. Mattei et al. [59] reconstructed the natural and anthropogenic underwater landscape
of the submerged Roman harbor of Nisida Island (Gulf of Naples, Italy), the relative sea-level variation
in the last 2000 years and outlined the coastal geomorphological evolution of the area.

In northern Europe, Westley et al. [53] exploited the data acquired and analyzed by Westley et al. [32]
(cf. Section 2.2) to reconstruct Early–Mid-Holocene paleo-geography of the Ramore Head area (Northern
Ireland), hosting evidence of Mesolithic occupation and preserved Early–Mid-Holocene peats both on-
and offshore.

Examples of integration of land–sea datasets for geoarchaeological purposes outside the
Mediterranean area are provided by Fisher et al. [47] and Cawthra et al. [57] for South Africa,
by Bailey et al. [54] for Saudi Arabia, and by Benjamin et al. [58] and Veth et al. [61] for Western
Australia. Fisher et al. [47] developed a conceptual tool that enable correlation of the evolution of
human behavior within a dynamic model of changes of paleo-environment. Cawthra et al. [57]
analyzed paleo-coastal environments, laying on the present continental shelf, offshore of the Pinnacle
Point archaeological locality (Mossel Bay, South Africa). During the Pleistocene, these environments
were probably settlement of early-modern humans. Bailey et al. [54] analyzed emerged and submerged
landscape of SW Saudi Arabia to study human dispersal in Late Pleistocene and Early Holocene. Finally,
Benjamin et al. [58] and Veth et al. [61] analyzed a large amount of data (airborne LiDAR, underwater
acoustics, cores and scuba dives observations) acquired in Western Australia for archaeological research.

Coupling land–sea data is now more feasible thanks to modern marine research technologies,
integration of large databases and proxy data [60] and references therein, allowing further hidden
archaeological sites to be discovered and studied in the near future. Recently, this has proved to be
successful is the case of the ancient Roman city of Baia located inside the Bay of Pozzuoli and belonging
to the Campi Flegrei Archeological Park (Southern Italy). The site is superbly preserved underwater
after having been slowly drowned due to bradyseismic movements which characterize this area near
the Vesuvius volcano [182].

Geoarchaeological investigations, particularly in coastal and submerged environments are
increasing and are taking advantage of new contributions and new approaches in surveying and
collecting data using a combination of acoustic and optical remote sensing sources, to recreate a full
picture of the present and old landscapes, validated through field surveys observations and absolute
dating evidence (e.g., Uncrewed Surface Vehicle simultaneously acquiring geophysical data and images
for photogrammetry and drones equipped with cameras).
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2.4. Geoheritage and Geodiversity

Integrating terrestrial and marine datasets can be of paramount importance for the assessment of
terrestrial and marine sites of geological interest in coastal and shallow-water areas. Both the shore
and inner continental shelf show common processes and landforms that should be considered to be a
single feature (cf. Sections 2.1 and 2.2) [66].

Geosites—or geodiversity sites (sensu Brilha [183])—are places of a certain value due to human
perception or exploitation and include geological elements with high scientific, educational, aesthetic,
and cultural importance [71]. Geosites and key geodiversity areas are often protected areas thanks to
different directives (e.g., EU Habitat Directive, 1992; OSPAR Convention, 1992; EU Marine Strategy
Framework Directive, 2008). Indeed, the importance of preserving geodiversity has been acknowledged
mainly thanks to the effect that geodiversity has on biodiversity patterns [184]. Hence, the assessment of
geosites and key geodiversity areas enhance the identification of areas that need protection (e.g., Marine
Protected Areas—MPAs—Geoparks; cf. Sections 2.6 and 2.7).

Geoheritage and geodiversity have been investigated mainly in terrestrial environments [71]
and references therein, while only a few studies on this topic refer to underwater environments
(cf. [62–64,66]). With reference to the latter, Orrù and Ulzega [62], Orrù et al. [63,64] identified
underwater trails for scuba divers in the MPAs of Capo Carbonara and of Capo Caccia (Sardinia, Italy)
enhancing the value of the whole underwater environment. Rovere et al. [66] assessed underwater
geomorphological heritage in the Bergeggi MPA (Ligurian Sea, Italy) and in the Sigri area (Lesvos
Island, Greece); however they considered that a complete approach in studies on geoheritage would
take both emerged and submerged landforms of the coastal and nearshore environments into account.

Very few studies deal with the integrated assessment of terrestrial and marine sites of
geological interest. This is largely due to technological constraints and, to some extent,
to conceptual issues—such as (i) differences in attributes related to geosites in terrestrial and marine
environments [185]; (ii) different perception and fruition of abiotic features of the aquatic environment
by tourists; and (iii) lack of common schemes and approaches to the identification, assessment,
and improvement of submarine geosites. However, attention to these themes is increasing presently.

Coratza et al. [71] identified and assessed the terrestrial and marine geosites of the Portofino
Natural Park and MPA (Liguria, Italy), which are internationally known for both terrestrial scenic
landforms and quality of the marine ecosystem. They aimed at identifying the most suitable
sites for tourist improvement and defining possible connections between terrestrial and marine
environments. Finally, they were able to identify a significant number of both terrestrial and marine
sites, assessing their scientific value, ecological, cultural, and aesthetic importance, and accessibility,
services, and economic potential.

The identification and quantitative assessment of geodiversity in terrestrial areas are already
established and several countries have been developing national inventories of geodiversity key
areas by means of different methods [183]. Only recently, this discipline has been addressed to the
marine environment and its elements of geodiversity. Examples of geodiversity assessment in marine
areas come from Scotland [65–70], southeast Brazil [67], Hawaiian and Canarian Islands and the New
Zealand subduction zone [68]. Brooks et al. [65] and Gordon et al. [69,70] focused on the contribution of
geo-conservation within the Marine Protected Area network for Scottish seawaters. Their work is the
first systematic assessment of marine geodiversity key areas comparable to the Geological Conservation
Review geo-conservation carried out for the terrestrial geology and geomorphology of Great Britain,
which was “a world-first project of its type in the systematic assessment of the whole geological
heritage of a country, from first principles” [69]. Mansini Maia and Alencar Castro [67] developed
a model for characterizing marine geodiversity at a regional scale in the Vitória–Trindade Volcanic
Seamount Ridge and its surroundings (SE Brazil). They aimed at supporting Brazilian marine spatial
planning regarding geo-conservation of features related to the geological history of Brazil and the most
vulnerable habitats. Finally, Veloo [68] developed a geodiversity index for the seafloor and applied it
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to three study areas (Hawaii, Canary Islands, and the New Zealand subduction zone), considering
abiotic factors such as geomorphology, bathymetry, range of slope angle, and light penetration.

Although there is a growing number of studies on terrestrial and marine geodiversity showing
that its understanding is essential for several issues, including geo-conservation [186], still there is no
specific literature available on the integrated assessment of geodiversity in coastal and shallow-water
areas. However, available knowledge and technological tools call for immediate actions in this field,
which would be highly beneficial for holistic management and planning in coastal and nearshore areas.

2.5. Geohazards

Coastal and shallow-water environments are threatened by different kinds of geohazards that can
produce significant impacts on (i) the economy, due to possible reduction in tourism and disruption
of urbanized areas, (ii) on landscapes, due to possible severe morphological changes both onshore
and underwater, and (iii) on ecosystems, due to possible loss of sensitive habitats [187–189]. In this
context, the availability of terrestrial and marine spatial datasets is fundamental to get a full picture of
coastal geohazards. A combined analysis of terrestrial and marine processes should be considered to
be a necessary step in geohazard assessment in coastal environments. In the past few years, there has
been an increase of published papers in this field of research. Here we briefly present a review of
literature with special reference to tsunami and storm waves, volcanic eruptions, coastal landslides,
coastal inundation, and erosion due to sea-level rise.

Recent progress in hydrodynamic modelling and simulation produced considerable results in
topics such as tsunami and storm wave hazards in coastal environments, mostly because bathymetric
data is a crucial parameter in nearshore wave and hydrodynamic modelling [28,190]. De Jongh
and van Opstal [95] proposed an interesting combined analysis of topography and bathymetry in
Mozambique to model tsunami and storm surges impacts on land. One of the most common effects to
storm and tsunami, after the flooding of low-lying areas, is the detachment of boulders of a variety
of sizes (from decametric to metric) from the seafloor. The knowledge of both nearshore and coastal
geomorphology is fundamental to develop models reconstructing the height of the wave necessary
to produce such a detachment and boulders’ possible path on land. Examples of tsunami or storm
deposits and models on the waves that caused them come from the Mediterranean Sea, in particular
from the Istrian coast (e.g., [116]), the Apulian coasts (e.g., [99] and references therein), the Maltese
archipelago (e.g., [104,105]) and the Greek coasts (e.g., [81,113]).

De Gange et al. [88] illustrated the effects of volcanic eruptions on coastal and marine environments,
such as spreading of volcanic ashes and pyroclasts, which can affect also terrestrial and marine habitats,
earthquakes and landslides (Figure 7).

 

Figure 7. Diagram showing the interplay of marine and terrestrial processes that possibly affect the
ecosystem response following a volcanic eruption (modified after De Gange et al. [88]).
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Examples of landslides triggered by volcanic eruptions or, in general volcanic setting, are from
Mount Etna (Sicily, Italy) and oceanic and insular volcanoes. Urlaub et al. [115] analyzed the
deformations of the southeastern flank of Etna volcano that is sliding into the Ionian Sea and
carried out the first long-term seafloor displacement monitoring campaign. Oceanic and insular
volcanoes commonly experience giant landslides with relevant run-out (i.e., debris avalanches),
able to create huge depositional areas in the offshore and even deep domain. Examples come from
Canary Islands [76,77,101], Hawaii Islands [72,75,78], Stromboli Island (Figure 8) [83,85,91], Lipari
Island [110] etc.

Figure 8. Digital Terrain and Marine Model of Stromboli volcano (Tyrrhenian Sea) showing the Sciara
del Fuoco landslide (modified after Chiocci et al. [82]).

As for more common coastal landslides, there are case studies showing how the integration
of land and sea datasets can be beneficial for landslide hazard assessment. In the Calabria region,
seismic-induced landslides originated on land and reached the seafloor [94,100]. De Blasio and
Mazzanti [87] produced a few-centimeters resolution DTLM (Digital Terrain and Lacustrine Model)
and a DTMM (Digital Terrain and Marine Model) of two Italian sites in Latium and Calabria affected by
coastal rock falls in order to model the falling of material into the water. Casalbore et al. [90] analyzed
terrestrial and marine DTMs both pre- and post-hyperpycnal flows at Fiumara (Western Messina Strait,
Italy) aiming at detecting the morphological evidence of the event on the seabed and to assess flash
flood occurrence a posteriori. Another example of integration of terrestrial and marine datasets for
landslide analysis is from the Nice landslide (Ligurian Sea, NW Mediterranean) subsequent to the 1979
catastrophe of the Nice International Airport (NE France) that caused a 2–3 m high tsunami, generated
by a landslide that progressively turned into a debris flow and, then, in a turbidity current [73,80].
Several studies analyzed morphology, stratigraphy, geotechnics of the landslide and surrounding
terrestrial and marine areas, providing numerical models of the phenomenon [74] and evaluating the
possibility of future collapses and related impacts on the environment and human activities [89]. Coastal
and marine mass wasting can also be related to past and present sea-level rise due to climate change.
This is the case of the Vasto landslide (Abruzzo, Italy), a rotational slide continuing under the sea level,
whose geomorphological evolution, and past and historical reactivations have been reconstructed by
Della Seta et al. [96]. Another example comes from the Maltese coastal block slides that developed
during the last glaciation and were then influenced by the successive sea-level oscillations [180].

Among hazards induced by the ongoing climate change, coastal inundation (especially along
stretches of coast affected by subsidence; [108]) and coastal erosion triggered by extreme meteorological
events, and sea-level rise are the most reported in the literature. In particular, several papers concern
(i) the quantification of sea-level rise (e.g., [2,93,107,111]; Figure 9), (ii) the general impacts of sea-level
rise on coastal environments [97,102] and (iii) the assessment of coastal exposure and coastal erosion
(e.g., [98,114,117,118]). Terrestrial and marine datasets are differently analyzed and integrated, although
bathymetry is often taken into consideration, especially in those works presenting predictive models
on sea-level rise and coastal inundation.
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Figure 9. Scenarios for change in sea level for the 2081–2100 period under the RCP2.6 (left) and RCP8.5
(right) (modified after IPCC [2]).

2.6. Marine and Landscape Ecology

In the last few years, attention has been focused on the so-called “mapping from ridge to reef”
approach [12] in order to investigate the connectivity between upland watersheds, intertidal zones and
shallow coastal areas, including the influence that coastal (or riverine) and submarine morphological
features can have on habitats’ distribution.

As a matter of fact, habitats can be defined as physically distinct areas characterized by specific
physical, chemical and biological properties (and oceanographic properties as well for benthic habitats)
and hosting distinct species or communities of species. Among the physical components, seabed
morphology and its geomorphological significance can have a remarkable control on ecological
processed and associated biota [191,192]. Indeed, it is known that a wide variety of terrain attributes
(e.g., orientation, slope angle, roughness), substrate type and chemical and oceanographic variables
deeply affect species distribution and in turn biodiversity, providing surrogates used to identify places
that deserve protection [68]. In submarine environments, different landforms are usually associated
with specific benthic habitats as discussed in Harris and Baker [129] and some species are defined
as ecosystem engineers providing themselves typical submarine landforms or geomorphic proxies
for habitat detection, even in the deep submarine environments (cf. [193–198]). In tropical coastal
environments detailed and accurate representations of topography and bathymetry are essential for
habitat mapping [199,200], since they are required for modelling nearshore hydrodynamics, sediment
transport and reef evolutionary processes [21] and references therein, [201]. Finally, we must consider
that terrestrial and marine ecosystems are linked by freshwater inputs (e.g., rivers discharge) that
supply sediments, nutrient exchange and larval transport, and pollutants [121,124].

In this framework, the acquisition of reliable base maps, in terms of elevation data, for both
on-land and marine environments constitutes the basis for any studies aiming at analyzing seabed
landscapes. Benthic habitat mapping means “plotting the distribution and extent of habitats to create a
map with complete coverage of the seabed showing distinct boundaries separating adjacent habitats”
as stated within the MESH project [202]. Benthic habitat and, more generally, habitat mapping practices
constitute a basic tool for habitats conservation as part of an ecosystem approach [168] (cf. Section 2.7).

The growing interest in seafloor mapping, habitat mapping and development of an integrated
management of coastal and marine environment fostered large use of abiotic surrogates to represent
biodiversity [126], as witnessed also by the international GeoHab (Marine Geological and Biological
Habitat Mapping) community [127,203] and at the European level by the MAREANO program in
Norway [204–206], and the MAREMAP in the UK [207,208].

Important contributions including habitat maps generated by coupling terrestrial and underwater
geospatial datasets are from Hogrefe et al. [121], McKean et al. [122,123], Vierling et al., [125],
Leon et al. [21], Marchese et al. [127] and Prampolini et al. [6,128]. The latter exploited latest
technological advancement, among which the LiDAR-derived elevation data of the Maltese coast and
of its seafloor down to a depth of ca. 50 m for mapping both geomorphological features and habitats.
Leon et al. [21] produced a seamless and high-resolution DEM of the fringing reef system of Lizard
Island in northern Great Barrier Reef (Australia), merging multisource 3D models (topographic and
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bathymetric LiDAR data, passive optical remote sensing data, nautical charts, and single-beam and
multi-beam echo-sounder data reaching 30 m b.s.l.). McKean et al. [122,123] tested the high-resolution
Experimental Advanced Airborne Research LiDAR (EAARL), a new technology for cross-environment
surveys of channels and floodplains, to acquire elevation-depth data of a channel in the Bear Valley
Creek (Idaho, USA), and map its landforms and habitats.

Combining terrestrial and bathymetric LiDAR allows reconstructing a 3D view of terrestrial
habitats (e.g., St. Joe Woodlands and sagebrush-steppe ecosystem in Idaho (USA) as showed by
Vierling et al. [125]). Hogrefe et al. [121] combined depths derived from IKONOS satellite imagery
and sonar data to produce a seamless DEM of Tutuila Island (American Samoa) that can be used
for evaluating the assessment of human population and land use practices on coral reefs. Finally,
worthy of note are the recent studies reporting first applications of photogrammetric technique to UAV
imagery to map coral habitats in tropical coastal environments [127,209].

2.7. Coastal Planning and Management

Land and sea interaction is increasingly perceived as relevant in the context of planning and
management of terrestrial and sea areas, since most of the activities occurring in the marine environment
are also connected with the terrestrial vicinities. The interdependence of land and offshore systems
drives the need for integration between terrestrial and marine planning systems, considering driver
issues that cross the land/sea boundary [138]. Among others, changes in both landscapes and seascapes
due to urbanization and anthropogenic activities represent a key element to consider within any
planning processes.

The land–sea interactions and related processes constitute a key element of the Mid-Term Strategy
2016–2021 of UN Environment /MAP adopted with Decision IG. 22/1 [147], and correspond to the first
objective of both the Mediterranean Strategy for Sustainable Development (MSSD) 2016–2025, adopted
with Decision IG 22/2 [148], and the Sustainable Development Goals 14 and 15 [149,150]. Indeed,
the goals of “Life below water” (SDG 14) and “Life on land” (SDG 15) are strictly interconnected [145].

In this context, few diverse approaches facilitate land–sea planning system integration. Among
them there are the Integrated Coastal Zone Management (ICZM) and the Maritime Spatial Planning
(MSP) tools, coupled with an Ecosystem-Based Approach (EBA) [137].

The ICZM initiatives provide a support to integrated and holistic planning and management of
the coastal areas, including both the land (inland limit decided by the countries) and marine (territorial
seas) components (Art. 1 of the Protocol on ICZM in the Mediterranean [151]). The importance of
considering land and sea space as a whole within the ICZM process is re-affirmed by some of the
Protocol’s objectives and principles as for example the following: “Ensure preservation of the integrity
of the coastal ecosystems, landscape and geomorphology” (Art. 5; objective d). Given the definition of the
coastal zone provided by the Protocol, this integrity can be preserved only if the land and marine parts
of the landscape are considered together.

The “Conceptual Framework for MSP in the Mediterranean” (Barcelona Convention, December
2017 [146]) foster this integration also facilitating the introduction of MSP into ICZM in the framework
of the Barcelona Convention Protocols. A step by step methodology for the implementation of the MSP
following common principles in the Mediterranean has been designed thanks to the existing guiding
documents (Figure 10) [132,134,141–143].

Recent examples of integrated approaches to terrestrial and marine spatial planning occur in the
design of a network of MPAs using models such as Marxan (“marine reserve design using spatially
explicit annealing”), the most widely used software at global level for conservation planning and
designed for solving conservation planning issues in landscapes and seascapes [135].

Following an ecosystem-based approach within the MSP and ICZM leads to an evolution within the
different planning and management actions, taking into account the need to embrace multidisciplinary
approaches and to advocate cross-realm connectivity [144].
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Figure 10. Link between Ecosystem-Based Approach, Maritime Spatial Planning (MSP) and Integrated
Coastal Zone Management (ICZM) principles (modified after UNEP-MAP PAP/RAC [146]).

These imply the integration of spatial data stored in a GIS, including relevant Earth Observation
services and the characterization of marine habitats and seabed landscapes, especially as premise for
representing coastal and maritime space [136].

MSP practice highlights the necessity of having a strong data and knowledge base among
its principles [210]. Hence, the integration of terrestrial and marine spatial dataset constitutes a
fundamental element to be able to undertake a new interdisciplinary approach for an integrated
analysis of marine ecosystems and common maritime space [137].

3. Advances in Data Collection Technology and Data Processing Methodology

The accomplishment of the outcomes reported in the literature and examples listed in previous
chapters is mostly due to the widespread recent availability of new technologies and software that
enable scientists to acquire geo-environmental spatial data that were unrecoverable before the 1970s in
the submarine environments. Their integration with terrestrial data has become feasible especially
with the generation of data format and products suitable for implementation into GIS platforms that in
turn made possible to handle and analyze complex and heterogeneous datasets from the onshore to
the offshore zone, as shown in most of the previously cited works.

The expansion of GIScience can be dated back to the 1990s. As soon as marine datasets became
accurately “geo-referenced”, thanks to our ability in obtaining geographical positions at sea through
the development of GPS, their structure, format and way of representation moved immediately toward
the form of geospatially enabling the data to create maps and 3D scenes of the marine environment.
Since “marine” GIS has evolved adapting a technology originally designed for land-based applications,
the integration of marine and terrestrial datasets has been quite immediate. This especially happened
for those marine studies dealing with coastal environments or applications that benefit from the
investigation of spatial relationships within and between marine and terrestrial dataset—such as
measuring and monitoring the seascape or modelling/predict future scenarios [211]. An important
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trigger in applying this new approach for coastal and marine data visualization and analysis came
undoubtedly from industry, especially in the fields of hydrographic surveying and production of
nautical charts and publications.

As soon as marine and terrestrial elevation datasets started to be implemented and harmonized in
a continuum dataset, the British Geological Survey introduced the new term “white ribbon” in the
hydrographic sector, to designate the information gap of elevation data in the shallow area formed by
the intertidal and nearshore zones, meaning the interface between land and sea. Covering the white
ribbon with high-resolution bathymetric data became soon a challenge in all first attempts devoted to
integrate marine and terrestrial spatial datasets (e.g., [121,124,212–215]), and the scientific community
soon realized both the relevance and the issues to be addressed in carrying out topo-bathymetric
surveys [15,28,190,216–221]. Most of the difficulties in getting elevation data in the white ribbon are
caused by the water depth: it is generally too shallow for traditional bathymetric surveys (because of
the draft and the need to submerge the echo-sounders keeping them at a certain distance from the
seafloor to obtain an efficient coverage, and because of the unsafe conditions generated by the common
occurrence of rocky outcrops and/or waves) and too deep for traditional optical land-based survey
methods. Shallow water is in addition more expensive to be surveyed than deeper ones since MBES
seafloor coverage is narrowed as water becomes shallower, requiring the vessel to spend excessive
time in shallower areas due to the need to run very close sur vey lines to achieve adequate coverage
(Figure 1). Nonetheless, the intertidal and nearshore zones are of extreme importance to investigate
for all the reasons listed in the previous sections. This challenge favored the development of new
advanced methods and techniques to improve the capability of obtaining shallow-water bathymetric
data, and especially:

• The production of new advanced acoustic systems designed for obtaining depth measurements in
shallow water;

• The application of cutting-edge visualization technology to images and data collected with optical
sensors to obtain elevation data from shallow areas (i.e., underwater photogrammetry, image
derived bathymetry, LiDAR, laser scanning).

Finally, given all the technological and economic difficulties mentioned above in mapping the
seafloor, both in deep and shallow water, sharing data is increasingly appreciated and encouraged
by several research funding programs. The goal “map once, use many times” supports the creation
of national (underpinned by governments), regional and international repositories of bathymetric
data. Examples of regional repositories are the European EMODnet (www.emodnet-bathymetry.eu)
and Baltic Sea Bathymetry Database (http://data.bshc.pro), while at international/global level, GEBCO
(https://www.gebco.net/) is a repository of world bathymetry, which is also updated thanks to local
portals (e.g., from EMODnet), and currently under update thanks to GEBCO Seabed 2030 Project,
aiming at completing mapping of the world ocean by 2030.

3.1. Shallow-Water Acoustic Systems

Most of the interest in surveying shallow water comes from industry (oil and gas companies, port
and harbor authorities and maritime engineering among others) and academics and has grown rapidly
in recent years. This has pushed manufacturers to both produce MBES systems (i.e., “beamforming
system”—[222]) adapted for fast mobilization on smaller vessels (easy-to-use and quick-to-deploy) and
explore new innovations in swath bathymetry systems, developing novel swath sonar technology to
reach greater seafloor coverage (up to 15 times the depth), such as (i) the interferometric echo-sounders,
also known as Phase Differencing Bathymetric Systems (PDBS) [222,223] or (ii) the multi-phase
echo-sounders (MPES—[224]).

Technological developments in beamforming system have especially affected the geometry and
the performance of the transmit array and sounding frequencies, refining the capability of the systems
in offering a wider coverage (up to 7 times the water depth) and narrower acoustic beam (reaching
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accuracies that have been shown to exceed the IHO-International Hydrographic Organization-Standards
for Hydrographic Surveys). The broader coverage (i.e., swath) is obtained using multi-transducer
multi-beam products. Two sonar heads (i.e., transducers), for instance, can easily achieve double the
coverage, by simply adjusting the angle of the heads.

Developments in shallow-water swath bathymetry systems involved all aspects of the “seafloor
mapping system”, including all ancillary sensors and software involved in the survey to provide the
so-called “integrated survey system”, namely the GPS/GNSS positioning systems, the motion sensors,
and sound velocity recording sensors. The goal is to simplify installation and calibration procedure and
make the shallow-water MBES systems perfect for use on vessels of opportunity, small survey launches,
and even Autonomous Surface Vessels (ASVs) or USVs. ASV/USV are vehicles that can navigate and
collect data from the surface of the water without a crew. ASV/USV are currently produced to remotely
control data acquisition especially in shallow marine water, rivers and channels.

3.2. Optical Sensor for Underwater Imaging and Mapping

Latest technological developments in underwater 3D reconstruction, based on airborne active
optical sensor, has given rise to a wide range of new systems and techniques such as the LiDAR
systems, Structured Light (SL), Laser Stripe (LS), Laser Line Scanning (LLS), Stereo Vision (SV) and
SfM [225–228].

LiDAR systems have substantially improved shallow seafloor mapping in coastal environments.
Using infrared laser pulses, topographic LiDAR systems achieve a very high-resolution mapping
performance (i.e., meter to sub-meter point spacing) with sub-meter vertical accuracy. Bathymetric
LiDAR systems, can even use both infrared and blue-green laser pulses, to simultaneously acquire
depth measurements down to ~70 m below Mean Sea Level (MSL), according to water turbidity,
typically <40 m is achieved in most applications. Bathymetric LiDAR systems have been the first active
optical sensors that provided elevation data from the nearshore areas, allowing surveying shallow
seafloor with much more efficiency in terms of coverage and required time (Figure 1). The LiDAR
technology can presently be integrated also to terrestrial or surface or underwater platforms, carrying
out ROV-based LiDAR inspection surveys, benefiting from increased spatial and temporal resolution,
and greater accuracy [229]. LLS can now be used just like a multi-beam although the technology is
slightly different. Both subsea LiDAR and Laser scanners generate a relative point cloud (referenced
by flow and bearing measurements) with a resolution of even millimeters, i.e., much higher than any
acoustics-based system.

The high resolution offered by subsea LiDAR or laser and the need to operate under lighting
conditions determine, however, a limited range, strongly regulated by the environmental conditions.
The resolution and accuracy typical of LiDAR/submarine laser systems require indeed clear water with
good visibility [230]. Thus, they cannot be employed to scan those nearshore areas characterized by
high turbidity such as the ones close to river discharge or with sediment/pollutant moved by water
movements [231,232].

Hence, starting from the 1990s, active sensors based on underwater acoustic (e.g., multi-beam
or interferometric echo-sounders) and light signals LiDAR/LLS systems improved substantially the
capacity of obtaining elevation data in underwater environments, despite expensive techniques,
especially for small scale surveys. These instruments directly provide a point cloud of bathymetric
measurements that can generate a DTM with sub-meter resolution. LiDAR systems can even combine
onshore topographic and nearshore bathymetric mapping obtaining detailed emerged and submerged
surfaces in a single acquisition (Figure 11) [233].

With the availability of high-resolution images collected by satellite remote sensors (or even by
drones), 3D underwater models can now be generated using also passive optical systems, at least for
those areas in which visible light can penetrate down to the seafloor. Satellite-Derived Bathymetry
(SDB) is indeed the most recently developed method of surveying shallow waters. Different companies
developed ad-hoc algorithms since the 1990s to convert the information collected by satellite sensor into
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bathymetric data. SDB is based on the connection between the seabed reflected energy and the depth
of the water [234]. The method, using dedicated computational algorithms, basically exploits, for each
pixel of the satellite image where the seafloor is visible, the statistical relationship between the depth of
water and the type and intensity of energy detected by the sensor. Since SDB can estimates the water
depth of the seafloor up to the extent of light penetration into the water medium (i.e., around 20–30 m
under optimal conditions), water transparency is the main limiting factor. Atmospheric absorption,
sun glint, high substrate heterogeneity, algal blooms, suspended sediment, or waves, can also all limit
SDB performance.

 

Figure 11. Integration of terrestrial and marine elevation data derived from bathymetric LiDAR:
example from the NW coast of Malta, Central Mediterranean Sea (modified after Prampolini et al. [6]).

Finally, with the advent of underwater camera systems, progress in deep-sea robotics, and the
increased number of videos and images being captured underwater, researchers began to obtain
optical 3D reconstruction of recorded scenes with (sub)centimetric resolution, employing numerous
techniques, among which the use of stereo cameras and the principle of photogrammetry even
underwater (i.e., SfM technique). Optical underwater imaging is emerging as a key technology for a
variety of oceanography applications [227] and [235] among others.

However, very few techniques employing photorealistic seafloor imagery take critically into
account the extent to which scattering affects the scenes captured under daylight in shallow water
or using active illumination in deep water. In most cases reported in the literature, it is implicitly
assumed that light is neither absorbed nor scattered by the medium in which the source and scene
are immerged (as it happens in pure air [236]). However, the major challenge facing optical imaging
in these applications is the severe degradation of image quality caused by scattering generated
by impurities and organisms. SfM has been also applied to UAV-based RGB imagery, on coastal
waters [237,238] among others. UAV imagery processed with SfM techniques offers a low-cost
alternative to established shallow seafloor mapping techniques providing also important visual
information with the generation of an orthomosaic for the surveyed scene [17]. Nevertheless, water
refraction introduces severe errors when UAVs imagery is used for bathymetric applications. Although
the application of photogrammetric procedures on images captured directly in the water medium
(in-water) needs only a thorough calibration to correct the effects of refraction, in instance where
the image acquisition occurs through-water (two-media), the sea surface undulations caused by
waves [239,240] and the magnitude of refraction that can change at each point of every image, lead to
uncertain results [241,242].

Overall, it is clear that no single optical imaging system can meet all the needs of underwater
3D reconstruction. The different systems cover very different spatial scales, resolutions and accuracy,
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being suitable for different applications. Furthermore, it is important to underline the lack of systematic
studies to precisely compare the performance of different sensors in relation to the same scenario and
under identical conditions. However, technology and computer vision are definitely on the way of
addressing all pitfalls of the mentioned applications, to obtain 3D optical reconstructions more reliable
over multiple spatial scales, through innovative sensors and data processing. Finally, it should be
emphasized that the possibility of obtaining accurate photorealistic 3D reconstructions, also allows
the use of interactive tools for visualization and exploration in 3 dimensions, designed to support the
interpretation and analysis of the obtained spatial data. These large, complex and multicomponent
spatial datasets can indeed be used to develop innovative learning tools for environmental sciences,
presenting new worlds of interactive exploration to a multitude of users [243].

4. Conclusions and Future Perspectives

Most terrestrial landscapes and landforms have always been investigated for several purposes
and benefited from high accessibility to surveyed areas and high-resolution data. On the contrary,
the submarine environment has struggled in being represented with the same resolution and coverage
as its terrestrial counterpart because of its remoteness and/or its limited accessibility and the high costs
imposed by the need to use expensive infrastructures and sophisticated technologies (especially research
vessels, underwater robotics and a multitude of sensors). Nevertheless, remote sensing tools operating
from satellite, aerial platforms and vessels or autonomous vessels and drones have contributed to
obtain elevation data for both land and sea areas with a comparable resolution, establishing submarine
geomorphology as a field of research that is also remarkably contributing to marine environmental
management, with an increase in many associated applicable research.

This paper has pointed out seven good reasons to pursuit such a comprehensive and homogeneous
integration of terrestrial and submarine datasets, showing the outputs of relevant research in this
field. The interest in producing integrated land–sea geomorphological maps is now at its beginning,
even though it would be the basis for further applied research. The integrated assessment of geoheritage
and geodiversity in coastal and marine environments has been the subject of a very limited number of
papers so far. A much larger number of papers refers instead on the coupling of terrestrial and marine
spatial datasets aiming at reconstructing paleo-landscapes in coastal and marine areas and outlining
their geomorphological evolution, supporting also the identification and study of archaeological sites.
The field of application that has mostly benefited so far from the integration of terrestrial and marine
datasets is the integrated assessment of geohazards in coastal and marine areas, with special reference
to tsunami and storms, coastal and marine landslides and sea-level-rise-related hazards. Attention
to the interrelations between land and sea and their effects on marine habitats is being paid, but still
only few works show combined investigation in terrestrial and nearshore environments. Finally, in the
last ten years, stakeholders have pointed out the need for an integrated planning and management of
marine and terrestrial areas. During this span of time, discussion has extended from MSP alone to
ICZM of coastal areas thanks to several directives and plans developed and applied at international
level (i.e., European Union, United Nations).

In the near future, it is likely that technological improvements will allow an increasingly easier
accessibility to the “white ribbon” and a better integration of terrestrial and marine spatial datasets that
strongly relies on the realization of seamless DTMs of land and sea areas. This will enhance further
and much wider research in transition environments based on interdisciplinary approaches. It is also
desirable that a standardization and/or harmonization of data will be soon achieved, to adopt common
terminology and classification schemes for both terrestrial and submarine geomorphological features.

The resulting increased awareness of the interconnection between landscapes of terrestrial and
marine areas calls for a holistic approach to better understand environmental changes taking place on
Earth and to consequently design appropriate management measures. Scientists and stakeholders
typically working on terrestrial and marine areas separately will hopefully understand the benefits of
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coupling terrestrial and marine investigation and activities, which is of paramount importance for
environmental protection and enhancement.
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Abstract: This study shows the terrestrial and marine landforms present along the Cilento coast
in the southern part of the Campania region (Italy). This coast is characterized by the alternation
of bays, small beaches, and rocky headlands. In the adjacent submerged areas, there is a slightly
inclined platform that has a maximum width of 30 km to the north, while it narrows in the south
to approximately 6 km. A wide variety of landforms are preserved in this area, despite the high
erodibility of the rocks emerging from the sea and the effects of human activities (construction of
structures and infrastructures, fires, etc.). Of these landforms, we focused on those that enabled us
to determine Quaternary sea-level variations, and, more specifically, we focused on the correlation
between coastal and sea-floor topography in order to trace the geomorphological evolution of this
coastal area. For this purpose, the Licosa Cape and the promontory of Ripe Rosse located in northern
Cilento were used as reference areas. Methods were used that enabled us to obtain a detailed digital
cartography of each area and consequently to apply physical-based coastal evolution models. We
believe that this approach would provide a better management of coastal risk mitigation which is
likely to become increasingly important in the perspective of climate change.

Keywords: coastal geomorphology; submarine geomorphology; cliffs; sea-level changes; Cilento;
southern Italy

1. Introduction

In relatively recent coastal landscapes, such as those of central–western Mediterranean Sea, the
events responsible for the landform evolution and the controls they underwent must be sought within
the last hundred thousand years. Furthermore, morphogenetic events continue to exert their effect and
shape the landscape today, which is complicated by the actions of human beings who built facilities
and infrastructures along the coasts to promote tourism or facilitate mobility [1]. These actions are
often performed without analyzing landforms and processes carefully, thus causing instability or
increasing environmental vulnerability and degradation [2].

This study aims to highlight the main emerged and submerged landforms present along the
spectacular coastscape of the National Park of Cilento, in southern Italy. This coastal landscape, with
lovely inland areas, received several international awards. In 1997, the entire region was recognized
by UNESCO’s (United Nations Educational, Scientific and Cultural Organization) Biosphere Reserve
with the aim of maintaining a long-term equilibrium between man and his environment by conserving
biological diversity, promoting economic development, and preserving cultural values (MAB – Man
and Biosphere program), while, in 1998, three sites in the Cilento area (Paestum, Velia, and Padula)
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were included in the list of UNESCO world heritage sites in the category of “cultural landscapes” of
global importance. Finally, in 2010, the area of the National Park was added to the Global Geopark
Network of UNESCO, recognized for its rich geological heritage, numerous historical sites, and cultural
traditions [3,4]. In this area, many previous studies enable us to reconstruct the morphological evolution
of the coast and to determine the consequences of sea-level changes [5,6], where understanding the
consequences can help to mitigate the risks affecting some specific sites (e.g., landslides, floods, storm
surges, etc.) [7,8]. Furthermore, an estimate of future scenarios, which foresee a global sea-level rise
due to global warming, could contribute to the achievement of sustainable planning and sustainable
tourism development [9–11].

2. Study Area

The Cilento coastland extends over 100 km along a wide rectangular promontory between the
Gulf of Salerno (northwest) and the Gulf of Policastro (southeast) on the southern Tyrrhenian margin
of the Italian peninsula. (Figure 1).

Figure 1. Geological map on DEM (Digital Elevation Model), from Campania Region Technical
Cartography at the 1:5000 scale of the. Legend (only for the units shown in the text): Q—Quaternary
post-orogenic units; PD—Pliocene deposits; GC—Middle Miocene syn-orogenic units (Cilento Group);
I—Lower Tertiary internal units; E—Mesozoic–Lower Tertiary external unit.

Its complex morphology is characterized by mountain reliefs that reach the coast and by narrow
floodplains. The causes of this complexity are attributed to the post-orogenic tectonics of the Apennine
chain, which occurred from the Early Pliocene to the Middle Pleistocene through extensional faults,
which disrupted this sector of the chain. It represents the southern sector of the “fold and thrust
belt” formed in the central Tetide area from the late Cretaceous, due to the interaction between the
European and African plates, the opening of the Tyrrhenian ocean basin, and the counter-clockwise
rotation of the orogenic front [12]. This area has a long and complex lithogenetic history, with various
tectono-sedimentary events and orogenic shifts [13], which today enable us to distinguish several
lithostratigraphic units outcropping along the coast (Figure 1).

The inner units, comprising principally lower Tertiary deposits (Ligurian complex [14]), are
mainly composed of marly and variegated clays, with sedimentary facies belonging to the ocean
floor, which are transported upward to calcarenites and calcilutites, often with flint, and then with
shales, sandstones, and rare conglomerates formed in a distal turbiditic environment [15]. In outcrops,
they generally occupy the lower portion of the sequences, and, in many cases, they represent the
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lithotypes of the submerged coastal area. In this case, they are partially covered by veils of more recent
sediments [16–18].

The external units are mainly composed of Mesozoic–Tertiary carbonates (Bulgheria unit—Middle
Liassic to Lower Miocene [13,19]), representative of sedimentary environments ranging from
shallow-water carbonates (often back-reef facies) to deep-water carbonates. The outcrops of these
units are located on the high and rocky coastline of southern Cilento [18] (Figure 2). On the coastal
bottoms, even partially emerged, these rocks are often covered with calcareous algae and animals with
calcareous skeletons (sponges, corals, serpulids, bryozoans, mollusks) [17,18,20,21].

Figure 2. An aerial view of a coastal stretch in the calcareous–dolomite successions (External Units).

In disconformity on the previous units, Middle and Upper Miocene syn-orogenic units are present,
whose successions are made up mainly of fine to extremely coarse pelitic and calcareous–marly
arenaceous turbidites deposited in deep submarine fans (thrust top basin) [22]. Of these sequences,
those of the Cilento group (Upper Burdigalian–Upper Tortonian) [23] are the most common along the
coast, which are generally found on internal units. In submerged areas, these units are frequently
covered by recent sands colonized by fossil organisms and sometimes by seagrass meadows [17,18].
The sand cover usually passes to muds away from the coastal bottoms.

The Quaternary post-orogenic units include all continental sediments, transitional sediments,
and marine clastic sediments, deposited after the final emergence of the Apennine Chain, probably
beginning in the Lower Pliocene [12,13]. In Cilento, they are represented by exposed aeolian, fluvial,
slope, lake, and travertine deposits along the river valleys and on the plains near the coast, as well as
by the marine transitional deposits stacked on the emerged and submerged coastal areas. These units
may show intercalations of the products of Campania volcanic activity [24–27] (Figure 3).

Figure 3. A cross-section in the last Quaternary alluvial and colluvial deposits in southern Cilento.

The geological and tectonic setting mentioned above led to a prevalent morpho-structural control
of the rocky coastal landscape of the Cilento area, sometimes resulting from the retreat and replacement
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of the previous fault-line scarp, alternated with small, elongated coastal plains (e.g., Alento River
plain) [27,28]. These plains were formed by the deepening of the rivers favored by the correspondence
with tectonic lineaments and the easy erodibility of the outcropping lithotypes.

The filling of these flared coastal valleys occurred due to over-flooding and marine ingressions.
The traces of marine sediments uplifted to different altitudes from terraces, and the transitional
sediments on the continental shelf show how sea level variations are superimposed on tectonic events.
This is more easily seen along the southern coasts of Cilento composed of external carbonate units.
In particular, the coastal profile of Mount Bulgheria shows ancient level surfaces (up to 400 m) with
marine sediments from the Lower Pleistocene onward [29,30]. Calcareous cliff faces at sea level are
often vertical [3,31].

The rest of the coast is composed of terrigenous deposits of internal and syn-orogenic units that
gradually descend toward the sea through stratified escarpments or covered by debris, locally terraced,
with generally concave profiles and sometimes composite with different slopes [3,31]. This diversity
is due to the presence of marly–clayey levels or pelitic interlayers, which facilitate the occurrence
of landslides in continuous evolution. In order to complete this brief geomorphological analysis, it
is essential to mention the coastal slopes composed of clastic sediments, such as those represented
by steep Pleistocene dune–beach systems of the Pleistocene. The oldest marine abrasion surfaces
preserved in soft rock date back to the Upper Pleistocene [30] and are mainly found in the northern
coastal section. Lastly, in order to complete the geomorphological scenario, accumulations of debris
and sand tongues occurred at the base of the cliffs on the shoreline and close to micro-crags formed by
terrigenous and clastic rocks. The former come from the dismantling of the adjacent slope, whereas the
latter come from the coastal morphodynamics which transport sand and deposit it in the inlets [3,31].

The analysis of the submerged portion mainly concerns the continental shelf [16,17] (Figure 4)
with a variable maximum width of 30 km in the north and a minimum width of 6 km in the south
and an edge generally located at a depth of 200m except for the northern stretch of coast, where it is
situated at a depth of approximately 230 m (Licosa Cape offshore), and the southeastern stretch of
the coastline in the Gulf of Policastro, where it is located in shallower water (<100 m). The average
slope varies from 0.3◦ in the northern sector to 0.8◦ in the southern sector, in correspondence with the
narrowest portion. In this submerged portion, several marine abrasion terraces were identified, which
were formed by the action of the sea waves during the Pleistocene paleo-standings of sea level with
edges located at various depths [16,17]. Furthermore, in order to confirm that the major structural
elements of the emerged part continue beneath the sea surface near the emerged valleys (e.g., Alento
River Valley), depressed areas were identified, which are filled with sediments with varying grain size.
In geophysical sub-bottom profiles, there is a series of normal and listric faults, oriented northwest to
southeast [32]. The latter were caused by the collapse of the Tyrrhenian margin during the Pliocene
and the Lower Pleistocene [12,16,17]. This type of fault probably defined the current coastal profile
of the Cilento promontory which has the same orientation. At lower depths, sandy plains generally
prevail in continuity with the emerged beaches and degrade toward the mudflats offshore. Locally,
sands can also be found at greater depths; in this case, they represent ancient relict shorelines which
were formed when the sea level was lower than it is today [16–18].

The climate on the Cilento coast is temperate with average annual temperatures of approximately
17 ◦C (12.6–20.8 ◦C) and an average annual rainfall that varies from 730 mm in the northern sector to
790 mm in the southern sector. Rainfall is concentrated in spring and late autumn, while, during the
summer, there are long periods of drought. This climate is favorable for the development of evergreen
forests and Mediterranean scrub along the coast. Of particular interest are the native spontaneous
species that grow in the coastal areas, approximately 10% of which are of considerable phytogeographic
importance, as they are endemic and/or rare [33,34]. On the beaches, among the sand communities, the
increasingly rare sea lily (Pancratium maritimum) is still present; phytocoenoses with highly specialized
halophytes live on the reefs in direct contact with sea spray and the endemic statice Salerno (Limonium
remotispiculum) thrives (Figure 5a).
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Figure 4. Geomorphological sketch map of Cilento coastal shelf (from [16]). Legend: HN: terrestrial
hydrography; LC—low coast; HC—high coast; CH—channels incised in the sea bottom; AS—acoustic
substrate rising from the sea bottom; L—depressed areas; AC—stack as ancient mouth complexes;
SB—sandy bodies rising from the sea bottom; TB—edges of abrasion terraces; T—morpho-structural
terrace; TR—trench; I—isobath.

(a) (b)

Figure 5. (a) Vegetated dune behind Cefalo Beach (southern Cilento); in the background, an inactive
calcareous cliff is shown; (b) the Palinuro Natural Arch (southern Cilento) with precious Primula
Palinuri and other rupicolous species.

On the coastal cliffs, the Mediterranean rupicolous species are dotted with precious endemics
such as the Primula di Palinuro (Primula palinuri), the clove of cliffs (Dianthus rupicola), the Centaurea
(Centaurea cineraria), the iberide florida (Iberis semperflorens), the Neapolitan Campanula (Campanula
fragilis), and many other flowering plant species that compose a coastal landscape of rare beauty
(Figure 5b). In the sunniest and driest areas, we find the ginestra of Cilento (Cilento genista), the carob
(Ceratonia siliqua), the red or Phoenician juniper (Juniperus phoenicea), and holm oak and pine woods
(Pinus halepensis), which seem to be expanding again as they are being reforested.
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On these last stretches of coastline, frequent fires and the fact that the roads were widened to reach
the homes built on the slopes increased land degradation and reduced slope stability. However, there
are still coastal stretches that preserve their original natural condition which are monitored closely
by the Cilento, Vallo di Diano, and Alburni National Parks with the aim of mitigating damage and
preventing deterioration [3,31]. More recently, the municipalities of Santa Maria di Castellabate in
the north and the Costa degli Infreschi and Masseta in the south developed marine conservation and
monitoring strategies. The reason for protecting and monitoring these marine areas is because of the
richness of their seabeds, which contain biocenoses of great interest, such as pre-coralligenous and
coralligenous species, as well as large quantities of Posidonia seagrass beds (Posidonia oceanica) [17,18].

3. Materials and Methods

Firstly, a review of the existing literature on the geology and geomorphology of Cilento was carried
out. Most of these studies were focused on short stretches of coastline that offered particular cues as they
were extremely didactic and representative for the development of research (i.e., References [20,25,27]).
Previous coastal geomorphological studies did not integrate information on the dynamics and
geomorphological evolution of the submerged sectors. This study attempts to fill these research gaps
by trying to correlate the emerged and submerged landforms of the northern Cilento sites near Punta
Licosa, using an integrated approach (Figure 1).

Integrated geomorphological surveys and analysis were carried out, starting from current terrestrial
and submerged landforms. These latter surveys were carried out using sea vision underwater lighting
on boats and by performing underwater scuba dives. The results of these surveys were supported by
consulting topographic maps of the area. The oldest topographic maps used were the 1956 1:25,000
scale supplied by the IGMI (Istituto Geografico Militare Italiano) and the more recent 2004 1:5000 scale
map supplied by the Campania Region. The information on these maps was completed by observing
various aerial photogrammetric images obtained from 1943 onward produced by the IGMI, up to those
taken in 2012 by the Campania Region. Images found on the web were also analyzed, particularly
those taken by Google Earth in 2015 [35], as well as those placed on the National Cartographic Portal
of the Italian Ministry of Environment in 2012 [36]. From these images, the LIDAR-derived DEM was
extracted for some specific areas.

The new geological cartography created for this area enabled us to highlight the emerged and
submerged landforms of the Cilento coast; more specifically, sheets 502 “Agropoli”, 519 “Capo
Palinuro”, and 520 “Sapri” [37–39] represented the basis for defining the nature and genesis of the
coastal forms. Subsequently, the availability of a map realized by ISPRA (National Institute for
Environmental Protection) for the inclusion of the National Parks of Cilento, Vallo di Diano, and
Alburni in the UNESCO Global Geoparks Network provided us with a broader view [18]. In fact, this
map not only adds to the information obtained from the sheets mentioned above, but it focuses on
some specific aspects, such as the characteristics of protected marine habitats.

The set of information gathered enabled us to highlight the emerged and submerged coastal
forms of Cilento in more detail than the existing literature and to qualitatively reconstruct the short-
and medium-term geomorphological evolution of various coastal landscapes, such as high cliffs.
However, the need to make this information available to planners and administrators for future
reference led the authors to develop innovative approaches. Therefore, a cartography was created
using the Salerno University geomorphological mapping system (GmIS_UniSa) [40], which is based
on a GIS procedure which includes “traditional based on symbol” cartography, as well as polygonal
structures, with complete coverage, based on objects and multi-themes of the dataset and the set of
rules. This study provides the physical features of simple landforms or composite physical surfaces,
by defining elementary polygons or several adjacent polygons and then determining the processes
that generated them. Moreover, it enables us to establish the geomorphological model by defining the
relationships (geometric, temporal, physical, geological, lithological, and hierarchical) between the
different landforms represented [40,41]. Unfortunately, due to our limited knowledge of the seabed, it
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is not yet possible to create a similar digital map. However, the better representation of the emerged
forms emerged with the “object-oriented” cartography and their relationships with the submerged
ones led to an improvement of the knowledge in space and time of this coast.

Subsequently, in particular traits, such as Licosa Cape and Ripe Rosse, based on a quantitative
restitution of the forms and the role of the coastal processes that generated them in the past, particularly
since the late Pleistocene, we tested a physically based numerical model of evolution using SCAPE
software with its open-source components and tools [42]. With SCAPE, it was possible to trace the
evolution of the basal part of a particularly high coast, where wave action is “almost exclusively” set
to continue for the next 500 years. The shape of the coast used for this software was identified by a
series of large-scale profiles (1:2000), collected from the same reference line, while, for the basal part of
the representative profile modeled by SCAPE, a 1:500 scale was chosen. The execution of the model
generated a series of output files with data on the profiles of the rocky cliffs and the beaches below,
on the annual flow and transport rate of sediments, and then on the accumulated annual volume.
This information, obtained using programs such as Excel and Matlab, enabled us to obtain a graphic
representation of the data acquired with the SCAPE program. The results obtained will help us to
understand the coastal processes that occur on a particular stretch of coast, and they allow intervention
measures and preventing or reducing damage and risks to the environment.

4. Terrestrial and Marine Landforms of Cilento

A detailed description of the terrestrial and marine landforms of the Cilento coast would lose sight
of the purpose of this study. In fact, we wish to give emphasis to landforms which are relevant to a
better understanding of vulnerable landscapes and to promoting the conservation of the emerged and
submerged geomorphological features of the study area [3,18,43]. Of the 100-km-long Cilento coastline,
70% is rocky while 30% includes sand or pebble beaches. Approximately 14 km of coast [44,45] was not
considered in these percentages, as they are mainly occupied by anthropic activities [46], and are more
concentrated in the port areas (e.g., Agropoli in the north, Casalvelino in Alento River Plain, Marina di
Camerota in the south), even if a few were built to protect the eroded sections of the coastline.

The direct survey assisted by aerial photographs, as well as by digital observation systems
(LIDAR) on particular stretches, allowed the correlation between the various coastal stretches
characterized by rocky outcrops composed of both the calcareous sequences of the external units
and the turbidite succession of the internal and syn-orogenic units. Each sequence illustrates a
different morphological configuration for geological reasons (lithology and tectonics) and for the
erosive–depositional phenomena that influence it [47]. In some cases, these phenomena can be
attributed to sea-level changes that occurred during the last hundred thousand years [48]. A further
differentiation concerns how these high, rocky coasts are related to the current submerged portion, as
the geophysical surveys carried out on the seabed in the last decades detected [16,17], which may be
sharp or gradual due to the presence of debris stacks. The combination of these conditions involves a
particular morphological evolution that is correlated with each type of rocky coastline [31,47].

Along the Cilento coast, rocks with low erosion resistance (soft rocks) prevail, represented by the
sequences in which sandstones and/or calcarenites intercalate at clay levels. These successions are
attributable to internal units, and to syn-orogenic ones and post-orogenic deposits. In many cases,
the emerged portion is connected to the submerged portion by a broad coastal platform (>200 m)
and with a sea-bottom slope that can only exceed 10% locally (Type A in Reference [49]; Type A1 in
Reference [47]). The profile is generally convex with an almost uniform gradient (on average 45◦),
although there may occasionally be concavities in the upper portion of the cliff or gradient differences
(Figure 6a).

The evolution of this morphotype takes place due to the parallel retreat of cliffs, which is induced
by wave motion that progressively erodes the base of the cliffs, thus causing the collapse of the unstable
material of the slopes. Moreover, meteoric degradation occurs on these slopes, which can be decisive
when the turbiditic succession presents a high argillaceous fraction. In this case, shortening is also
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joined to the cliff retreat [47]. Therefore, few landforms created by coastal processes are conserved
on these cliffs; however, where wave motion is less forceful (e.g., on a broad, sub-horizontal coastal
platform) and there is less degradation (e.g., fewer pelitic intercalations, less extension of the exposed
surface), relatively more recent landforms can still be observed today [50–53].

(a) (b)

Figure 6. Sea-cliffmorphotypes: (a) convex slope (Type A in Reference [39]; (b) high coast with shore
platform (Type B in Reference [39]).

More specifically, the latest interglacial sediments and landforms (OIS5) are still preserved on
coastal stretches with these lithotypes [54]. For example, the age of the sites of Ogliastro Marina and
Acciaroli in northern Cilento was determined by analyzing the extent of isoleucine epimerization
in protein preserved in molluscan fossils embedded in raised marine deposits outcropping at 4 m
(a.s.l.) [55]. They are sandy matrix conglomerates or fossiliferous biocalcarenites containing the
fossilized remains of numerous marine species (Glycimeris glycimeris, Astralium (Bolma) rugosum, Natica
sp., Venus sp., Cardium sp., Tapes sp., Pecten sp., Spondylus gaederopus, Cladocora coespitosa, etc.) without
a precise stratigraphic meaning, but certainly indicative of a warm–moderate environment. However,
there are rather wide 4–5-m marine abrasion platforms in the northern sectors with slightly cemented
sand dunes, which also lie below sea level. These platforms are covered with red or sometimes brown
colluviums that may contain the pyroclastic deposits attributed to the Campanian Ignimbrite (39 ka
before present (B.P.) [56]). Moreover, at approximately +2 m, a “beach rock” can still be seen in easily
erodible soft rocks that could be evidence of one of the last sea transgressions in Late Pleistocene times.

This “2-m bench” reaches a maximum width of approximately 35 m in a few stretches of coastline.
It remains uncovered by the sea, yet it is overwashed by storm waves at high tide. It is an almost
horizontal platform similar to that described in front of a cliff by Sunamura for Type B [49] (Figure 6b).
Its position on the coast north of the promontory of Cape Palinuro means that it was less exposed
to the most intense storm surges coming from southeast, as suggested by Reference [2] in similar
contexts. However, its presence in other areas (cliffs north of Alento River alluvial plain), even if
narrower, shows that they can also be in areas where they are exposed to strong storms. Pools and
channels on the platform surface become enlarged and integrated as their protruding edges recede.
Cliff recession occurs due to shore platform lowering and flattening, weathering processes, and the
removal of weathered material by wave action [50].

On coastal slopes modeled in sequence with lithotype alternations (e.g., turbidite succession),
there are widespread landslide phenomena and relative landforms are clearly detectable [57–60]. More
than 220 different types of landslides were surveyed by various authorities [61]. Some landslides
were caused directly or indirectly by wave action, while others were caused by lithological conditions
(e.g., fractured rocks, layering, poorly consolidated sediments) or meteoric degradation (rainfall). The
results of the survey show that rotational slides are the most common type of landslide, even though
many of these are inactive; falls and complex landslides, such as slide-flows, are also very widespread.
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The presence of debris at the base of the cliffs can modify their evolution or accelerate the formation of
beaches in coves or bays toward the direction of the current along the coast.

In the southern coastal area of Mount Bulgheria, the cliffs are composed of extremely
erosion-resistant limestone (hard rock) (Figure 7a). In many cases, these rocks lie below sea level, as
they correspond to structural slopes. The profile is generally vertical or sub-vertical; thus, the action
of the waves is drastically reduced. In fact, the depth of the sea at the base of the cliff is greater than
the depth of the breakers [47]. Therefore, on these cliffs, defined by Reference [49] as plunging cliffs,
subaerial processes can prevail. The most common of these processes is represented by rock falls,
generally in correspondence with structural weaknesses [62–65]. Locally, erosional remnants are left on
the seabed following cliff retreat, so that the seabed appears articulated, with small terraces, arches, and
rocks emerging from sea, as observed on this coastal stretch. However, the retreat rate is lower than
the previous morphotype, which allows for the conservation of a great variety of coastal landforms.
In particular, at the base of the limestone cliffs, there are tidal notches or fossil biocorrosion grooves,
often associated with holes bored by lithophagous species. Caves and hypogean karst cavities formed
during the neotectonic period, which developed along the main fractured lines or occasionally along
interstatal discontinuities, are almost always remodeled by wave erosion or marine biocorrosion and
partially or totally filled with marine and continental sediments [3,29,66] (Figure 7b).

(a) (b)

Figure 7. (a) Sea-cliff morphotypes: high vertical coast (plunging cliff); (b) example of caves on
limestone cliffs filled with sediments in the south of Cilento (Masseta location).

Marine sediments are generally conglomerates with a coarse, medium-cemented sandy matrix,
known as “Panchina”, mixed with bioclasts of gastropods and mollusks or coral fragments. They are
usually associated with restricted and slightly sloping marine abrasion platforms. In other cases, they
are represented by cemented biocalcarenites, such as “beach-rock”, coral reefs, or “trottoir”, such as
“reefs”, which are often composed of Cladocora coespitosa [20,21].

Continental sediments are almost always associated with low sea-level stands, which are essentially
accumulations of pseudo-stratified breccias mainly composed of calcareous elements with sharp or
blunt edges, in abundant reddish, colluvial, or pyroclastic matrix. Pre-Tyrrhenian breccias are often
well cemented, poor or without a reddish matrix. In other cases, continental deposits are composed of
reddish sands of colluvial or wind origin. There are occasionally karst speleothemes and concretionary
accumulations in situ. The presence of pyroclastites (fine ash) is of particular importance as they are
excellent chronostratigraphic markers [20,29]. Brown and immature soils settle on both breccias and
colluvial deposits [20,29].

Unlike soft rocks, it is quite common to observe a series of landforms created during the oldest
paleo sea-level stand on limestone and dolomite in southern Cilento. In fact, five marine terraces are
located in this sector between 170/180 m and 40/50 m, and at lower altitudes such as +8/8.5 m, 3.5/5 m,
and 2 m [20,21] (Figure 8).
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Figure 8. Schematic cross-section summarizing the evidence of paleo sea-level stands recognized in the
subaerial and submarine sectors of Palinuro Cape [20].

The highest of the heights, which occasionally can present marine deposits, are attributable to
the Middle Pleistocene for physical continuity with similar forms [30]. On the other hand, lower
wave-cut terraces, represented by sea-notches and bioconstruction, are correlated to OIS5 [29,30]. The
differences in position derive from the tectonic uplift this relief underwent during the Pleistocene [29,54].
According to the estimates carried out on the Middle Pleistocene marine terraces, the uplift rate should
have reached 0.2 mm/year during the last 700 ka B.P. period [20,54], although the uplift rate may
be significantly lower considering the traces of the Upper Pleistocene sections. In the submerged
portion, evidence of several paleo-sea level stands were found, which are mainly represented by
wave-cut terraces and sea-notches outcropping along the underwater cliff, and occasionally by marine
conglomerates with Lithophaga burrows, which can be divided into four main groups located at depths
of −44/46, −18/24, −12/14, and −7/8 m below sea level (Figure 8).

Particular morphotypes observed along the Cilento coastline are known as “slope-over-wall cliffs”,
which are generally composed of soft rocks [2] and have vegetated slopes (typically with a gradient
of 20◦–30◦ but locally up to 45◦) that descend down a sub-vertical rocky cliff face to the sea. The
upper part of slope may have an almost uniform gradient (especially where it follows stratification by
immersion toward the sea, cleavage, joint or fault planes), but, more often, it is convex in shape like a
hog’s back and, occasionally, it can be concave, where the lower slopes of the deposit that covers it are
preserved. Their genesis is generally attributable to the rise in sea levels during the Holocene after
the last glaciation period. Because of glacio-eustatic sea-level changes, this morphotype underwent
alterations due to wave actions during interglacial periods and sub-aerial (therefore, not marine)
modifications during glacial periods (Figure 9).

Figure 9. Evolution of “slope-over-wall” profile in a schematic cross-section. Legend: 1. deformed
substratum; 2. solifluction deposits; 3. debris slope deposits; 4. modern beach sediments.
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It can, therefore, be deduced that climate change played a fundamental role in their evolution,
thus determining a climate-induced of erosion alternation of erosive conditions, sometimes attributed
to sea processes and sometimes land processes, which occurred in various ways [48,53,67]. This is
particularly evident on the stretch of coastline called Ripe Rosse in northern Cilento, and on the coastal
stretch called Marina di Pisciotta in the south, adjacent to Palinuro Cape (Figure 1).

Even if the south of Cilento is not well known, due to its morphological conditions, there are some
lovely beaches, which are popular seaside destinations. They are mainly situated at the mouths of
incisions in valleys or in small bays. Long beaches can only be found in Santa Maria di Castellabate,
between Casalvelino and Marina di Ascea, to the north and south of Palinuro [44,45] (Figure 10a).
Only the “central” stretch develops in the small coastal alluvial plain crossed by the Alento River
(Figure 10b). This river lies in a Pleistocene morphotectonic depression that lowers the succession of
the Cilento group toward the sea [27].

(a) (b)

Figure 10. (a) Cala del Cefalo beach at south of Palinuro Cape, including wide dune with endemic
species; (b) Alento River Coastal Plain: in the foreground, a stretch of the Casalvelino–Ascea marine
coast with the port of Casalvelino and a series of defense works parallel to the coast; in the background,
a stretch of low coast (beach–dune system).

The plain is dominated by a large sub-horizontal surface of a terrace composed of fluvial sediments
of various grain sizes, and it contains fragments of building bricks, which partly cover the ancient
Magna Graecia remains of the port of the city of Elea. This city was the seat of the famous philosophical
school where Zenone and Parmenides settled, which was later seized by the Romans and given the
name of Velia. The archaeological excavations carried out there today are an important tourist and
cultural attraction. The aforementioned ancient marine terrace is responsible for the retreat of the coast
over 500 m to the west. The area became a marshy area following the silting of the Greek port in the
first century anno Domini (A.D.) and was definitively abandoned in the ninth century. Today, the
Alento river and its tributaries are engraved on the terrace for 1–2 m. It is difficult to link this coastal
variation to historic variations in sea-level rise; the alluvial progression appears to be related to climate
changes that may have generated greater sedimentary deposits during the High Middle Ages and
caused greater slope degradation [68]. In fact, the slopes that dominate the terrace are covered with a
thick eluvio-colluvial cover composed of reddish clays and silt that form part of the foundations of the
ancient Greek city and contain archaeological remains. The pedogenized deposits of the dune to the
west of Velia lie on the terraced deposits and the historical colluvial sediments [69]. The submerged
area nearest the emerged area is characterized by a gently sloping sandy bottom covered with current
ripple marks formed by waves except for a few stretches [18]. It is generally colonized by fossil
organisms (e.g., Donax spp., Chamelea gallina, Callista chione) that are able to resist wave and current
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action. Offshore, beyond 20/25 m, the muddy fraction contains fossil organisms such as mollusks of the
Veneridi family, worms, and crustaceans. Large areas of the sandy plain are covered with meadows of
phanerogams (Posidonia oceanica, Cymodocea nodosa), while the muddy coastal plain is characterized by
“fields” of soft corals (Pennatulacei), particularly in the area in front of the Alento estuary [18].

On the sea bottom near the high coast characterized by a “slope-over-wall profile”, small banks
of gravel and coarse organic sand can be seen. These are low-relief seabeds with almost horizontal
surfaces, due to erosion caused by low-sea-level stands following the Upper Pleistocene [18]. They are
adjacent to the emerged part of the northernmost stretch of the study area in front of Mount Tresino
and between Acciaroli and Pioppi, while it is more detached at a depth of 5 m in front of Ripe Rosse
and Marina di Pisciotta (close to Palinuro Cape).

The submerged landscape which lies in front of Licosa Cape is of particular interest. Along this
stretch, the continental shelf reaches a maximum length of approximately 23 km with a border that
slopes gradually down to the ocean floor. In the profile, various edges of sub-horizontal surfaces
modeled by wave action were recognized up to 150 m. According to Reference [16], the progradation
of this platform toward the sea occurred until the last glacial expansion (18 ka B.P.), while the sub-flat
surfaces were formed during the last sea level rise. In fact, the acoustic profiles, surveyed in this
area, show a truncation of the prograding bodies near an erosion surface, covered by a thin drape of
Holocene sediments. In order to confirm the sedimentary characteristics of these prograding bodies,
a core sample was collected from the deepest part of the shelf at −149 m. At approximately 73 cm
from the bottom of the core sample, there are coarse sands containing numerous whole or fragmented
mollusk shells, including Arctica islandica, a cold-water species of the Pleistocene [16], which survived
in the Mediterranean until the end of the Würm.

The channels identified on the continental shelf by the geophysical analysis were probably formed
during the same period, near rivers and streams [17]. They represent the relict forms of a hydrographic
network of subaerial origin when the sea retreated to the isobath of 110–120 m, while the sediments
that cover them date back to the subsequent sea-level rise [70]. Therefore, these channels would have
been formed when the continental shelf emerged from the sea during the last glaciation (18 ka B.P.) [16].
Some of these channels also show sedimentary bodies in their termini located at approximately −90 m,
which can be interpreted as mouth bar complexes.

Finally, it should be noted that, according to References [16,17], the continental shelf has three
terraces located at depths of 54 m, 86 m, and 107 m, modeled on the rocky bottom (acoustic substrate).
Such a bottom has a limited extension and cannot be easily followed. Other terraces with irregular
surface morphology were recognized by Reference [17], and depressed areas full of different size
sediment grains were identified during the last study (e.g., north of Licosa Cape and in front of the
Alento River mouth), which may be due to distensive tectonic lineaments activated during the Pliocene
and Pleistocene. Among these, those that border the Alento River Plain continue in front of the
seabed [17].

5. Future Scenarios

Understanding the evolution of a coastline is important for its conservation and enhancement.
Firstly, we focused on a site in the Cilento that protects landforms from sea-level changes both on land
and on the seabed, where a series of geomorphological processes took place from the Pleistocene epoch
until today. Secondly, we evaluated the risks induced by geomorphic processes that occurred over time
on a coastal cliff and how the knowledge acquired could be used for developing mitigation strategies.
These interventions lower the degree of vulnerability and, consequently, the risk of losing structures
and infrastructures present on the coastal landscape. These considerations also take into account future
climate predictions [71–73], which indicate an increase in temperatures, which would significantly
increase sea levels. According to the Intergovernmental Panel on Climate Change (IPCC) hypothesis,
the sea level could rise by more than a meter by 2100 if there is a global temperature increase of
1.5 ◦C [74], which would affect coastal processes and seriously change the Cilento coastscape. This
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landscape attracts tourists from all over the world and helps the economy to thrive. For this reason, we
try to predict what will happen in the future by reconstructing the geomorphological evolution of the
coastal landforms [75,76].

Licosa Cape promontory is a site of Cilento that needs to be protected and enhanced (Figure 11a).
In fact, both the emerged and the submerged areas are recognized as priority areas for protection.
In fact, they are included in the National Park of Cilento, Vallo di Diano, and Alburni and in the
marine protected area of Santa Maria di Castellabate. It represents a high morphological, northwest
(NW)–southeast (SE)-oriented area characterized by rounded ridges with regular, moderately steep
slopes, or less frequently with concave–convex profiles; transversely, the slope shows triangular-shaped
facets. The promontory consists entirely of the basal turbiditic succession of the Cilento Group
(Pollica formation: Upper Burdigalian–Langhian [23]. This arenaceous–pelitic succession, composed
of thin/thick tabular layers, emerges along the outer edge of the promontory, and its height varies from
4 to 10 m (Figure 11b). On the eastern edge, the slope is joined by thick and polycyclic colluvial taluses
(Late Pleistocene) and alluvial fans (Middle Pleistocene) [37,77]. The former are mainly composed of
angular arenaceous clasts in a yellow to yellowish-brown and reddish-brown matrix that varies from
loamy sand to sandy loam, while the latter have sub-rounded clasts and positive or inverse gradation.
Both taluses and fans are dissected by minor canals and incisions, generally V-shaped, which are filled
with alluvial deposits.

(a) (b)

Figure 11. Licosa Cape: (a) in the foreground, the islet of Licosa in front of the sub-horizontal
promontory; (b) the profile of the marine abrasion terrace at +4 m of the Upper Pleistocene (in the
background) cut in the turbidite succession of the Cilento group.

Along the north and southwest flanks of the Monte Licosa ridge, the basal debris deposits gradually
adapt to the terraced surfaces of the promontory, close to several marine abrasion platforms [25]. The
highest and largest terrace (20–25 m a.s.l.) with a surface area of 500 m2 in the southwestern area,
probably gives the promontory of Licosa its almost quadrangular shape. In addition to this terrace,
there are three other orders of marine terraces suspended at different heights above sea level with
relative organogenic and pyroclastic deposits (Table 1).

These characteristics indicate that the terraces were formed between the Middle and Late
Pleistocene and, therefore, demonstrate the exact sequence of eustatic events and tectonic movements.
More precisely, the chronological reconstruction of the terraces was based on (i) epimerization
of isoleucine and U/Th dating methods on biogenic samples [78,79]; (ii) presence of Paleolithic
pre-Mousterian industries [25,80]; (iii) presence of a pyroclastic marker layer, widespread along
the southern Tyrrhenian coastal areas, which dates back to the OIS 3–2 transition [26,81]; and (iv)
stratigraphic correlations on a regional scale [78,82].

57



Water 2019, 11, 2618

Table 1. Synthetic table of morphological indicators of paleo sea levels at Licosa promontory;
a.s.l.—above sea level.

Measured Heights (m a.s.l.)
Geomorphological

Markers/Other Indicators
Age/Chronostratigraphy References

20–25 m Wave-cut terrace/tephra layer
+ lithic industry

No dating/reliable a correlation to
OIS7 (for stratigraphic position,

tephra surveyed and characters of
the stony artifacts)

[25,26,80]

8–10.5 m Wave-cut terrace/tephra layer 110 ka (230Th/234U)/correlated to
OIS5e

[25,26,78]

3–5 m Wave-cut terrace/tephra layer 102 ± 4 ka (U series
dating)/correlated to OIS5c [25,26,79]

1.5–2 m Wave-cut terrace/tephra layer 25.3 ± 0.3 Ka/correlated to OIS5a [25,26]

A full-coverage object-oriented mapping was performed in order to provide a complete
representation of the promontory of Licosa Cape (features and evolution processes) at different
scales. All the surface features identified by field surveys and aero-photogrammetry analysis were
automatically identified, hierarchically organized, and mapped using the GmIS_UniSa procedure [40]
(Figure 12). Special attention was given to the objective recognition, classification, and mapping of
present-day land forming processes (incised channels, rock cliffs, and shallow landslides) superimposed
on stadial Pleistocene landforms (terraced alluvial fans, marine terraces, talus slopes, colluvial hollows
in headwaters) (Figure 12).

Figure 12. Geomorphological map of Licosa Cape made with the GmIS_UniSa procedure [40].

This was not the case for the submerged area in front of Cape Licosa, for which the submerged
landscape map was developed by Reference [18] for the Cilento National Park, Vallo di Diano, and
Alburni (Figure 13). As previously mentioned, the submerged landscape is extremely interesting for
the topographic features that are visible on the sea floor and for those that can be highlighted by the
acoustic profiles that were realized in the area. In particular, close to the shoreline, the rocky bottom
corresponds with the sea floor except for a light veil of silty/sandy sediments covered by hydroids and
stooling silicones. This rocky bottom emerges at a short distance forming a little island with an almost
flat-topped summit. Offshore, at the depth of about 25 m, there is another sub-horizontal surface
that slopes gently seaward, which is composed of organogenic sands and gravels produced by the
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fragmentation of coralligenous bioconstructions. According to the survey carried out on this terrace,
the surface is characterized by sediment waves (megaripples). Also, in this case, its shape reveals
phenomena that occurred when the sea level was lower during the upper Pleistocene–Holocene period
or during the sea-level rise after the last glaciation as suggested by various authors [16,17,77].

Figure 13. Submerged landscape map of Licosa Cape (extracted from Reference [17]). Legend: d—spur
with coralligenous bioconstruction; e—rocky bedding planes covered by bioturbated mud; f—bank
with coarse organogenic cover; h—depositional terrace composed of organogenic sand and gravel;
i—wave-cut terrace with mixed organogenic cover; m—slope with mixed organogenic sediments;
n—deep terrace with muddy bioclastic cover; o—shelf muddy plain; p—rock; the dotted cover indicates
the phanerogam plants.

Other depositional bodies are found at greater depths and run parallel to the edge of the platform.
They are characterized by a type of echo with an indistinct background without reflections in the
substrate [16], which indicates the presence of more reflective sandy deposits than pelitic deposits. The
upper part is sometimes covered with a thin layer of Holocene sediments. According to Reference [16],
the characteristics of the sandy deposits are attributable to a beach environment when the sea was at
its lowest level (18 ka B.P.), which are useful for carrying out beach nourishment interventions along
the coasts.

The emerged and submerged landforms detected close to the Licosa promontory suggest that
the polyphasic and polycyclic evolution that occurred during the Quaternary was affected by climatic
variations. In the emerged portion, the debris deposits at the foot of Mount Licosa could be due
to the cold phases of the Upper Pleistocene, when there was little or no forest cover and the land
was covered with semiarid vegetation such as grasses and shrubs [83,84]. These phases favored the
fragmentation of the rocks (cryoclastic processes due to freezing/thawing cycles) when large amounts
of debris were produced on the slopes. At that time, sea levels were low, and the emerged area reached
its maximum extension, as confirmed by the acoustic recordings and the beach sediments found
in the previously mentioned core sample. Moreover, during the interglacial or interstadial–stadial
periods, the relatively finer parts of the upper and steeper parts of the slopes were removed by different
transport processes (gravity and/or water) [82,85]. This material, which was distributed on the wide
coastal plains during the coldest periods, accumulated close to the coast in the warmest periods. On
the basis of these characteristics, at least two generations of debris deposits were identified, including
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the oldest glacial/interglacial stages (OIS9(?) 7–6) and the last interglacial/glacial cycles (OIS5 to 4–2).
Under these conditions, with the rising sea level, semi-submerged terraced surfaces with relative
deposits were modeled, similar to those identified in this site.

The highest terrace may have reached its present position between 20 and 25 m due to a tectonic
uplift, which probably occurred in the Upper Pleistocene. According to Reference [77], it was modeled
in the Middle Pleistocene (OIS7), corresponding to a time range between 245,000 and 190,000 years
before the present. However, the overlapping of fossil-rich sandstone deposits associated with this
terrace, on dark-red deposits belonging to continental dunes, could make the older traces recede to a
previous colder stage (OIS8). The terraces at lower altitudes are not easily recognizable, except for
those that can be observed at approximately 4 m along the whole promontory. This may be due to
the worsening of erosion phenomena along their escarpments which occurred during warm periods.
With regard to the best represented terrace, organogenic deposits are associated with thicknesses of
approximately 50 cm with a pyroclastic level. Using the data obtained from these elements, it was
possible to trace the formation of these terraces back to the Upper Pleistocene (OIS5c [79]). The Licosa
Cape promontory is currently covered by typical Mediterranean woodlands even if they appear to be
quite degraded [34], which is due to repeated deforestation carried out until the middle of the 20th
century for agricultural purposes. More recently, the innermost area was used for grazing animals,
while the area nearest the coastline was placed under protection. In fact, these areas were left to a
slow and spontaneous re-naturalization. The man-induced degradation of the landscape probably
increased the geomorphic instability of some escarpments, especially in the piedmont area. Moreover,
a hypothetical sea level rise could accelerate erosion and reshape this landscape, as occurred in the past.
In a future scenario, the emerged and submerged landforms described will be less visible. However, the
documentation for the valorization of the site may prove useful for promoting the geomorphological
evolution of this stretch of known coast.

The other stretch of coastline analyzed in detail was Ripe Rosse, which lies to the south of Licosa
Cape (Figure 14). It shows how a better understanding of the coastal geomorphological evolution can
be useful for mitigation and protection. On this high rocky stretch of coastline, the risk of landslide
increased significantly, which may be due to the anthropogenic changes of the upper slope caused by
the construction of an important road for tourism facilities and commercial activities in the Cilento and
by a particular geomorphological evolution, as occurred on other coastal stretches of Cilento.

Figure 14. An example of “slope-over-wall” profile at Ripe Rosse in the northern Cilento; note that
plants on the detritus cover the slope and the gravel/pebbly beach at the foot of the cliff; along the cliff,
thin and fine turbidite outcrops can be seen.
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Ripe Rosse is reachable from the beaches that surround it. There is a rather narrow strip (2 to 4 m
wide) where debris of all sizes accumulated, which indicates the numerous rockfalls that make up
the cliff. It is an outcrop with a large turbidite succession greater than 150 m thick, belonging to basal
formation of the Cilento group (Pollica formation: Upper Burdigalian–Langhian [23]. In particular, this
succession is composed of coarse-grained and medium-grained sandstone layers, generally with clear
bases, which pass upward to finer sand, silt, and mud. The sandstone layers are sometimes replaced by
conglomerates with erosive and concave bases. Laterally adjacent to these coarser deposits, there are
finer grain sizes and thinner turbidite layers and chaotic intervals interlayered with these turbidites,
interpreted as submarine landslides, in a basin floor fan [86,87]. The plants (e.g., Genista cilentina,
Ceratonia siliqua, Juniperus phoenicea, Pinus halepensis) that cover the slope belong to the Mediterranean
scrub, whereas, in the adjacent submerged areas, seagrass meadows (Posidonia oceanica, Cymodocea
nodosa) are widely diffused. This coast represents a key biodiversity asset, as it performs important
ecological functions that are highly considered by the UNESCO Man and Biosphere program since
1997 [4].

As previously mentioned, “Ripe Rosse” has a slope-over-wall profile, which is composed of a
convex upper part and a vertical lower part, which was formed by the sea-level rise following the
last glaciation [31]. This is confirmed by the presence of a small wave-cut platform covered with
coarse organogenic sands and gravels at depths of 5 m to 25 m from the sea bottom in front of the cliff,
which was formed during the last sea-level drop [17,18]. Moreover, as revealed by Reference [88], the
gradient of the shallowest part of the coastal shelf is very low and has an irregular topography with
small scarps and other positive morphologies up to the terraces at −43 m, which does not allow precise
sea-level estimation. Therefore, it is believed that this was due to the climatic oscillation occurred in
the last Pleistocene and Holocene and, consequently, the processes influenced by it, which influenced
its geomorphological evolution and led to the current condition of the cliff. Moreover, this evolution
could also be decisive in the future, when a sea-level rise is expected.

To this aim, a SCAPE numerical model was used, which gave promising results on coastal risks and
mitigation methods. This model was preceded by geomorphological analysis including field surveys,
elaboration of maps (1956 and 2004) and aerial photos (1943, 2012, and 2015). The multi-temporal
processing was completed using available multi-temporal Google Earth (GE) images from 2015 [35]
and images placed on the National Cartographic Portal by the Italian Ministry of the Environment [36].
The DEM obtained by LIDAR was extracted from this website.

This detailed analysis enabled us to determine the geomorphological features of “Ripe Rosse”,
as well as to reconstruct its short- and medium-term geomorphological evolution, as we obtained
information on the processes that occurred in the past, especially since the late Pleistocene. The
spatio-temporal information of the area was obtained and digitalized on a geomorphological map
using the GmIS_UniSa procedure [40], which proved useful for the numerical model but is not reported
in this paper. The model, which was calculated on several profiles of the coastline, includes their
geometrical features, input data, as well as files, describing wave conditions, tidal levels, average sea
level, annual sediment flow, sediment transport, and accumulated annual volume.

The profile of “Ripe Rosse” mainly consists of an upper portion with a moderate slope (mean
40◦) that descends toward a vertical basal cliff (mean 80◦) into the sea with a slightly inclined coastal
platform up to 200 m in width. More specifically, Ripe Rosse has a convex, colluvial, debris flow slope
on the remnants of a buried, uplifted marine platform, covered with rounded, gravelly marine deposits,
hanging onto the cliffed bedrock slope. The original, longer convex–concave profile was connected to
a lower sea level during the last glacial age. The cliffed slope was progressively modeled by a slope
retreat mechanism due to the post-glacial sea level rising until the present day. A threshold behavior of
the entire coastal slope profile, with a general gravitational collapse, was identified after the complete
disruption of the buried marine platform [67].

Such peculiar profiles could be formed on coasts where cliffs of relatively resistant rock are
degraded by periglacial freeze-and-thaw processes resulting in solifluction, and they form coastal
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slopes that are then undercut by marine erosion. This process is still active on high-latitude coasts, but
it was more widespread during Pleistocene times, when coasts that are now temperate were subjected
to the down-slope movement of frost-shattered rubble during cold phases with low sea levels. The
Pleistocene cliffs became slopes covered with solifluction deposits composed of angular gravel. This
slope apron deposit extended out onto what is now the sea floor. Late in Pleistocene times, the climate
became milder and vegetation grew on these coastal slopes. The sea level rose, and the slopes were
undercut by erosion.

This evolution was simulated to predict future climatic conditions, since climate tropicalization
will be the most popular topic for the next few hundred years. Starting from its current state and bearing
the sea-level rise in mind, the effect of the marine processes at the foot of the cliffwas reconstructed
(Figure 15).

Figure 15. Qualitative reconstruction (step by step) of the geomorphological evolution for the next 500
years. The dotted line indicates the topographic surface at −15,000 years from the present with the sea
level at −130 m from the current position. In yellow, the detrital material covering the slope and then
deposited at the base of the cliff is shown; in orange, the material dismantled from the wall is shown,
which determines the general collapse of the cliff, once the threshold is exceeded.

The removal of the material collapsed from the slope and the formation of a large platform of
coastal erosion was also considered. The formation of a vast beach at the foot of the cliff, made of
sediments transported from the adjacent coast in erosion or by piles of rocks that fell from the slope
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above, is the result of erosion processes which change the profile of the cliff. The morphological
expression of this change in the coastal platform is represented by the increase in its gradient and
the decrease in its height, which accelerates the recession rate. The simulation realized with SCAPE
software was tested for 500 years starting from the current conditions and considering the hypothesis
of a sea-level rise of 1 mm/year on a 10-m-high cliff. The result was a 140-m cliff retreat, represented
graphically by the Excel and Matlab programs along the modeled section and in a representative
profile (Figure 16).

Figure 16. Parallel retreatment of the “wall” and landward shifting of the beach profile in the next 500
years simulated by SCAPE software.

The simulation showed clearly that the vertical basal part of the coastal slope recedes parallel to
itself with uniform denudation intensity if the slope processes are constant and/or the rock resistances
are uniform. It is important to note that the recession is facilitated by the continuous removal of debris
from the base of the slope and the formation of a partially submerged accumulation.

Unfortunately, it is not yet possible to simulate the entire slope above the wall; however, the
progressive retreat of the wall should intercept the threshold of the slope portion with the detrital
material, which would accelerate the evolution of the entire coastal slope as confirmed by the
geomorphological reconstruction. If this were to happen in hot and humid climatic conditions or under
high anthropogenic pressure (slope cuts and wildfires), there would be an emphasis on the subaerial
processes extended to the entire slope with a consequent evolution of the “substitution” of the slope
shape. This evolution could lead to the consumption of the top portion and shorten the coastal slope,
which would increase the risks to which the road would be subjected, which is the only road leading to
the coastal resorts located southward.

The coastal slope of Marina di Pisciotta, northward to Palinuro Cape, is in a similar situation. In
this case, a slow-moving landslide [89] occurred on the cliff escarpment, which affected both the roads
and the railway line that connect northern and southern Italy (Salerno–Reggio Calabria line). Also, in
this case, it is a high coast with a “slope-over-wall” profile. Gaining knowledge of the geomorphological
evolution of this type of coast would enable us to implement appropriate risk mitigation strategies,
which would prevent roads from being damaged and improve mobility and the economy.

6. Conclusions

The coastal landscape of Cilento (southern Italy) has a great variety of terrestrial and marine
landforms. Despite the continuous degradation of rocks with different degrees of erodibility and the
negative effects of mankind on the territory, these forms are able to maintain their morphological
characteristics. These characteristics make the landscape attractive to tourists, who choose the Cilento
coastal areas for their holidays, but they also capture the interest of researchers and experts in coastal
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geomorphology [3,18]. For this reason, the Cilento territory and the contiguous marine areas are
protected, both at the national and at the international level. However, even if it is possible to protect
the environment and ensure sustainable development inland, it can be difficult in coastal areas, due to
both anthropic pressure and climate change effects. As previously mentioned, the Cilento coastline
was already affected by erosion processes that led to coastal erosion and shoreline retreat [44,45] and
by numerous landslides that occurred on the cliffs or the slopes behind the beaches [61]. Seas and
oceans are under considerable anthropic pressure due to structures and infrastructures built close to
the coast to the detriment of the conservation of the environment, and the ports and coastal defenses
are not entirely adequate for the context. On the other hand, a sea-level rise caused by an increase in
temperatures would have further effects on the coastline that cannot be fully controlled. These impacts
would be greater where the adjacent beaches and structures cannot be effectively protected, and greater
still on soft rock cliffs, like those found in the study area.

With regard to Licosa Cape, where anthropic pressure is not so high, climate change effects should
be considered for the conservation of the landforms. Due the presence of a wide coastal platform, the
estimated rise in sea level would probably not have significant short- and medium-term effects on the
area close to the terrace. However, there could be an intensification of landslide phenomena along the
slopes of the Monte Licosa ridge and swamping in the terrace area, which already occurred in the past
in warm periods. The case of the “slope-over-profile” profile would be completely different as verified
by the application; once the threshold represented by the wall is exceeded, there would be a huge earth
flow followed by the complete collapse of the slope and the destruction of the structures/infrastructures
built on it. In Cilento, there are numerous infrastructures such as roads, but risk mitigation in order to
conserve these landforms would entail huge economic costs. Zoning regulations could help to protect
the area, as the result of a detailed knowledge of the landscape and its space–time evolution [90]. To
this end, efforts should be made to adopt multidisciplinary approaches that use innovative topographic
and geo-morphometric analyses that enable us to develop a detailed digital geomorphological map
and enhance our spatio-temporal knowledge.

This paper provides useful information on the landforms for planners and operators working in
the area. Meanwhile, for the site of Ripe Rosse and other places located in areas prone to landslides, a
proposal was put forward to establish the “prototypal moving geosites” within the Geopark Network
in order to emphasize their scientific, educational, and social relevance [91]. To this aim, we wish to
invite researchers to monitor these particular geosites as students strive to understand the forms and
processes related to them. Mankind should implement activities that do not damage directly and
indirectly our geological and geomorphological heritage in order to conserve all terrestrial land and
marine landforms.
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Abstract: Detailed multi-beam bathymetry, sub-bottom acoustic, and side-scan sonar observations of
submerged canyons with tufa barriers were used to characterize the Zrmanja River karst estuary on
the eastern Adriatic coast, Croatia. This unique karst environment consists of two submerged karst
basins (Novigrad Sea and Karin Sea) that are connected with river canyons named Novsko Ždrilo
and Karinsko Ždrilo. The combined use of high-resolution geophysical data with legacy topography
and bathymetry data in a GIS environment allowed for the description and interpretation of this
geomorphological setting in relation to the Holocene sea-level rise. The tufa barriers had a predominant
influence on the Holocene flooding dynamics of the canyons and karst basins. Here, we describe the
possible river pathways from the basins during the lowstand and the formation of a lengthening
estuary during the Holocene sea-level rise. Based on the analyzed morphologies and the relative
sea-level curve for the Adriatic Sea, the flooding of the Novsko Ždrilo occurred 9200 years before
present (BP) and Karinsko Ždrilo was flooded after 8400 years BP. The combination of high-resolution
geophysical methods gave an accurate representation of the karst estuarine seafloor and the flooding
of semi-isolated basins due to sea-level rise.

Keywords: eastern Adriatic coast; estuary; sea-level rise; tufa; multi-beam; sub-bottom profiler; holocene

1. Introduction

The rapid development of swath acoustic techniques has enabled seabed mapping at high spatial
resolutions and accuracies. The results of the high-resolution acoustic technologies, such as multibeam
echosounder (MBES) bathymetry, MBES backscattering, sub-bottom profiling (SBP), side-scan sonar
(SSS), and their derivatives, represent an excellent platform for geomorphological and geological
classifications of the seabed [1–3]. Despite the problems regarding the acquisition of the data in shallow
water or problems related to the incident angle due to steep slopes [4], MBES bathymetry data and
quantitative terrain indices, such as the slope, curvature, and roughness, prove to be very useful
as a tool for seabed characterization (best summarized by [5,6]). Backscatter data of the acoustic
intensity scattered by the seabed collected during MBES surveys [7] gives us valuable information
about bottom-type sediment characteristics [1,8]. GIS-based classification techniques and packages for
MBES bathymetry and MBES backscattering data have become numerous and available, and have
undergone significant development and improvements in the past decade [7,9–12]. Sub-bottom profiles,
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in conjunction with SSS and bathymetry data and its derivatives, can give insight into depositional
dynamics, therefore enabling geomorphological reconstructions [3,13].

This study investigated a unique karst geomorphological setting that was recognized along the
Croatian karst on the eastern Adriatic coast; it consists of two canyon-type outlets (Novsko Ždrilo and
Karinsko Ždrilo) connecting two semi-isolated basins (Novigrad and Karin Seas) to each other and
the open sea. We used the above-mentioned acoustic techniques and the ArcGIS tools available in
its Spatial Analyst extension (slope, curvature, maximum likelihood classification (ML), interactive
unsupervised classification (uISO), and segment mean shift classification (SMS)), as well as the ArcGIS
package Benthic Terrain Modeller (BTM) [12] in order to estimate the timing of the Holocene marine
flooding of the semi-isolated sedimentary basins and to make paleoenvironmental reconstructions.
During the last glacial maximum (LGM) lowstand, the Novigrad and Karin Seas acted as karst poljes,
i.e., interior valleys [14]. After the post-LGM transgression [15–17], the present-day landscape was
formed by creating a submerged karst landscape with drowned canyons (including Zrmanja River)
and karst poljes [14]. Geomorphological conditions that could prevent marine flooding of the area in
the form of submerged barriers within the narrow channels (called ždrila) had to be determined before
the reconstruction was possible. Prior to the present study, the existence of submerged tufa barriers
was described by scientist divers [18]. The calcareous tufa barriers are unique karst geomorphological
features that are common in the karstic region of Croatia [19–22]. They are formed as rheophilic
algae and mosses are encrusted by carbonate in waters with a high concentration of dissolved CaCO3,
forming porous sediment that grows laterally and vertically, creating a series of obstacles, lakes,
and waterfalls [22,23]. Here, we estimated the timing of the flooding of the Novigrad and Karin Seas
based on the available relative sea-level curves [15–17] and multibeam-derived elevations of barriers
within the drowned Novsko Ždrilo and Karinsko Ždrilo. The submerged canyon, Novigrad Sea,
and the Zrmanja River are the three major elements that influenced the formation of the Holocene
Zrmanja estuary and its geomorphology during the sea-level rise. An extensive literature review
has shown very few examples of similar semi-enclosed marine environments or lakes, with most
studies focusing on biota and habitat mapping [23–26]. Furthermore, these studies were performed in
non-karstic environments.

We hypothesized that the geomorphological features present in this area had a predominant
influence on the Holocene sea flooding. Furthermore, MBES bathymetry, MBES backscattering, SBP,
and SSS data and their derivatives proved to be complementary, enabling both surface and subsurface
characterizations of the sediments. Therefore, the present study benefited from the use of various
remote sensing techniques combined with GIS classification tools in order to obtain a comprehensive
overview of the seafloor’s physical and geomorphological properties. This type of study can be
applicable to other estuarine environments, as well as other coastal environments.

2. General Geological and Geomorphological Features

The Novigrad and Karin Seas are two small semi-enclosed marine bays located in northern
Dalmatia on the eastern Adriatic coast, Croatia (Figure 1a). The bays are interconnected via a
submerged river canyon called Karinsko Ždrilo (KZD) (Figure 1b). The Novigrad Sea is on the northern
side, connected to Velebit Channel and open sea via another canyon-like passage called Novsko Ždrilo
(NZD). The bays have a flat bottom with average depths of 26 to 30 m in the Novigrad Sea and
12 to 13 m in the Karin Sea [27]. Both canyons are oriented in the NNW–SSE direction (Figure 1b).
Novsko Ždrilo is 3750 m long and 150 m to 250 m wide at sea level. Its steep slopes rise to 150 m above
sea level (a.s.l.). The water depth within the NZD channel is 25 to 46 m. Karinsko Ždrilo has a less
dramatic morphology with slopes rising 20 to 40 m a.s.l., whereas the canyon width is 115 m to 250 m at
sea level. The water depth in KZD ranges from 15 to 25 m. Due to the region’s geographic importance
in the connection of the interior with northern Dalmatia, two bridges cross NZD. The larger highway
bridge is located at the central part of NZD, while the smaller local Maslenica Bridge is at the southern
end of the channel (Figure 1b).
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Figure 1. (a) General study site location in the red square. (b) Multibeam echosounder (MBES)
bathymetry data for Novsko Ždrilo (NZD) and Karinsko Ždrilo (KZD) draped over a shaded relief and
an orthophoto map [27]. The study areas are highlighted with red squares and presented in detail in
Figures 2 and 3. (c) Geological map with the plotted sub-bottom profiling (SBP) track lines.

Freshwater enters the Karin Sea via several periodical torrential rivers, but mainly through
Karišnica and Bijeli Potok. The karst river Zrmanja, with a total length of 69 km, feeds the Novigrad
Sea through a river canyon. It forms an estuary, which extends from Novsko Ždrilo up to 14 km
inland until it reaches the tufa waterfall Jankovića Buk [28]. The estuary is highly stratified most of the
year [29,30]. The river is characterized by many tufa barriers that were formed as autogenous calcite
deposits on macrophytes and microphytes [31]. Tufa barriers across the Zrmanja River were previously
studied from biological, geochemical, fossil evolution, and chronological points of view [21,31–33].
Tufa growth forms barriers, barrages, or waterfalls across the river valley. When carbonate-rich water
falls vertically, vertical cascade tufas result. If water flows over steep slopes, the tufa occurs in the shape
of fans, cones, or mounds [19,23,32]. Often, tufa barrier growth forms dams and lakes. Some barriers
in the Zrmanja River are still active and some are fossilized. Available studies from the Dinaric karst
and the Zrmanja River show that the majority of them are of the Holocene age, with the most intensive
growth in the last 7000 years [31,33,34]. The existence of tufa barriers within Novsko Ždrilo has already
been confirmed by scientist divers [18], who claimed barrier heights of 10–20 m. The river’s complex
karst hydrological characteristics are well described by Bonacci [35]. Despite the numerous monitoring
measurements, it was not possible to determine the exact karst aquifer (catchment) extent, but it is
suggested that the Zrmanja River is connected with the neighboring Krka River through complex karst
underground flows [35]. There are also several periodical rivers feeding the Novigrad Sea from the west
and south. The composition of sedimentary records has been analyzed from a geochemical perspective
on short cores from the Novigrad Sea and Zrmanja River in order to determine the distribution of trace
elements and differentiate the anthropogenic impacts from the natural background values [36–38].
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Figure 2. (a) Bathymetry image of NZD draped over the DTM and the orthophoto image [27]. Prominent
barriers are marked with numbers I–V. (b–f) Profiles showing the barriers and deepest parts of the
NZD canyon with steep and high sides with depths of over 45 m and elevations of up to 150 m a.s.l.
(g) The lowest profile through NZD showing a possible path of the water flow (out of and into the
Novigrad Sea) during the lowstand and sea-level rise. The same barriers from (a) are marked with
numbers I–V. The two bridges across NZD are illustrated as references.

As a result of their isolated geomorphological location, sea currents and waves have a slight
influence on the bays [39]. Conversely, the Zrmanja River brings 2–3 times more freshwater annually
than the total volume of the Novigrad Sea [36]. Together with the freshwater flowing into the Karin
Sea by Karišnica and Bijeli Potok, this amount of water can cause strong outflow currents in narrow
channels, such as NZD and KZD.

The study area is a part of the Croatian karst Dinarides and consists of a thick carbonate succession
deposited from the Late Palaeozoic to the Eocene. During the period from the Mesozoic to the
Cenozoic, the area was a part of the large Adriatic–Dinaric Carbonate Platform (ADCP, [40,41]).
The disintegration of the ADCP started in the Late Cretaceous and is characterized by the development
of flysch basins and carbonate deposition on the margins. The transition from the Cretaceous to
the Paleogene was marked by the regional emergence of the entire platform, followed by dynamic
tectonics in the Paleogene. The final uplift of the entire Dinaric area culminated in the Oligocene
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and the Miocene as a result of the collision of Adriatic and Dinaric segments of the Platform [40,41].
The geological background of the studied area consists mainly of Mesozoic, Paleogene, and Neogene
carbonates and clastic deposits [42–46] (Figure 1c), with terra rossa soils and cambisols on limestone
as the dominant soil types. The Mesozoic comprises Jurassic limestones and dolomites at the base,
with a succession of Cretaceous limestones, dolomites, and carbonate breccias. Eocene limestones;
dolomites and flysch; Oligocene limestones, conglomerates, and marls transgressively overlie Mesozoic
rocks [42–46] (Figure 1c). Occurrences and deposits of bauxites can be found in the study area and the
wider region, as well as a disused bauxite processing factory in the city of Obrovac [42,47,48]. Prior to
the rapid Pleistocene−Holocene transgression, the present-day Novigrad and Karin Seas acted as karst
poljes. They were subsequently submerged, creating a typical drowned karst landscape together with
the drowned canyon of the Zrmanja River [14].

 

Figure 3. (a) MBES bathymetry image of KZD draped over the DTM and orthophoto image [27].
Prominent barriers are marked with numbers I-IV. (b–f) Profiles showing the barriers and deepest parts
of KZD canyon with depths of 25 m and elevations up to 40 m a.s.l. (g) The lowest profile through KZD
showing a possible path of water flow (out of and into the Novigrad Sea) during the lowstand and
sea-level rise. The barriers from (a) are marked with numbers I-IV.
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3. Materials and Methods

To study the morphology of the submarine canyons, we used pinger profiles and shipborne
multibeam bathymetric data collected during the two surveys conducted in 2015 and 2019. A 2015
campaign comprised SBP and SSS surveys. We used a 3.5 kHz pinger (ORE), GeoAcoustics
Ltd. (Great Yarmouth, UK) GeoPulse Transmitter model 5430A, and a GeoAcoustics Ltd.
(Great Yarmouth, UK) GeoPulse Reciever model 5210A. SBP data was logged using a Triton SB-Logger
(v 7.3, Triton Imaging Inc., Capitola, CA, USA). The signal penetration was limited by the water depth
and shallow limestone bedrock and never exceeded 23 ms. Assuming a sound velocity of 1500 m/s,
the vertical signal penetration was up to 17 m. A towfish EG&G 272 TD TVG (EG&G Inc., Gaithersburg,
MD, USA) was towed 3 m below the sea surface and SSS data were recorded with an EdgeTech 4100P
Topside Processor unit (EdgeTech Inc., Escondido, CA, USA). The positioning was obtained usinga
Hemisphere DGPS (Hemisphere GNSS, Inc., Scottsdale, AZ, USA). The equipment was mounted on a
6 m long vessel moving at an average speed of 3.5 knots. Afterward, the SBP data were exported in a
SEG-Y format (Society of Exploration Geophysicists Exchange Tape Format) and further interpreted in
the Geosuite Allworks software (version 2.6.7., Geo Marine Survey System, Rotterdam, Netherlands).

The second campaign dataset was taken in 2019 comprised MBES mapping of the canyons. For this
purpose, we used a WASSP S3 MBES (Furuno ENL, Auckland, New Zealand), which is capable of
recording multibeam and backscatter data. It was side-mounted on a vessel moving at an average speed
of 3.5 knots. The used MBES system works at a typical frequency of 160 kHz with an effective beam
width (angular coverage) of 120 degrees using 224 beams. The beam width is 4.4 × 3.2 (PS/FA) with a
transmitting voltage response of 155 dB and a receiving voltage response of -194 dB. The vessel motion
was corrected for with a WASSP Sensorbox (Furuno ENL, Auckland, New Zealand) inertial measuring
unit (IMU), which makes corrections for the pitch, roll, and heave. The IMU worked in conjunction with
the Hemisphere Vector V103 DGPS compass antenna (Hemisphere GNSS, Inc., Scottsdale, AZ, USA)
used for positioning. The data were acquired with WASSP CDX software (version 3.9, Furuno ENL,
Auckland, New Zealand). Cleaning, processing, and validation of the MBES data were performed
with the hydrographic software BeamworX Autoclean (version 2020.1.1.0., BeamworX BV, Utrecht,
Netherlands).

Morphometric Analyses

The final MBES bathymetry and MBES backscatter grids were exported from BeamworX as a 1 m
pixel ASCII grid for further analysis in ArcGIS (version 10.2.1, ESRI inc., Redlands, CA, USA). To create
a more meaningful base for the GIS analyses, we gridded together the MBES bathymetry data with
the available onshore and bathymetry data digitized from topographic maps 1:25,000 [27] as line and
point data into a georeferenced digital terrain model (DTM) with a 1 m pixel size.

Following an extensive literature review [1,3,5,6,12,49], we calculated a range of secondary features
to classify and interpret the collected MBES bathymetry, MBES backscatter, and SSS data. ArcGIS with
the Spatial Analyst extension to do the DTM, shaded relief, and slope analyses. We used the joined DTM
to do the shaded relief and slope analysis, while other morphometric analyses were applied only for the
MBES bathymetry/MBES backscatter data. A multidirectional hillshade was created to highlight the
morphological features of the terrain, including channels and the bottom morphology. A slope analysis,
which is relevant in a geomorphological context linked to the acceleration of currents, the stability
of sediments, and erosion [6], was calculated using the standard ArcGIS algorithm proposed by [50].
To describe the heterogeneity of the studied canyons, we used a vector ruggedness measure (VRM).
It was calculated using a Benthic Terrain Modeler ArcGIS tool package (version 3.0) [12]. The calculated
values are dimensionless and range from 0 (no variation) to 1 (complete variation). Typical values are
small (up to 0.4) in natural data [12]. Variations in the range were better observed when calculated for
the MBES bathymetry data resampled to a 10 m cell size.

Curvature (the second derivative of the bathymetric surface, or the first derivative of the
slope) was calculated using the standard ArcGIS tools according to the method proposed by [51].
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The curvature can be calculated parallel to the slope (profile curvature), where it describes the
acceleration or deceleration of the flow, or perpendicular to the slope (plan or planiform curvature),
which describes the convergence or divergence of the flow. The planiform curvature can be useful
when defining ridges, valleys, and slopes along the side of the features [5]. While values close to
0 indicate that the surface is flat, moderate relief values vary from −0.5 to 0.5 and extreme relief
values vary between −4 and 4 or more. Physically, the calculated attributes can affect the marine flow,
internal waves, and current channeling [12]. Variations in the curvature were also better observed
when calculated for the MBES bathymetry data that was resampled to a 10 m cell size.

The morphometric analyses included a combination of the fill DTM, flow direction, and flow
accumulation needed to determine the flowline in the channels. The flowline presents the lowest
possible pathway for water flowing out of the poljes during the sea-level lowstand, and a pathway
for the sea to enter the poljes during the sea-level rise. By applying this methodology, it is possible
to determine a correct relative sea level, and consequently, the timing of the Novigrad and Karin
Sea drownings.

We made several attempts to classify the backscatter data using ArcGIS tools Spatial analyst tools
(version 10.2.1, ESRI inc., Redlands, CA, USA). The best results of the unsupervised backscatter acoustic
classifications were achieved using the ML uISO, and SMS. In ML, the mean vector and the covariance
matrix characterize each class. A statistical probability can be calculated for each class based on these
two cell values. This leads to the determination of the membership of the cell to a specific class [49].
The procedure is based on Bayes’ theory of joint probabilities, which accounts for marginal distributions
of datasets and their respective internal correlations under the assumption of multivariate normality
in N-dimensional Euclidean space [52]. uISO provides a quantitative unsupervised clustering using
the functionalities of the Iso Cluster and Maximum Likelihood Classification tools. SMS determines
clusters in the MBES backscatter raster by grouping adjacent pixels with similar spectral characteristics.
The mean shift algorithm is a non-parametric clustering method for image segmentation. After applying
the function, all convergence points are found and clusters are built from them. All convergence
points closer than the range defined in the spatial domain are grouped. The number of significant
clusters present in the feature space is automatically determined by the number of significant modes
detected [53].

4. Results

The use of available high-resolution bathymetry data (bathymetry, seismic, and side-scan sonar
data) incorporated with the already available topographic data enabled us to undertake spatial and
morphometric analyses of the Novsko Ždrilo and Karinsko Ždrilo channels.

4.1. Bathymetry and Morphometric Analyses

Both studied channels were characterized by elongated geometries and steep slopes (Figure 1).
The MBES bathymetry results showed a very distinct seabed within the channels, with multiple
barriers, which is typical for a karst morphology (Figures 2 and 3). This is well depicted in the profile
lines (Figures 2d and 3d), where multiple pronounced barriers are visible. The water depth at the
northern entrance to Novsko Ždrilo was 39 m, whereas, on the SSE end of the channel, the water
depth was 37 m. There was an S-shaped bend at the northern entrance to NZD, where the first barrier
in NZD could be observed (marked as I in Figure 2). After the bend toward the south, there was
a deep part of the canyon with depths of over 40 m below sea level (b.s.l.) extending to the next
barrier, which rose to 24.5 m b.s.l. in the lowest part (marked as II in Figure 2a,d). The central part
of the canyon was shallower, with two joining barriers at depths of 25–30 m b.s.l. in the lowest part
of the crown (marked as III in Figure 2a,d). To the south, this shallow part deepened steeply to the
deepest part of the canyon below 45 m b.s.l., then rose steeply again to 26 m b.s.l. (marked as IV in
Figure 2). This was the most pronounced barrier as the channel deepened beyond this barrier toward
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the south, below 40 m b.s.l. The bottom elevated to form two minor barriers near the exit (marked as V
in Figure 2), then flattened toward the southern end.

The northern part of KZD was the deepest, with the depth at the northern end reaching 24 m
b.s.l. (Figure 3a,d). The bottom gradually elevated in the middle part of the KZD canyon, where the
first barrier could be observed (marked as I in Figure 3a,d). Altogether, there were four barriers at the
southern part of the canyon (marked as I-IV in Figure 2a,d), all with similar heights (14–16 m b.s.l.)
and declining to similar depths (21–22 m b.s.l.). The depth at the southern end of the channel was also
the deepest part of the Karin Sea, with a depth of 20.6 m b.s.l.

The slope analysis of the broader area surrounding the channels revealed what was already
described: steep slopes rose to 150 m a.s.l. and the continuation of these slopes underwater,
which reached almost to the bottom of the channels, where they flattened. The sidewalls in NZD
had a maximum inclination of up to 44 degrees on the western side of the canyon close to barrier
II (Figures 2a and 4a). In the rest of the canyon, the slopes were still steep and inclined at 28–35◦,
flattening further at both channel ends.

Figure 4. (a) Slope analysis of NZD and its surroundings. (b) Vector ruggedness measure of NZD.
(c) Curvature analysis of the NZD area. (d) Planiform curvature calculated for the NZD area; the
two bridges across NZD are illustrated as references. (e) Slope analysis of KZD and its surroundings.
(f) Vector ruggedness measure of the KZD. (g) Curvature analysis of the KZD area. (h) Planiform
curvature calculated for the KZD area.

The steepest slopes in KZD barely reached the inclinations observed with the NZD sidewalls,
with a maximum inclination of 27 degrees, while the average inclinations were 15 to 20◦. The steepest
parts of the KZD were canyon slopes on both sides of the central-to-southern part of this channel
(Figure 4e).
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We used the BTM VRM to present the surface roughness, where higher values should represent
rockier surfaces (Figure 4b,f). In the analysis of the generalized MBES bathymetry data with a 10 m cell
size, the higher surface roughness was clearly visible on the sides in most of the NZD channel. In some
areas in the southern and northern parts of the channel (red colours in Figure 4b), high roughness areas
extend throughout almost the whole width of the channel. The northern part of KZD, as well as the
farthest southern flat-bottom parts of the KZD channel, exhibited low roughness values (Figure 4f).
The central part of the channel had high roughness values through its whole width (Figure 4f).

Curvature analysis of the NZD 10 m MBES bathymetry data produced high values (blue and red
colors, Figure 4c) near the Maslenica bridge and 500 m to NW, under the highway bridge, and N toward
the canyon exit. The curvature of the rest of the channel was low. The planiform curvature (which is
meant to emphasize convex or concave forms in the relief) especially emphasized the area around the
Maslenica bridge. The curvature analysis of the KZD exhibited elevated positive or negative values in
the central and southern parts of the channel (Figure 4g). The values in the central part were somewhat
higher. The planiform curvature highlighted the central part of the channel as a part that had elevated
values (Figure 4h).

4.2. Acoustic Backscatter Characteristics and Its Derivatives

The backscatter intensity ranged from −10 db to −45 dB for 99.9% of the data in NZD, and from
−16 dB to −38 dB in KZD (Figure 5a,e). The backscatter physiography of the channels consisted of
low acoustic backscatter surfaces at the canyon ends. Within the channels, the backscatter intensity
increased, especially from the steep canyon sides.

A segmentation classification was created with 10 classes, out of which, 5 classes with values
higher than 202 were relevant to NZD (Figure 5b). The classification that was derived from the
backscatter intensity in NZD resulted in diversification of the central part of the channel, while the
NW and SE channel ends had lower values. Areas under the bridges had the highest values. Elevated
values extended toward the north and south of the Maslenica bridge and north of the highway bridge.
uISO created seven classes, where based on the created dendrogram, it was possible to further reduce
the number of classes (Figures 5c and 6). Classes with distances lower than 1 were merged, namely,
classes 3 and 4 and classes 5 and 6, creating a classification with five classes (Figures 5c and 6).
The derived layer showed three classes within the channel, with a majority of the channel covered
by class 6, while class 7 covered the areas near the bridges and north of them. Classes 3 and 4 were
limited to the entrance/exit areas of the channel. A raster classification using ML derived seven classes.
The classification showed that three classes were dominant within the channel. A majority of the
channel was covered with class 7, while class 8 covered the areas near both bridges and north of them.
Classes 3, 4, and 5 were limited to the entrance/exit areas of the channel. ML composed very similar
visual results to uISO.

The segmentation classification for KZD created 10 classes. Classes with lower values (176–199)
were dominant at both channel ends. At the NW end of KZD, classes with values 176–199 reached well
within the channel, approximately 800 m from the NW end (Figure 5). Going southward, classes with
green and light-yellow colors dominated (values 199–210), while the highest values could be detected
in the central part and on the eastern channel sides along most of the channel length. The uISO for KZD
consisted of seven classes. A reduction to five classes based on the dendrogram (Figure 6) produced a
similar result. Classes 1, 2, and 3 were dominant at the channel ends, and were more pronounced in
the NW area. Classes 6 and 7 dominated the rest of the channel. Class 8 appeared on the eastern steep
sides of most of KZD and on the western sides of the central part of the channel. ML derived seven
classes. The classification showed that classes 1 and 3 were dominant at the channel ends. At the NW
end of KZD, classes 1 and 3 reached 800 m within the channel from the NW end. Classes 6 and 7
covered the rest of the channel, and class 8 covered the channel sides.

79



Water 2020, 12, 2807

 

Figure 5. (a) Backscatter data of the NZD channel. (b) Segment mean shift classification of the NZD
area. (c) Interactive unsupervised classification (uISO) of the NZD area. (d) Maximum likelihood
classification of the NZD area; the two bridges across NZD are illustrated as references. (e) Backscatter
data of the KZD channel. (f) Segment mean shift classification of KZD. (g) uISO classification of KZD.
(h) Maximum likelihood classification of KZD.

 

Figure 6. Correlation of determination (R2) for the linear Pearson correlation measure between seven
variables created using uISO for NZD and KZD.

4.3. Side-Scan Sonar

A visual analysis of the SSS mosaic revealed several morphological characteristics that helped to
interpret the MBES bathymetry, MBES backscatter, and SBP data.
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The central-bottom part of the NZD canyon entrance and the deeper central parts of the channel
exhibited low reflectivity of the planar surface in the SSS mosaic. The sides of the channel showed high
reflectivity throughout the whole length of the channel. The eastern steep sides appeared to have more
exposed boulders and rocky outcrops on the slopes (Figure 7). This was especially highlighted on the
sharp bends within the canyon. There was a collapsed steel structure visible in the southern part of the
canyon, spreading across the whole width of the channel (Figure 7). This underwater construction
was the remains of a bridge demolished during the War of Independence in 1991 [54]. It is located
below the present steel bridge that was constructed in 2005 [54]. After the bridge demolition, a floating
bridge was constructed at the southern entrance to the canyon. Its concrete supports were still well
visible on the SSS mosaic image (Figure 7b). The shallows at the southern end of the SSS mosaic had
rocky outcrops and were partially covered with sediments with visible waveforms (Figure 7b).

 

Figure 7. Side-scan sonar mosaic data showing the morphologic characteristics and anthropogenic
impact in (a) the NZD channel; (b) enlarged details of the SSS mosaic showing the collapsed bridge
construction (marked with arrows), the flat bottom with the pipeline crossing the channel, and the
remains of the concrete slabs used to secure a floating bridge; (c) the KZD channel; (d) northern end
with a flat bottom and rocky sides, a sharp bend with rocky outcrops, and the southern end of the
channel with a flat bottom and several waveforms.

Similar to NZD, KZD had a flat bottom-central part of the channel with a lower reflectivity on
the SSS mosaic, while steep sides exhibited a higher reflectivity (Figure 7). A low reflectivity was the
most pronounced at the northern part of the canyon entrance (for approximately 800 m southward).
Rocky outcrops and solitary boulders were exposed, especially on the steep sides of the sharp bends
(Figure 7d).

The effort to classify the SSS mosaic using ArcGIS tools failed to provide useful results, creating only
a small number of classes.

4.4. Sub-Bottom Profiler

The penetration of the SBP seismic signal was limited due to a very thin sediment cover over the
limestone bedrock and shallow water depth causing the occurrence of multiples. Three acoustic units
could be determined at the SE end of NZD on the profile perpendicular to the channel (Figure 8b).
The uppermost seismic unit (unit 1, Figure 8) was acoustically semi-transparent. Some internal parallel
reflectors with weak amplitudes were visible at the base of this unit. The lower sediment unit (unit 2)
was characterized by high acoustic amplitudes. The acoustic signal penetrated for less than 10 ms
through this unit, indicating coarse sediments. Units 1 and 2 were separated by a high amplitude
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unconformity with an irregular surface. The acoustic basement (unit 3) was interpreted as bedrock.
Due to its relative position in the stratigraphic succession and surrounding surface geology, it is safe to
presume that it was bedrock constituted of karstified limestones. The acoustic profile through NZD
showed a very dynamic morphology of the upper surface with many barriers in the form of ridges,
where some were covered with sediment. Side-echo refractions, caused by the steep adjacent barriers,
were observed throughout the profile. A thin overlay of acoustically semi-transparent sediments was
visible in the central to northern part of the profile (Figure 8a). It was separated from the bedrock by a
very weak amplitude reflector. Due to the water depth, multiples could also be observed throughout
the whole SBP profile.

Figure 8. High-resolution seismic profiles surveyed in the canyons. (a) Profile A–A′. Only a thin
sediment cover was visible over the karstified NZD seabed with multiple side echoes. A thicker
sediment succession was visible at the channel ends and in the central part. (b) Profile B–B′. A thicker
sedimentary succession with two distinct units was visible at the southern NZD end. (c) Profile C–C′.
The northern end of the KZD with a thicker sediment succession. (d) Profile D–D′. The northern part of
KZD was covered with sediment (unit 1); in the southern half, rocky barriers stood out with sediment
infill between them. (e) The SBP track lines of the interpreted profiles are marked with red lines on the
maps. The barriers from Figures 2 and 3 are marked with Roman letters.

The same three acoustic units could be determined at the SE end of KZD on the profile perpendicular
to the KZD channel (Figure 8c). The uppermost unit was acoustically semi-transparent (unit 1) with some
weak reflectors on the bottom of the unit. The underlying unit 2 had high acoustic amplitudes and
attenuated the signal penetration. Unit 3 exhibited sharp and steep ridges in the middle of the profile
and along the base of the western side of the profile, which were draped by units 1 and 2.

An SBP profile along KZD indicated a very dynamic bathymetry. Several steep carbonate ridges
(unit 3) penetrated through the sediment cover to the seabed surface (Figure 8d). Most of the bedrock
was covered with the acoustically semi-transparent sediments of unit 1. On the NW third of the profile,
the bedrock was draped with the thicker sediment succession of unit 2. Southward, several carbonate
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ridges pointed out to the surface, while the space in between was partially filled with acoustically
semi-transparent sediments. A thicker unit 2 succession was determined at the SE end of KZD.

5. Discussion

Integration of the acoustic and morpho-bathymetric surveys enabled us to reconstruct a detailed
bottom morphology of the two narrow karst canyons that connect two semi-enclosed bays, the Novigrad
and Karin Seas. Merging the available high-resolution hydroacoustic data-bathymetric, high-resolution
seismic, and side-scan sonar data with the already available topographic data enabled us to make
spatial and morphometric analyses and create maps to describe the unique environment that acted as
a river discharge passage during the sea lowstand, as well as an inlet of the sea into the basins and
estuary. Steep slopes and a pronounced bottom morphology characterized the canyons.

5.1. Morphology of the Canyons

Analysis of the MBES bathymetry measurements in NZD revealed six barriers extending along
the channels to their steep sides. The steepness of the channel sides was highlighted in the slope
and curvature analyses that provided typical values for extreme relief [55]. Three barriers rose to a
depth of 25 m b.s.l., with a height difference of 15–20 m, extending to a maximum depth of 45 m b.s.l.
The bottom morphology of NZD was very irregular, as depicted on the bathymetric profile and as
highlighted by many side-echo refractions visible on the SBP profile (Figure 8a). Adjacent steep rocky
outcrops or steep sidewalls cause side-echo refractions [13]. The sediment thickness was higher in
the bays, as evidenced by the SBP profile perpendicular to the NZD channel. Within the channel,
the sediment overlay was thin or non-existent on the most barriers, and a significant sediment build-up
was only noticed on barriers 2 and 3 in the central part of the channel. Thin sediment cover was
emphasized by the increased surface roughness of the steep channel sides, depressions, and some
barriers (Figure 4). This lack of sediment cover was most likely caused by strong present-day currents
in the narrow channels. Strong sea-bottom currents can be caused by a significant input of freshwater
into two bays, as the Zrmanja River alone brings 2–3 times more water annually than the total volume
of the Novigrad Sea [37]. To this volume, we must add the contribution of the rivers Karišnica and
Bijeli Potok flowing into the Karin Sea, as well as karst underground flows ending as submarine
springs in the Novigrad Sea [35]. Tidal currents have a negligible effect on the estuary, as tides are
rather weak, with M2 amplitudes below 10 cm [28]. As the MBES backscatter signal differs due to
the bottom type and its physical characteristics, namely, its hardness or softness [1,8]. Thus, it was
possible to classify the MBES backscatter data. A thicker sediment succession at the ends of the NZD
channel, which was visible on the SBP profiles, was well delineated in the MBES backscatter derivatives
(Figure 5) due to different characteristics compared to sediments within the channel. Within the NZD
channel, the MBES backscatter intensity increased, pointing to a rockier surface with a high acoustic
backscatter. Sediments in the deepest areas or depressions were also well defined as a class with
different sediment characteristics.

The bathymetry data for KZD showed the deeper and more even bottom of the northern part,
while the southern half of the channel revealed five barriers. The barriers were equally deep and
had similar heights rising to a depth of 14–16 m b.s.l. The SBP data pointed to the fact that most of
the channel was covered with at least several meters of sediment, with only peaks of the barriers
in the southern part of the KZD comprising a thin sediment overlay (Figure 8). The northern part
of the channel bedrock was covered with a thicker sediment succession that increased toward the
Novigrad Sea. Higher surface roughness in the central part of KZD, as well as toward the southern
part, highlighted the more uneven morphology of the southern part of the channel. The diversification
in the MBES backscatter signal derivatives due to the difference in the physical characteristics of the
sediment [1,8] was most pronounced in the northern part of KZD, where a thicker sediment succession
was visible on the seismic profiles. Similar characteristics could be observed on the southern end of
the channel.
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Despite the similarity in their appearance, it seems as if the KZD was a “reduced” version of
NZD in many ways. The steep sides of NZD rose 150 m a.s.l., with depths below 40 m, while the
KZD slopes rose to 40 m a.s.l. and the channel was only up to 20 m deep. The pattern was similar
in the case of the bottom morphology, which was more prominent in NZD. One of the reasons for
the milder morphology was the thicker sediment cover in KZD. There were several reasons for the
preservation of the thicker succession of sediments within KZD: the currents were not as strong as in
NZD due to the reduced freshwater influx that only came from the short periodical rivers Karišnica and
Bijeli Potok, which is in contrast to NZD, where the volume of the freshwater influx was significantly
higher as a result of rivers flowing into the Karin and Novigrad Seas, including the Zrmanja River [37].
Another reason can be found in the easily erodible flysch sediments abundant in the Karišnica and
Bijeli Potok watersheds [45] (Figure 1c).

It is clear that the majority of submerged barriers within the canyons were karstic limestone forms.
What is still unclear is whether all the submerged barriers in the canyons are made of tufa. The reason
for the assumption of tufa barriers in the canyon is the existence of many relicts and recent tufa barriers
in the Zrmanja River [21,31–33]. Therefore, favorable conditions for tufa growth in the studied canyons
also existed during the lowstand. Ultimately, the morphology of tufa deposits is controlled by the
topography and water flow regime [32]. The growth and calcification of rheophilic algae and mosses
produce porous hardened substrates and results in a lateral displacement that extends across the river,
forming dams with lakes behind them [22]. The tufas in Zrmanja River are described as waterfall and
barrage tufas, with some waterfalls being more than 8 m high [21,32]. Tufa barriers higher than 10 m
have been detected in the NZD by scientist divers, with one barrier reaching 20 m high with a crest at a
depth of 26 m b.s.l. [18]. Five barriers could be detected in the presented data with crests at the highest
depths of 16–30 m b.s.l. in NZD, and four barriers with crowns at the highest depths of 14–16 m b.s.l.
in KZD (Figure 9; see also Figures 2, 3 and 8).

 

Figure 9. (a) Detailed MBES bathymetry map of barriers III and IV in NZD, with the outlined barriers
and their crests (dashed line). (b) SBP profile of barriers III and IV that are overlain with the actual
bathymetry profile over the central part of the canyon (red line).

84



Water 2020, 12, 2807

The SSS mosaic proved to be very useful for determining rocky areas, as well as single boulders
collapsed from the steep canyon sides. The anthropogenic effect on the NZD bottom was best recorded
on the SSS mosaic, documenting the remains of a collapsed metal bridge construction, which comes
from past war efforts during the 1990s War of Independence [54]. The anthropogenic effect was also
visible in the form of concrete blocks delineating the path of a temporary floating bridge that was
constructed at the southern entrance of the NZD due to the collapse of the pre-1990 bridge [54].

5.2. The Role of the Channels and the Barriers in the Holocene Flooding of the Novigrad and Karin Seas

There are many definitions of an estuary, where many include not only its present state under the
influence of the river and the sea but also its morphogenetic origin [56,57]. In this way, Dalrymple et
al. [58] define an estuary as “the seaward portion of a drowned river valley system which receives
sediment from both fluvial and marine sources and which contains facies influenced by tide, wave and
fluvial processes.” Evans and Prego [56] conclude that estuaries were produced by a relative rise in sea
level and drowning of a previous erosional depression produced via fluvial erosion. Due to the rapid
late Pleistocene–Holocene transgression, the river canyons and the poljes in the present-day Novigrad
and Karin Seas were submerged [14]. Based on the data gathered in this study and the available data
on the relative sea-level rise, we can make hypotheses regarding the evolution of the lower part of the
Zrmanja River estuary during the Holocene sea-level rise (Figure 10). During that period the sea level
rose 65 m [15,16,59], and eventually formed today’s Zrmanja River estuary along with the Novigrad
and Karin Seas. The tufa barriers presented a significant factor for the flooding of poljes, as they created
10-20 m high barrages that prevented water from flowing directly (Figure 10). The similarity with the
present Zrmanja River is evident, whose present estuary ends at Jankovića Buk, a tufa waterfall that
creates a border between an estuary and a river [30,35]. The present river flow is intermittent with
plenty of active and fossil tufa barriers [1,31]. The created flowline, as the lowest possible water path
in NZD and KZD, allowed us to determine the pathway through the canyon and the relative sea level
during the flooding of the Novigrad and Karin Seas. The sea level reached the lowest part of the crest
of the barriers in NZD at the present depth of −24.5 to −25 m, and afterward, flooded the Novigrad Sea
(Figure 10a–c). Flooding of the polje in the Novigrad Sea area enabled the formation of the Zrmanja
River underwater fan, as the sea-level rise caused the deposition of river sediment at the exit of the
canyon (Figure 10a). When the sea level rose to the depths of −14 m to −16 m, it reached the crest
of the barriers in KZD (Figure 10a,b,d). As the sea level continued to rise, it flooded the Karin Sea
until it reached the present level (Figure 10a,b,d). Based on the relative sea-level curve [16] and the
heights of the barriers, the estimated time of the flooding of NZD, and consequently Novigrad Sea,
was after 9200 BP, while the time of the flooding of KZD, and consequently Karin Sea, can be estimated
as having occurred after 8400 BP (Figure 10b).

Further investigations of the sediments deposited in these basins (including sediment cores and
high-resolution acoustic methods) will provide more conclusive answers about the timing of the
Holocene sea-level rise.
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Figure 10. (a) Schematic of the coastline position in the study area at sea level at −35 m b.s.l. before the
canyons were flooded (white polygon with a green outline), at −25 m b.s.l. (light blue polygon with
a red outline), at −15 m b.s.l. (medium blue polygon with a yellow outline), and at the present sea
level (dark blue polygon with a blue outline) based on the recent bathymetry data and the Holocene
sea-level rise [59]. (b) Sea-level curve (modified from [59]) with relative depths of the lowest position
of barrier crowns in NZD (red line) and KZD (yellow line) that prevented flooding into the Novigrad
and Karin Seas, respectively, as well as the sea level at −35 m b.s.l. before the flooding (green line)
and the present sea level (blue line). (c) Profile based on the available bathymetry data with sea levels
before the NZD canyon was flooded at −35 m b.s.l. (white polygon with a green outline) and at sea
level at −25 m b.s.l. (light blue polygon with a red outline). (d) Profile based on available bathymetry
data with the sea level at −15 m b.s.l. after both canyons were flooded (medium blue polygon with a
yellow outline). (e) Profile based on the available bathymetry data with the present sea level (dark blue
polygon with a blue outline).

86



Water 2020, 12, 2807

6. Conclusions

High−resolution MBES bathymetry, MBES backscatter, SBP, and SSS measurements were carried
out in two canyons to provide the first insights into the contemporary physiography of this unique
environment consisting of two semi-isolated basins (the Novigrad and Karin Seas) connected with
narrow steep channels Novsko Ždrilo and Karinsko Ždrilo.

NZD connects the Novigrad Sea with the open sea. It is also a part of the 15-km-long estuary of
the Zrmanja River flowing into the Novigrad Sea and brings large volumes of freshwater. NZD canyon
comprised steep and high side slopes extending up to 150 m a.s.l. Six barriers were detected within
NZD, extending from the top of the barriers at −25 m b.s.l. to the bottom at −45 m b.s.l. The barriers
were most probably all made of tufa, as detected by divers and as an analog with past and present
tufa growth in the Zrmanja River. Those barriers prevented marine flooding during the Holocene
sea−level rise since during the lowstand, the semi−isolated Novigrad and Karin Seas acted as karst
poljes. Strong outflow currents prevented significant sediment build-up. A thicker sediment succession
was detected at the ends of the channel extending to the open sea and bay. This was well depicted
in SBP profiles and delineated in the MBES backscatter intensity and its derivatives. KZD connects
the Karin Sea with the Novigrad Sea. The KZD canyon characteristics were less prominent compared
to NZD, with lower and less steep sides. The five barriers detected in KZD were mainly covered in
sediment and extended from 14 to 16 m b.s.l.

The post-LGM sea-level rise drowned the coastal karstic landscapes in the Eastern Adriatic
Coast, including the Zrmanja River canyon and two poljes, the present-day Novigrad and Karin
Seas. Determination of the lowest possible water path in NZD and KZD allowed us to determine
the elevation of the relative sea-level rise. The sea level reached the top of the barriers in NZD at a
present depth of −24.5 m to −25 m, and in KZD from −14 m to −16 m. The timing of the flooding of
the channels and the bays was estimated based on the relative sea−level curve for the Adriatic Sea
after 9200 BP in NZD and after 8400 BP in KZD.

SSS proved useful for determining the anthropogenic effect on the NZD bottom, where the remains
of metal construction of the collapsed bridge, as well as concrete supports of the floating bridge,
were detected.

Knowledge of the geomorphology of the aforementioned karst features is the most important for
the relative sea-level reconstruction. When merged with additional investigations of the sediments
deposited in the studied basins, which include sediment cores and high-resolution acoustic methods,
these results will provide new insights into the timing of the rapid Holocene relative sea-level rise in
the eastern Adriatic coast, as well as in other Mediterranean coastal areas [60].
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Abstract: Interest in geoheritage research has grown over the past 25 years and several countries have
issued laws to encourage improvement and conservation. Investigations on geosites are prevalently
carried out on land environments, although the study of underwater marine environments is also of
paramount scientific importance. Nevertheless, due to the constraints of underwater environments,
these sites have been little explored, also on account of the higher costs and difficulties of surveying.
This research has identified and assessed the terrestrial and marine geosites of the Portofino Natural
Park and Protected Marine Area, which are internationally famous owing to both the land scenic
features and the quality of the marine ecosystem. The goal was to pinpoint the most suitable sites for
tourist improvement and fruition and identify possible connections between the two environments.
In all, 28 terrestrial sites and 27 marine sites have been identified and their scientific value as well as their
ecological, cultural, and aesthetic importance has been assessed. In addition, accessibility, services,
and economic potential of geosites has also been taken into account. Both the updated database of
terrestrial and marine geosites in the Portofino protected areas and the assessment procedure adopted
can become useful tools for the managers of these sites and provide decision-makers with possible
strategies for tourist development.

Keywords: underwater geoheritage; geosites; geomorphological survey; geotourism; Portofino
Park; Italy

1. Introduction

Geoheritage and geosite studies have assumed growing scientific importance in the past 25 years,
and territorial legislative initiatives have emerged all around the world. Geoheritage studies have
usually been carried out in terrestrial environments: Mountain areas (e.g., [1–6]), coastal areas
(e.g., [7–11]), karst areas (e.g., [12–16]), fluvial areas (e.g., [17–19]), and volcanic areas ([20–23]).
Recently, a great deal of interest has concerned also geoheritage in urban areas (e.g., [24–30]).

For what concerns the definition of geosites and their different types of values, they have been
much debated within the scientific community (cfr., [31,32] and reference therein). Up to now, two main
approaches can be distinguished for defining what geosites are: A restrictive and a broader definition.

According to the restrictive definition, geosites are in situ elements with high scientific value [33],
i.e., sites “having particular importance for the comprehension of the history of the Earth and of its
present and future evolution” [34,35]. According the broader definition, geosites—or geodiversity sites

Water 2019, 11, 2112; doi:10.3390/w11102112 www.mdpi.com/journal/water91



Water 2019, 11, 2112

(sensu [33])—are defined as geological elements that present a certain value due to human perception
or exploitation, e.g., elements with high scientific, educational, aesthetic, and cultural value. Often,
geosites are included in protected areas even if their institution is, in most countries, related to the
biological aspects more than the geological ones. In fact, geology has often been inadequately accounted
for in parks creation, planning and management. Nevertheless, after decades of focus on the protection
of biological heritage, a great deal of progress has been made in the last 20 years (cf., [36] and reference
therein). In this respect, particularly notable is the UNESCO Global Programme, which intends to
“promote a global network of geoparks safeguarding and developing selected areas having significant
geological features” [31,37,38]. Moreover, natural disasters and their tangible evidence in landscape
may be important geosites, ideal to promote geological education [39] and geotourism [40,41].

In Italy as elsewhere, the nature conservation in coastal and marine environment is provided
by marine protected areas whose nature conservation policy primarily addresses the biodiversity,
often underestimating or nearly neglecting abiotic features. Among the European legislative framework
worthy of note are the EU Birds Directive (1979), the Habitats Directive (1992), the OSPAR Convention
(1992), and the EU Marine Strategy Framework Directive (2008), which have focused the attention
towards the marine environment.

Concerning underwater geoheritage and marine geosites [42], despite their importance, only few
studies have been developed; this is particularly true when compared with studies on marine biotic
heritage ([43] and references therein). This is mainly due to the physical constraints of the marine
environment that influence the high costs of underwater surveys and the difficulty of investigating
near shore areas, where navigation is not possible. In addition, as highlighted by Burek et al. [44],
there are general differences in attributes related to sites of geological and geomorphological interest in
terrestrial and marine environments. In a marine environment, geological heritage is largely invisible,
except in clear and shallow water, and hardly accessible. These characteristics have reduced the
opportunities for promotion, education, and interpretation activities for the public, but at the same time,
they have also reduced vulnerability to man-made damage. Furthermore, the different perception and
enjoyment of abiotic features of the aquatic environment by tourists has led to a delay in developing
common schemes and approaches to the identification, assessment, and improvement of submarine
geosites [43].

While many studies have dealt with emerged shorelines [45–47], geoheritage research in
underwater environments still lacks common investigation schemes and approaches, again especially
in comparison to studies on marine biotic features [48,49]. Specific studies on submerged geoheritage
are few and were developed mainly by Italian researchers [43,50–55]. In particular, in Orrù et al. [52],
the selection of sites of geomorphological interest was carried out by considering several significant
valences as: (i) Model of geomorphological evolution; (ii) exemplarity; (iii) paleo-geomorphological
testimonial; and (iv) ecological valence. In the same work, the geosite assessment was carried out
considering their scientific interest and other types of interest such as cultural, educational, and historical
interests. Similar to this approach was the one used by Rovere et al. [43]; in fact, they evaluated
underwater geomorphological heritage in two Mediterranean marine areas by considering two sets
of values, that were the scientific and the additional values. The two sets were further divided
in subcategories inspired by those proposed for terrestrial environment (e.g., [47,56,57]). Recently,
Flores-de la Hoya et al. [58] prosed a method to rapidly assess coastal underwater spots to be used
as recreational scuba diving sites. In the latter work, the assessment was based on several criteria
inspired by the methodology provided by Ramos [59] for the evaluation of diving site attractiveness in
the Algarve region.

As regards marine geoconservation, a growing interest has been recently observed, especially in
the UK, where geoheritage has started to be integrated in the management of protected areas ([44,60,61])
and a methodology to assess geodiversity key areas on the seabed has been developed.

From a geoheritage viewpoint, submerged areas are particularly interesting for several reasons:
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• Relict landforms, testifying past geological and geomorphological events or paleo-environments,
and direct consequences of human interaction are usually better preserved than in a continental
environment [52]. In particular, research on climate change occurring in the past 22 ka BP has
allowed sea-level fluctuations to be identified up to about −120 m with respect to present levels.
The numerous marine markers identifiable in the submerged strip of present-day Mediterranean
coasts constitute exceptional archives of long-term paleo-environmental change, with particular
reference to climate and sea-level changes (e.g., [62–64]).

• Abiotic heritage has strong interconnections with human life and marine biodiversity, since it
plays an important role in providing benefits through the functioning of ecosystems (cf., [65]).
The benefits include ecological benefits, such as habitat provision and improvement of fish
stocks, social and cultural benefits related to nature appreciation, economic benefits of tourism,
and recreational enjoyment of the marine environment.

• Submerged areas are often tourist destinations, with a potential for geotourist popularization
of their geological and geomorphological heritage. Enjoyment of the underwater environment
focuses mainly on biological attractions, such as marine biota and habitats [51] or cultural l.s
elements, such as archeological remnants (e.g., [66,67]) or shipwrecks (e.g., [68,69]) whilst the
importance of natural abiotic features is often underestimated [55]. The submerged environments
are also used for tourist activities, especially for cultural, historical, and religious purposes.
Examples of links between submerged cultural heritage and submerged geoheritage in the
Mediterranean have been developed in marine protected areas in Liguria [43,53–55], in the Greek
Islands [47], in Sardinia [50,52], and in Malta [70].

According to Rovere et al. ([43] and references therein), a complete approach in the studies
of geoheritage in coastal zones should necessarily include the description of both the shore and
inner continental shelf, according to the fact that two environments showing common processes
and landforms must be considered as a single feature [71]. The need for integrating terrestrial and
submerged datasets in geomorphological studies is not new. Examples of studies coupling land
and sea data available in literature have considered several aspects, such as: (i) Archaeological
investigations (e.g., for the northern coast of Ireland by Westley et al. [72] and Harff et al., [73]);
(ii) paleo-environmental reconstruction (e.g., Quaternary geomorphological evolution of the Tremiti
Islands, southern Italy [74,75])—especially in fluvial environments; (iii) marine spatial planning [76];
(iv) coastal hazards assessment and risk reduction (e.g., mitigation of the risk due to tropical
cyclones, tsunamis, floods, and sea-level rise along the Mozambique coasts [77,78]); (v) integrated
geomorphological mapping of emerged and submerged areas (e.g., [79] in the Netherlands; [80] in the
Tremiti Islands, southern Italy; [70,81] in the Maltese Archipelago).

The goal of this study is to identify and assess terrestrial and marine geosites—intended, in a broad
sense, as component of the cultural heritage of a territory [82,83]—in the Portofino Natural Park (Liguria
Region, northern Italy), in order to select sites more suitable for a geotourism exploitation, pinpointing a
potential morphogenetic bridge between terrestrial and marine features. These latter are poorly known
by the general public especially from geological and geomorphological perspectives. The Portofino
Natural Park, which comprises a terrestrial protected area, established in 1935, and a marine protected
area, established in 1999, is well known at an international level thanks to its landscape, environmental,
and cultural characteristics (Figure 1). Over 1 million people a year visit the sea hamlets of Portofino
and Camogli, as well as the coast between Rapallo and Portofino, whereas the 80 km long footpath
network is trodden throughout the year by over 100,000 hikers [11]. In recent times, scuba diving
activities, managed by the protected marine area administration, have significantly increased. Scuba
divers arrive at properly chosen buoys starting from the diving centers of Santa Margherita, Camogli,
and San Michele di Pagana (located between Santa Margerita Ligure and Rapallo). The remarkable
environmental and cultural features conserved both in terrestrial and marine areas of the Portofino
Natural Park led the study area to become an ideal site for the development of geotourism, defined
according to the broader approach of the National Geographic in the United States as “tourism that
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sustains or enhances the geographical character of the place being visited, including its environment,
culture, aesthetics, heritage and the well-being of its residents” [84].

Figure 1. Location map of the study area (modified from [11]).

2. Geographical Setting

The Promontory of Portofino breaks the continuity of the coastline between Genoa and La Spezia,
along a perimeter of 13 km and an area of 18 km2. The orography is characterized by rather high peaks,
considering the short distance from the sea [85]. There is a WNW–ESE oriented relief, the culmination
of which corresponds to the Mount of Portofino (610 m). Hydrographic catchments are less than 1 km2

wide, with channels of the second order at the most [86]. Among the most important catchments of the
southern slope, the following can be quoted: Cala dell’Oro catchment, located west of San Fruttuoso
bay; San Fruttuoso catchment; Ruffinale and Vessinaro catchments, both located between San Fruttuoso
Bay and Portofino promontory. Whereas, on the eastern side, the Rio del Fondaco at Portofino and
Fosso dell’Acquaviva at Paraggi are found [87,88].

Due to the torrential regime, the flow rates of watercourses are substantially nil for most of the
year; in the case of heavy rainfall of short duration (not infrequent in the area), the maximum flow
rates, for return times of 200 years, range between 20 and 40 m3/sec (flow rate unit contribution of
40 m3/sec/km2 for catchment areas of less than 1 km2).

The Portofino Park protects the area of the promontory bearing the same name, which is located
less than 20 km away to the east of Genoa. To date, the protected area is 1056.26 ha, out of which
58.61 ha make up the integral reserve, 597.31 ha are the general reserve area, and 362.50 ha are the
protection area. The remaining 37.84 ha belong to the economic promotion area [11]. The contiguous
territory adds an extra 932 ha to the Park (Figure 2).
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Figure 2. Geological and geomorphological sketch of the study area (modified from [11,86–88]):
(1) Conglomerate; (2) marly limestone flysch; (3) bed attitude; (4) fault; (5) tectonic lineament; (6) landslide
and debris covers; (7) anthropic fill; (8) soil slip; (9) edge of sea cliff scarp; (10) incising channel;
(11) pocket beach; (12) spring; (13) cave; (14) submerged cliff with boulders, sands in the small bays
(San Fruttuoso, Portofino and Paraggi); (15) sea bottom with sands and muddy sands; (16) submerged
channel; (17) submerged spring; (18) submerged cave; (19) submerged peak; (20) coralligenous reef;
(21) seagrass meadow.

The area of the Park stretches over the municipal territories of Camogli, Portofino, and Santa
Margherita Ligure, whereas the contiguous area is part of the municipal territory of Rapallo. The residing
population of the Park is around 750 inhabitants. The presence of tourists is high throughout the year:
At the village of Portofino, there are over 1 million tourists per year, whereas at San Fruttuoso, tourist
boats carry some 400,000 tourists/year around the Gulfs of Tigullio and Paradiso [11,86]. Apart from
seaside tourism, there is also a high presence of hikers along the over 80 km long footpaths: Just the
stretch from Portofino Vetta to Pietre Strette is trodden by over 70,000 hikers per year.

Thanks to its landscape, natural, and cultural values [89,90], the Promontory of Portofino has
been protected since 1935 by Italian Law no. 1251 (Establishment of the local authority of Mount of
Portofino). Since 1995, it has been managed as ‘Ente Parco’, established by Ligurian Regional Law
no. 12/95 (Reorganization of protected areas), which redefined the borders of the protected area with
Regional Law no. 29/2001 (Identification of the perimeter of the Portofino Natural Regional Park).

The Marine Protected Area of Portofino, established by the Italian Ministry for the Environment,
was added to the Park with the Decree of 26/04/1999, which implemented the Italian Law no. 979/1982
(Measures for the Sea Protection). The marine area is subdivided into three zones of safeguard (A, B,
and C), in which free navigation, hunting or catching of fauna, underwater fishing, and diving are
forbidden. In addition, all underwater activities that require contact with the seabed are forbidden,
as well as the anchoring of any boat [91]. Zone A (Integral Reserve) comprises the sea area of Cala
dell’Oro bay (west of San Fruttuoso bay). Access to this area is permitted only for emergency rescue
and authorized scientific research. Zone B (General Reserve) stretches from the Portofino lighthouse
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point to Punta Chiappa, excluding the access corridor to the harbor of San Fruttuoso. Less restraining
issues characterize this zone: Authorized sport fishing is allowed for residents, scuba diving is allowed
for diving centers and authorized private subjects, whereas bathing is free. This marine area is very
popular among scuba divers, who are attracted by the considerable natural beauty of the seabed and,
in particular, by the great number of violescent sea-whips (Paramuricea clavata) and the richness of
sea fauna. Zone C (Partial Reserve) stretches between the two sides of the Promontory of Portofino
and owes its fame to the vast prairies of Mediterranean tapeweed (Posidonia oceanica). Bathing, scuba
diving, and sport fishing are allowed. On the whole, over 70,000 scuba divers per year plunge into the
water of the Portofino Protected Marine Area [92].

Recently, in December 2017, the Portofino National Park was established. It comprises both
the terrestrial area and the protected marine area. By the end of 2019, the Italian Ministry for the
Environment will establish the new borders of this National Park with a specific law.

3. Geological, Geomorphological, and Hydrogeological Setting

The geology of the Portofino National Park is known at an international level owing to the
presence of Portofino Conglomerate, whose lithological nature and geological and geomorphological
significance have in fact been widely studied (e.g., [93–95] and references therein) as well as its
geomechanical behavior (e.g., [88,96]). The conglomerate forms the trapezoid-shaped promontory
between Punta Chiappa to the West and the Portofino lighthouse to the East. The geological root of the
Portofino Mount, between Camogli and Rapallo, is characterized by a marly-calcareous flysch (Mt.
Antola Flysch). The boundary between these two geological formations (pudding stone and flysch)
is partially ascribable to tectonic causes and shows a WNW–ESE trend (Figure 2). The Promontory
morphology is derived from a structure bounded by normal faults, typical of a continental margin
subject to disjunctive tectonics [97,98].

The Portofino Conglomerate is made up of marly-calcareous clasts and, to a lesser degree,
sandstones, ranging in size from centimeters to meters, arranged in several-meter thick layers with rare
sandstone intervals, often accompanied by thin coal layers. Ophiolite, limestone, cherts, and gneiss
clasts are also found, although less frequently. This conglomerate, which lacks a fossil record, was dated
doubtfully to the Oligocene due to the scarcity of biostratigraphic records [97,98].

On the whole, the structural setting of the Conglomerate shows a SE to SW dip, with a less than
20◦ inclination. The rock mass is affected by various joint systems, easily identifiable at a meso- and
macro-scale. The NW–SE and NE–SW oriented systems, which are ascribable to normal faults, are the
most important. At a slope scale, the intersection between the various joint systems produces the
subdivision of the conglomerate into several decameter-thick blocks [99].

Mt. Antola Flysch, dating to the Cretaceous, is made up of calcareous marls and marly limestones,
marls with argillite levels, siltites, and calcarenites. The structural setting of the flysch is constrained by
diverse deformation phases, both ductile and brittle, which affected this rock mass. An isoclinal-fold
arrangement was identified in this formation; it shows a SSW vergence with a WNW–ESE oriented
axis [95].

Landforms in the study area are controlled by geological-tectonic setting and conditioned by
meteo-climate conditions [87,88]. Rocky cliffs up to 200 m high, the highest of the Mediterranean coast,
characterize the southern slope of the Promontory of Portofino [93]. The average inclination of the slope
is 45◦ to 65◦, although many are the coastal stretches characterized by vertical cliffs [94]. The action
due to swell is important and is determined by both SE wind (‘Scirocco’, dominant wind), and SW
wind (‘Libeccio’, prevailing wind). Sea storms are rather frequent, with wave heights exceeding 5 m;
they can cause serious damage to buildings and infrastructures, as in the event of 27–29 October 2018,
which affected the Promontory eastern coast, between Rapallo and Portofino.

The profile of the emerged cliff continues underwater up to a depth of some 70 m. Up to the
margin of the shelf, some 140 m deep, the inclination of the seabed is rather homogeneous and gentle.
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The margin of the shelf, which is not influenced by the presence of the promontory, is found at a
distance of 3.5 to 4 km from the coast [100].

The base of the narrow continental slope is found at a depth of 0.6 to 1 km, in correspondence
with a furrow named ‘Canyon della Riviera di Levante’, which stretches in an E–W direction, with the
confluence of a small canyon formed in the West front of the Promontory of Portofino [85,100].

The morphologically significant tectonic alignments, which contour Mount Portofino with
landforms such as saddles, towers, and triangular facets, continue in the submerged portion. Some of
the faults are considered active, since they disrupt the seabed in their underwater part.

In the high conglomerate cliffs of the southern slope, there are often rock falls, even along very
steep fluvial channels, mostly of the first order, as in the case of the torrents Ruffinale and Vessinaro [96].
On the western slope, the cliff has been prevalently modelled in Mt. Antola Flysch, attaining heights
exceeding 100 m. This stretch of coast is subject to a SW swell, which is one of the main causes for
occurrence of rapid slope movements, such as debris/mud flows and rock avalanches, which often
have a high destructive power [94]. There are also slow slope movements with surface of rupture
in the marly-calcareous bedrock. In this case, numerous morphotectonic clues suggest a process of
the mountain slope deformation type [101]. Along the boundary between the conglomerate and
flysch, there are landslides of diverse origin and state of activity owing to the contrast of resistance
and deformability between adjacent rock masses [11]. Among the landslide bodies surveyed, worthy
of note is the accumulation found at Sotto Le Gave, on the eastern slope, which is partially due to
mountain slope deformation and has affected buildings and infrastructures even in the recent past.

In the submerged area comprised within 200 m from the coastline, morphological rises linked to
neotectonic modelling are found, as South of Punta Chiappa (Secca dell’Isuela), E of San Fruttuoso (Secca
Gonzatti), and SE of Punta Portofino. This portion of the seabed reveals exceptional biodiversity [91],
also resulting from geomorphological features. The widespread coralline biocoenosis and tapeweed
prairies, which characterize most of the seabed near the coast, are developed on large rock blocks
(>1 m).

The meteo-climatic characteristics of this area are linked to the cyclogenesis of the Gulf of Genoa,
which causes events of short but intense precipitation (less than 6 h, with rain peaks exceeding 50 mm/h)
between mid-summer and mid-autumn [93,102,103]. Consequently, the most common effects at ground
level are flash floods, hyper-concentrated fluxes, and debris/mud flows. Among the most significant
and destructive events in living memory, those of 1915, 1961, and 1995/1996 should be mentioned.
Also, in the 2000–2018 period, many extreme hydro-meteorological events occurred on Portofino
Promontory, causing important effects at ground level with considerable damage to buildings and
infrastructures: The average, on a historical basis, is over one event per year [11].

The Ligurian Speleological Registry lists 20 caves in the Portofino Conglomerate [104]. Their origin
is prevalently tectonic although, to a much lesser extent, is due to chemical–physical dissolution
or processes linked to the sea wave action. In addition, several natural caves have been surveyed
in the submerged portion of the cliff, up to a depth of 60 to 70 m; also, their genesis is a result of
tectonic modelling.

The intense joint network of the conglomerate, the contrast of hydraulic conductivity with the
marly-calcareous flysch, and the climate characteristics of the territory cause significant effective
infiltration with widespread presence of groundwater and springs [99]. Effective infiltration ranges
from 350 mm/y at sea level up to over 500 mm/y at higher elevations. The water springs are located either
along the contact between the Conglomerate and the marly-limestone Flysch, or in the Conglomerate
rock mass, along tectonic lineation, or along the interface with the sandy interlayers. Underground
aquifers are extremely fragmented, with annual intermittent flow rates ranging from less than 1 L/min
in dry summer to over 10 L/s in late autumn. Some of these springs have been used for a long time and
today still feed local water-supply systems [93]. There are also significant springs underwater, along the
submerged cliffs, and at the connection with the shelf. The latter is an important morphological element
indicating the position of the sea-level at the end of the Würm regression. Furthermore, these features
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bear witness to the neotectonic activity taking place in the Plio-Quaternary, with uplifting and lowering
phenomena affecting the seabed.

Among anthropic forms, drywall slope terracing is a very common farming technique, which dates
back to ancient times. Terracing has deeply modified the geomorphological, vegetation, and dwelling
landscape at a slope scale. Well-preserved examples of slope terracing are found in the Valloni di
Paraggi, Portofino, and San Fruttuoso; they make up an important cultural and landscape asset.

4. Materials and Methods

The increasing interest in the promotion of geotourism requires the selection and assessment of
geosites in order to determine priorities in site management and geoconservation strategies. Based on
these premises, a research program for the identification and assessment of geosites at the Portofino
Natural Park has been developed.

4.1. Geosites Identification

Research on geosites at Portofino Natural Park has taken advantage of the numerous thematic
maps and scientific publications on the geology and geomorphology of the study area, concerning both
emerged and submerged areas of the Park, as well as tourist maps and guidebooks. Some milestone
publications have been particularly significant for the aims of this study, such as Ristori [105] on the
Conglomerate and groundwater regime at Mount Portofino and Pellati [85] on the geomorphological
characteristics of the Promontory of Portofino. As for geological and petrographic features of the
conglomerate, the contributions by Giammarino et al. [97] and Giammarino and Messiga [98] should
be mentioned. As concerns geomorphological features, in recent times there have been contributions
on geomorphological hazard and tourist vulnerability along the Park footpaths [86], on the landslides
of the western slope of Mount Portofino [94], and on geomorphological mapping of San Fruttuoso and
Portofino [87,88]. In addition, other publications have been taken into account: The debris flows along
the coast [93], the hydrogeology of the Caselle springs [99], and the terracing of the Park considered as a
cultural asset [90]. Salmona and Varardi [91] discuss the socioeconomic aspects of the protected marine
area, whereas other contributions deal with underwater tourism and related impact on the ecosystem.
Cerrano et al. [92] stress the importance of volunteer scuba divers for scientific activities aiming at
the conservation of Mediterranean natural resources and [106] describe the success of scuba diving in
the Portofino protected marine area. Furthermore, Lucrezi et al. [107] illustrate the contribution of
scuba divers in the management of protected marine areas and, again, Lucrezi et al. [107] pinpoints
the correct balance between scuba diving activities and environmental sustainability. Saayman and
Saayman [108] discuss the economic benefits resulting from scuba diving in protected marine areas,
and Di Carro [109] describes an approach for assessing human impact on the Portofino protected
marine area. Finally, Markantonatou et al. [110] develops a study on social networks and the flow of
information for responsible and sustainable planning in the Portofino protected marine area.

For the selection of terrestrial geosites (Table 1 and Figure 3), this study took advantage of the
inventory developed by Faccini et al. [11] where geosites have been selected and classified according
to their main scientific relevance in: Geological, geomorphological, mineralogical-petrographic,
hydrogeological geosites, and viewpoints (sensu [111]).

A geoheritage inventory for the underwater part of the area investigated was lacking. Therefore,
marine geosites were selected (Table 2) by combining geological and geomorphological data in
strict collaboration with park managers. The sites were classified according to their main scientific
relevance as geomorphological, speleological, and hydrogeological geosites (Tables 1 and 2 and
Figure 3). Since geosite assessment is important for the promotion of the area from a geotourism
perspective, two marine sites of cultural interest and great tourist potential have been included (Cristo
degli Abissi—ID 21S; and Mowak Deer shipwreck—ID 13S). These sites show a complex relationship
between the natural and/or human heritage of the Portofino Park [11]. The underwater geosites have
been classified into two categories according to the skills of the visitors: (i) Snorkeling sites (more or
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less available to everybody) and (ii) sites equipped for qualified scuba divers. Snorkeling sites have
been classified based on direct observations and comprise practically all the free bathing sites of the
Portofino Protected Marine Area. They are pocket beaches, often fed by annual beach nourishments,
apart from the Punta Chiappa site, which is a rocky cliff. The scuba diving sites are managed by the
Portofino protected marine area and are identified by 21 signaling buoys, where one or two boats can
be moored. The diving sites have been classified into three categories, according to their technical
difficulties. The scientific data reported in the cards of each diving point, which have been elaborated
by the Portofino protected marine area [112], have been updated with new original observations on
each diving point up to a maximum depth of 45 m.

Table 1. Terrestrial geosites.

Nr Name/Location Scientific Interest Features/Description

1T Pietre Strette Geological Conglomerate
2T St George Church Geological Conglomerate
3T St Rocco Geological Marly limestone
4T P.ta Chiappa Geological Conglomerate
5T P.ta Pedale Geological Marly limestone
6T Pietre Strette Geomorphological Boulders
7T Vitrale Geomorphological High cliffs
8T P.ta Cervara Geomorphological Sea stack
9T Mt. Campana Geomorphological Mass movement (lateral spread)
10T P.ta Budego Geomorphological High cliffs
11T Cala dell’Oro Geomorphological Inlet
12T Pietre Strette Minero-Petrographical Anagenite
13T Cala dell’Oro Minero-Petrographical Coal interlayers
14T St Rocco Minero-Petrographical Abandoned quarry
15T Rio Gentile Minero-Petrographical Abandoned quarry
16T Coppelli Hydrogeological Natural springs
17T Acquaviva Hydrogeological Natural springs
18T Caselle Hydrogeological Natural springs
19T Vegia Hydrogeological Natural springs
20T St Rocco Viewpoints Viewpoints
21T Batterie Viewpoints Viewpoints
22T Toca saddle Viewpoints Viewpoints
23T Castelletto Viewpoints Viewpoints
24T Rocca del Falco Viewpoints Viewpoints
25T Base O Viewpoints Viewpoints
26T Mt Campana Viewpoints Viewpoints
27T Semaforo Nuovo Viewpoints Viewpoints
28T Sotto le Gave Viewpoints Viewpoints

4.2. Geosite Assessment

Evaluation of geosites has been developing since the 1990s (cf., [32,113–115]). In spite of many
published methods about the assessment of sites, the scientific literature reveals that there is still a great
debate concerning values and criteria to be used in the geosite assessment process (see [31,116] and
reference therein) and there is no general accepted method. One of the most popular approaches for
geosite assessment is the comparative analysis of geosites within a given area, by applying numerical
evaluation of their values, based on several criteria and respective indicators (e.g., [33,56,117–121]).
The aim of a quantitative assessment is to reduce subjectivity [122] associated with any evaluation
procedure, since the intrinsic value of these environmental elements cannot really be measured. Indeed,
the scientific quality of a geosite is a purely indicative numerical quantity, which can be subject to
variations determined by the subjectivity of the operators and the general characteristics of the area
under examination.

99



Water 2019, 11, 2112

Figure 3. Examples of geosites in the Portofino Natural protected areas: (1) Grotta dell’Eremita
(44.31797 N 9.15120 E, marine geosites 3S and cave on the sea cliff); (2) Cristo degli Abissi (44.314038 N
9.174979 E, marine geosites 21S); (3) Mt. Campana (44.31973 N 9.15529 E, terrestrial geosites 26T);
(4) High cliffs at Vitrale (44.30389 N 9.20164 E, terrestrial geosites 7T); (5) Punta Cervara stack (44.31355 N
9.21291 E, ‘lo scoglio della Carega’, terrestrial geosites 8T); (6) Rock fall boulders at Castello di Paraggi
(44.31112 N 9.21241 E, marine geosites 26D). Image 1 and 2 from Portofino Marine Protected Area
archive [100].

Table 2. Marine geosites (minimum and maximum depth are expressed in meters). The eighth column
refers to the qualitative level of difficulty to reach a certain submerged geosite through scuba diving
(source: [112]).

Nr Name/Location Scientific Interest Features/Description
Protection

Zone
Min

Depth
Max

Depth
Difficulty

1S
Punta Chiappa

di Levante Speleological Cave B 10 40 high

2S Punta della Targhetta Geomorphological Submerged cliff B 8 20 low

3S Grotta dellEremita Geomorphological Cave B 5 40 low

4S Punta della Torretta Geomorphological Submerged cliff B 10 35 high

5S Punta dell’Indiano Geomorphological Submerged cliff B 16 45 high
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Table 2. Cont.

Nr Name/Location Scientific Interest Features/Description
Protection

Zone
Min

Depth
Max

Depth
Difficulty

6S Il Dragone Geomorphological Landslide blocks, cliff B 5 40 high

7S La Colombara Speleological Cave B 10 30 medium

8S
Secca Gonzatti
(Secca Carega) Geomorphological Submarine relief, shoal B 5 30 medium

9S Targa Gonzatti Geomorphological Landslide blocks B 12 33 high

10S
Scoglio del Raviolo
(Andrea Ghisotti)

Hydrogeological/
Geomorphological

Cave and
submarine spring B 10 35 medium

11S Testa del Leone Hydrogeological/
Geomorphological

Cave and
submarine spring B 8 35 medium

12S Scoglio del Diamante Geomorphological Landslide blocks B 10 30 low

13S Mohawk Deer Geomorphological/
Cultural

Landslide blocks
and scarp B 10 40 high

14S Punta Vessinaro Geomorphological Landslide blocks,
submarine cliff B 10 35 high

15S
Casa del Sindaco -

Vitrale Geomorphological Submarine cliff,
landslide blocks B 20 40 high

16S
Chiesa di San Giorgio

(La Liscia) Geomorphological Landslide blocks, cave B 10 40 medium

17S Punta del Faro Geomorphological Landslide blocks, cliff B 16 40 medium

18S Secca dell’Isuela Geomorphological Submarine relief B 14 40 high

19S Punta dell’Altare Geomorphological Submarine cliff B 10 35 medium

20S Punta Chiappa ponente Geomorphological Cliff, debris covered
sea bottom B 5 25 low

21S Cristo degli Abissi Geomorphological/
Cultural

Debris covered sea
bottom, rocky blocks B 12 30 low

22D Punta Chiappa Geomorphological/
Geological Cliff, submarine scarp B/C 0 5 low

23D Baia di San Fruttuoso Geomorphological/
Ecological

Seabed, submarine scarp,
Posidonia meadows B 0 3 low

24D Baia dell’Olivetta Geomorphological Boulders, submarine cliff C 0 3 low

25D Baia di Paraggi Geomorphological/
Ecological

Seabed, submarine cliff,
Posidonia meadows C 0 3 low

26D Castello di Paraggi Geomorphological High cliff, rock
fall boulders C 0 5 low

27D
Punta Cervara-Punta

Pedale
Geomorphological/

Geological
Landslide boulders,
Posidonia meadows C 0 5 low

Some methods for quantitative assessment of geosites are based on combined numerical indices to
obtain a final score, often named Q-value or global value (e.g., [57,123,124]). This index corresponds to
the combination of three sets of criteria relevant to: (i) intrinsic characteristic of a geosite (e.g., degree
of scientific knowledge), (ii) potential for use, (iii) need for protection.

Other authors preferred methodologies based on independent criteria (e.g., Brilha’s [33]
methodology) without the determination of a final score, but considering the results of each set
of criteria relevant to a given site. This is because the criteria considered are independent of each
other and because the independent numerical evaluation for each criterion enables the individual
analysis of each geosite. Specific geosite assessment procedures vary in terms of both the number
and type of criteria considered as well as weighing individual parameters and indicators. The criteria
generally used for geosite and geomorphosite assessment can be classified into five categories as
follows [120,125]:

1. Scientific/intrinsic (scientific merit) values;
2. Exemplarity and educational potential of the site;
3. Accessibility to the site and presence of tourist infrastructures;
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4. Existing threats and risks;
5. Added values.

The criteria are preferably adapted to the geological and geomorphological context of the
study area.

In the present study, the recognized terrestrial and marine geosites have been quantitatively
assessed by applying a methodology that has been specifically set up on the basis of previous works
([47,56,57,119,126]), which concerned the evaluation of terrestrial sites of geomorphological interest
and which were applied also to underwater geosites [11]. Although the coastline marks the boundary
between terrestrial and marine environments, there is a continuity of geological and geomorphological
features across this boundary [61]. In order to fulfil this continuity between land and sea the same
assessment methodology for terrestrial and marine geosites was applied. This methodology is based
on three sets of values relevant to scientific, additional, and potential for use (Tables 3–5) and the
evaluation process builds on bibliographical data and on the detailed and well consolidated knowledge
of the geological and geomorphological features of the study area acquired by authors. Scientific value
was divided into four sub-criteria (Table 3): Integrity (INT), representativeness (REP), rareness (RAR),
and paleogeographic model (PAL). Additional value was divided into three sub-criteria (Table 4):
Ecological (ECOL), aesthetical (AEST), and cultural (CULT). Potential for use value was divided into
three sub-criteria (Table 5): Accessibility (ACC), services (SER), and economic potential (ECON).

A score between 1 and 5 was attributed to each sub-criterion. For each geosite, the total
scientific/additional/potential for use value (Totval) was estimated by summing the score of each
sub-criterion (ai) and dividing by the number of sub-criteria (na) for each set of values (cf. Equation (1)):

Tot val =
∑

i ai

na
. (1)

The aesthetic value is the most subjective one and for the definition of criteria and its assessment,
research on landscape perception (see e.g., [34,127] for a review) has been taken into account. Table 4
specifies which features are to be considered in order to assess the aesthetic value of a given geosite.
According to Coratza et al. [119], these features are: (i) panoramic quality, (ii) colour diversity,
(iii) vertical development, iv) naturalness. The cultural value is the more heterogeneous sub-criterion
(Reynard et al., 2007). Therefore, in order to guide the assessment procedure, the features considered to
estimate the cultural value for a given geosite are specified in Table 4. Considering the tourist vocation
of the area, attention was devoted to the assessment of the potential for use value. In particular, for the
estimation of accessibility (ACC), two sets of sub-criteria were taken into account for terrestrial and
marine geosites, as shown in Table 5. In order to estimate the economic potential of a site, the number
of visitors per year has been taken into account. In fact, it can be assumed that the greater the number of
visitors, the more the economic income. In particular, for the study area, two different sets of thresholds,
regarding the number of visitors per year, were considered in the assessment of the economic value of
terrestrial and marine geosites, respectively. An exception was made for estimating the economic value
of marine geosites accessible via snorkeling. For these, the same visitor thresholds as the terrestrial
geosites have been here considered, since they are comparable to terrestrial geosites in terms of number
of visitors. The data on visitor influx along the footpath network across the present geosites, which have
been given by the Park authority, are an indispensable element for judging the economic potential
of the area. For this purpose, eco-counters aiming to monitor hikers have been installed. As for the
number of visitors to marine geosites accessible with scuba diving equipment, the management is
ruled by an agreement between diving centers and the administration board of the protected marine
area, which has also provided us with attendance data concerning each diving point.
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Table 3. Sub-criteria used for the numerical assessment of geosite scientific value.

Scientific Value 1 2 3 4 5

Integrity (INT):
State of conservation of a

landform

Poor conservation
due to natural

causes (after [43])

Poor conservation
due to inadequate

management
inadequate

management

Damage may occur
in some parts of

landform but
landscape integrity

is preserved

Good conservation
due to proper
management

Good conservation
due to natural

conditions

Representativeness (REP):
exemplarity with respect to

a reference space [119]

No exemplarity
(after [43])

Poor example of
process or
landform

Fair example of
process or
landform

Good example of
process or
landform

Reference site (in
scientific literature)
for the description

of process or
landform

Rareness (RAR):
rarity of the site with
respect to a reference

space [57]

Very common Rare at a local
scale1

Rare at a regional
scale

Rare at a national
scale

Rare at an
international scale

Paleogeographical model
(PAL): Importance of a site

in defining processes or
environments

characterizing the Earth
history (modified after [43])

No
paleogeographic
value (after [43])

Scarce
paleogeographic

significance

Good
representation of a

paleoprocess

Good
representation of a
paleoenvironment

Good
representation of a
paleoprocess and a
paleoenvironment

1 Rare at the scale of Portofino Natural Protected area.

Table 4. Sub-criteria used for the numerical assessment of geosite additional value.

Additional Value 1 2 3 4 5

Ecological value (ECOL):
presence of ecotypes and level of
the site protection for its natural

features [128]

No ecotypes and
no site protection

Presence of
ecotypes without

any protection

Presence of rare
ecotypes and

protection at a
local level

Presence of rare
ecotypes and

protection at a
regional level

Presence of rare
ecotypes and

protection at a
national level

Aesthetic
value (AEST):

[119]

Panoramic
quality

Site not visible
from any

viewpoint

Site visible from
one viewpoint

Site visible from
more than one

viewpoint

Site visible at 360◦
but within a close

distance

Site visible from
many viewpoints

also at a great
distance

Color
diversity

No color diversity Low color
diversity

Moderate color
diversity

High color
diversity

Very high color
diversity

Vertical
development

Same level as the
surrounding

ground

Slightly emerging
from the

surrounding
ground

Moderately
emerging from the

surrounding
ground

Significantly
emerging from the

surrounding
ground

Imposing feature
in the landscape

Naturalness

Completely
modified by

human
intervention

Strongly affected
by human

intervention but
some natural

features are still
preserved

Moderately
affected by human
intervention but

most of the
natural features
are preserved

Slightly affected
by human

intervention

No traces of
human

intervention

Cultural
value (CULT):

[119]

Religious
importance

No religious
importance

Religious
importance but no

connection to
geological and

geomorphological
features of the site

Religious
importance with

connection to
geological or

geomorphological
features of the site

Local religious
importance with

connection to
geological and

geomorphological
features of the site

National religious
importance with

connection to
geological and

geomorphological
features of the site

Historical
importance

No historical
importance

Historical
importance but no

connection to
geological and

geomorphological
features of the site

Historical
importance with

connection to
geological or

geomorphological
features of the site

Local historical
importance with
both connections
to geological and
geomorphological
features of the site

National historical
importance with
both connections
to geological and
geomorphological
features of the site

Artistic
and/or

literature
importance

No artistic and
literature

importance

Artistic and/or
literature

importance but no
connection to
geological and

geomorphological
features of the site

Artistic and/or
literature

importance with
connection to
geological or

geomorphological
features of the site

Local artistic
and/or literature
importance with
connections to
both geological

and
geomorphological
features of the site

National artistic
and/or literature
importance with
connections to
both geological

and
geomorphological
features of the site
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Table 5. Sub-criteria used for the numerical assessment of geosite potential for use.

Potential for Use
Value

1 2 3 4 5

Accessibility
(ACC): level of

accessibility

Land No access

Accessible only by
experts with specific
technical skills (e.g.,

climbers,
speleologists)

Accessible by
experts but no

specific technical
skills are required

Accessible by
people with normal
movement capacity

Accessible by
people with limited
movement capacity

Sea [43]

No accessibility
or only with

indirect methods
(e.g., ROV,

submersible)

Accessible to expert
professional divers

or speleology divers

Accessible to 2nd
level SCUBA

divers (max depth
40 m)

Accessible to 1st
level SCUBA

divers (max depth
18 m)

Accessible to
snorkeling

Services

Land: presence of
equipment and

support services in
the nearby [119]

No services

Support services
within a walkable

distance but subject
to seasonal
availability

Equipment
available but

subject to seasonal
availability

Equipment and
services in the near

proximity of the
site subject to

seasonal
availability

Equipment and
support services in
the near proximity
of the site, available
7/24 all year round

(SER)
Sea: distance from

the nearest
boarding dock [58]

distance from the
boarding dock >

10 km

distance from the
boarding dock

between 10 and 7 km

distance from the
boarding dock
between 7 and

5 km

distance from the
boarding dock
between 5 and

2 km

distance from the
boarding dock
< 2 km

Economic
potential (ECON):
number of visitors

per year

land Visitors < 5000
5000 < visitors ≤

20,000
20,000 < visitors ≤ 50,000 < visitors ≤ visitors > 70,00050,000 70,000

sea Visitors ≤ 100 100 < visitors ≤ 400 400 < visitors ≤ 700 700 < visitors ≤
1000 Visitors > 1000

5. Results

Twenty-eight terrestrial geosites and 27 marine geosites were identified and assessed (Figure 4
and Tables 1 and 2). The terrestrial geosites are mainly sites of geomorphological interest of tectonic
origin or gravity-induced slope landforms or even coastal landforms, all strictly linked to each other
in terms of origin and geomorphological evolution. The footpath network follows the distribution
of the terrestrial geosites, which are widespread all over Portofino Park. Marine geosites are mainly
concentrated between Punta Chiappa di Levante and Punta Portofino, which is the largest outcrop
area of the Portofino Conglomerate.

Figure 4. Location of terrestrial and marine geosites.
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The geosites selected were evaluated considering their scientific value. Moreover, the research
assessed numerically geosite additional value in terms of ecological and eventually cultural importance
of the sites as well as their aesthetic quality. Additionally, the potential for use was estimated taking
into account the visit conditions, proximity, and availability of services and economic potential of
each site. If we compare the average scientific, additional, and potential for use values in both marine
and terrestrial geosites (Figure 5), it can be noticed that these values are similar and comparable to
each other and no significant variation was identified. Notwithstanding the adoption of the same
assessment methodology for terrestrial and marine geosites, some sub-criteria (accessibility, services,
and economic potential) have been adapted considering the different characteristics between terrestrial
and marine sites. This approach has allowed a balanced evaluation of geosites between the terrestrial
and marine area. Moreover, the relationships between the two environments have been better defined.

Figure 5. Compared graphs referring to the average of the scientific, additional, and potential for use
total values (cf. Section 4.2), calculated considering all the assessed terrestrial (inner circle) and marine
geosites (outer circle), respectively.

At the same time, the use of independent assessment criteria permitted the individual analysis of the
geosites and the identification of opportunities, weaknesses, and restrictions on tourism development.
Indeed, these are fundamental steps for the enforcement of Park management strategies [129].

Multivariate representation (Figures 6 and 7) allows one to compare geosites to each other. Different
colors indicate the main scientific interest (geomorphological, speleological, or hydrogeological) of
each geosite and the form of the cartograms indicates groups of geosites (e.g., geosites with high
scientific value but low potential for use value).

Regarding the scientific value, the assessment of the sub-criteria has revealed that the majority
of geosites both terrestrial and marine are well preserved. This confirms the success of conservation
strategies applied in the area by the Park authorities. Moreover, most of the geosites are fair
to good examples of geological/geomorphological processes and landforms, in terms of level of
representativeness (REP). Both terrestrial and marine geosites can be considered as rare at a regional
scale, whereas the Cristo degli Abissi site (ID 21S) is exceptional at an international scale. High cliffs,
more than 150 m a.s.l., set up along active normal faults, continue below sea-level and evolve due
to retrogressive erosion, as witnessed by submerged rock fall deposits located on the sea bottom at
different distances from the cliffs. These rock fall deposits are good examples of retrogressive processes
favored by intense faulting and originated by gravity-induced processes. In addition, good examples
of paleo-processes are offered by submerged caverns of structural origin, which are the continuation
of land caves. Terrestrial conglomerate outcrops and submarine reliefs are good representatives of
past paleo-environments. In particular, submarine reliefs (e.g., the Secca Gonzatti geosite—ID 8S)
and saddles are ascribable to deep-seated gravitational slope deformations. Many terrestrial springs
gushing in the conglomerate or at the boundary between conglomerate and marly-calcareous flysch,
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are found also below sea-level and witness the different uplift rate due to neotectonic activity between
the emerged and submerged areas of the Park.

Figure 6. Multivariate representation of the results of terrestrial geosite assessment. Along the axes, the
quantitative results of the assessment of the scientific, additional, and potential for use values and their
sub-criteria are shown for each terrestrial geosite (for axis legend, see Figure 7). The colors represent
different scientific interests, as specified in the figure legend.

Figure 7. Multivariate representation of the results of marine geosite assessment. Along the axes,
the quantitative results of the assessment of the scientific, additional, and potential for use values and
their sub-criteria are shown for each marine geosite. The colors represent different scientific interests,
as specified in the figure legend.
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The majority of terrestrial geosites is protected at a regional level, since it is included within
the Portofino Regional Natural Park. The great majority of marine geosites is characterized by high
ecological value; most of them are included in the protected marine area of type B, while the others
are located within the type C protected area. Marine sites have a high ecological importance owing
to the presence of coralline biocoenosis and prairies of Posidonia oceanica both on sandy and rocky
seabeds. Furthermore, the presence of rocky blocks resulting from rock falls and topples originating in
the overhanging conglomerate and, to a lesser extent, marly-calcareous flysch cliffs, favors exceptional
biodiversity recognized at an international level.

Viewpoints generally have the greatest additional value due to their scenic quality and color
diversity (aesthetic value, AEST). Among marine geosites, the Baia di San Fruttuoso (ID 23D), Baia di
Paraggi (ID 25D), and the Cristo degli Abissi site (ID 21S) have the highest additional value due to their
aesthetic quality and cultural relevance. For instance, the Baia di San Fruttuoso hosts the abbey bearing
the same name, which dates back to the 10th century CE, while the internationally famous Cristo degli
Abissi statue was placed in 1954 and has now assumed historical relevance.

The assessment of the potential for use is crucial in choosing management strategies aimed at the
promotion of geotourism in the area; therefore, particular attention has been devoted to choosing the
most suitable sub-criteria for this evaluation. The latter revealed that terrestrial geosites are generally
easily accessible except from the cliffs, of course, which require climbing skills for their fruition,
while panoramic points are generally the easiest accessible terrestrial geosites. The most accessible
marine geosites are the ones reachable by snorkeling, while all the other sites are accessible only to
second-level certified scuba divers.

Low values are recorded for services in the proximity of terrestrial geosites. In fact, despite the
support services being generally located at a walkable distance, they are subject to seasonal availability
(mainly in spring and summer). For marine geosites, the services—i.e., boarding docks—are mostly
located at a distance of 4 to 7 km. Every year, tens of thousands of visitors choose to hike along the
footpaths of the Portofino Natural Park (from 20,000 to more than 70,000 visitors per year), making
the economic value of terrestrial geosites very high. As for marine geosites, the number of visitors,
in terms of scuba dives per year, is two orders of magnitude lower than the terrestrial geosite visitors,
except for snorkeling sites, which are attended as much as land ones. It should be mentioned that data
on scuba diving are underestimated due to the presence of illegal non-registered scuba divers.

6. Conclusions

The Portofino Natural Park boast some of the most impressive sceneries of the Mediterranean
area, displaying a large variety of geological landscapes as well as unique ecological systems, both in
terrestrial and marine environment.

This research has led to the identification and assessment of 28 terrestrial and 27 marine geosites
of the Portofino Natural Park and protected marine area, pinpointing the most suitable sites for
geotourism promotion, for both their contribution to the understanding of the geological processes
acting through time on landscapes as well as their aesthetic importance.

In fact, the area is a well-known seaside resort and the present economy is almost exclusively
based on onshore and offshore tourism. Nevertheless, tourism activities focus mainly on the rich
marine biota and habitats and for recreational purposes while the geological and geomorphological
features are usually neglected. Instead, these features, including submarine ones, could play a relevant
role in developing a sustainable and safe tourism fruition, thanks to a deeper understanding of the
complex geological and geomorphological contexts.

Moreover, for the first time, geosite assessment has been performed by applying a common
methodology to both terrestrial and marine geosites. Some sub-criteria (accessibility, services,
and economic potential) have been adapted considering the different characteristics between terrestrial
and marine sites. This approach has allowed us to emphasize the relationships between the terrestrial
and marine environments. The selected geosite network is meant to show common processes and
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landforms between these environments creating the ground for diversified but common and more
efficient management and conservation actions and policies.
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Abstract: This paper aims at systemizing knowledge related to geodiversity assessment for water
resources and its evaluation. The novel aspect connected to geodiversity of this paper is the analysis
of the components of hydrological system, both at the superficial and underground level, in the
territory of the Sesia Val Grande United Nations educational, scientific, and cultural organization
(UNESCO) Global Geopark (Northwest Italy). More specifically, the research establishes a conceptual
model and a specific procedure for the evaluation of geodiversity connected to water resources
on a regional scale, by means of a qualitative-quantitative geographic information system (GIS)
process, renamed here as hydro-geodiversity assessment. For these purposes, a targeted ecosystem
approach is applied to consider the assets of the Geopark territory that has been derived from the
interaction between water and other components of geodiversity, i.e., the hydro-geosystemic services.
The element selection and processing operations led to the identification of areas characterized by
greater values of hydrological geodiversity, in which the link between surface and underground
hydrodynamics became closer and intense. The single geodiversity factor maps that were obtained
from partial data aggregations were added together in map algebra operations, then subjected to
weighing to formulate the hydro-geodiversity map of the Sesia Val Grande UNESCO Global Geopark.
The results of the present study strengthen the strategic management of geological, geomorphological,
and hydrological heritages of the study area by identifying different landscapes and local peculiarities
determined by mutual influences between geology and hydrological dynamics.

Keywords: water resources; geodiversity assessment; geosystem services; geoheritage;
hydro-geodiversity; Sesia Val Grande UNESCO Global Geopark

1. Introduction

The term “geodiversity” has no intrinsic value; its importance relies on the quality of the
relationships built between the systems or spheres of which it is composed, i.e., the Earth system science
(atmosphere, lithosphere, hydrosphere, and biosphere; Figure 1) [1] and those specifically addressed
to describe surface processes, landforms, and materials, such as pedosphere and anthroposphere.
Interactions between these different spheres constitute the variety of geological and geomorphological
phenomena and landscapes [2] to which human beings attribute several values. Therefore, we
agree with Sharples [3] in considering geodiversity as “the quality we are trying to conserve,” and
geoconservation as “the endeavor to conserve it”.
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Figure 1. Conceptual scheme of the relationships between the main spheres considered by the Earth
systems science [1]. Asterisk indicates the area of relationships with pedosphere and anthroposphere.

According to Gray’s (2013) definition, geodiversity is not just a matter of different Earth features [1]
but also of their assemblages, structures, systems, and contribution to landscapes. The complexity of
geodiversity is a challenge for its assessment. A system of norms and modes of action, as well as a model
of interaction of all the related variables, has to be created in order to achieve significant geodiversity
assessment, in term of both biotic and abiotic ecosystem services. Such a comprehensive assessment
can offer relevant contributions to both geoconservation and sustainable use of georesources [4].

This work is focused on systematizing the relationships between geodiversity and water resources
by analyzing parts of the hydrological cycle that interact with geological features, satisfy essential
needs, and for allow biological and human evolution. The first research question we want to address
is: What value should be attributed to water resources in the definition of geodiversity?

Despite the broad interests and various focuses of contemporary geodiversity methods and tools,
the related literature considers hydrology as a fundamental component of geodiversity assessment [1,5].
However, relationships between geology and water resources have been frequently analyzed in a
sectorial way:

1) by strictly considering the hydrogeological aspects with a purely quantitative method in order to
establish precise numerical values about productivity of an aquifer [6];

2) by qualitatively interpreting hydrological details, either in a landscape analysis perspective [7],
or by applying a morphographic approach to hydro-geodiversity issues [8].

Although the methods used in the two aforementioned studies have opposite aims and results
(quantitative versus qualitative), their main tendency is to perform partial analyses of the interaction
between water and geodiversity, i.e., by focusing on specific geological or geomorphological phenomena
(in these last two cases: landforms and river dynamics), thus neglecting other relevant elements of the
hydrological system.

On the other hand, some authors [9,10] posed a greater effort in a systematic attempt to define the
structure of the hydrogeological interactions, including factors and variables useful for creating a map
of water resources. In the study by Arajuo and Pereira, such a factor map represents a fundamental
part of the final geodiversity map of the State of Cearà, in Brazil [9].
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Despite the undoubted inclusion of hydrological processes in the geodiversity equation adopted
by Brazilian and Polish assessments [9,10], the real crux of the matter is that, to date, there is no uniform
choice of essential variables to be considered for classification of hydrological elements relevant
for geodiversity assessment. This is particularly relevant for regional geodiversity studies, such as
large-scale surveys and assessments, where a theoretical framework has to be carefully discussed for
achieving successful applications [11].

To overcome the problem, we sought to define and test a set of relevant variables for a
qualitative-quantitative assessment of hydrological-geodiversity in the Alpine territory of the Sesia
Val Grande UNESCO Global Geopark (UGG). In a preliminary phase, it was necessary to devise a
relational model that could provide support for the collection and management of information to be
processed. This important and preliminary research operation included the definition of a conceptual
model for geodiversity assessment in relation to water resources, based on the specific territorial
context, and the adopted regional scale of analysis.

2. Study Area

The Sesia Val Grande UGG [12] study area covers about 2000 km2 and is located in the Piemonte
Region (NW Italy) (Figure 2). The area includes 106 municipalities across 4 provinces: Verbania,
Vercelli, Novara, and Biella. Elevation of the territory varies from 190 m a.s.l. at the lower alpine
piedmont area to 4554 m a.s.l. at the top of Monte Rosa (Pennine Alps), the second highest massif of the
European Alps. Indeed, the area is mainly mountainous, including high plains and large floodplains,
as well as a portion of the Maggiore Lake.

Figure 2. The study area of the Sesia Val Grande United Nations educational, scientific, and cultural
organization (UNESCO) Global Geopark (UGG).

The study area comprises three important hydrographic sub-basins of the Po drainage basin
(Figure 2): those of the Sesia river (3079 sqkm area, 138 km length), Toce river (1785 sqkm area,
57 km length), and Ticino river (6033 sqkm area, 284 km length) [13]. Many factors and competing
morphodynamic processes contributed to the shaping of the mountain relief and the valleys system, i.e.,
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the litho-structural and tectonic conditions posed by alpine orogeny and the morphoclimatic variations,
such as the Pleistocene glacial/interglacial phases and later Holocene stages. These “regional” factors
are related to long-term processes, giving the basic shape of the Alpine mountains and valleys, then
followed by important Holocene “local” morphogenetic processes of fluvial/torrential, as well as of
gravitational origin. Currently, the dominant geomorphic agency in the valleys of Sesia Val Grande
Geopark is the fluvial-torrential one, which is accompanied by consistent gravitational instabilities,
where the slopes are steeper. [14]. A large portion of the territory shows fluvial/torrential landforms
along steep slopes (16% or more), such as deep river incision, mainly in bedrock, with abundant debris
deposits, often forming debris fans up to km-size. On the other hand, in valley floor and high plain
areas, rivers created terraces at the valley sides, and multiple to single channels had a tendency to
meander at the valley mouth [15].

At higher elevations, glaciers have been the most important morphogenetic agent during Holocene.
Indeed, the upper areas of the high valleys are dominated by glacial and periglacial processes [16].
Despite the ongoing climate warming and the predominant southern exposure of the slope of the
Monte Rosa Massif, seven glaciers are still present [17], whose hydro-geosystem value is undeniable:
they constitute the sources of the Sesia river, as well as of a beautiful landscape, even if they are
extremely sensitive and endangered by climate change.

Concerning the tectonic setting, Figure 3 shows the main structural units and geological complexes,
in which the geopark is located. Units of the Southern Alps are aligned along a northeast-southwest
direction, juxtaposed to the Austroalpine units along the Insubric Line (towards W) and to the lower
Pennidic units along the Sempione-Centovalli Line (towards N). In turn, the Austroalpine is in tectonic
contact by means of complex polyphasic deformation with the Pennidic domain, herein represented
mainly by oceanic units [18].

The lithological geodiversity constrains the Geopark’s hydrological features. The whole area
(Figure 3) is mainly characterized by crystalline basement units, i.e., lithologies whose permeability
depends on fractures density. A little portion of conglomerates, limestones, and marbles outcrops in
the Lower Sesia Valley, while fluvial and fluvioglacial deposits characterize the valley floors and the
piedmont. These last units represent the reloading areas of the high productivity aquifers present in
the territory.

The various geo-lithological complexes, combined with their structural settings, contribute to the
large geological diversity of the area and, at the same time, define highly diversified hydrographic
network and rich hydrogeological structures [19], as follows:

1. Alpine and pre-Alpine magmatic and metamorphic rocks (a large diversity including granite,
gabbro, diorite, peridotite, quartzite, gneiss, micashist, amphibolite, granulite, etc.) from main
lithotectonic units of both internal (Southern Alps: Ivrea-Verbano, Serie dei Laghi, and periadriatic
magmatic units) and axial alpine belt (Sesia-Lanzo, Monte Rosa, and Liguria-Piemonte oceanic
units). Generally, groundwater circulation is absent or limited to surface fracture systems and
major faults. The prevalent permeability varies from low to very low but along the most fractured
zones, the degree of permeability can also vary from medium to high.

2. Dolostones and breccias of Triassic-Jurassic sedimentary cover the Southern Alps and metamorphic
carbonatic rocks (marble) within the mentioned alpine units. They are characterized by remarkable
water circulation due to superficial and deep karst phenomena. The prevalent permeability (for
fracturing and karst phenomena) results from high to medium.

3. Sands (Pliocene Asti Sand of marine origin): the prevalent permeability for porosity has a medium
degree. The coarser terms of this complex represent aquifers of good productivity.

4. Lacustrine, marsh, and fluvial sediments (“Villafranchian” deposits): the prevalent permeability
for porosity is of medium degree, even if they are characterized by a high heterogeneity, depending
on the depositional environment.

5. Pleistocene to present-day glacial deposits. The prevalent permeability for porosity varies from
medium to low.
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6. Alluvial deposits: these sediments are located in the valleys bottom and in the piedmont. Due to
their porosity they show prevalent permeability from high to medium and contain a shallow
unconfined aquifer in connection with surface rivers.

Figure 3. Map of the geological and structural units of the Sesia Val Grande UNESCO Geopark.
(modified from Brak et al. 2010) [18].

3. Materials and Methods

In the following paragraph, we describe the adopted methodological approach, the selected
parameters, and the methodology chosen for carrying out the evaluation process that led to the final
map of hydro-geodiversity of the Sesia Val Grande UGG.

3.1. Methodology

Before defining the input data for hydro-geodiversity assessment, it is necessary to define the
conceptual structure of the assessment. In this specific evaluation, the intention is to consider values
and services that the territory and community derived from the abiotic components in connection with
the dynamics of the water and the formation of aquifers.
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Gray’s (2013) model of geosystemic services identifies five different categories of geoservices [2]
and was adapted in a hydrogeological overview and applied to the local context of Sesia Val Grande
UNESCO Global Geoparks area (UGGp). This kind of approach, usually part of qualitative methods
to assess geodiversity [20], is human-centered. Our analyses identified hydro-geosystem services,
which represented hydrogeological features capable of offering a range of specific services and goods.

The conceptual process guided the assessment of hydro-geosystem services and is described in
Figure 4. Starting from the analyses of relationships between geodiversity and water, we proposed
a framework for hydro-geodiversity. Since it represents the part of geodiversity concerning the
hydrosphere, it includes hydrogeological phenomena that interacts with geolithological features, the
component of geomorphological landscape, and the way in which human societies manage them.

According to the conceptual scheme of geosystem services by Gray (2013), interlinked categories
have been found and the intensity and types of relationships are described in Figure 4:

• regulating dynamics (atmospheric, geological, geomorphological, and anthropogenic processes);
• provisioning (of drinking water, water for industry, agriculture, or energy production);
• cultural processes (related to the development of the spiritual, religious, and collective identity of

local communities and to the maintenance of psycho-physical health);
• knowledge processes (which reconstruct the evolutionary history of terrestrial cycles, deal with

monitoring quality, and presence of water in glaciers, canals, aquifers, which develop strategies
for the management of hydrogeological risk in a context of climate change).

These interactions determine a range of hydro-geoservices that forge the structure of the
hydro-geosystem, which corresponds to a certain degree of hydro-geodiversity. The conceptual
definition of the hydro-geosystem services in the territory under study was essential to understand and
define the input data to consider the hydro-geodiversity map of Sesia Val Grande UNESCO Geopark.

Figure 4. Hydrogeoservices from Gray (2013) [2].
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3.2. Hydro-Geodiversity Assessment

Once analyzed, the characteristics of the territorial context defined the conceptual setup of the
research, it was possible to proceed with the definition of the parameters of the hydro-geodiversity
assessment. The specific parameters are described in detail in Table 1. The operational purpose
is to identify areas characterized by high hydro-geodiversity using a qualitative-quantitative
evaluation technique.

Table 1. Chosen parameters for hydro-geodiversity assessment in the case study area (modified from
Zwolinski, Najwer, and Giardino, 2018) [20].

Chosen Parameters for Hydro-Geodiversity Assessment in the Sesia Val Grande UNESCO Global Geopark

Purpose 1◦ = COGNITIVE 1◦: Define a conceptual structure of
geodiversity linked to water resources

2◦ = OPERATIONAL 2◦: Identified areas characterized by
high hydrological geodiversity

Data Source INDIRECT

Cnr-Regione Piemonte [21]
Siri - Regione Piemonte [22]

PPR piemonte [23]
Arpa Piemonte [24]

Autorità di bacino po [25]
Corine land cover [26]

Subject SELECTIVE APPROACH Choice of a set of components of the
natural abiotic environment

Spatial Scale REGIONAL Analysis Scale 1:100.000

Time Scale CURRENT Most updated data

Evaluation Criterion RELATIVE Hydro-geosystem services,
human-centred

Evaluation Technique
MIXED =

QUANTITATIVE-QUALITATIVE Expert and automatic classification

Representation of the results of
evaluation

CARTOGRAPHIC ESRI ArcGis

The hydro-geodiversity assessment procedure is typically quantitative, based on the pioneering
work of Serrano and Ruiz [11]. It is the kind of approach based on the construction of map algebra
indexes and techniques, using geographic information system (GIS) software to process information.
To achieve this practical purpose, we performed a GIS analysis by using ArcGis 10.5 software
(developed by ESRI Redlands, USA) on a complete set of georeferenced spatial data. On the basis of the
available data and the survey scale, a hydro-geodiversity equation was established, whose variables
corresponded to the factor maps that were added together using weighing techniques in the map
algebra phase.

Due to the large study area, the chosen scale for the evaluation was 1:100,000. Indeed, several
relevant features for geodiversity assessment are at a nominal scale of 1:10,000. In order to obtain a
final representation that was compatible with the finale factor maps and consistent with the chosen
scale of representation (1:100,000), we did a semi-automatic data generalization.

Based on the selected scale of analyses, a geodatabase was constructed by collecting the public
data provided by regional and territorial agencies, as described in the data source field described in
Table 1.

The main steps for the hydrological geodiversity assessment were:

1) Construction of a georeferenced database in GIS environment;
2) analysis and interpretation of the information retrieved based on the guiding model of

hydro-geosystem services created previously and considering the significant factors for
local communities;
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3) define factor maps and variables using an iterative approach;
4) combine factor maps, attributing weights in map algebra operations;
5) choose and create the final hydro-geodiversity map for the Sesia Val Grande UNESCO

Global Geopark;
6) identify hydro-geodiversity landscapes and promote their conservation.

Data selected in the initial phase have undergone changes due to scale compatibility or type of
input data. An iterative process was adopted [27]. Available data were collected and analyzed, and we
observed the results and determined which data could be used and how.

Four main factors were chosen for the evaluation of hydro-geodiversity:

• Basement rocks and deposits permeability, integrated with fracturing index (tP), for the factor
map of total permeability;

• land use integrated with the slope instability index (tLU) for the factor map of total land use;
• springs and wells location (SWD) for the factor map of springs and wells density;
• Hydrography, glaciers location, glacial cirques, landslides, and alluvial fan location (MR) for the

factor map of morphogenetic relevance.

These factors represent the variables of the hydro-geodiversity (HGD) equation, which can be
summarized as:

HGD = tP + tLU + SWD +MR (1)

From the vector data and the expert classification of the elements, the data has been transformed
into a raster format. This allows us to assign a value to each identified class and to add the obtained
images with a final resolution of 25 m.

Figure 5 briefly describes the methodology adopted in the evaluation assessment, as well as
highlighting the relationships between the fur factor maps in creating the hydro-geodiversity map.

Figure 5. Flow diagram for the creation of the final map of hydro-geodiversity in the Sesia Val Grande
UNESCO Global Geopark.

Once the four factor maps have been obtained, the next step includes the processing of partial
maps via attributing weights through map algebra. By varying the weight of the individual partial
maps in the map algebra phase, it was possible to evaluate and compare the results of the weights
assigned to the individual factor maps. To find the best weight proportions used to obtain a result that
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identifies sufficiently homogeneous areas of hydrological geodiversity, the AHP (Analytic Hierarchy
Process) method [28] was used, which is a multi-criteria decision support technique.

Finally, seven hypotheses of hydro-geodiversity assessment were formulated. Only one was
chosen as a representative for the Sesia Val Grande UGG hydro-geodiversity. It was then reclassified
into three distinct classes using the natural break method.

Consequently, an interpretation of the results were made, leading to the definition, within the
geopark, of a certain number of landscapes characterized by high hydro-geodiversity.

4. Results

4.1. Factor Map of Total Permeability

The geological lithology [21] was divided by type and degree of permeability. More specifically,
the basement rocks, quaternary, and pre-quaternary deposits were classified with values from 1 to
5 based on the hypothetic degree of permeability, which is directly related to the constitution and
the productivity of aquifers that hide from lithological formations (Table 2). Both the deposits and
rock basements were classified by hypothetical permeability, which underpins their predisposition to
constitute aquifers.

Table 2. Lithology of rock basement and pre-quaternary deposits in the Sesia Val Grande UGG.

Rock Basement and Pre-Quaternary Deposits Value

Amphibolite, Diorite, Metabasite, Gneiss, Granite,
Granodiorite, Peridotite, Serpentinite 1

Micaschist, Calc-schist, Paragneiss, Phillite, Mylonite 2

Conglomerate, Andesite, Pyroclastic rock 3

Marble, Limestone, Dolomite, Sandstone 4

Villafranchiano, Asti Sand 5

The highest values were assigned to quaternary and pre-quaternary gravelly and sandy deposits.
Intermediate values were instead assigned to lithologies such as marble, limestone, and sandstone with
mixed deposits or debris flow. Ultimately, very low values were assigned to most coherent lithologies
or glacial deposits (Table 3).

Table 3. Classification of quaternary deposits in the Sesia ValGrande UGG.

Quaternary Deposits Value

Glacial deposits and rock glacier deposits (active and inactive) 2

Mixed deposits 3

Alluvial terraces and debris flow (fl2) 4

Fluvial Deposits (fl1) and fluvioglacial deposits 5

A particular procedure was followed with regard to lacustrine and marsh deposits, since these
deposits contain clay and are characterized by low permeability. However, theses deposits constitute
layers of protection for aquifers and represent superficial environments dominated by the water
dynamics that constitute extremely precious biotopes (e.g., peat bogs, marshes, ponds). Thus,
classifying these deposits on the basis of permeability means giving them low values; this is not in line
with the objective of the present study, which seeks to enhance the centrality of the water element in its
interaction with geodiversity. This led to the choice of not considering these deposits in the present
classification, but to evaluate them with high value in the factor map of total land use. To complete the
factor map of total permeability, the state of fracturing of the substrate and influencing the degree of
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permeability of the rock was considered. Indeed, the lithologies of the basement, such as crystalline
rocks, have a wide permeability range depending on the level of incidence of tectonic structures. In the
study area faults, fault systems and ductile shear systems were distinguished [21]. Moreover, structures
responsible for ductile, ductile-fragile, or brittle-ductile deformation were distinguished, because in
ductile-fragile areas in the tectonic action produce a greater incidence of fracturing.

In order to create a map of the fracturing index, several hypotheses of classification were advanced.
The final decision was to create manually areas of fracturing relevance, attributing more value to fragile
deformations as compared to ductile ones. These areas were added to the map of deposits and rock
basement permeability, in order to obtain a map of total permeability (Figure 6).

In the map, it is possible to observe how rocks with low degree of lithological permeability assumed
maximum values, i.e., the Insubric Line, the Cossato-Mergozzo-Brissago, and the Pogallo Lines.

4.2. Factor Map of Land Use

Land use is an important factor to consider in the equation of hydro-geodiversity because it
explains the human impact on natural environments. In the hydro-geodiversity assessment, it is
important to highlight all variables that seal or pollute the ground. Thus, the factor map of land
use collects all types of land uses identified by the corine land cover satellite tracking system, which
integrates them with wetlands, marsh areas, and lakes (Figure 7).

The identified elements were classified based on their possible effect on ground permeability, as
well as the possibility to create underground reserves and water resource pollution.

Because of this, the factor map of land use collects all types of land uses identified by the corine
land cover satellite tracking system. The elements identified are then classified based on the possible
conditioning of the ground or riverbed permeability, as well as the quality of the underground reserves.

Table 4 summarizes the considered variables, classifying them from the lowest hydro-geodiversity
value (1) to the highest (5). Regarding the lake data, provided by the regional landscape plan (PPR),
only the water elements with a surface greater than 100 m × 100 m were selected. This measure
corresponds to the minimum “cartographic” resolution at the 1:100,000 scale.

Table 4. Expert classification of Land Use types in Sesia Val Grande UGGp.

Land Use Value

Continuous Urban, Fabric, Industrial or Commercial Units,
Road and Rail Networks and Associated Land, Bare Rocks 1

Discontinuous Urban, Fabric, Sport and Leisure Facilities,
Non-Irrigated Arable Land, Complex Cultivation Patterns,

Sparsely Vegetated Areas
2

Pastures, Land Principally Occupied by Agriculture, With
Significant Areas of Natural Vegetation, Coniferous Forest,

Moors and Heathland
3

Broad-Leaved Forest, Stable Meadows 4

Beaches, Dunes, Sands, Glaciers and perpetual Snow, Inland
Marshes, Lacustrine Deposits and Peats, Water Bodies, Lakes,

Mineral Extraction Sites, Rice Fields
5

Considering the number of areal landslides, the map of land use has been integrated with the map
of slope instability. Landslide phenomena were considered on the basis of their density; for reasons
of scale adaptation, only landslides with a surface area greater than 100 m × 100 m were selected.
The slope instability index was obtained by analyzing the density of the area landslides converted to
point format. The result of the kernel density analysis was then reclassified into three classes using the
natural breaks method (values from 0 to 2).
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4.3. Factor Map of Springs and Wells Density

The location of springs and wells were mapped separately. Then, in order to obtain a final
representation compatible with the other factor maps and consistent with the chosen scale of
representation, areas with a higher density of springs and wells were identified (Figure 8).

Natural springs and wells were subjected to a kernel density with a radius of 1000 m [29].
The raster file obtained was then reclassified into four classes (0, 3, 4, 5) with manual classification,
turning the areas characterized by low density into a value of 0. For this classification, high values
were used to stress the importance of these factors.

Figure 6. Factor map of lithological permeability integrated with fracturing index. (Esri ArcGis
10.5, [30].
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Figure 7. Factor map of land use integrated with landslides density index [30].
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Figure 8. Factor map of springs and wells density [30].

4.4. Factor Map of Morphogenetic Relevance

The factor map of morphogenetic relevance (Figure 9) is used to consider the predominant
geomorphological factors that characterize the study area, as well as the dynamics and genetic
processes that are the basis of morphological conformation. The territory of the Sesia Val Grande UGG
was therefore divided into three areas of morphogenetic relevance: glacial, fluvial, and gravitational.
Geomorphological elements taken into consideration are glaciers and glacial cirques for glacial
relevance, hydrographic network, alluvial fan, lakes for fluvial relevance, and areal landslides for
gravitational relevance. These areas were expertly classified with values from 3 to 5. For the areas
dominated by the glacial processes was given the maximum value (5). Glacial modelling is indeed a
central factor in the geomorphology of alpine areas.
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Figure 9. Factor map of morphogenetic relevance [30].

Glacial cirques often host lakes and mountain pastures, which constitute rare habitats and areas
used for anthropic purposes for grazing. At the same time, glaciers constitute a reserve for drinkable
water and important element of river flow regulation.

The river and lake elements constitute fluvial relevance, which represents a high value of
hydrological geodiversity. Lakes and rivers are reservoirs of water. Moreover, rivers can be used for
energy production (e.g., dams, hydroelectric power plants) and provide aggregates (e.g., gravel, sand,
silt, peat) for various uses. Lastly, the lowest value (3) was attributed to the areas of gravitational
relevance. This value has a moderate to high estimation since the landslide processes are firmly
interrelated with the water dynamics. They can, in fact, activate and be activated by water processes.

Once the final factor maps were obtained (Figures 6–9), they were added together in a map algebra
operation, their sums weighted with GIS, and put through AHP.

This criterion allowed us to create measures that judged consistency, derived priorities between
criteria that allowed for comparisons, and established a hierarchy of priorities among the elements.
The weighing method adopted made it possible to elaborate many hydro-geo-assessment solutions
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(from HG_A_1 to HG_A_7 in Table 5). Each time, a greater weight was assigned to one of the four
factors, as illustrated in Table 5.

Table 5. Hydro-geodiversity assessment solutions. The underline values indicate the group of factors
that has more weight in the map algebra process.

Hydro-Geodiversity Assessment; Solution to Be Examined

Same Weight Method Priority Calculation with the Analytic Hierarchy Process (AHP)

Factor Maps HG_A_1 HG_A_2 HG_A_3 HG_A_4 HG_A_5 HG_A_6 HG_A_7

1
Lithological
Permeability 1 0,243 0,157 0,157 0,298 0,197 0,175

2 Land Use 1 0,197 0,319 0,281 0,27 0,379 0,409

3
Springs and Wells

Density 1 0,182 0,281 0,319 0,246 0, 182 0,175

4
Morphogenetic

Relevance 1 0,379 0,243 0,243 0,246 0,243 0,241

Consistency rate 4,30% 4,30% 4,30% 2,20% 4,30% 5,70%

The last two solutions, HG_A_6 and HG_A_7, are the result of a reasoning that considers a more
rigorous approach, which was adopted in the present work and the objectives set. A greater weight
was used in the land use factor map, containing the elements interacting with the human dimension.
While the HG_A_6 shows an increasing value of factors, the HG_A_7 shows that lower weights are
equal. In the HG_A_7 solution, land use weight is equal to 40% of the total weight. Moreover, the
springs and wells density is equal to 25%. In fact, since these factors are connected to human activities,
these results indicates systems of provisioning and pumping of water resources, as well as a strong
point for monitoring the quality and quantity of water in deep and shallow aquifers. To the natural
abiotic factors, like permeability and areas of morphogenetic relevance, a weight of 17% was assigned
to both levels. It was therefore considered that the HG_A_7 solution was the best solution for the
hydro-geodiversity assessment.

In order to obtain more homogeneous areas, the raster file was reclassified into three classes using
the natural breaks method (presented in Figure 10 with specific areas and hydrogeosites).

5. Discussions and Conclusions

In this study, nine peculiar areas in the Sesia Val Grande Geopark were identified on the base of
the prevailing landscape and its propensity to develop a sustainable relationship between man and the
hydro-geosystemic services (Figure 10):

- Area 1: Vigezzo Valley: Landscape of hydrogeological instability
- Area 2: Valley and Piana del Toce: Landscape of alluvial dynamics
- Area 3: San Bernardino and San Giovanni Intra: Landscape of torrential dynamics
- Area 4: Monte Rosa: Landscape of Alpine glacialism
- Area 5: Alpe di Mera: Landscape of deep gravitational instability
- Area 6: Val Mastallone, Upper Val Strona: Landscape of deep valley incisions
- Area 7: Trivero-Val Ponzone: Landscape of the springs
- Area 8: Monte Fenera and Borgosesia: Karst Landscape
- Area 9: High Po Plain: Landscape of the deep aquifers of the Upper Po Plain

Once identified, hydro-geodiversity areas were compared with the geosite location in order
to validate the correspondence between them and the areas of hydro-geodiversity, as well as to
verify their representativeness and to test the functioning of the qualitative-quantitative procedure
previously applied.
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Figure 10. The final solution of the hydro-geodiversity assessment reclassified into three classes with
natural breaks in the area definition and hydrogeosites [30].

Geosites from the list of that identified for candidacy to the UNESCO program of the Sesia Val
Grande Geopark [31], as well as those extrapolated from the ISPRA national inventory of geosites [32]
were selected.

Only geosites with a significance in terms of hydro-geodiversity were chosen. In particular,
25 geosites in this selection were plotted on the final map. All geosites (with the exception of 1) fell
into areas with high hydro-geodiversity.

Despite this good correspondence, it should be noted that in some areas there are more than
one geosite (areas 4, 8) and in other areas, geosites are classified with a high hydro-geodiversity.
Occasionally, we noted the total lack of geosites (areas 1, 2, 6,7). If we were analyze the features
of geosites, we would note that the categories of representativeness expressed are fluvial, glacial,
gravitational, karst, and lacustrine.

Geosites that represent and test the aquifer dynamics and the relationship between the geological
structure and the concentration of springs are missing. However, this aspect is considered fundamental
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in the hydro-geodiversity classification. This is not surprising and is in line with the tendency to
underestimate hidden geosystem features, such as underground processes. This is also demonstrated
by recent results of a systematic literature review [33] that show how goods and services derived from
the subsurface are underrepresented in the contemporary literature on ecosystem services.

Based on the results and the comparison with the current state of geoconservation of the study
area, area 7 (landscape of springs) and area 9 (landscape of the deep aquifers of the Upper Po Plain) are
the most important areas in terms of hydro-geosystemic services, as they are directly related to the
withdrawal and consumption of water (e.g. drinking water, for agriculture, for breeding). They are
also the areas in which human impact is deeper and where there are no instances of hydrogeological
protection sufficient for a good preservation. Therefore, more studies and insights about these issues
is needed.
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Abstract: Boulder detachment from the seafloor and subsequent transport and accumulation along
rocky coasts is a complex geomorphological process that requires a deep understanding of submarine
and onshore environments. This process is especially interesting in semi-enclosed shallow basins
characterized by extreme storms, but without a significant tsunami record. Moreover, the response of
boulder deposits located close to the coast to severe storms remains, in terms of accurate displacement
measurement, limited due to the need to acquire long-term data such as ongoing monitoring datasets
and repeated field surveys. We present a multidisciplinary study that includes inland and submarine
surveys carried out to monitor and accurately quantify the recent displacement of coastal boulders
accumulated on the southernmost coast of the Premantura (Kamenjak) Promontory (Croatia, northern
Adriatic Sea). We identified recent boulder movements using unmanned aerial vehicle digital
photogrammetry (UAV-DP). Fourteen boulders were moved by the waves generated by a severe
storm, named Vaia, which occurred on 29 October 2018. This storm struck Northeast Italy and the
Istrian coasts with its full force. We have reproduced the storm-generated waves using unstructured
wave model Simulating WAves Nearshore (SWAN), with a significant wave height of 6.2 m in front
of the boulder deposit area. These simulated waves are considered to have a return period of 20
to 30 years. In addition to the aerial survey, an underwater photogrammetric survey was carried
out in order to create a three-dimensional (3D) model of the seabed and identify the submarine
landforms associated with boulder detachment. The survey highlighted that most of the holes can be
considered potholes, while only one detachment shape was identified. The latter is not related to
storm Vaia, but to a previous storm. Two boulders are lying on the seabed and the underwater surveys
highlighted that these boulders may be beached during future storms. Thus, this is an interesting
example of active erosion of the rocky coast in a geologically, geomorphologically, and oceanologically
predisposed locality.

Keywords: rocky coast; extreme waves; active erosion; geohazard; Croatia

1. Introduction

This study investigates the movement of the boulders located in the southern sector of the
Premantura (Kamenjak) Promontory (Croatia, southern Istria Peninsula) after an extremely severe
storm named “Vaia” which struck during 29 October 2018 [1]. Terrestrial, aerial and underwater
surveys were performed to analyze the possible geomorphological effects of the storm on the boulder
field in terms of movements of boulders, as well as their disappearance and the appearance of new ones.
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In 2018, between Saturday, October 27 and the early hours of Tuesday, October 30, large sectors of
the Italian and the northern Adriatic coasts were hit by one of the most intense, complex, and damaging
storms in recent decades as the result of the passage of an exceptionally strong cyclone named Vaia.
Monday, October 29, was characterized by violent gusts of Sirocco, (a southerly wind blowing across the
Adriatic Sea), storm surges, and extraordinarily high tides in the northernmost Adriatic Sea combined
with severe rainfall, particularly in the northeastern Alps. The storm caused 16 casualties in an area
from Trentino (northern Italy) to Campania (southern Italy) and severe damage totaling more than two
billion euros. Tens of thousands of customers were still without electricity two days after the event,
especially in the Trentino, Veneto, and Friuli areas (Northeast Italy).

We investigated the relationship between this extreme Sirocco storm and an extensive boulder
accumulation located at the southernmost tip of the Istrian Peninsula, in Premantura, Croatia [2].
This study provides the results of two years of monitoring using unmanned aerial vehicle (UAV) based
multitemporal photogrammetric image comparison and the outputs of underwater environmental
monitoring using a three-dimensional (3D) model obtained through photogrammetric analysis of
underwater pictures. Field activities were carried out, assisted by a UAV survey, approximately two
weeks after storm Vaia. These surveys revealed that the boulder positions had changed with respect to
the previous field investigations carried out in November 2017. For example, the isolated boulder, K8,
widely described by Biolchi et al. [2] had been moved towards the northwest and rotated.

The transport of rocky boulders in the Mediterranean and more generally along oceanic coasts
has been widely studied. It has been documented that waves associated with stormy events and
major tsunami events can generate a force strong enough to detach boulders from the ground and
transport them along the shore. Despite boulder motion being mostly attributed to tsunamogenic
activities in the literature, several authors have recently proven that the impact of storm waves is,
in fact, the primary mechanism for boulder detachment and transport [3–9]. Moreover, at higher
latitudes, Orviku et al. [10] explained how the decomposition of sea ice and its drifting onshore can
transport and accumulate boulders over 1 m in diameter, especially during the spring after ice melting.

Marriner et al. [9] analyzed tsunami and storm data, contained in the EM-DAT (Emergency
Events Database) for the 1900 to 2015 period, and found that up to 90% of tsunami attributions of
high-energy events in the Mediterranean coastal records should be reconsidered. Cox et al. [11,12]
and Cox [13] reported on strong evidence that even some mega boulders in the open ocean setting
(Northern Atlantic) were displaced along with the cliff platforms by storm waves.

This study presents a multidisciplinary approach based on the hypothesis that it was storm Vaia
that impacted the coastal boulders. This approach, which integrates inland and submarine surveys,
as well as numerical modeling aims to:

1. Detect possible transports triggered by storm Vaia and monitor the boulder movements using
unmanned aerial vehicle digital photogrammetry (UAV-DP);

2. Examine the submarine environment by testing a new methodology that can be useful for future
comparisons after future storms;

3. Produce accurate wave results for the period during the peak of the storm in order to confirm
that the boulder motion could have been locally triggered by breaking waves.

The focus of this work is to study the relationship between a previously documented storm and
coastal boulder movements, highlighting that a severe storm is sufficient to move or initiate boulder
transport both from the sea bottom and in a subaerial environment. The work can be included in the
scientific debate concerning the explanation of coastal boulder detachment and movement in terms of
“storm vs. tsunami”. A clear relationship between a severe storm that occurred during 2014 and the
emplacement of a large boulder in the southern Istria peninsula in Premantura was provided by [2].
This study, performed in the same area after a different storm, confirms that sea wave energies are
capable of moving or detaching new boulders from the submarine floor.
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1.1. Study Area

The studied boulder accumulation is located on the rocky coast of the Premantura Promontory
(Kamenjak Nature Park) in the southernmost sector of the Istrian peninsula (Croatia, northern Adriatic
Sea). The promontory is formed by a succession of stratified Late Cretaceous carbonate rocks, dipping
gently towards the east [2] (Figure 1).

Its southeastern-most tip is named “Jugo Promontory”, after the powerful southeasterly wind
(jugo in Croatian) and consists of a stratified, shallow-marine Cretaceous limestone succession.
The succession is characterized by alternations of thin-bedded (10–30 cm), fine-grained peloidal
packstones, and thick-bedded (50-150 cm) mudstones and wackestones containing algal oncoids and
rare rudist shells, typical of the lower part of the Gornji Humac Formation, which dates back to the
Turonian [14]. The Kamenjak Nature Park is characterized by elevations that are up to 50 m above
sea level, rounded bays, pocket beaches, and small islands. The south and east coasts of the park are
characterized by gentle slopes, which generally follow the dip angles of the bedrock strata.

At the studied site (southern part of Jugo Promontory), the washed (“white”) coastal zone is up to
70 m wide. The zone is the narrowest (40 m) at the highest elevation region, in the central part of the
study site. The bed dip direction and the dipping angle on the southwestern part is 88/12, and boulders
are grouped along the washed zone, situated 50 to 70 m from the sea, along the border with the
vegetated zone, figured in Biolchi et al. [2]. There are a few solitary boulders that are considered
the youngest. More than 950 mostly meter-sized boulders (volumes from 0.385 to 11.440 m3) were
recognized on the promontory during a former survey [2], with an estimated total volume of ~2000 m3.

The submerged part of the coast is of similar morphology, and gently dipping limestone ramps
continue under the sea. Cliffs with heights of a few meters developed locally (out of the studied
localities) and are related to massive rock masses within the succession of the limestone rocks and to
small local faults. Thus, the maximal runup during extreme storms is defined by the height of the
breaking waves and the gentle dip angle of the coastal ramp and is marked by the boundary of the
vegetated zone along the gentle coast that is around 70 m away from the sea [2].

The Adriatic Sea is a semi-enclosed basin in the northern Mediterranean, with the following
dominant winds: Sirocco (jugo in Croatian) blowing from the southeast, Bora (bura in Croatian)
blowing from the northeast, and Libeccio blowing from the southwest (Figure 1c) [15]. The Sirocco
has the longest fetch, and therefore generates the highest waves in the northern Adriatic Sea [16].
Significant and maximum wave heights of 5.3 m and 10.8 m, respectively, were measured over a
roughly 10-year interval (1978–1986) about 50 km southwest of the Premantura Promontory. The other
two winds generate lower waves in the area under investigation. The Sirocco may also generate
extreme storm surges and sea levels in the northern Adriatic Sea [17], particularly between November
and February, which can lead to the flooding of coastal regions. Together with the Adriatic seiche [18]
and tides, extreme sea levels can reach up to 1.5 m above mean sea level [19,20]. On top of the tides
and the storm surges, tsunami-like waves of meteorological origin, meteotsunamis, may further raise
the sea level along the open coastline of Istria by a few tens of centimeters [21,22].

Although they have been found to impact coastal boulders in various parts of the world’s oceans,
no significant seismic tsunamis have been reported in the northern Adriatic Sea over the last two
hundred years [23,24]. The worst-case hazard scenarios provide for a maximum tsunami height no
higher than 20 cm [25].

135



Water 2019, 11, 2229

 

Figure 1. (a) Location of the Istrian peninsula, (b) location of the Premantura study area, (c) Windrose,
(d) geological map of the South part of the Premantura (Kamenjak) Promontory, and (e) oblique view of
the study area (Jugo promontory and Cape Kamenjak) where the K8 boulder and clusters of boulders
spread along rocky coast are clearly visible.
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1.2. Storm Vaia

At the time of this study, storm Vaia had not yet been described in the literature and the only
available information came from reports provided by the Italian Meteorological Society [1] and the
numerical results (Figure 2) obtained during this study with the Adriatic Sea and Coast (AdriSC)
modeling suite presented in more details in Section 3.3.

 

Figure 2. Evolution of the accumulated rain, the sea level pressur, and the winds (in chronological
order from panel (a–i)) during storm Vaia using the numerical results obtained with the WRF-15km
model from the AdriSC modeling suite. The center of the depression is represented with a red circle
which highlights the track of the storm.

Atmospherically speaking, the Vaia depression developed on Saturday, 27 October 2018, within an
extensive low-pressure trough stretching from the Baltic to the western sector of the Mediterranean Sea.
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This depression held its position at sea between the Gulf of Lion, the Balearics, and Sardinia until
the morning of Monday, October 29. This first phase of the storm was marked by humid Libeccio air
currents coming from between the south and southwest, accompanied by intense rainfall events in the
northern Apennines and mountainous areas from northwestern Italy to the Carnic Alps (northeastern
Italy). By midnight on October 28, more than 300 mm of rain had already fallen in many areas from the
Prealps above the city of Brescia to the mountains of Friuli, with a noticeable increase in river flows.
After a pause of a few hours, the storm’s second phase, fueled by the arrival of the first major cold
front of the 2018 season in the Alps, developed on the morning of Monday, October 29. During the
course of the day storm Vaia underwent rapid deepening (about 17 hPa in 18 h), almost classifiable
as “explosive cyclogenesis” (the threshold for which is considered a pressure decrease of 24 hPa in
24 h), with the center of the depression moving from the west of Corsica to the northeast during the
afternoon and then to northwestern Italy in the evening (red circles in Figure 2). This deepening of the
storm was accompanied by the following: (1) a brutal reinforcement of the winds across Italy, (2) a
major strengthening of the Sirocco, and (3) the development of violent self-regenerating storm cells
in the area of Sardinia, and the Tyrrhenian and Ligurian Seas. In the afternoon and evening of the
October 29th a southeasterly windstorm reached the Adriatic basin while a heavy rain began to fall
again on the already saturated soils of the Alps and Prealps but also in Northwest Italy due to its more
southeasterly airflow.

The Vaia depression will be remembered not for the rainfall, but for the violence of the Sirocco that
blew between morning and afternoon of Monday, October 29, when it swung round to the Libeccio
in the evening, starting with Italy’s western sea areas (i.e., measured wind speeds reached 102 km/h
at Rome Ciampino airport, 119 km/h at Genoa airport; 128 km/h in Lugano in southern Switzerland,
128 km/h on the Valles Pass in the Dolomites, 148 km/h at Capo Carbonara in southeastern Sardinia,
155 km/h at the Colle di Cadibona near Savona in NW Italy, 171 km/h at both La Spezia and Follonica
in Tuscany, and 200 km/h on Monte Rest in the Carnic Prealps in northeastern Italy). The violent
southerly gusts of wind, which persisted for many hours along considerable lengths of coastline, raised
devastating storm surges, particularly in Liguria, with severe damage to the coastal roads and railways,
buildings, and tourist facilities with dozens of boats destroyed in ports. On the evening of Monday,
October 29, a buoy belonging to Liguria’s Environmental Protection Agency lying offshore from Capo
Mele recorded a maximum wave height of 10.3 m with a very long period of 11 s, an indicator of highly
destructive wave power along the coast. Also noteworthy was the episode of high water in Venice
and along the northern Adriatic coast, including the Istrian peninsula. In particular, the tide gauge at
Punta della Salute (at one end of Venice’s Grand Canal) measured a maximum of 156 cm at 14:10 on 29
October, a value exceeded by only three other events in the historical series since 1872: 1 February 1986
(158 cm), 22 December 1979 (166 cm), and the infamous 4 November 1966 (194 cm).

2. Materials and Methods

The investigations on the boulder accumulation located along the southern coast of the Premantura
(Kamenjak) Promontory have been developed through a multidisciplinary approach, which envisaged
inland surveys, submarine investigations, and wave modeling.

2.1. Inland Surveys

Field activities have been performed since 2017 and include traditional geomorphological and
geological investigations and UAV surveys. Geomorphological and geological activities have included
extensive fieldwork and are reported in [2]. The above-cited paper includes a list of boulders and their
axis lengths.

UAVs are widely used in various fields of geoscience [26–28] and offer major benefits through
their ability to provide high-resolution photographic images from reduced flight times [29]. The digital
photogrammetry (DP) technique enabled the reconstruction of high-resolution orthophotographs and
a digital elevation model (DEM) of a large sector of the Premantura area. This reconstruction was done
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through the processing of 135 images collected by a DJI Phantom drone TM (DJI, Nanshan District,
Schenzen, China) in 2017 (flight altitudes between 20 and 60 m).

These images were processed using Agisoft Photoscan Professional software version 1.4.0 (Agisoft,
St. Petersburg, Russia) and the results were processed in 2018 before storm Vaia in a GIS environment
using QGIS version 2.18 Las Palmas (QGIS Development Team, QGIS Geographic Information System.
Open Source Geospatial Foundation Project).

One of the main outputs of the photogrammetric processing was a detailed map of the position of
950 boulders spread along the Jugo Promontory, as shown in [2].

In order to carry out a multitemporal photogrammetric survey devoted to recognizing possible
movements of blocks triggered by storm Vaia and other future storm events, we performed three drone
campaigns in November 2018 (two weeks after storm Vaia) and 2019, using a quadcopter DJI Spark
droneTM (DJI, Nanshan District, Schenzen, China), equipped with a 12MP camera. DJIFlightplanner
softwareTM (AeroScientific, Blackwood, Australia) and Litchi softwareTM (VC Technology, London,
UK) assisted in the choice of 2019 flight plans and permitted the operator to easily set the altitude,
radius, number of waypoints, speed, and directions.

We performed two flights on 15 November 2018, and six flights at different altitudes on 30 April
2019, and 14 June 2019. The DJI Spark droneTM executed automatically and autonomously the 2019
flight plans using the Litchi softwareTM installed on the remote controller device.

Table 1 lists which sector of the study area was investigated in each flight and the main
characteristics of the UAV surveys.

Table 1. Main characteristics of unmanned aerial vehicle (UAV) flights carried out in 2018 and 2019.

Survey Date Altitude (m) Number of Pictures
Sector

Investigated
GSD

(cm/pixel)

1 15/11/2018 30 165 W 1.039
2 15/11/2018 30 266 W 1.039
1 14/06/2019 28 294 W 0.935
2 30/04/2019 30 235 W and central 1.039
3 30/04/2019 20 229 W and central 0.693
4 30/04/2019 30 314 E 1.039
5 30/04/2019 61 253 Entire 2.078
6 30/04/2019 35 338 Central and E 1.212

In order to define the ground control points (GCPs) for the production of georeferenced aerial
images, the flights carried out in 2019 were accompanied by a differential global navigation satellite
system (DGNSS) survey [30]. The GCPs were mainly located on the west side of the boulder
accumulation where we had noticed the recent movement of the isolated boulder named K8 in [2],
and, we assumed, further possible movements of a few solitary boulders because their distribution
was closer to the coastline. The master GCP was located in an area that may not be reached by any
boulders, whereas 6 DGNSS bolts accompanied by black-yellow photogrammetric targets were spread
in positions clearly identifiable from aerial photos taken in previous UAV campaigns. These DGNNS
points were crucial for the quantification of possible boulder motion, with a maximum error of 15 cm
calculated on the maximum discrepancy between the reconstructed coordinates and the one measured
at the edge of the area.

The images were processed using 3DF Zephyr Aerial softwareTM version 4.007 (3Dflow, Verona,
Italy) and detailed orthophotographs of 2018 and 2019 were computed. The best quality photos were
taken on the later flights of 2018 and 2019 and for this reason we devoted our attention to these
orthophotographs to analyze the western and central sector of the study area. These photos were
imported into the QGIS software, which permitted the evaluation of possible boulder rotation and
translation transport.
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The distance between two known and measurable points on the ground, such as the pothole
described in [2] and the old position of boulder K8 (both clearly visible on aerial photos of 2018 and
2019), was measured using a QGIS tool. This measurement was compared with the real distance
measured directly on the ground on 30 April 2018. The difference of approximately 10 cm validates the
15 cm accuracy of the model computed by the 3DF Zephyr Aerial softwareTM.

2.2. Submarine Investigations

In order to reconstruct the 3D model of the seabed, underwater images were collected via a
snorkel survey in June 2019. Photogrammetric procedures are a common and rapid technique to
acquire metric measurements in a submarine environment using the combination of field operations
and post-processing [31,32]. Submerged photogrammetry requires a precise preparation and setting of
the images to reduce water refraction and distortion. Underwater photography is vulnerable to the
different refraction coefficient of the marine water, which produces a reduction of the field of view
(FOV) and a complete change in the optical parameter of the lens [33]. To reduce the changes in focal
length, we used a dome glass. Conversely, this increases the distortion of the system significantly.
In this work, a ”quick and dirty” procedure was applied to evaluate the limitations of a low-cost
approach using GoPro action cameras together with the capability of acquiring good quality data
snorkeling from the surface. Action cameras are usually equipped with wide-angle lenses and the
option of selecting a narrow FOV via software adjustment, losing a large percentage of the sensor
resolution and resulting in a low-quality set of photos. We operated in full resolution to manage the
wide FOV resulting in strong distortion and a huge color cast at the picture boundaries.

The 3D model was assembled in Agisoft Metashape TM (Version 1.5.0) starting from a selection of
916 of the 1200 images produced by a GoPro Hero 6 BlackTM (GoPro, San Mateo, California, USA) set
in a six inch waterproof plastic case.

In order to remove the color cast and the large amount of suspension present at the picture corners,
a mask was applied to each photo. This strategy removed almost one-third of the pixels belonging to
the area with the strongest distortion and permitted a precise alignment.

To better cover the submarine area, an S-shape route was followed with a time-lapse camera set to
0.5 s. Therefore, the overlap of the underwater images was higher than in the aerial photogrammetry.
This procedure avoided inaccurate orientation of the cameras at different depths of the seabed [34].

2.3. Wave Modeling

The numerical modeling was carried out using the Adriatic Sea and Coast (AdriSC) modeling
suite, that was jointly developed within the ADIOS [35] and MESSI [36] projects with the aim of
accurately representing the processes driving the Adriatic’s atmospheric and oceanic circulation at
different temporal and spatial scales. This modeling suite consists of: (1) a basic module that deals
with the coupled ocean and atmospheric general circulation and (2) a nearshore module that provides
high-resolution fields during extreme events.

The basic module is based on the Coupled Ocean–Atmosphere–Wave–Sediment Transport
(COAWST) modeling system [37]. The module is built around the Model Coupling Toolkit (MCT),
which exchanges data fields and dynamically couples the Weather Research and Forecasting (WRF)
atmospheric model, the Regional Ocean Modeling System (ROMS), and the Simulating WAves
Nearshore (SWAN) model. The basic module was set up with (1) two different nested grids of 15 km
and 3 km resolution used in the WRF model and covering the central Mediterranean area and the
Adriatic-Ionian region, respectively, and (2) two different nested grids of 3 km and 1 km resolution
used in the ROMS and SWAN models and covering the Adriatic-Ionian region (the same grid as the
WRF model) and the Adriatic Sea, respectively.

The nearshore module additionally accounts for the nearshore bathymetry changes and combines
the WRF model with the fully coupled ADCIRC-SWAN unstructured off-line model [38]. In this module,
the hourly results from the WRF 3 km grid obtained with the basic module were downscaled to a 1.5 km
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grid covering the Adriatic Sea, while the hourly results from the 1 km ROMS grid and the 10 min results
from the 1 km SWAN grid are used to force the unstructured mesh of the ADCIRC-SWAN model.

The AdriSC modeling suite was installed and fully tested on the European Centre for
Medium-Range Weather Forecast (ECMWF) high-performance computing facilities. More details on
the AdriSC modeling suite setup can be found in [39].

In this study, in order to reproduce the storm which took place in the Adriatic Sea on 29 October
2018, the SWAN model was set up in both modules to be coupled with the oceanic and atmospheric
models (i.e., WRF, ROMS, and ADCIRC). In addition, the computation of the bottom stress of the ocean
models (respectively, ROMS and ADCIRC) was updated in order to consider the spatial distribution
of the sediment grain size at the bottom of the Adriatic Sea, extracted from the Adriatic Seabed
database [40], and the wave effects. To reproduce the storm as accurately as possible, the basic module
was set up to run for three days between 27 October and 30 October 2018, with initial conditions and
boundary forcing provided by (1) the 6 hourly ERA-Interim reanalysis fields [41], (2) the daily analysis
MEDSEA-Ocean fields [42], and (3) the hourly MEDSEA-Wave fields [43]. The nearshore module,
forced by the results of the basic module, was set up to run between midday on 28 and 30 October 2018.

In this study, only the wave results from the unstructured SWAN model of the nearshore module
(hereafter referred to as AdriSC unSWAN) were analyzed.

Due to the lack of precise bathymetry data and resolution in the nearshore area where the waves
are breaking (i.e., surf zone) and the known limitations of the physics used in the SWAN model (e.g.,
the parametrization of the wave breaking), the wave heights modeled by the AdriSC unSWAN module
during the event were extracted off the surf zone (ideally in deep water) and the Sunamura and
Horikawa equation [44] was applied to evaluate the wave height at the breaking point, Equation (1):

Hb
H0

= (tanβ)0.2 ∗
(

H0

L0

)−0.25

(1)

where Hb is the breaking wave height; H0 and L0 are the wave height and the wave length off the surf
zone (ideally in deep water), respectively; and β is the slope of the seabed near the coast (i.e., in the area
where the waves are expecting to break). Finally, the breaking wave height obtained was compared
with the hydrodynamic model proposed by Nandasena et al. [45] which is extensively used in the
literature to define the storm wave heights capable of detaching and transporting coastal boulders.

3. Results

3.1. Onshore Surveys

The area where the limestone boulders are distributed is located along the southern coastal section
of the Jugo Promontory, mostly between the sea and the vegetated zone. The southwestern coast of
Cape Kamenjak is directly exposed to the Sirocco-induced waves. The dip direction and dip angles of
the limestone beds are 88◦ and 12◦, respectively. An indistinct joint system has developed along the bed
strike (i.e., generally running North-South), whereas a distinct open fractures system generally strikes
east and west (with a mean dip direction and dipping angle measure of 350◦/85◦) as per meter-scale
distances. Thus, quadrangular limestone fragments are formed by the fracture network together
with layer planes [2]. The seven tonne boulder (K8), here renamed boulder #1, is characterized by its
unusual orange surface coloring due to karst weathering. Its elevation is 2 m above sea level. Before
the storm, boulder #1 was located at 27 m distance from the coastline and was oriented with the
longer axis facing the main wave direction. Given its isolated position and intense orange color, it is
clearly distinguishable in aerial and terrestrial images. The occurrence of very fresh subrecent biogenic
carbonate encrustations on its southern and upper surfaces, mainly produced by coralline algae and
serpulids, as well as by more fragile barnacle shells, attests to its marine origin. Its deposition has been
reconstructed by [2] and is the result of a severe Sirocco storm between January and February 2014.
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During the field activities carried out on 15 November 2018, just two weeks after storm Vaia storm,
the shift of boulder #1 was the most evident and visible impact of the storm (Figure 3).

 
(a) (b) 

Figure 3. (a) Oblique view of boulder #1 and (b) the red rectangle indicates its past position on the
limestone pavement.

As a result of the print that was left by boulder #1 after four years lying on the limestone pavement
and the multitemporal comparison of UAV-derived orthophotos, its displacement was measured as
being approximately 3 m towards the northwest and with a counterclockwise rotation of 18◦.

The UAV surveys in 2018 and 2019 were carried out to identify and quantify any other boulder
movements. The comparison between the 2017 and 2018 UAV orthophotos showed that 14 of them
had changed their position or had been rotated and revealed the appearance of a new small boulder.
Figure 4 highlights the boulders that had moved, plotted on the 2018 UAV orthomosaic, and compared
to their 2017 positions.

 

Figure 4. Spatial distribution of 14 boulders affected by the 29 October storm Vaia. The base image
was taken during the November 2018 UAV flight. The star indicates the presence onshore of a new
limestone boulder detached and moved from the seafloor during the storm. No movements were
recorded after 15 November 2018, and 30 April 2019.
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All the boulder that had moved were measured using field measurements (sizes, position,
and distance from the coast), UAV-obtained images, and 3D models. These 3D models are crucial for a
desk-based geomorphological analysis, such as boulder recognition, and size measurement. Figure 5
displays a view from Flight #2, performed on 30 April 2019.

 

Figure 5. A view of the three-dimensional (3D) model obtained during Flight #2 performed on 30 April
2019. The red arrows show the shift of boulders #1 and #9 and the position of the new boulder #10.

Table 2 lists the boulders that were affected by the storm including: size, quantification
of translational movement (with an accuracy of 1 m), and rotation characterization. Moreover,
an estimation of the wave height required to move a boulder in a subaerial scenario according to the
Nandasena model is reported.

Boulders #2, #3, #4, #7, and #8 are trapped in two different clusters populated by tens of blocks
and have mainly been rotated. Boulders #5 and #6 are close to the coastline and their motions
were interrupted by a persistent east–west oriented joint that crosses the limestone promontory.
The discontinuity is clearly visible in Figure 4. This movement caused a rotation of Boulder #5
and its fragmentation. Boulder #11 was deeply fragmented by severe waves and probably by
collisions with other fragments, whereas boulders #12, #13, and #14 have mainly been rotated and
fragmented. This behavior is related to the presence of other boulders and the abovementioned
persistent discontinuity that inhibited their movements. The same scenario took place with boulders
#5 and #6. The western part of Figure 4 shows well the severe impact of the last storm. The yellow
star indicates the presence of a new limestone boulder (boulder #10), detached from the seafloor and
transported by the waves. North of this new boulder (Figure 5), Boulder #9 was moved about 5 m and
is now embedded within a niche.
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Table 2. List of boulders moved or rotated by the storm.

Boulder (#) Axis a; b; c (m) Displacements (m)
Direction of

Movement/Rotation
Rotation

Nandasena Wave
Height (m)

Notes

1 2.25; 1.65; 0.95 3 NW Affirmative 14,22 Isolated
2 0.9; 0.9; 0.7 No transport - Toppled 10,48 Cluster
3 1.2; 0.6; 0.6 1 E Affirmative 8,98 Cluster
4 1.4; 0.8; 0.7 No transport - Affirmative 10,48 Cluster
5 1.7; 0.9; 0.7 2 W Affirmative 10,48 Trapped
6 2.1; 1.9; 0.7 No transport - Affirmative 10,48 Trapped
7 2.0; 1.4; 1.3 No transport E Affirmative 19,46 Cluster
8 2.0; 1.1; 0.9 No transport - Affirmative 13,47 Cluster
9 1.6; 0.7; 0.5 5 N Negative 7,48 Trapped

10 1.3; 0.6; 0.6 >5 Probably N Affirmative 8,98 New; isolated
block

11 2.4; 0.9; 0.8 No transport - Affirmative 11,98 Isolated
12 0.8; 0.5; 0.4 0.5 SW Affirmative 5,99 Trapped
13 0.6; 0.4; 0.3 No transport - Affirmative 4,49 Trapped
14 0.6; 0.4; 0.3 No transport - Affirmative 4,49 Trapped

Conversely, no movement or rotation of the boulders was detected between mid-November 2018
and 30 April 2019, either in the field or after the comparison of the orthophotographs. During this
period, no severe storm affected the Istrian coasts.

3.2. Submerged Landforms from Photogrammetry

The surface of the seabed exhibits a tabular shape, due to the limestone bedding (Figure 6a), and is
pitted by several holes, ranging from a few centimeters to about 2 m in size. Most of them are potholes
(Figure 6c), occasionally filled by rounded cobbles.

 

Figure 6. (a) Limestone beds below the mean sea level, (b) a detachment scar, (c) the largest pothole in
the submerged area, and (d) isolated boulder.
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An oblong-shaped hole, about 2 m in length and 1 m in width, is less colonized by marine life
than the surrounding seabed and lies offshore from the limestone bed hosting boulder #1.

The 3D model shows a sloping seabed, reaching its maximum depth at about 50 m from the
coastline. Landward, the seabed is cut by a persistent joint parallel to the coastline (the same as
described in the previous paragraph), while a limestone bed borders the eastern side of the study area
(Figure 7).

 

Figure 7. (a) A 3D model of the seafloor at the Premantura site, (b) the roughly S-shape route followed
during the snorkel survey, (c) a 3D sketch of a sector of the submerged area, and (d) a submerged
profile. The submerged landforms on the seafloor are clearly visible in the model, particularly the
limestone beds, potholes, and other rounded abrasional landforms.

3.3. Wave Modeling of the 29 October 2018, Adriatic Sea Storm

In order to evaluate the skills of the AdriSC modeling suite to reproduce storm Vaia, the unSWAN
wave model results were, first, compared with both state-of-the-art wave model running on the entire
Mediterranean Sea and wave measurements from buoys located along the Croatian coastline.

The qualitative comparison across the entire Adriatic Sea of the AdriSC unSWAN significant
wave height and peak period with the operational MEDSEA-Wave results (Figure 8) during the
peak of the storm (i.e., 29 October 2018, at around 20:00) shows that the AdriSC unSWAN model is
capable of capturing the wave conditions during the storm. However, it is fundamental to notice that
the peak period in the northern Adriatic Sea is higher for the AdriSC unSWAN model than for the
MEDSEA-Wave results. This might be due to the difference in wind force, the physics of the models or
the difference in resolution, which leads to a better representation of the nearshore geomorphology of
the Adriatic Sea by the AdriSC unSWAN model than the 4 km MEDSEA-Wave model.
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Figure 8. (a) Significant wave height using MEDSEA-Wave, (b) significant wave height using AdriSC
unSWAN, (c) peak period using MEDSEA-Wave, and (d) peak period using AdriSC unSWAN. All four
models are related to 29 October 2018, at 20:00.

In Table 3, the AdriSC unSWAN maximum significant wave height and its associated peak period
during the 29 October 2018 storm are compared at four different nearshore locations (Rovinj, Split,
Dubrovnik, and Ploče in Figure 8) with the measurements obtained by the Croatian Hydrographic
Institute (Hrvatski hidrografski institut, HHI) and reported in [46].

Table 3. Comparison of the wave parameters (significant wave, height, and peak period) measured by
the Croatian Hydrographic Institute at four different locations (Rovinj, Split, Dubrovnik and Ploče)
together with the AdriSC unSWAN model results during the peak of the storm on 29 October 2018.

Significant Wave Height [m] Peak Period [s]

Location Measured unSWAN Measured unSWAN

Rovinj 4.57 4.51 9.1 10.9
Split 1.80 1.87 5.7 5.8

Dubrovnik 4.55 4.16 9.5 9.7
Ploče 1.13 1.10 4.7 4.7
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In general, the AdriSC unSWAN model shows some skill in reproducing the measurements at the
four nearshore locations along the Croatian coastline, however, the unSWAN model overestimates
the peak period in Rovinj by nearly 2 s and underestimates the significant wave height in Dubrovnik
by about 0.5 m (Table 3). The overestimation of the peak period of the AdriSC unSWAN model in
Rovinj is consistent with the results obtained in Figure 8, and thus the model is likely to have generally
overestimated the peak period in the northern Adriatic Sea during storm Vaia on 29 October 2018.

Given the qualitative and quantitative comparisons performed, the AdriSC unSWAN model is
thought to have reasonably reproduced the storm on 29 October 2018, and can be used to assess the
impact of the waves on the boulders of the Premantura area. Near Premantura (Figure 9a), the AdriSC
unSWAN model has a resolution ranging from 100 m at the coastline to 1 km further offshore, and a
bathymetry that captures the main geomorphological features of the seabed, however, the islands of
Fenera, Ceja, and Bodulas are too small to be included in the mesh and are each represented with one
point with a depth of 0 (zero) m (Figure 9b).

 

Figure 9. AdriSC unSWAN mesh structure (panel a) and bathymetry (panel b) in the vicinity of the
Premantura area.

Results from the AdriSC ADCIRC and unSWAN models during the storm on 29 October 2018,
for the study area, are presented in Figure 10. The modeled storm produces sea surface elevations up
to 0.5 m in most of the area (Figure 10a), except in Medulin Bay, where it reaches 1 m due to seiche
activity. Currents (Figure 10b) reach their maximum strength in coastal regions. They are particularly
strong at the tip of the Premantura Promontory, where they were modeled with velocities up to 1.7 m/s.
Such strong currents are presumably induced by strong waves inclined to the coastline. Significant
wave heights reached 7 m (Figure 10c), with a peak period of 12 s (Figure 10d) and a wavelength of
105 m (Figure 10e) in the wider Premantura area. These wave parameters, particularly the significant
wave height, are greater than any recorded measurement in the northern Adriatic Sea and, following an
analysis performed 50 km west from the Premantura Promontory [47], may be considered as occurring
once every 20 to 30 years.
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Figure 10. Spatial variability of (1) ADCIRC maximum sea surface height (panel a) and maximum
current speed (panel b) and (2) unSWAN maximum significant wave height (panel c), maximum peak
period (panel d), and maximum mean wave length (panel e) obtained in the vicinity of the Premantura
Promontory during the storm of 29 October 2018.

To investigate the boulder motions on the Premantura Promontory (as the nearshore bathymetry
of the model may not be accurate due to a lack of both resolution and accuracy of the bathymetry
data), the wave parameters were extracted using a point off Cape Kamenjak, at a depth of about
29 m (Figure 10) and the wave height at the breaking point was calculated using the Sunamura and
Horikawa equation [44]. On 29 October at 20:34 the maximum significant wave height reached 6.2 m
with an associated maximum wave height of 10.8 m, peak period of 11.1 s, and mean wave length of
103.3 m. Assuming the same bottom slope as in [2], the wave height at the breaking point for the storm
on 29 October 2018, is 13.6 m, which is higher than the theoretical wave heights needed to move or
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transport the boulders presented in Table 2, except for Boulder #7 that requires wave heights of more
than 19 m according to Nandasena [45].

4. Discussion

The comparison of orthomosaics obtained from UAV images, repeated annually, can be a
very useful tool for monitoring the variation of the boulder positions. This methodology has
been successfully applied in both North Atlantic [11–13,48] and Mediterranean boulder sites [49].
UAV-derived orthophotographs and digital surface models (DSMs) can provide excellent data and
information on coastal boulder patterns. Orthophotographs allow for the mapping of a axes and b axes,
including their orientation, whereas precise values for c axes and boulder volume can be taken from the
DSM [50]. In recent years, after an initial decade when the analyses were mostly dedicated to explaining
boulder detachment and transport mechanisms and distinguishing between those of tsunamigenic
and those of storm origin, boulder studies are now more oriented towards the observation of boulder
movements and reassemblage after exceptional storm events [13,50]. In addition, Hastewell et al. [51]
have proposed an innovative technique for boulder movement reconstruction, using radio frequency
Identification (RFID) tagging and DGNNS technology. A single RFID tag is inserted inside a boulder
and can be activated with an electromagnetic signal emitted by a pole antenna moved by an operator
also equipped with a backpack reader and a handheld computer.

On the Premantura Promontory, where the origin of the boulders has been ascribed to storm
events, totally excluding those of tsunami origin [2], and where boulders analysis began only recently
(end of 2016), a proper monitoring network including orthophotograph comparison, both aerial
and submarine, geomorphological observation, instrumental monitoring techniques, and numerical
modeling, is most definitely needed as severe storms are forecast to increase in the near future [52].

Following the long-term monitoring experience of coastal landslides affecting the northwestern
part of Malta [53–55], a network of GNSS benchmarks has also been installed in Premantura. At the same
time, the submarine 3D model, presented here, could be the starting point for monitoring the effects of
future storms in the underwater environment, that represents the source area for the quarrying and
detachment of future boulders. Finally, every day since early 2019, the AdriSC operational component
has been providing a 48 h forecast of high-resolution wave parameters, which can be used to detect in
advance whether or not a potential storm can move boulders.

By comparing UAV-derived orthophotographs, we detected the movement of 13 boulders and
the emplacement of a new one after a severe storm. The western part of the boulder field suffered
the intensity of the last storm most, whereas the central and eastern part did not show any evidence
of boulder movements. This lack of movement is related to the structural setting of the promontory,
where, in the central and eastern sectors the boulders (probably older) are located at higher elevations.
Thus, active erosion occurs in the western part of the Jugo Promontory (Cape Kamenjak).

By observing boulder movements (Figure 4), the maximum inundation flow of the storm waves
capable of transporting boulders was estimated to about 50 m of distance from the coast (that has been
measured considering wave directions and orientation of the limestone ramps). The displacement
followed the azimuth of the limestone beds strikes that, in turn, have conditioned the detachment of
rocky material forming scarps throughout the past. These scarps, together with flat, gently inclined
limestone bedding planes (pavements), have acted as ramps for boulder transport. Isolated boulders,
such as boulder #1 (K8 in [2]), are those that have been subject to the largest movements, while the
boulders gathered in clusters were only rotated or toppled, but remained in position, trapped by
other boulders or the abovementioned scarps, fractures, and faults. The latter, in particular, have been
enlarged over time by coastal karst and marine weathering, as well as by the removal of small portions
of rocky material. Some boulders exhibited signs of fragmentation, due to collisions with other boulders
or against the rocky scarps.

The submerged scenario, accurately obtained using digital photogrammetric reconstructions,
is a high energy environment, with fresh detachment scarps and rounded or sub-rounded potholes,
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where decimetric cobbles and boulders lie and move, causing the abrasion of the rocky seafloor.
The topographical setting of the seafloor reflects the coastal geomorphology and topography,
where limestone beds alternate with scarps and faults. With respect to the previous underwater
geomorphological surveying, any recent detachment scar has been noted, while a clear detachment
niche has been reconstructed in detail. The 3D submarine model obtained, reconstructed using digital
photogrammetric analysis of underwater pictures, will be the starting point for future monitoring of
the submerged environment, both before and after exceptional storms, that may affect the Adriatic Sea
even more given the future climate predictions [56].

After three years of studies and surveys, we can state that storm wave erosion at the Premantura
site is active. The appearance of new boulders (especially the seven tonne boulder #1 during the 2014
storm) attests to a dynamic process of sea erosion that is continuously changing the coastal setting.
As already suggested by [2], the erosion process was more intense, in the past, when the coast was
initially brought into contact with the sea, and the removal of rocky material due to the repetitive
action of waves began. Radiocarbon dates provided by [2] suggests that this process has been active
over several centuries.

Regarding the numerical modeling, the AdriSC modeling suite presented some skills to reproduce
storm Vaia and the unSWAN wave model provided high-resolution wave parameters in the vicinity of
Premantura with an unstructured mesh capturing the global geomorphology of the area. The models
also allowed for the quantification of the coastal dynamics, particularly the total elevation, including
the wave set up and the wave-induced currents, which may significantly impact the wave field when
reaching values as high as those modeled off the Premantura Promontory. However, the wave results
indicate that the storm produced an estimated maximum wave height of 13.6 m at the breaking point
near the area of interest, which was not enough to move Boulder #7. The hydrodynamic equations
were used to have an idea about the wave height. The model of Nandasena is mostly used and
generally presents a good fit with the measured waves, such as in our study. Of course, the model has
its limits and does not offer a precise wave height. The parameters of the equations, such as the lift
coefficient, which was calculated using laboratory experiments by [57] for certain particle size and
density conditions, are probably not applicable to the local geological, topographical, and climatic
conditions where boulders move.

This study shows the following: (1) the need to accurately survey the nearshore bathymetry in the
vicinity of the Premantura Promontory (e.g., via shipborne single-beam, multi-beam, side-scan sonar
sensors or airborne laser scanning bathymetric surveys) and (2) the limitation of using the SWAN model
which, contrarily to the XBeach model [58] — which is developed for wave propagation, sediment
transport and morphological changes of the nearshore area, beaches, dunes and backbarriers during
storms, cannot correctly reproduce the dynamics in the swash zone (i.e., the land-ocean boundary)
where some of the boulders are located. This study provides the first attempt to model the wave
conditions responsible for the boulder motion during storm events in the Premantura Promontory,
but more modeling efforts and better bathymetry data will be required in the future to truly quantify
the wave effects on the boulder dynamics, particularly in the swash zone as described in [59,60].
In addition, the return period of the wave height modeled during storm Vaia, in the northern Adriatic
Sea, is about 20 to 30 years. Given that the most extreme storms could, although not significantly, tend
to increase slightly in the northern Adriatic Sea in future climate scenarios [61], this might, together
with the increase in mean sea level, increase the erosion of rocky coasts. Additionally, other areas, such
as the lowlands along the coasts of the northern Adriatic Sea (some of which are subsiding) [56], or the
coastal cities with substantial cultural heritage [62], may even be more endangered by the combination
of mean sea level and wave activity. Therefore, both these factors should be included in any assessment
of the vulnerability of the northern Adriatic Sea to climate change.

Finally, taking into account all the geomorphological observations, the aerial orthophotographic
comparison, the wave data in a time range of 1 year (from November 2017 to November 2018),
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and the wave results from the AdriSC model during the storm, the recent boulder movements and
rearrangements can be definitively linked to the 29 October, storm Vaia.

5. Conclusions

The Premantura Promontory represents a unique example of an extensive coastal boulder
accumulation in the northern Adriatic Sea triggered and rearranged by storm waves, as reported by [2]
and confirmed in the present study.

The occurrence of this kind of boulder deposit depends on various factors (i.e., the discontinuity
network, marine wave direction, and coastal exposure) and for these reasons the integration of
underwater and onshore surveys is crucial in the understanding of the processes involved in
boulder transport.

The integration of geomorphological surveys and multitemporal UAV-DP permitted the
identification of 13 boulders that were moved or rotated and the emplacement of a new boulder during
the severe storm that hit the northern Adriatic coasts on 29 October 2018, i.e., storm Vaia.

The western part of the promontory suffered the greatest impacts of the waves as a result of the
structural settings of the limestone layers that acted as favorable pavements for the movements of
the boulders.

The wave model confirmed that the storm waves had the potential to move these boulders during
the storm Vaia event.

Boulder movement on the Premantura Promontory is, thus, linked to the frequency of exceptional
storms capable of generating extreme wave heights. Following previous studies carried out in the
Adriatic Sea, the return period of the waves modeled during storm Vaia is roughly 20 to 30 years,
however, in the last four years, at least two major extreme storms have affected the northern
Adriatic Sea (2014 and 2018), causing breaking waves exceeding 10 m height and capable of causing
boulder movements.

We demonstrated that the tsunamogenic origin for coastal boulders movements is not required,
especially where and when severe waves repeatedly hit the coast. In fact, in the study area the
topographical and the geomorphological setting, together with the exposition of southern Istria towards
the most severe winds and waves of the Adriatic Sea, favoured boulder detachment and accumulation.

Ongoing research should mainly focus on the improvements of the DP procedure in submarine
environments and on the analysis of outputs of DGNNS surveys. Survey zero was carried out on
30 April 2019, when six GNSS benchmarks were installed on six boulders already displaced by storm
Vaia. Moreover, the underwater 3D model could be the basis for future comparisons of submerged
environments after future storms.
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Abstract: The coastal landscape of the Maltese Islands is the result of long-term evolution, influenced by
tectonics, geomorphological processes, and sea level oscillations. Due to their geological setting,
the islands are particularly prone to marine-related and gravity-induced processes, exacerbated by
climate change. This study aligns different concepts into a relatively concise and expedient
methodology for overall coastal vulnerability assessment, taking the NE sector of Gozo Island
as a test case. Geomorphological investigation, integrated with analysis of marine geophysical data,
enabled characterization of coastal dynamics, identifying this stretch of coast as being potentially
hazardous. The study area features a high economic value derived from tourist and mining activities
and natural protected areas, that altogether not only make coastal vulnerability a major concern
but also the task of assessing it complex. Before introducing the methodology proposed for overall
vulnerability assessment, an in-depth revision of the vulnerability concept is provided. The evaluation
was carried out by using a set of key indicators related to local land use, anthropic and natural assets,
economic activities, and social issues. Results show that the most critical areas are located east of
Marsalforn including Ramla Bay, an important tourist attraction hosting the largest sandy beach
in Gozo. The method combines physical exposure and social vulnerability into an overall index.
It proves to be cost effective in data management and processing and is suitable for the identification
and assessment of overall vulnerability of coastal areas to consequences of climate- and marine-related
processes, such as coastal erosion, landslides and sea level rise.

Keywords: coastal morphodynamics; climate change; vulnerability index; Gozo; Malta

1. Introduction

Coastal zones are host to very dynamic and complex environmental systems, subject to the
direct and indirect influence of a number of factors that have contributed to their evolution over time.
The present-day landscape of coastal areas is the combined result of interactions between natural
agents that include physical factors inherent in the system and external climatic and marine forces [1,2].
Human activity also plays an important role in shaping coastal dynamics, often exerting additional
pressures that may dominate over natural processes [3]. During the past decades, the rate of human
occupation along littoral areas has risen significantly [4] and currently, in Europe, about 86 million
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people are estimated to live within 10 km from the coastline [5]. Furthermore, approximately
one-third of the Mediterranean population is concentrated along its coastal regions and around
120 million inhabitants are concentrated in coastal hydrological basins located in the southern region
of the Mediterranean Sea [6]. Coastal areas are the transitional zone between the aquatic and the
terrestrial ecosystems and they have an environmental intrinsic value on account of their high level of
biological diversity, which supports the provision of several ecosystem services essential for human
well-being [7,8]. In view of these considerations, the sustainable conservation of coastal areas is a
worldwide issue and coastal vulnerability evaluation and risk assessment are of paramount importance
for integrated coastal management [9].

Coastal hazards, including marine-related and gravity-induced processes such as landslides,
coastal erosion, storm water runoff and coastal flooding, have different impacts on coastal values,
due to differing local geomorphological and anthropogenic settings. The impact of these processes
is expected to increase with climate change. The assessment reports of the Intergovernmental Panel
on Climate Change [10–13] emphatically forecast increase in both the frequency and the severity of
extreme weather/climate events, combined with sea level rise, which altogether will undoubtedly
impact coastal areas more adversely.

The Sendai Framework for Disaster Risk Reduction 2015–2030 [14], whose implementation is
overseen by the United Nations Office for Disaster Risk Reduction (UNDRR), has recognized risk
assessment as an important preliminary action on the basis of its relevance internationally. This points
towards the prioritisation of the role of “understanding disaster risk” and “enhancing disaster
preparedness” and promotes the use of “foresight” and “scenarios” for improving the level of preparedness
for existing, emerging and new types of risk. At the same time, the identification of suitable climate
adaptation strategies, which also account for future scenarios, is essential for increasing the resilience
of coastal areas and ensuring the long-term conservation of coastal natural services and anthropic
activities [15].

At the European level, risk assessment and mapping have been included in a number of
legislative instruments, such as the Floods Directive [16], which requires member states to provide
maps and indications for risk management, prescribing specific requirements for climate change
impact evaluation.

As highlighted in the Special Report on “managing the risks of extreme events and disasters to
advance climate change adaptation” published by the Intergovernmental Panel on Climate Change
(IPCC) [17], vulnerability has been a pivotal concept for disaster risk reduction since the 1970s. Initial
studies in this field, carried out by Baird et al. [18], O’Keefe et al. [19], Lewis [20], and Hewitt [21],
introduced the concept of disaster risk as the combination of the probability of occurrence of a hazardous
event with its negative consequences. Over time, the concept of vulnerability has been interpreted in
different ways [22–25] reflecting how the approaches and conceptual models for its assessment differ
among the scientific research communities [23,25].

This paper proposes and applies a methodological approach that integrates physical exposure
and social vulnerability into an “overall vulnerability index”, to identify areas that can be negatively
affected by climate- and marine-related processes, such as coastal erosion, landslides and sea level rise.

2. Conceptual Framework

Given the spectrum of possible conceptual interpretations of “vulnerability” and other related
terms such as “exposure”, it is deemed essential that, as of primacy, and prior to proposing the
methodology adopted in this research for the overall assessment, the range of most-commonly used
concepts of vulnerability and exposure coined in the contexts of both climate change and disaster risk
management are first introduced here, before clarifying which concept and definition are adopted
by this study. The disaster risk community identifies the notion of vulnerability as one of the
elements required for risk assessment [26]. In this scientific context, “risk” is defined by exposure
to a hazard, which is a potentially damaging physical event or phenomenon, and vulnerability,
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which denotes the relationship between the severity of the hazard and the degree of damage caused
to the exposed element [27]. Specifically, according to the United Nations International Strategy
for Disaster Reduction [26], vulnerability is defined in a qualitative way as “the characteristics and
circumstances of a community, system or asset that makes it susceptible to the damaging effects of a
hazard”. In the same document, exposure is also defined qualitatively as “people, property, systems,
or other elements present in hazard zones that are thereby subject to potential losses”.

In earlier definitions, vulnerability was considered as the degree of loss of an element at risk
after the occurrence of a natural process [28]. On one hand, the above-mentioned and more recent
(but not the latest) definitions consider the notion of vulnerability as denoting a pre-existing condition
related to the characteristics of the elements at risk and gives less emphasis to the process [29]. On the
other hand, in the Climate Change Adaptation (CCA) context, more focus is placed on the concept of
vulnerability defined as a function of exposure, sensitivity and adaptive capacity [10,30]. Therefore,
in the risk context, the definition of vulnerability is quite similar to that describing the sensitivity of the
system’s components in the climate approach [10], while in the climate change community it is defined
in a similar way to the concept of risk used in the Disaster Risk Reduction (DRR) context [31].

Only in more recent years have the United Nation Institutions (UNDRR, IPCC) had a key role in
converging on a common and shared definition of the vulnerability concept in CCA and DRR fields.
In fact, the IPCC integrates the different conceptualizations of vulnerability and provides its upgraded
and clearer definition in the glossary of the Fifth Assessment Report (AR-5, [11]), in which vulnerability
expresses “the propensity or predisposition to be adversely affected. Such predisposition constitutes
an internal characteristic of the affected elements (or societies) and includes the concepts to cope with,
resist, and recover and the lack of capacity to cope and adapt to the adverse effects of a physical
event”. Indeed, in this latter AR, the definition of risk (as a whole) is expressed as being the result
of the interaction between vulnerability, exposure and hazard, whereby the distinction between the
contribution of vulnerability and exposure to risk has been made clearer, which is a view also shared
with the DRR community. This paper adopts a method of combining “physical exposure” information
and “social vulnerability” data, which is in line with this evolution and convergence of concepts of
vulnerability and exposure, across the above discourses.

In parallel to the vulnerability concept development, several actions taken in the last couple of
decades have also focused on the development of methods and tools for supporting decision-makers
in the reduction of coastal hazards’ impacts. Particularly noteworthy is the index-based approach,
which was introduced by Gornitz at the beginning of the 1990s [32,33]. This is mainly based on indirect
analysis supported by photointerpretation and topographic maps and is still the most commonly used
method for coastal vulnerability assessment at regional levels [34–40].

At the European level, a number of transnational research projects have been funded with the
aim of improving scientific knowledge and increasing the awareness of decision-makers on coastal
vulnerability, the potential damages of marine processes and the effectiveness of coastal adaptation
strategies (such as EUROSION, MICORE, RISC-KIT, ANYWHERE, OPERANDUM). In particular, the
main outputs of the RISC-KIT Project are represented by a set of tools that allow identification of the
most vulnerable areas (hot-spots) by means of a coastal index [41,42] and then selection of suitable
measures for increasing coastal adaptation and therefore favouring risk reduction [43].

The evolution and emergence of concepts of vulnerability and exposure as being different features
is warranted in certain situations, to provide a better understanding of “why” and “how” societal
assets and values may be under threat or at risk under different scenarios of exposure. This can provide
guidance to planners and policy makers in identifying suitable adaptation measures and actions, but it
also makes risk assessment far more complex.

Some factors that contribute to the vulnerability of society can be expressed in terms of the
dependence of societal wellbeing on certain exposed physical assets or other values that are at risk.
Examples of this are infrastructure and utilities, which underpin societal wellbeing to different degrees,
depending on their nature. This component of vulnerability is distinct from vulnerability associated
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with the inherent characteristics of society. A community relying on physical elements for its wellbeing
can be deemed as being vulnerable to the extent (or level) of its dependence on those specific physical
elements located in a hazard-prone area. This creates different levels of “physical exposure”, in direct
relation to their level of importance and to the degree to which societal wellbeing is dependent on and
would be affected by losses to them. Thus, “physical vulnerability” is considered as one part of “overall
vulnerability”, while “social vulnerability” (attributed to inherent societal factors) is considered as
another component of “overall vulnerability”.

In this context, the research presented here aims to evaluate the overall vulnerability, and to
refine the analysis and understanding of two distinct components, physical vulnerability (representing
exposure from dependence on physical elements) and social vulnerability to a given set of external
climate- and marine-related processes. Mirroring physical exposure as physical vulnerability and
combining it with social vulnerability into an overall vulnerability index, an expedient and cost-effective
method for the identification (and assessment) of the overall vulnerability of coastal areas at risk
is provided.

The selected coastal study area, located along the NE sector of the Island of Gozo (Maltese archipelago),
is one for which considerable applicative research has already been undertaken in order to showcase the
high geological and geomorphological significance of its coastal landscapes [44]. Although the area is
known to be particularly susceptible to several coastal hazards (erosion, storm surges, floods, sea level
rise, landslides), it still lacks a detailed and refined appraisal of its natural and anthropic coastal
elements, based on an analysis of assets and values that could potentially be at risk. Approaching the
assessment of vulnerability of this coastal area from the perspective of the two components of social
vulnerability and physical vulnerability provides a sharper analytical insight into overall vulnerability.
Furthermore, the analytical methods and tools used in this study provide a methodological template
for overall vulnerability assessment in the form of an Overall Vulnerability Index (OVI) that can be
computed and used, with relative ease at different scales.

The scientific literature review carried out as part of this study reveals a gap in the area of
assessment of vulnerability. Studies carried out to date have focused on the overall evaluation of
hazard and susceptibility along the Maltese coastal sectors [45], rather than on the methodological
assessment of vulnerability per se. Integrated approaches have been applied along the NW coast
of Malta for landslide hazard assessment [46–49]. Landslide susceptibility assessment assisted by
Persistent Scatterers Interferometry (PSI) was carried along the same stretch of the NW coast of
Malta [49,50]. Based on the assumption that the identification and analytical mapping of the exposed
elements represents a key step for the evaluation of the coastal risk, this study tries to bridge this
gap by proposing a relatively simple yet reliable, cost-effective and easily replicable procedure for
the assessment of coastal vulnerability. Nonetheless, while not being overly complex, the proposed
approach provides an analytical discernment of different components of overall vulnerability that,
when mapped geographically, provide sufficient guidance as to which areas are most vulnerable and
on what account.

Following on from the methodological approaches proposed in previous studies [42,51–54],
this study formulates and applies a research method for overall vulnerability assessment, which is
based on the following steps: (i) identification of the main exposed elements (natural and anthropic)
located in the investigated area; (ii) definition of their relative exposure level, in economic and ecological
terms; (iii) assessment of the social vulnerability of the population living in the investigated area;
(iv) calculation of the overall vulnerability by means of a combined index. As highlighted in [55] the
use of an index as an evaluation tool requires the definition, weighting and aggregation of a number of
indicators, which are defined as variables that are “an operational representation of a characteristic or
quality of a system” [56,57].

In detail, the method applied here foresees a set of indicators for the evaluation of the exposure
level of local land uses (considering both the presence of economic activities as well as natural protected
areas) and anthropic assets (such as transport networks and main utilities). Furthermore, the social
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context that characterizes the investigated area is also taken into account, in order to include social
vulnerability in terms of population capacity to respond to and cope with a hazardous event in the
overall evaluation of vulnerability. The combination of physical and social vulnerability provides the
overall index, which expresses the level of overall vulnerability.

The use of distinct physical and social vulnerability indicators, and the definition of an Overall
Vulnerability Index (OVI), has the main advantage of summarizing complex issues making them
more easily interpretable, facilitating decision making and communication among stakeholders [58].
Meanwhile, the distinction between the two components at analysis stage provides a more in-depth
understanding of specific anthropic elements that contribute to different risk levels.

3. Study Area

3.1. Geological and Geomorphological Setting

The Maltese archipelago is located in the central Mediterranean Sea and comprises the main
islands of Malta, Gozo and Comino (Figure 1). The coastal landscape (Figure 2) is the result of long-term
evolution under the influence of tectonic activity, geomorphological processes and sea level oscillations.
Due to their geological and geomorphological setting, these islands are particularly prone to different
marine-related and gravity-induced processes such as landslides, coastal erosion, storm water runoff
and sea level rise, enhanced by ongoing climate change. Multidisciplinary research and integrated
investigations have been carried out to better understand the evolution of the geomorphological
processes within the archipelago in the wider dynamic scenario of ongoing climate change as a way
towards the reduction of risks associated with these processes [47,59–61].

Figure 1. Geological setting of the Maltese archipelago (cf. [62]) and location of the study area, bounded
by the NE coastline of Gozo and the red dashed line parallel to it on the inland side (after [44], modified).
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Figure 2. Main geomorphic features of the study area: (a) block slides (west of Dah̄let Qorrot Bay);
(b) rock fall at the bottom of a limestone plateau and earth flow/slide affecting the underlying clayey
terrain (between San Blas Bay and Dah̄let Qorrot Bay); (c) plunging cliff between Dah̄let Qorrot Bay
and Ras il-Qala; (d) sloping coast between Dah̄let Qorrot Bay and Ras il-Qala; (e) shore platform east
of Marsalforn Bay; (f) Ramla Bay pocket beach; (g) cliff shaped in Blue Clay east of Marsalforn Bay;
(h) built-up coast of Marsalforn Bay. After [44], modified.

Previous studies of the Island of Gozo have focused on general aspects of coastal features [60,63–66].
Only a few papers deal with the specific geomorphological aspects of the island [67–69], some of them
referring to its rich geoheritage [70–73]. A detailed geomorphological map of the investigated stretch of
coast (NE Gozo), based on geomorphological and geological field surveys integrated with the analysis of
marine geophysical data, has been published recently [44]. The geomorphological map is accompanied
by two other maps that show land use and the distribution of coastal geomorphotypes (Figure 3).
Such documents constituted the basis for carrying out the vulnerability analysis presented below.
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Figure 3. Distribution of coastal morphotypes in the study area (after [44], modified).

From a geomorphological perspective, the investigated coastal stretch is characterized by limestone
plateaus bounded by steep structural scarps which are progressively reshaped by gravitational and/or
degradation processes. Clayey slopes, located at the foot of the limestone plateau, accommodate
terraced fields of actively used or abandoned agricultural land. Numerous blocks of rock are strewn
over the clayey terrain (a unique landscape known as rdum in Maltese) that slopes more gently away
from the plateau edge.

The investigated coastline is characterized by the alternation of inlets and promontories.
The accumulation of sand and mixed grainsize deposits results in the formation of pocket beaches
where this corresponds with bays and coves. The large sandy beach of Ramla il-Ħamra Bay (‘red sandy
beach’) is a particularly noteworthy example. It is also partly bounded by dunes on the landward side
and is protected as a Special Area of Conservation (SAC) within the Natura 2000 network. The main
inhabited centre of the investigated stretch of coast is Marsalforn, with its homonym bay, the latter
being intensely urbanised and anthropized, comprising a predominantly built-up coastline.

The landscape of the investigated stretch of coast, and in general of the entire Maltese archipelago,
is largely controlled by the different erodibility of the exposed lithostratigraphic units constituted
by marine limestones and marls of the late Oligocene-Miocene [74,75]. The outcropping geological
formations comprise (from the oldest to the youngest): Lower Coralline Limestone Formation
(late Oligocene, Chattian), Globigerina Limestone Formation (late Oligocene—middle Miocene,
late Chattian—Langhian), Blue Clay Formation (middle-late Miocene, Serravallian—Tortonian) and
Upper Coralline Limestone Formation (late Miocene, Tortonian—early Messinian).

The Lower Coralline Limestone Formation consists of pale grey, hard, shallow marine biomicrites
and biosparites [76], and outcrops in a restricted coastal stretch forming subvertical cliffs. Few Lower
Coralline plunging cliffs (sensu [77]) are found in the investigated stretch of coast. They host roof
notches with an asymmetric shape, recognized by Furlani et al. [78]. Lower Coralline Limestone is
more commonly found in sloping coast formations, as typified in the stretch between Dahlet Qorrot
Bay and Ras il-Qala.

The Lower Coralline Limestone Formation underlies the Globigerina Limestone Formation,
the latter being younger and more erodible with respect to the former. The Globigerina Limestone
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Formation consists of flattened areas along the coast, and includes yellowish, fine-grained, planktonic
foraminiferal limestones. This formation features prominently as shore platforms along the investigated
stretch of coast, where it outcrops above sea level and where the overlying softer blue clay layer
has been eroded away, with examples at the Rdum il-Kbir promontory and on the eastern side of
Marsalforn Bay. The Blue Clay Formation, overlying the Globigerina Limestone Formation, consists of
grey, soft marls, clays and silty sands, forming gentle slopes. Sea cliffs shaped in Blue Clay can be also
found within the study area. Finally, the youngest unit outcropping in the study area is the Upper
Coralline Limestone Formation. This layer forms the plateaus at the top and is frequently weathered
into steep cliffs and well-developed karst topography. It is also the source of the blocks of rock strewn
onto the clayey slopes that slope away from the plateau edge more gently. A schematic stratigraphic
coloumn is shown in Figure 1.

The NE coast of Gozo is particularly prone to gravity-induced processes such as rock spreads,
block slides, rock falls and earth flows/slides. This is mainly due to the tectonic and geological
features of the area which is characterized by a dense network of joints and fractures [79] and by the
superposition of terrains with different geomechanical behaviour (cf. [80]). In fact, the brittle limestone
plateaus overlying clayey terrains enhance the fracturing of the plateaus and the development of lateral
spreading locally evolving into block sliding [44,46,81–85].

Moreover, clayey slopes are more prone to shallow earth flows and earth slides [86], while limestone
cliffs are affected by rock falls, which has caused scarp retrogression over time.

Geomorphological investigations, relevant to the submerged area along the investigated stretch
of coast [44], have revealed that block slides and earth flow/slide runout continue locally below the sea
level, reaching ca. −20 m of depth. This is also in agreement with evidence from other submerged
areas along the Maltese Islands [44,87]. Evidence from landslide dating in the NW coast of Malta
infer that these deposits were emplaced in a subaerial environment during sea level lowstands and
subsequently became submerged during the post-glacial marine transgression [61].

3.2. Social, Economic and Tourist Setting

Studies that include geoheritage assessment and geosite inventory highlight that the Maltese
archipelago is considered as an attractive geotourist destination due to the strong interaction between
natural and cultural aspects (cf. [71,88]). Data from the World Travel and Tourism Council (WTTC)
for the year 2017, retrieved from Selmi et al. [88], show that 27.1% of Malta’s GDP and 28.3% of
total Maltese employment (corresponding to 55,000 jobs), were accounted for by activities directly
related to and induced by travel and tourism [89,90]. Taking the type of tourism into consideration,
data referring to 2017 show that the majority of tourists (almost 85%) visited Malta for holidays, while
a very low percentage visited the country for business and other purposes (8% and 7%, respectively).
More recent data show that the number of tourists is constantly increasing (standing at 2.6 million in
2018). The WTTC forecast that the travel and tourism contribution to national GDP will rise to 34.6%
by 2027.

The tourism on the Island of Gozo is highly dependent on tourism activity of the main island,
Malta [91], given that all of Gozo’s tourist traffic necessarily passes through mainland Malta. Tourism is
a significant source of income and employment and it is one of the primary contributors to the Gozo
economy. Gozo’s tourism also relies heavily on domestic tourists (with 400,000 domestic tourists
or visitors per year coming from Malta) and on one-day trips of international tourists [92]. In 2018,
almost 100,000 guests including resident and non-resident spent an average of three to four nights in
one of the accommodation facilities of Gozo [93].

The Gozo Island attracts many tourists, especially during the summer period, for its environmental,
cultural and geological heritage. Moreover, senior and middle-aged foreign residents more commonly
chose the Island of Gozo as a place for their retirement, mainly for its relative peacefulness and quiet,
combined with its array of scenic features (Gozo is colloquially known as “the place where time
stood still”).
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The coastal sector investigated by this study includes four administrative districts: Żebbuġ
(7.6 km2), Xagh̄ra (7.6 km2), Nadur (7.2 km2) and Qala (5.9 km2), which are characterized by extensive
urban development. The study area is host to two renowned tourist destinations, Marsalforn Bay and
Ramla Bay, both of high importance to Gozo tourism. Marsalforn Bay is one of the main inhabited
centres located on the Gozo coast. The availability of a significant number of accommodation facilities,
shops, restaurants and several diving centres contribute to a dense tourist population and to lucrative
businesses in Marsalforn, especially in summer.

Total guests in the Gozo and Comino region increased by 12.6% to 97,781 in 2017, while total nights
spent went up by 11.1% to 347,943 when compared to the previous year [94]. Within a continuous
upward trend in the last five years or so, the Gozo and Comino region recorded a strong growth in
terms of inbound tourist arrivals in 2017 [94]. It is worth noting that among the top five localities
where inbound tourists to Gozo stayed longest [94], two are within the study area, with important
tourist destinations such as Marsalform and Ramla Bay.

Ramla Bay is the largest sandy beach in Gozo. It is characterized by golden-reddish sand,
which lends it its name in Maltese (Ramla il-Ħamra) and makes this beach peculiar and unique to the
Maltese Islands. The area around the beach is also of archaeological and historical interest, hosting
Roman remains lying beneath the sand, a submerged seawall, fugass and battery defensive structures
constructed by the Knights of St. John of Jerusalem in the mid-18th century, and the famous Calypso
Cave looking over the western side of the beach.

Furthermore, the study area as a whole includes areas of high natural and ecological importance,
hosting two wide natural protected zones, Gh̄ajn Barrani (located west of Marsalforn, including Ramla
Bay) and Il-Qortin tal-Magun u l-Qortin il-Kbir (located close to Dahlet Qorrot Bay), both included in
the Natura 2000 network as SAC. Finally, it should be noted that the high economic value of the study
area is also derived from specific land uses in certain areas, such as quarrying, which occupy a surface
of 0.13 km2.

4. Materials and Methods

The method proposed and applied in this research for the assessment of coastal vulnerability is in
line with the most recent index-based approaches generally used for this kind of analysis. In detail,
the method relies on the outcomes of other research in the field [41,95] and is based on a new approach
for the evaluation of indicators referring to: (i) the potentially exposed categories of assets (defined as
“physical indicators”); and (ii) a number of parameters related to the social context (defined as
“social indicators”).

The indicators are interpreted here as operational representations (cf. [56,57]) of the physical
and social characteristics of the area. Each physical indicator comprises different categories of assets,
to which a score representing an increasing level of exposure was attributed. In order to tailor the
approach to the local settings of the study area, the exposure level assigned to each category of assets
was defined based on expert judgment. It is a widely shared opinion that the scoring and aggregation
of indicators into indices may have a large impact on the resulting rankings and, consequently,
on decision-making [55].

The spatial overlay of the physical indicators provides an estimate of the physical vulnerability
level, which ranges from very low to very high vulnerability. Meanwhile, the various social indicators
refer to vulnerability of the socio-economic aspects. These are also classified into five levels ranging from
very low to very high, to provide a measure of the social vulnerability level for the investigated area.
The overlay of the two sets of aggregated physical and social indicators enables an overall zonation that
shows grades of the combined physical-socioeconomic vulnerability, defined as “overall vulnerability”,
thus identifying which are the most vulnerable stretches of the investigated coastal area.
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Specifically, the method applied here comprises the following four main steps:

1. Definition of the landward limit of the coastal area to be investigated;
2. Classification of physical and social indicators into levels;
3. Data overlay and computation of an Overall Vulnerability Index;
4. Overall coastal vulnerability zonation and representation on a map.

The analyses are supported by GIS tools, which allow identification of the exposed coastal
assets (i.e., natural and semi-natural environments, buildings, infrastructure, and agriculture), their
combination with social data, and the calculation and mapping out of the overall vulnerability levels.

4.1. Definition of the Landward Limit of the Coastal Area to be Investigated

The area investigated was delimited according to the definition of a RICE area (Radius of Influence
of Coastal Erosion and Flooding) proposed in the framework of the EUROSION project [95] for the
identification of the coastal areas potentially impacted by marine-related process. The limit was set
at a maximum distance of 500 m inland, or reaching a maximum of 5 m a.s.l. from the coastline.
Furthermore, a buffer area of 100 m inland from the edge of the scarps formed in the Upper Coralline
Limestone—which are extensively affected by landslide processes—was also added to the area defined
in the above manner, in order to specifically account for landslide hazard. Information about landslide
distribution provided by the geomorphological map of the study area (cf. [44]) was used specifically
for this purpose, so as to identify the areas prone to slope instability.

The resulting landward limit was simplified and shown as a dashed red line in Figure 3, in order
to provide a more linear indication of the investigated coastal sector.

4.2. Classification of Physical and Social Indicators

This step comprises the identification of data required for the evaluation and classification into
five different levels, from very low to very high, for each of the two sets of indicators (physical and
social indicators).

The evaluation of the anthropic and natural assets potentially exposed to coastal hazards is based
on the elaboration of the following indicators: land use, transport network, and utilities. A GIS layer
has to be created for each indicator in order to identify polygons representing the spatial unit to which
the related exposure level is assigned, indicating its specific numerical value, ranging from 1 (very low
exposure) to 5 (very high exposure). These layers are first converted to a raster format (5 × 5 m) and
then overlaid to estimate the physical vulnerability level, by considering the maximum exposure value
assigned to each cell.

At the detailed level, the land use information was collected from the land use map available in
Prampolini et al. [44], in which land use categories were classified as: (i) natural and semi-natural areas,
(ii) agricultural areas, and (iii) artificial surfaces. This land use map was supplemented with additional
detailed information in order to include strategic elements, such as civil protection posts, police stations,
emergency posts, fire corps posts, port authorities’ posts, hospitals, and schools. The identification
of these elements was supported by photointerpretation of the most accurate maps available for the
study area and verified in the field during the investigation.

An exposure level (ranging from 1, very low exposure, to 5, very high exposure) was assigned to
each land use category based on expert judgement. The highest exposure level was attributed to the
areas occupied by settlements, constructions, and human activities while the lowest level was assigned
to abandoned agricultural zones. Details concerning the land use indicator and the exposure levels
related to each category are shown in Table 1.
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Table 1. Physical indicators and expert-based exposure level (ranging from value 1 to value 5) assigned
to each category of assets.

Physical
Indicators

(Value)

Very Low/Null
Exposure

(1)

Low
Exposure

(2)

Medium
Exposure

(3)

High
Exposure

(4)

Very High
Exposure

(5)

Land Use
Abandoned

agricultural area.
Bare rock

Agricultural area;
Green urban areas;

Natural and
vegetated area,

Terraced agricultural
field; Land

principally occupied
by agriculture with
significant areas of
natural vegetation

Residential
area; Dump;

Quarry;
Cemetery

Beaches;
Dunes; Sand

Historical and
archaeological site;

Natural protected area
(SCI); Strategic elements;

Entertainment
(commerce, finance,

business, recreational,
leisure, and sport)

Transport

Absence of
transport network
or highly degraded
transport network

Footway; Path; Track;
Steps

Tertiary road;
Living street;
Residential;

Services

Secondary
road Primary road

Utilities Absence of utilities Mainly local and
small utilities Street lighting 11kV

overhead line
Substations;
Feeder pillar

The transport network information was retrieved from Open Street Map downloaded from [96]
as a shapefile. In this case, the roads were classified as follows: primary road, secondary road, tertiary
road, inhabited street, residential, services, footway, path, track, and steps; the greater exposure level
was attributed to roads of national or international importance. For each polyline element, a buffer
distance was built (up to 20 m of total width for the primary road) in order to take into account a
proper area of pertinence. Details concerning the exposure levels defined for the transport indicator
are shown in Table 1.

The electricity network was taken into account for the utilities. The spatial distribution of these
elements is available on Malta Inspire Geoportal [97]. In this case, a buffer zone up to 10 m width
(10 m for substations, feeder pillars, and overhead lines, and 5 m for street lighting) was considered
for each element. Details concerning the exposure levels associated with each electricity element are
indicated in Table 1.

The social indicators allow characterization of the districts located in the investigated coastal area
by evaluating, directly and indirectly, the social characteristics of the population living in the zone and
therefore prone to be affected by coastal hazards. Generally, the social vulnerability information is
obtained from census data. In this study, social data was downloaded from the Inspire Geoportal [97]
and integrated with information available in the special report recently published by the Malta National
Statistics Office (NSO) [98]. The social indicators are gauged from the economic budget allocated by
the Government for supporting the population. The social vulnerability analysis carried out here is
based on the assumption that higher allocation of social schemes corresponds to higher vulnerability
of the population living in the investigated districts.

Specifically, the following indicators were taken into account: health care, disability, old age,
children, and unemployment. These aspects represent some of the higher-risk groups of society,
which social services and budget allocations aim to protect. The NSO provides a classification of
these indicators in five classes that were here converted in a numerical value ranging from 1 to 5.
The available data is provided by the NSO at district level and thus a numerical value was assigned to
each district as a whole. The social vulnerability was then calculated as geometric mean of the values
attributed to each indicator and then classified into five levels (from 1, for very low vulnerability, to 5,
for very high vulnerability) by means of an equal interval classification method. A detailed description
of the social indicators used in this study is reported in Appendix A.
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The physical and social indicators identified are weighted equally, as in most of the indicator-based
studies [99], meaning that each individual indicator has the same influence on the final calculation of
the overall vulnerability.

4.3. Data Overlay and Computation of an Overall Vulnerability Index

Once all the required data related to the physical and social vulnerability are collected and
expressed in five levels, they are overlaid by means of a specific GIS tool. The overall vulnerability
calculation is therefore the result of the aggregation of the physical vulnerability and social vulnerability
data, the combination of which provides the definition of the Overall Vulnerability Index (OVI) as
follows:

Overall Vulnerability Index = (Physical vulnerability × Social vulnerability) ˆ 0.5 (1)

Finally, the Overall Vulnerability Index is classified into five levels of increasing vulnerability
(from very low to very high vulnerability) by means of the equal interval classification method.

5. Results

The results of this study are represented by: (i) GIS-based maps that show the spatial distribution
of the natural and anthropic exposed elements and their classification in terms of physical vulnerability;
(ii) social vulnerability level estimated for each investigated coastal district; (iii) overall vulnerability
map of the NE part of the Gozo Island; (iv) areal extent and relative percentage of each vulnerability
level. The land use classification (Figure 4) enables the evaluation of the surface occupied by different
categories of natural and anthropic elements (cf. Table 1 in Section 4.2).

Figure 4. Detailed land use map. The red dashed line identifies the inland boundary of the study area.
The districts’ boundaries are also indicated.
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In detail, 3.6 km2 are occupied by agricultural areas, 1.2 km2 by abandoned agricultural areas,
1 km2 by terraced agricultural field, 1.2 km2 by natural protected areas, 0.8 km2 by bare rock, 0.7 km2

by natural and vegetated areas, and, 0.5 km2 by residential areas. Finally, quarrying and land occupied
mainly by agriculture with significant areas of natural vegetation occupy 0.1 km2. The remaining
surface area (corresponding to 602,268.2 m2) is occupied by the following categories: strategic elements
(including a Police station), historical/archaeological sites (The Tower of Ta Sopu, west of Dah̄let Qorrot
Bay, and Saint Anthony’s Battery at Ras il-Qala), green urban areas, beaches, dunes, sand, abandoned
terraced fields, entertainment zones, and a cemetery. These values are indicated as percentages in
Figure 5.

Figure 5. Percentage of the area occupied by each land use category according to the classification
shown in Figure 4.

The interpretation and spatial representation of the overlaid physical indicators (cf. Section 4.2)
(cf. Table 1) is representative of the different levels of physical vulnerability, given that the physical
exposure levels are correlated directly to the level of value of the assets at risk.

This enables the zonation and calculation of what are, in effect, the extent of the areas with
different levels of physical vulnerability, expressed in square kilometres and in percentages of the total
surface investigated. The spatial interpretation of physical vulnerability is mapped in Figure 6 while
the corresponding numerical values are reported in Table 2.

The numerical values assigned to each of the social vulnerability indicators for the investigated
coastal districts are summarised in Table 3.
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Figure 6. Physical vulnerability map resulting from data overlay of the physical indicators (land use,
transport and utilities). The red dashed line identifies the inland boundary of the study area.

Table 2. Areal distribution of each physical vulnerability level resulting from the overlay and aggregation
of the physical indicators (land use, transport network and utilities).

Physical Vulnerability Surface (km2) Surface (%)

Very low 2.0 21.7
Low 5.4 57.8

Medium 0.7 7.4
High 0.005 0.1

Very high 1.2 13.0

Table 3. Social indicators evaluated for the four coastal districts of the study area. The method for
attributing the numerical value assigned to each indicator is indicated in the methodological paragraph
(cf. Section 4.3).

Social Indicators Żebbuġ District Xagh̄ra District Nadur District Qala District

Health care indicator 3 2 3 3
Disability indicator 3 5 4 5
Old age indicator 2 3 3 3

Family/Children indicator 3 3 3 3
Unemployment indicator 5 2 2 2

Population (number of
inhabitants, 2016) 2043 4029 4001 1885

The aggregation of the social vulnerability indicators (cf. Table 3) enables the evaluation of the
social vulnerability level for each of the investigated districts (Figure 7). Specifically, two districts
(Nadur and Xagh̄ra) are characterized by medium vulnerability and two (Qala and Żebbuġ) by
high vulnerability.
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Figure 7. Social vulnerability map of the four administrative districts located in NE Gozo. The red
dashed line indicates the inland boundary of the study area.

Finally, the overlay of the physical vulnerability levels with the social vulnerability levels enables
a computation (and mapping) of the Overall Vulnerability Index for different polygons in the study
area (cf. Section 4.3). It provides the basis for evaluating the variation in the overall vulnerability levels
across the investigated coastal sector and enables this to be represented spatially (Figure 8).

Figure 8. Overall vulnerability map resulting from the spatial aggregation of the physical vulnerability
levels and the social vulnerability levels over the area. The red dashed line indicates the inland
boundary of the study area.
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In sum, 1.9 km2 are occupied by areas showing a low overall vulnerability level, 5.6 km2 are
occupied by areas showing a medium overall vulnerability level, 0.7 km2 are occupied by areas with a
high overall vulnerability level and, finally, areas characterized by a very high overall vulnerability
level cover 1 km2 (Table 4).

Table 4. Areal distribution of overall vulnerability levels that are the result of the combination and
overlay of spatial distributions of the physical and social vulnerability factors.

Overall Vulnerability Surface (km2) Surface (%)

Very low - -
Low 1.9 20.4

Medium 5.6 61.3
High 0.7 7.3

Very high 1 11

6. Discussion

The proposed index-based method allows zoning of the investigated coastal stretch into different
levels of vulnerability to climate- and marine-related processes. Results show that the study area is
divided in four zones only (from low to very high vulnerability), since there are no areas with a very
low level of vulnerability.

The coastal sectors located east of Marsalforn Bay, which include Ramla Bay and the area on the
western side of Dah̄let Qorrot Bay, show the highest overall vulnerability level. This is due to the
combination of very high physical vulnerability levels pertaining to the presence of two Natura 2000
sites (cf. Sections 3.1 and 5) and high social vulnerability levels for the Xagh̄ra and Nadur districts. The
high social vulnerability of Xagh̄ra and Nadur is explained by the fact that each of the latter districts
accounts for more than 4000 inhabitants, which is twice the number of inhabitants of the two other
districts considered, Żebbuġ and Qala, for which a medium social vulnerability is assigned.

The coastal sector surrounding Marsalforn Bay is mainly characterized by a medium level of overall
vulnerability as a result of the combination of a medium physical vulnerability level, explainable by the
presence of residential areas, and, a medium social vulnerability level obtained for the Żebbuġ district.
Furthermore, the innermost sector of the study area shows a prevailing medium overall vulnerability
level, resulting from the combination of a low to very low physical exposure level, owing to the
presence of cultivated and abandoned agricultural fields respectively, and a high social vulnerability
level resulting for the districts of Xagh̄ra and Nadur, as discussed above. The eastern part of the
investigated sector, with bare outcrops of rock, hosts areas characterized by a low overall vulnerability.

The index-based method here proposed can be considered a suitable approach for the identification
of coastal areas that are most vulnerable to consequences of different climate- and marine-related
processes. Since the method adopted here combines vulnerability and exposure, the results represent
an overall vulnerability assessment. It relies on the evaluation of the two main components that are
used to define the overall vulnerability: physical and the social vulnerability, thus accounting for both
the physical assets potentially exposed to climate and marine processes and the social aspects of the
local population. This approach is in line with the convergence of different terms by the IPCC in its
Fifth Assessment Report (AR-5, [11]).

The application of the proposed OVI method has allowed identification of a number of operational
advantages. First of all, as the analysis is based on a sequence of steps, the method is relatively
simple and easy to apply. It has been found to be cost-effective on account of the possibility of
managing and processing the acquired data in a GIS environment with relative ease. Furthermore,
it does not require intense field work, since it relies on indirect analysis, supported by existing
geological-geomorphological information that is either readily available in the literature or easily
collected. It can therefore be applied to wider coastal stretches, as in the case of other index-based
approaches [40,100–103]. It should be underlined that the applied method can take advantage of data

172



Water 2020, 12, 1405

sets and information concerning the natural and anthropic assets which are generally freely accessible
and downloadable, e.g., from national geoportals available in most of the countries (at least across
Europe), and from open databases, such as OpenStreetMap. Therefore, the method may have a wide
range of applicability at different scales. Large scale analyses are based on detailed information about
exposed/vulnerable elements and population (such as the land use and vulnerability maps proposed
in this study). Meanwhile, small scale vulnerability maps concern wide areas, taking into account
only the most prominent and spatially persistent exposed/vulnerable elements and regional data
about the exposed/vulnerable population (as in the case of EUROSION Project), which accounted for
all the European countries and provided a comprehensive European-level data repository at scale
1:100,000 [95].

The OVI method provides a sound approach suitable for the identification (and assessment) of
vulnerable areas and sectors, even as an expedient and cost-effective scoping stage to identify which
area may be analysed more specifically and at greater expense. It provides a useful tool for an overall
time-efficient and cost-effective approach to focus limited research resources onto where they are
needed most.

The presented research is a pilot-study and a first-ever combined overall vulnerability assessment
carried out for any area in the Maltese archipelago, and it is promises to provide new contributions
at different levels and in different ways. At the localised level, the proposed method, and the results
obtained from it, are promising as they reveal the potential applicability of this method for other
(and potentially wider) coastal areas of the Maltese archipelago. Moreover, even at the local level,
the overall vulnerability assessment could be easily updated by using any newly available or more
detailed data regarding the social vulnerability of the investigated districts, as and when this becomes
available. The relatively simple combined approach makes it more possible to keep the OVI up to
date, even at the localised level. By way of example, it is relevant that during 2016, Malta’s social
protection outlay rose by €70.3 million in comparison to 2015 and that Old Age and Sickness/Health
Care witnessed the biggest increases in social outlay [98]. The NSO [94] published statistical data on
the basis of six different regions, from which localities can be studied specifically as socio-economic
parameters change. This means that the social vulnerability level of the investigated district could be
expected to rise in the next decades, influencing the overall vulnerability assessment. At the national
level, the method could be applied to provide a first-round assessment of overall coastal vulnerability,
to identify the most vulnerable stretches of coastal areas and values, and then to follow this up with a
more detailed qualitative and quantitative analysis and comparison of risk assessments for specific
areas and sectors, for different hazard types.

Running parallel to other research at the European level, further studies could include the spatial
susceptibility analysis, including each of the coastal hazardous processes already identified here as
affecting the investigated stretch of coast (e.g., erosion, sea level rise, landslides). As already done
for other coastal zones in Europe [39,40,54], the investigated area should be classified into zones with
different susceptibility, accounting for their proneness to be potentially affected by the specific impacts
from extreme events and related processes pertaining to the particular hazard types (e.g., erosion,
sea level rise, landslides). The susceptibility to different climate- and marine-related hazards could
then be coupled with the vulnerability data derived by this study to perform a complete risk analysis
(as done for example in [25,53]).

In this context, it is worth noting that the Maltese archipelago is situated centrally in the
Mediterranean Sea, which has been classified as one of the regions most sensitive to climate change and,
therefore, it is considered as a hot-spot area [104]. Climate change projections for the Mediterranean
region [105] show that the area is experiencing an increasing temperature with consequent change
in spatial and temporal distribution of weather/climate extremes [106]. More intense events, with
alternating and more severe drought and precipitation, are expected to trigger and exacerbate erosive
and mass movement processes [11,13], affecting the spatial distribution of the susceptibility to these
types of events and hazards.
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A direct consequence of global temperature increase is the rise in sea level, the direct impacts
of which on coastal systems become manifest with larger rates of erosion, increase in flooding
events, wetland loss, and saltwater intrusion [107]. Studies regarding the reconstruction of sea level
changes in the Mediterranean Sea during the last 2000 years have shown that, in tectonically stable
Mediterranean areas, the sea rose about 1.1 m [108,109] while for the last two decade the estimated rise
was of about 3 cm/decade [110]. However, differential vertical land movements, including uplift and
subsidence, characterize the Mediterranean coasts and, for this reason, the trends of sea level rise in the
Mediterranean Sea have a large spatial variability [111]. Taking into account the role of terrestrial ice
melt, steric effects and glacial isostatic adjustment, the future total Mediterranean averaged sea level
rise has been estimated to be between 9.8 and 25.6 cm by 2040–2050, depending on the Representative
Concentration Pathways scenario [112]. Sea level projections, obtained by coupling modelled eustatic
trends with local ground movements, are in general used for supporting the assessment of the future
coastal risk to sea level rise, which is aimed at reducing its impacts on natural coastal environments
and human economic activities [3].

Based on the assumption that the investigated coastal area could potentially be affected by all
the above mentioned climate-related hazards, further research activities should focus on risk analysis
and mapping, as already done with reference to hazards related to sea level rise in several parts of
Europe [113,114] and worldwide ([115–119] and reference therein). In this context, the results obtained
in this study can prepare the ground for a comprehensive risk assessment, combining the identification
of the exposed assets and the evaluation of vulnerability levels with a quantitative assessment of the
hazardous processes affecting the area.

Finally, it is worth noting that the study is in line with the methodological approach proposed
by the European Environment Agency (EEA) for the identification and implementation of climate
change adaptation strategies (European Climate Adaptation Platform Climate-ADAPT). Specifically,
in the EEA approach, six steps of analysis are indicated: (i) preparing the ground for adaptation;
(ii) assessing risk and vulnerability; (iii) identifying adaptation options; (iv) assessing adaptation
options; (v) implementation; (vi) monitoring and evaluation. The vulnerability analysis shown here
represents a useful tool for addressing Step 1 and Step 2, while further activities should be planned
with the aim of developing and tailoring the most suitable adaptation actions for the protection of the
natural ecosystem and the maintenance of the anthropic activities.

7. Conclusions

This research represents a first attempt at the evaluation of coastal overall vulnerability in the Island
of Gozo (Maltese archipelago) to the main climate- and marine-related processes, such as coastal erosion,
landslides and sea level rise, to which the island is particularly prone. The analysis method developed
and tested in this study is based on a conceptual interpretation of overall vulnerability, defined as the
combination of two distinct components, namely, physical vulnerability and social vulnerability.

The study departs from a discussion of different notions of risk, including commonly used
notions of exposure and vulnerability, which are defined qualitatively in the most authoritative sources
(cf. Section 2). Given the identified, often conflicting understanding of the concept of vulnerability by
various sectors of researchers and policy makers, it was determined that an in-depth consideration of
the vulnerability concept was required prior to determining the vulnerability assessment methodology.

The study proposes a method for the assimilation, analysis and computation of overall vulnerability,
and for its graphical spatial representation. The method manages to converge different qualitative
notions of physical exposure and social vulnerability, and also makes it possible to derive a spatial
quantitative distribution of the Overall Vulnerability Index. The latter can be represented in a map
showing different coastal vulnerability levels that are easily readable spatially, making it simple to
communicate comprehensibly to decision makers.
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The Overall Vulnerability Index is calculated by means of an index-based method that is proposed
along the lines of approaches developed in the framework of previous research projects and adapted
specifically for the context of the study area and to the available information.

The study area was identified as possessing features of high economic value derived from tourist
and mining activities and natural protected areas, altogether making coastal vulnerability a major
concern. The final results of the analysis reveal that most of the investigated area (61.3%) is characterized
by a medium level of overall vulnerability. A very high overall vulnerability level (11%) was obtained
for the areas located east of Marsalforn Bay and close to Dah̄let Qorrot Bay, including Ramla Bay,
mainly owing to the presence of two sites protected as Special Areas of Conservation within the Natura
2000 network (Gh̄ajn Barrani and Il-Qortin tal-Magun u l-Qortin il-Kbir sites). A high vulnerability
(7.3%) resulted for the main roads, while 20.4% of the total surface is characterized by low vulnerability
areas mainly corresponding to abandoned agricultural fields and bare rocks outcrops.

The type of analysis presented here can be easily replicated for other coastal regions because the
data sets required for the proposed method are almost always freely available or relatively easy to
compile. Furthermore, the wider application of this method to the entire coastal area of the Gozo Island
as well as to the coastal zones of the Maltese Islands has the potential to contribute to an overall risk
characterization for the entire Maltese archipelago and it provides a useful tool for the identification
of the most exposed and vulnerable zones (hotspot areas) that require action for their protection as
a matter of priority. Starting from readily available data, which can be processed and mapped in a
GIS environment with relative ease, the method proposed and tested here can provide policy makers,
as well as coastal management agencies, with a graphical representation of easily comprehensible
and useful data to support decision-making processes at both operational (short-term) and strategic
(medium-long-term) level, enabling them to devise adaptation and structural protection measures in a
more specific and effective manner.

Moreover, the method is cost-effective and time-efficient on account of ease of data processing, and
it can also be a precursor for more detailed qualitative and quantitative analysis of risk (from different
hazard types) at different scales for the areas or sectors considered to be at greater risk.

Finally, beyond the site-specific results, the method represents an important contribution toward
more comprehensive risk assessment, also in terms of its potential transferability and replicability
to different hazard types, including the local effects of climate change from extreme weather/climate
events and sea level rise that need to be taken into consideration in a timely and effective manner.
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Appendix A

The evaluation of the social vulnerability for the coastal districts located in the investigated
area was based on the calculation of a synthetic index that takes into account a number of indicators
that represent social protection schemes that provide, where possible, protection against a single
risk or need. For a comprehensive description of the social protection gross expenditure, readers
can refer to the social protection report for the period 2012–2016, published in 2019 and directly
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downloadable at: https://nso.gov.mt/en/publicatons/Publications_by_Unit/Documents/A2_Public_
Finance/Social%20Protection%202016.pdf

The social indicators taken into account in this study are:

• The Health Care function, which consists of all those benefits paid to persons during temporary
periods of unemployment due to sickness or injury, and health care provided in the framework of
social protection;

• The Disability function, which mainly covers cash benefits paid to persons who are below the
retirement age and unable to work because of a mental or physical disability;

• The Old Age function, which covers all interventions against the risks linked to retirement and
ageing. These include pensions given to a person once they retire from the labour market, lodging
in specialized retirement homes and any services provided to persons unable to independently
care for themselves.

• The Family/Children function, which includes cash benefits provided to households with children,
various childcare services available to families and other social services provided with the specific
intention to assist families with children.

• The Unemployment function, which represents benefits paid to either compensate an individual
for the loss of his/her gainful employment or to cover the income of persons who retire from
employment prior to the statutory age.

References

1. Davidson–Arnott, R. An Introduction to Coastal Processes and Geomorphology; Cambridge University Press:
Cambridge, UK, 2010; p. 458.

2. Masselink, G.; Gehrels, R. Coastal Environments and Global Change; John Wiley & Sons: West Sussex, UK, 2014;
p. 448.

3. Nicholls, R.J.; Wong, P.P.; Burkett, V.R.; Codignotto, J.O.; Hay, J.E.; McLean, R.F.; Ragoonaden, S.;
Woodroffe, C.D. Coastal systems and lowlying areas. Climate Change 2007. Impacts, Adaptation and
Vulnerability. In Contribution of Working Group II to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change; Parry, M.L., Canziani, O.F., Palutikof, J.P., van der Linden, P.J., Hanson, C.E., Eds.;
Cambridge University Press: Cambridge, UK, 2007; pp. 315–356.

4. World Resources Institute. Decision Making in a Changing Climate; United Nations Development Programme
World Bank; World Resources Institute: Washington, DC, USA, 2010.

5. European Environment Agency. The Changing Faces of Europe’s Coastal Areas; EEA Report; European
Environment Agency: Copenhagen, Denmark, 2006.

6. European Environment Agency. Mediterranean Sea Region Briefing—The European Environment—State and
Outlook; EEA Report; European Environment Agency: Copenhagen, Denmark, 2015.

7. Reid, W.V.; Mooney, H.A.; Cropper, A.; Capistrano, D.; Carpenter, S.R.; Chopra, K.; Dasgupta, P.; Dietz, T.;
Duraiappah, A.K.; Hassan, R.; et al. Ecosystems and Human Well–Being: Synthesis; Millennium Ecosystem
Assessment: Washington, DC, USA, 2005.

8. Maes, J.; Teller, A.; Erhard, M.; Liquete, C.; Braat, L.; Berry, P.; Egoh, B.; Puydarrieux, P.; Fiorina, C.;
Santos, F.; et al. Mapping and Assessment of Ecosystems and Their Services. An Analytical Framework for Ecosystem
Assessments under Action 5 of the EU Biodiversity Strategy to 2020; Publications Office of the European Union:
Luxembourg, Luxembourg, 2013; pp. 1–58.

9. Gallina, V.; Torresan, S.; Critto, A.; Sperotto, A.; Glade, T.; Marcomini, A. A review of multi–risk methodologies
for natural hazards: Consequences and challenges for a climate change impact assessment. J. Environ. 2016,
168, 123–132. [CrossRef] [PubMed]

10. Intergovernmental Panel on Climate Change. Climate Change 2007: Mitigation. Contribution of Working Group
III to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change; Metz, B., Davidson, O.R.,
Bosch, P.R., Dave, R., Meyer, L.A., Eds.; Cambridge University Press: Cambridge, UK, 2007.

176



Water 2020, 12, 1405

11. Intergovernmental Panel on Climate Change. Climate Change 2014: Impacts, Adaptation and Vulnerability.
Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
Part A: Global Aspects; Field, C.B., Barros, V.R., Dokken, D.J., Mach, K.J., Mastrandrea, M.D., Bilir, T.E.,
Chatterjee, M., Ebi, K.L., Estrada, Y.O., Genova, R.C., et al., Eds.; Cambridge University Press: Cambridge,
UK, 2014.

12. Hoegh–Guldberg, O.; Jacob, D.; Taylor, M.; Bindi, M.; Brown, S.; Camilloni, I.; Diedhiou, A.; Djalante, R.;
Ebi, K.L.; Engelbrecht, F.; et al. 2018: Impacts of 1.5 ◦C Global Warming on Natural and Human Systems.
In Global Warming of 1.5 ◦C; Masson–Delmotte, V., Zhai, P., Pörtner, H.-O., Roberts, D., Skea, J., Shukla, P.R.,
Pirani, A., Moufouma–Okia, W., Péan, C., Pidcock, R., et al., Eds.; An IPCC Special Report on the Impacts
of Global Warming of 1.5 ◦C above Pre–Industrial Levels and Related Global Greenhouse Gas Emission
Pathways, in the Context of Strengthening the Global Response to the Threat of Climate Change, Sustainable
Development, and Efforts to Eradicate Poverty; Intergovernmental Panel on Climate Change: Geneva,
Switzerland, 2018.

13. Intergovernmental Panel on Climate Change. Summary for Policymakers. In Climate Change and Land:
An IPCC Special Report on Climate Change, Desertification, Land Degradation, Sustainable Land Management,
Food Security, and Greenhouse Gas Fluxes in Terrestrial Ecosystems; Shukla, P.R., Skea, J., Buendia, E.C.,
Masson-Delmotte, V., Pörtner, H.-O., Roberts, D.C., Zhai, P., Slade, R., Connors, S., Diemen, R., et al., Eds.;
Cambridge University Press: Cambridge, UK, 2019.

14. UNISDR (United Nations International Strategy for Disaster Reduction). Sendai Framework for Disaster Risk
Reduction 2015–2030; The United Nations Office for Disaster Risk Reduction: Geneva, Switzerland, 2015;
Available online: https://www.preventionweb.net/files/43291_sendaiframeworkfordrren.pdf (accessed on 26
April 2020).

15. European Commission. An EU Strategy on Adaptation to Climate Change; The European Commission: Brussels,
Belgium, 2013; Available online: https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=COM:2013:0216:
FIN:EN:PDF (accessed on 26 April 2020).

16. Directive 2007/60/EC of the European Parliament and of the Council of 23 October 2007 on the Assessment
and Management of Flood Risks. Available online: https://eur--lex.europa.eu/legal--content/EN/TXT/PDF/
?uri=CELEX:32007L0060&from=EN (accessed on 26 April 2020).

17. Field, C.B.; Barros, V.; Stocker, T.F.; Qin, D.; Dokken, D.J.; Ebi, K.L.; Mastrandrea, M.D.; Mach, K.J.;
Plattner, G.-K.; Allen, S.K.; et al. Managing the Risks of Extreme Events and Disasters to Advance Climate Change
Adaptation; A Special Report of Working Groups I and II of the Intergovernmental Panel on Climate Change
(IPCC); Cambridge University Press: Cambridge, UK, 2012.

18. Baird, A.; O’Keefe, P.; Westgate, K.; Wisner, B. Towards an Explanation of and Reduction of Disaster Proneness;
Occasional Paper Number 11; Disaster Research Unit, University of Bradford: Bradford, UK, 1975.

19. O’Keefe, P.; Westgate, K.; Wisner, B. Taking the naturalness out of natural disasters. Nature 1976, 260, 566–577.
[CrossRef]

20. Lewis, J. The vulnerable state: An alternative view. In Disaster Assistance: Appraisal, Reform and New
Approaches; Stephens, L., Green, S.J., Eds.; New York University Press: New York, NY, USA, 1976; pp. 104–129.

21. Hewitt, K. Interpretations of Calamity; Allen & Unwin: London, UK, 1983.
22. O’Brien, K.; Eriksen, S.; Schjolen, A.; Nygaard, L. What’s in a Word? Conflicting Interpretations of Vulnerability

in Climate Change Research; CICERO Working Paper 2004:04; CICERO, Oslo University: Oslo, Norway, 2004.
23. Romieu, E.; Welle, T.; Schneiderbauer, S.; Pelling, M.; Vinchon, C. Vulnerability assessment within climate

change and natural hazard contexts: Revealing gaps and synergies through coastal applications. Sustain. Sci.
2010, 5, 159–170. [CrossRef]

24. Jurgilevich, A.; Räsänen, A.; Groundstroem, F.; Juhola, S. A systematic review of dynamics in climate risk
and vulnerability assessments. Environ. Res. Lett. 2017, 12, 013002. [CrossRef]

25. Mysiak, J.; Torresan, S.; Bosello, F.; Mistry, M.; Amadio, M.; Marzi, S.; Furlan, E.; Sperotto, A. Climate risk
index for Italy. Philos. Trans. R. Soc. 2018, 376, 20170305. [CrossRef] [PubMed]

26. UNISDR. UNISDR Terminology on Disaster Risk Reduction. 2009. Available online: https://www.unisdr.org/
files/7817_UNISDRTerminologyEnglish.pdf (accessed on 26 April 2020).

27. Cavallin, A.; Marchetti, M.; Panizza, M.; Soldati, M. The role of geomorphology in the environmental impact
assessment. Geomorphology 1994, 9, 143–153. [CrossRef]

177



Water 2020, 12, 1405

28. UNDRO. Disaster Prevention and Mitigation—Compendium of Current Knowledge; United Nations: New York,
NY, USA, 1984.

29. Papathoma–Köhle, M.; Gems, B.; Sturm, M.; Fuchs, S. Matrices, curves and indicators: A review of approaches
to assess physical vulnerability to debris flows. Earth Sci. Rev. 2017, 171, 272–288. [CrossRef]

30. Intergovernmental Panel on Climate Change. Climate Change 1995. Impacts, Adaptations and Mitigation of
Climate Change: Scientific-Technical Analyses; Watson, R.T., Zinyowera, M.C., Moss, H.J.D., Eds.; Second
Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University: Cambridge,
UK, 1995.

31. Costa, L.; Kropp, J.P. Linking components of vulnerability in theoretic frameworks and case studies. Sustain.
Sci. 2013, 8, 1–9. [CrossRef]

32. Gornitz, V. Vulnerability of the East Coast, USA to future sea level rise. J. Coast. Res. 1990, 9, 201–237.
33. Gornitz, V.M.; White, T.W.; Cushman, R.M. Vulnerability of the US to future sea level rise, Coastal Zone 91.

In Proceedings of the 7th Symposium on Coastal and Ocean Management, Long Beach, CA, USA, 8–12 July
1991; American Society of Civil Engineers: New York, NY, USA, 1991; pp. 1345–1359.

34. Ojeda–Zújar, J.; Álvarez–Francosi, J.I.; Martín–Cajaraville, D.; Fraile–Jurado, P. El uso de las TIG para el
cálculo del índice de Vulnerabilidad costera (CVI) ante una potencial subida del nivel del mar en la costa
andaluza (España). GeoFocus 2009, 9, 83–100.

35. Özyurt, G.; Ergin, A. Application of sea level rise vulnerability assessment model to selected coastal areas of
Turkey. J. Coast. Res. 2009, 56, 248–251.

36. Özyurt, G.; Ergin, A. Improving coastal vulnerability assessments to sea–level rise: A new indicator–based
methodology for decision makers. J. Coast. Res. 2010, 26, 265–273. [CrossRef]

37. McLaughlin, S.; Cooper, J.A.G. A multi-scale coastal vulnerability index: A tool for coastal managers?
Environ. Hazard 2010, 9, 233–248. [CrossRef]

38. Di Paola, G.; Iglesias, J.; Rodríguez, G.; Benassai, G.; Aucelli, P.P.C.; Pappone, G. Estimating coastal
vulnerability in a meso-tidal beach by means of quantitative and semi–quantitative methodologies. J. Coast.
Res. 2011, 61, 303–308. [CrossRef]

39. Santos, M.; Del Río, L.; Benavente, J. GIS–based approach to the assessment of coastal vulnerability to storms.
Case study in the Bay of Cádiz (Andalusia, Spain). J. Coast. Res. 2013, 65, 826–831. [CrossRef]

40. Armaroli, C.; Duo, E. Validation of the Coastal storm Risk Assessment Framework along the Emilia–Romagna
coast. Coast. Eng. 2018, 134, 159–167. [CrossRef]

41. Van Dongeren, A.; Ciavola, P.; Martinez, G.; Viavattene, C.; Bogaard, T.; Ferreira, O.; McCall, R. Introduction
to RISC–KIT: Resilience–increasing strategies for coasts. Coast. Eng. 2018, 134, 2–9. [CrossRef]

42. Viavattene, C.; Jiménez, J.A.; Ferreira, O.; Priest, S.; Owen, D.; McCall, R. Selecting coastal hotspots to
storm impacts at the regional scale: A Coastal Risk Assessment Framework. Coast. Eng. 2018, 134, 33–47.
[CrossRef]

43. Stelljes, N.; Martinez, G.; McGlade, K. Introduction to the RISC–KIT web based management guide for DRR
in European coastal zones. Coast. Eng. 2018, 134, 73–80. [CrossRef]

44. Prampolini, M.; Gauci, C.; Micallef, A.S.; Selmi, L.; Vandelli, V.; Soldati, M. Geomorphology of the
north–eastern coast of Gozo (Malta, Mediterranean Sea). J. Maps 2018, 14, 402–410. [CrossRef]

45. Micallef, S.; Micallef, A.; Galdies, C. Application of the Coastal Hazard Wheel to assess erosion on the
Maltese coast. Ocean Coast. Manag. 2018, 156, 209–222. [CrossRef]

46. Mantovani, M.; Devoto, S.; Forte, E.; Mocnik, A.; Pasuto, A.; Piacentini, D.; Soldati, M. A multidisciplinary
approach for rock spreading and block sliding investigation in the north–western coast of Malta. Landslides
2013, 10, 611–622. [CrossRef]

47. Mantovani, M.; Devoto, S.; Piacentini, D.; Prampolini, M.; Soldati, M.; Pasuto, A. Advanced SAR
interferometric analysis to support geomorphological interpretation of slow–moving coastal landslides
(Malta Mediterranean Sea). Remote Sens. 2016, 8, 443. [CrossRef]

48. Soldati, M.; Devoto, S.; Foglini, F.; Forte, E.; Mantovani, M.; Pasuto, A.; Piacentini, D.; Prampolini, M.
An integrated approach for landslide hazard assessment on the NW coast of Malta. In Proceedings of the
International Conference: Georisks in the Mediterranean and Their Mitigation, Valletta, Malta, 20–21 July
2015; Galea, P., Borg, R.P., Farrugia, D., Agius, M.R., D’Amico, S., Torpiano, A., Bonello, M., Eds.; Gutemberg
Press Ltd.: Tarxien, Malta, 2015; pp. 160–167.

178



Water 2020, 12, 1405

49. Piacentini, D.; Devoto, S.; Mantovani, M.; Pasuto, A.; Prampolini, M.; Soldati, M. Landslide susceptibility
modeling assisted by Persistent Scatterers Interferometry (PSI): An example from the northwestern coast of
Malta. Nat. Hazards 2015, 78, 681–697. [CrossRef]

50. Mantovani, M.; Piacentini, D.; Devoto, S.; Prampolini, M.; Pasuto, A.; Soldati, M. Landslide susceptibility
analysis exploiting Persistent Scatterers data in the northern coast of Malta. In Proceedings of the International
Conference Analysis and Management of Changing Risks for Natural Hazards, Padua, Italy, 18–19 November
2014; pp. 1–7.

51. Viavattene, C.; Jimenez, J.A.; Owen, D.; Priest, S.; Parker, D.; Micou, A.P.; Ly, S. Coastal Risk Assessment
Framework Guidance Document. Deliverable No: D.2.3—Coastal Risk Assessment Framework Tool, Risc-Kit
Project (G.A. No. 603458). 2015. Available online: http://www.risckit.eu/np4/file/23/RISC_KIT_D2.3_CRAF_
Guidance.pdf (accessed on 15 October 2018).

52. Ferreira, O.; Viavattene, C.; Jiménez, J.; Bole, A.; Plomaritis, T.; Costas, S.; Smets, S. CRAF Phase 1, A framework
to identify coastal hotspots to storm impacts. Risk Evaluation & Assessment. In Proceedings of the FLOODrisk
2016—3rd European Conference on Flood Risk Management, Lyon, France, 17–21 October 2016. [CrossRef]

53. Aucelli, P.P.; Di Paola, G.; Rizzo, A.; Rosskopf, C.M. Present day and future scenarios of coastal erosion
and flooding processes along the Italian Adriatic coast: The case of Molise region. Envrion. Earth Sci. 2018,
77, 371. [CrossRef]

54. Ballesteros, C.; Jiménez, J.A.; Viavattene, C. A multi–component flood risk assessment in the Maresme coast
(NW Mediterranean). Natl. Hazards 2018, 90, 265–292. [CrossRef]

55. Papathoma–Köhle, M.; Cristofari, G.; Wenk, M.; Fuchs, S. The importance of indicator weights for vulnerability
indices and implications for decision making in disaster management. Int. J. Disaster Risk. Reduct. 2019,
36, 101103. [CrossRef]

56. Birkmann, J. Indicators and criteria for measuring vulnerability: Theoretical bases and requirements.
In Measuring Vulnerability to Natural Hazards: Towards Disaster Resilient Societies; Birkmann, J., Ed.; UNU Press:
Tokyo, Japan, 2006.

57. Fuchs, S.; Frazier, T.; Siebeneck, L. Vulnerability and Resilience to Natural Hazards; Fuchs, S., Thaler, T., Eds.;
Cambridge University Press: Cambridge, UK, 2018.

58. Nardo, M.; Saisana, M.; Saltelli, A.; Tarantola, S. Tools for Composite Indicators Building; European Commission:
Brussels, Belgium, 2005.

59. Soldati, M.; Maquaire, O.; Zezere, J.L.; Piacentini, D.; Lissak, C. Coastline at risk: Methods for multi–hazard
assessment. J. Coast. Res. 2011, 61, 335–339. [CrossRef]

60. Foglini, F.; Prampolini, M.; Micallef, A.; Angeletti, L.; Vandelli, V.; Deidun, A.; Soldati, M.; Taviani, M.
Late Quaternary Coastal Landscape Morphology and Evolution of the Maltese Islands (Mediterranean Sea)
Reconstructed from High–Resolution Seafloor Data. In Geology and Archaeology: Submerged Landscapes of the
Continental Shelf ; Har, J., Bailey, G., Lüth, L., Eds.; Geological Society, Special Publication: London, UK, 2016;
Volume 411, pp. 77–95.

61. Soldati, M.; Barrows, T.T.; Prampolini, M.; Fifield, K.L. Cosmogenic exposure dating constraints for coastal
landslide evolution on the Island of Malta (Mediterranean Sea). J. Coast. Conserv. 2018, 22, 831–844. [CrossRef]

62. Oil Exploration Directorate. Geological Map of the Maltese Islands; Office of the Prime Minister: Valletta,
Malta, 1993.

63. Magri, O. A geological and geomorphological review of the Maltese Islands with special reference to the
coastal zone. Territoris 2006, 6, 7–26.

64. Micallef, A.; Foglini, F.; Le Bas, T.; Angeletti, L.; Maselli, V.; Pasuto, A.; Taviani, M. The submerged
palaeolandscape of the Maltese Islands: Morphology evolution and relation to Quaternary environmental
change. Mar. Geol. 2013, 335, 129–147. [CrossRef]

65. Paskoff, R.; Sanlaville, P. Observations geomorphologiques sur le cotes de l’Archipel Maltaise. Z. Geomorphol.
1978, 22, 310–328.

66. Said, G.; Schembri, J. Malta. In Encyclopaedia of the World’s Coastal Landforms; Bird, E., Ed.; Springer: Dordrecht,
The Netherlands, 2010; pp. 751–759.

67. Galve, J.P.; Tonelli, C.; Gutiérrez, F.; Lugli, S.; Vescogni, A.; Soldati, M. New insights into the genesis of the
Miocene collapse structures of the island of Gozo (Malta, central Mediterranean Sea). J. Geol. Soc. 2015, 172,
336–348. [CrossRef]

179



Water 2020, 12, 1405

68. Mottershead, D.; Bray, M.; Soar, P.; Farres, P.J. Extreme wave events in the central Mediterranean: Geomorphic
evidence of tsunami on the Maltese Islands. Z. Geomorphol. 2014, 58, 385–411. [CrossRef]

69. Soldati, M.; Tonelli, C.; Galve, J.P. Geomorphological evolution of palaeosinkhole features in the Maltese
archipelago (Mediterranean Sea). Geogr. Fis. Din. Quat. 2013, 36, 189–198. [CrossRef]

70. Coratza, P.; Galve, J.P.; Soldati, M.; Tonelli, C. Recognition and assessment of sinkholes as geosites: Lessons
from the Island of Gozo (Malta). Quaest. Geogr. 2012, 31, 22–35. [CrossRef]

71. Coratza, P.; Gauci, R.; Schembri, J.A.; Soldati, M.; Tonelli, C. Bridging Natural and Cultural Values of Sites
with Outstanding Scenery: Evidence from Gozo, Maltese Islands. Geoheritage 2016, 8, 91–103. [CrossRef]

72. Cappadonia, C.; Coratza, P.; Agnesi, V.; Soldati, M. Malta and Sicily Joined by Geoheritage Enhancement
and Geotourism within the Framework of Land Management and Development. Geosci. J. 2018, 8, 253.
[CrossRef]

73. Satariano, B.; Gauci, R. Landform loss and its effect on health and well–being: The collapse of the Azure
Window (Gozo) and the resultant reactions of the media and the Maltese community. In Landscapes and
Landforms of the Maltese Islands; Gauci, R., Schembri, J.A., Eds.; Springer: Cham, Switzerland, 2019; Volume 14,
pp. 289–303.

74. Baldassini, N.; Di Stefano, A. Stratigraphic features of the Maltese Archipelago: A synthesis. Nat. Hazards
2017, 86, 203–231. [CrossRef]

75. Gauci, R.; Schembri, J.A. (Eds.) Landscapes and Landforms of the Maltese Islands; Springer: Cham, Switzerland, 2019.
76. Pedley, M.; Clarke, M.H. Limestone Isles in a Crystal Sea: The Geology of the Maltese Islands; Publishers Enterprises

Group: San Gwann, Malta, 2002.
77. Biolchi, S.; Furlani, S.; Devoto, S.; Gauci, R.; Castaldini, D.; Soldati, M. Geomorphological identification,

classification and spatial distribution of coastal landforms of Malta (Mediterranean Sea). J. Maps 2016, 12,
87–99. [CrossRef]

78. Furlani, S.; Antonioli, F.; Gambin, T.; Gauci, R.; Ninfo, A.; Zavagno, E.; Micallef, A.; Cucchi, F. Marine notches
in the Maltese islands (central Mediterranean Sea). Quat. Int. 2017, 439, 158–168. [CrossRef]

79. Alexander, D. A review of the physical geography of Malta and its significance for tectonic geomorphology.
Quat. Sci. Rev. 1988, 7, 41–53. [CrossRef]

80. Soldati, M.; Devoto, S.; Prampolini, M.; Pasuto, A. The spectacular landslide–controlled landscape of the
northwestern coast of Malta. In Landscapes and Landforms of the Maltese Islands; Gauci, R., Schembri, J.A., Eds.;
Springer: Cham, Switzerland, 2019; Volume 14, pp. 167–178.

81. Devoto, S.; Biolchi, S.; Bruschi, V.M.; Furlani, S.; Mantovani, M.; Piacentini, D.; Soldati, M. Geomorphological
map of the NW coast of the Island of Malta (Mediterranean Sea). J. Maps 2012, 8, 33–40. [CrossRef]

82. Devoto, S.; Biolchi, S.; Bruschi, V.M.; González, D.A.; Mantovani, M.; Pasuto, A.; Soldati, M. Landslides
Along the North–West Coast of the Island of Malta. In Landslide Science and Practice: Landslide Inventory and
Susceptibility and Hazard Zoning; Margottini, C., Canuti, P., Sassa, K., Eds.; Springer: Berlin, Germany, 2013;
Volume 1, pp. 57–63.

83. Devoto, S.; Forte, E.; Mantovani, M.; Mocnik, A.; Pasuto, A.; Piacentini, D.; Soldati, M. Integrated Monitoring
of Lateral Spreading Phenomena Along the North–West Coast of the Island of Malta. In Landslide Science and
Practice: Early Warning, Instrumentation and Monitoring; Margottini, C., Canuti, P., Sassa, K., Eds.; Springer:
Berlin, Germany, 2013; Volume 2, pp. 235–241.

84. Magri, O.; Mantovani, M.; Pasuto, A.; Soldati, M. Geomorphological investigation and monitoring of lateral
spreading along the north–west coast of Malta. Geogr. Fis. Din. Quat. 2008, 31, 171–180.

85. Pasuto, A.; Soldati, M. Lateral Spreading. In Treatise on Geomorphology; Shroder, J.F., Ed.; Academic Press:
San Diego, CA, USA, 2013; Volume 7, pp. 239–248.

86. Dykes, A.P. Mass movements and conservation management in Malta. J. Environ. Manag. 2002, 66, 77–89.
[CrossRef]

87. Prampolini, M.; Foglini, F.; Biolchi, S.; Devoto, S.; Angelini, S.; Soldati, M. Geomorphological mapping of
terrestrial and marine areas, northern Malta and comino (Central Mediterranean sea). J. Maps 2017, 13,
457–469. [CrossRef]

88. Selmi, L.; Coratza, P.; Gauci, R.; Soldati, M. Geoheritage as a Tool for Environmental Management: A Case
Study in Northern Malta (Central Mediterranean Sea). Resources 2019, 8, 168. [CrossRef]

89. Central Bank of Malta. The Evolution of Malta’s Tourism Product over Recent Years. Available online:
https://www.centralbankmalta.org/file.aspx?f=72256 (accessed on 17 October 2019).

180



Water 2020, 12, 1405

90. World Travel and Tourism Council. Travel & Tourism Economic Impact 2018 Malta; World Travel and Tourism
Council: London, UK, 2018.

91. Chaperon, S.; Bramwell, B. Dependency and agency in peripheral tourism development. Ann. Tour. Res.
2013, 40, 132–154. [CrossRef]

92. Ebejer, J.; Mangion, M.J.; Bingül, M.B.; Kwiatkowska, D. Rural Landscape and Tourism: A Proposed Policy
for Sustainable Tourism in Gozo. In Proceedings of the 7th LE: NOTRE Landscape Forum 2018, Gozo,
Malta, 20–24 March 2018; Available online: https://www.um.edu.mt/library/oar/bitstream/123456789/40147/1/
Article%20on%20Gozo%20tourism%20for%20LeNOTRE%20Landscape%20FINAL%20DRAFT%20for%
20OAR.pdf (accessed on 22 November 2019).

93. Malta Tourism Authority. Tourism in Malta—Facts and Figures. 2017. Available online: https://www.mta.
com.mt/en/file.aspx?f=32328 (accessed on 16 October 2019).

94. National Statistics Office. Regional Statistics—Malta, 2019 ed.; National Statistics Office: Valletta, Malta, 2019.
95. Salman, A.; Lombardo, S.; Doody, P. Living with Coastal Erosion in Europe: Sediment and Space for Sustainability;

Technical Report; EUCC: Warnemünde, Germany, 2004.
96. Geofabrik. Available online: http://download.geofabrik.de/europe/malta.htm (accessed on 3 July 2019).
97. Malta Inspire Geoportal. Available online: https://msdi.data.gov.mt/geoportal.html (accessed on 3 July 2019).
98. National Statistics Office. Social Protection—Reference Years 2012–2016. Malta, 2019. Available

online: https://nso.gov.mt/en/publicatons/Publications_by_Unit/Documents/A2_Public_Finance/Social%
20Protection%202016.pdf (accessed on 3 July 2019).

99. Beccari, B. A comparative analysis of disaster risk, vulnerability and resilience composite indicators. PLoS Curr.
2016, 8. [CrossRef]

100. Del Río, L.; Gracia, F.J. Erosion risk assessment of active coastal cliffs in temperate environments.
Geomorphology 2009, 112, 82–95. [CrossRef]

101. Di Paola, G.; Aucelli, P.P.C.; Benassai, G.; Iglesias, J.; Rodríguez, G.; Rosskopf, C.M. The assessment of the
coastal vulnerability and exposure degree of Gran Canaria Island (Spain) with a focus on the coastal risk of
Las Canteras Beach in Las Palmas de Gran Canaria. J. Coast. Conserv. 2018, 22, 1001–1014. [CrossRef]

102. Mattei, G.; Rizzo, A.; Anfuso, G.; Aucelli, P.P.C.; Gracia, F.J. A tool for evaluating the archaeological heritage
vulnerability to coastal processes: The case study of Naples Gulf (southern Italy). Ocean Coast. Manag. 2019,
179, 104876. [CrossRef]

103. Rizzo, A.; Aucelli, P.P.C.; Gracia, F.J.; Anfuso, G. A novelty coastal susceptibility assessment method:
Application to Valdelagrana area (SW Spain). J. Coast. Conserv. 2018, 22, 973–987. [CrossRef]

104. Giorgi, F. Climate change hot-spots. Geophys. Res. Lett. 2006, 33. [CrossRef]
105. Giorgi, F.; Lionello, P. Climate change projections for the Mediterranean region. Glob. Planet. Chang. 2008, 63,

90–104. [CrossRef]
106. Hov, Ø.; Cubasch, U.; Fischer, E.; Höppe, P.; Iversen, T.; Gunnar Kvamstø, N.; Zbigniew, W.K.; Rezacova, D.;

Rios, D.; Santos, F.D.; et al. Extreme Weather Events in Europe: Preparing for Climate Change Adaptation.
Norwegian Meteorological Institute: Oslo, Norway, 2013.

107. Nicholls, R.J. Impacts of and Responses to Sea-Level Rise. Understanding Sea-Level Rise and Variability; Church, J.A.,
Woodworth, P.L., Aarup, T., Wilson, W.W., Eds.; Wiley–Blackwell: Hoboken, NJ, USA, 2010; pp. 17–51.

108. Lambeck, K.; Antonioli, F.; Anzidei, M.; Ferranti, L.; Leoni, G.; Scicchitano, G.; Silenzi, S. Sea level change
along the Italian coast during the Holocene and projections for the future. Quat. Int. 2011, 232, 250–257.
[CrossRef]

109. Aucelli, P.P.C.; Cinque, A.; Mattei, G.; Pappone, G. Historical sea level changes and effects on the coasts
of Sorrento Peninsula (Gulf of Naples): New constrains from recent geoarchaeological investigations.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 2016, 463, 112–125. [CrossRef]

110. Tsimplis, M.N.; Calafat, F.M.; Marcos, M.; Jordá, G.; Gomis, D.; Fenoglio-Marc, L.; Struglia, S.; Josey, S.;
Chambers, D.P. The effect of the NAO on sea level and on mass changes in the Mediterranean Sea. J. Geophys.
Res. Oceans 2013, 118, 944–952. [CrossRef]

111. Anzidei, M.; Lambeck, K.; Antonioli, F.; Furlani, S.; Mastronuzzi, G.; Serpelloni, E.; Vannucci, G. Coastal
structure, sea–level changes and vertical motion of the land in the Mediterranean. Geol. Soc. 2014, 388,
453–479. [CrossRef]

112. Galassi, G.; Spada, G. Sea-level rise in the Mediterranean Sea by 2050: Roles of terrestrial ice melt, steric effects
and glacial isostatic adjustment. Glob. Planet. Chang. 2014, 123, 55–66. [CrossRef]

181



Water 2020, 12, 1405

113. Antonioli, F.; Anzidei, M.; Amorosi, A.; Presti, V.L.; Mastronuzzi, G.; Deiana, G.; Marsico, A. Sea–level rise
and potential drowning of the Italian coastal plains: Flooding risk scenarios for 2100. Quat. Sci. Rev. 2017,
158, 29–43. [CrossRef]

114. Antonioli, F.; Defalco, G.; Moretti, L.; Anzidei, M.; Bonaldo, D.; Carniel, S.; Leoni, G.; Furlani, S.; Presti, V.I.;
Mastronuzzi, G.; et al. Relative sea level rise and potential flooding risk for 2100 on 15 coastal plains of the
Mediterranean Sea. Geophys. Res. Abstr. 2019, 21, 5274.

115. Aucelli, P.P.C.; Di Paola, G.; Incontri, P.; Rizzo, A.; Vilardo, G.; Benassai, G.; Buonocuore, B.; Pappone, G.
Coastal inundation risk assessment due to subsidence and sea level rise in a Mediterranean alluvial plain
(Volturno coastal plain–southern Italy). Estuar. Coast. Shelf Sci. 2017, 198, 597–609. [CrossRef]

116. Di Paola, G.; Alberico, I.; Aucelli, P.P.C.; Matano, F.; Rizzo, A.; Vilardo, G. Coastal subsidence detected by
Synthetic Aperture Radar interferometry and its effects coupled with future sea-level rise: The case of the
Sele Plain (Southern Italy). J. Flood Risk Manag. 2018, 11, 191–206. [CrossRef]

117. Nicholls, R.J.; Cazenave, A. Sea–level rise and its impact on coastal zones. Science 2010, 328, 1517–1520.
[CrossRef] [PubMed]

118. Revell, D.L.; Battalio, R.; Spear, B.; Ruggiero, P.; Vandever, J. A methodology for predicting future coastal
hazards due to SLR on the California Coast. Clim. Chang. 2011, 109, 251–276. [CrossRef]

119. Kulp, S.A.; Strauss, B.H. New elevation data triple estimates of global vulnerability to sea–level rise and
coastal flooding. Nat. Commun. 2019, 10, 1–12.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

182



water

Article

Barrier Islands Resilience to Extreme Events: Do Earthquake
and Tsunami Play a Role?

Ella Meilianda 1,2,*, Franck Lavigne 3,4, Biswajeet Pradhan 5,6,7, Patrick Wassmer 4, Darusman Darusman 8 and

Marjolein Dohmen-Janssen 9

��������	
�������

Citation: Meilianda, E.; Lavigne, F.;

Pradhan, B.; Wassmer, P.; Darusman,

D.; Dohmen-Janssen, M. Barrier

Islands Resilience to Extreme Events:

Do Earthquake and Tsunami Play a

Role? Water 2021, 13, 178. https://

doi.org/10.3390/w13020178

Received: 30 October 2020

Accepted: 8 January 2021

Published: 13 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Tsunami and Disaster Mitigation Research Center (TDMRC), Universitas Syiah Kuala,
Banda Aceh 23233, Indonesia

2 Civil Engineering Department, Engineering Faculty, Universitas Syiah Kuala, Banda Aceh 23111, Indonesia
3 Geography Department, University of Paris 1 Panthéon-Sorbonne, 75005 Paris, France;

franck.lavigne@univ-paris1.fr
4 Laboratoire de Geographie Physique, UMR 8591 CNRS, 1 Place A. Briand, 92190 Meudon, France;

patrick.wassmer@lgp.cnrs.fr
5 Centre for Advanced Modelling and Geospatial Information Systems (CAMGIS),

University of Technology Sydney, Ultimo, NSW 2007, Australia; biswajeet.pradhan@uts.edu.au
6 Center of Excellence for Climate Change Research, King Abdulaziz University, P.O. Box 80234,

Jeddah 21589, Saudi Arabia
7 Earth Observation Center, Institute of Climate Change, Universiti Kebangsaan Malaysia,

Bangi 43600 UKM, Selangor, Malaysia
8 Post-Graduate School, Universitas Syiah Kuala, Banda Aceh 23111, Indonesia; darusman@unsyiah.ac.id
9 Water Engineering & Management (WEM), Faculty of Engineering & Technology, University of Twente,

7522 NB Enschede, The Netherlands; c.m.dohmen-janssen@utwente.nl
* Correspondence: ella_meilianda@unsyiah.ac.id

Abstract: Barrier islands are indicators of coastal resilience. Previous studies have proven that barrier
islands are surprisingly resilient to extreme storm events. At present, little is known about barrier
systems’ resilience to seismic events triggering tsunamis, co-seismic subsidence, and liquefaction. The
objective of this study is, therefore, to investigate the morphological resilience of the barrier islands
in responding to those secondary effects of seismic activity of the Sumatra–Andaman subduction
zone and the Great Sumatran Fault system. Spatial analysis in Geographical Information Systems
(GIS) was utilized to detect shoreline changes from the multi-source datasets of centennial time
scale, including old topographic maps and satellite images from 1898 until 2017. Additionally,
the earthquake and tsunami records and established conceptual models of storm effects to barrier
systems, are corroborated to support possible forcing factors analysis. Two selected coastal sections
possess different geomorphic settings are investigated: (1) Lambadeuk, the coast overlying the
Sumatran Fault system, (2) Kuala Gigieng, located in between two segments of the Sumatran
Fault System. Seven consecutive pairs of comparable old topographic maps and satellite images
reveal remarkable morphological changes in the form of breaching, landward migrating, sinking,
and complete disappearing in different periods of observation. While semi-protected embayed
Lambadeuk is not resilient to repeated co-seismic land subsidence, the wave-dominated Kuala
Gigieng coast is not resilient to the combination of tsunami and liquefaction events. The mega-
tsunami triggered by the 2004 earthquake led to irreversible changes in the barrier islands on
both coasts.

Keywords: Sumatra; barrier island; earthquake; tsunami; land subsidence; liquefaction; morphology
resilience; GIS

1. Introduction

Major earthquakes that have occurred in history have caused fatalities and losses
beyond the direct earthquake shaking. Looking at historical losses from 1900 onward,
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around 1% of damaging earthquakes in history have caused about 93% of deaths world-
wide. Within those events, secondary effects, such as a tsunami, liquefaction, fire, and the
impact of nuclear power plants, have caused 40% of economic losses and deaths [1]. Coastal
areas situated at the peripheral of tectonic subduction zones, such as the Sunda Trench,
Peru-Chile Trench, and Japan Trench, are subject to multiple threats of co-seismic and
post-seismic secondary effects. The triggered massive landslides, liquefaction, and tsunami
have caused severe casualties and damage to the affected areas. The Central Sulawesi
tectonic earthquake in September 2018, for instance, has triggered multiple secondary
effects, including localized tsunami, landslides, and liquefaction [2]. The Great Eastern
Japan Earthquake in April 2011 triggered the tsunami, liquefaction, fire, and the impact of
a nuclear power plant [1]. The Great Sumatran Earthquake in December 2004 triggered
both mega-tsunamis and land subsidence, all of which have caused significant fatalities
and losses and required long-term recovery.

Eighty percent of the world’s coasts are rocky [3], characterized by a sedimentary-
deficit, and a complex morphology [4]. On the basis of satellite inventory, Stutz and
Pilkey [5] reveal that 20,783 km of shoreline are occupied by 2149 barrier islands worldwide,
which is 37% longer than formerly thought. Indonesia is an archipelagic country with an
estimated 91,363.65 km of coastline [6], making it the second longest coastline in the world
after Canada [4]. The Indonesian archipelago has 44 barrier islands, which equals 2% of
the global figure. Their distribution is strongly related to sea-level history in addition to
the influence of tectonic settings. Administratively, 80% of districts and municipalities in
Indonesia are situated at the coastal areas, making the coastline the multi-purpose zone in
the daily life and socio-economic development of the archipelagic nation.

The shoreline along the Sumatra island of Indonesia mostly consists of shore-parallel
lagoonal ecosystems separated by chenier-type barrier islands, with crest height on average
no more than 2 m [7]. In the temperate zone, such as in the United States, barrier islands are
under tremendous pressure of rising sea level and increasing storminess. On the other hand,
the barrier islands and beach ridges located in a tectonically active coastal region, such as
the entire length of the west and north Sumatra of Indonesia, are equally under tremendous
pressure of the potential tsunami, co-seismic and post-seismic land level changing, and
liquefaction as the secondary effects of the tectonic fault and subduction earthquakes.

Studies about the influence of the secondary effects of tectonic activities on the barrier
island and spit morphological development are currently relatively limited. This study
aims to investigate the morphological resilience of the barrier islands in responding to
tsunamis, co-seismic subsidence, and liquefaction. Spatial analysis was utilized to detect
shoreline changes from the multi-source datasets of the multi-decadal time scale, including
old topographic maps and satellite images from 1898 until 2017. As the next step, we
identified the history of major or moderate earthquakes that occurred in each consecutive
period. Subsequently, we corroborated those earthquake events with the reported impact
of the earthquakes on the coastal areas. We also utilized the established conceptual models
of storm effects to barrier systems to interpret possible controlling factors causing the re-
markable morphological changes observed at two selected coastal sections. The results will
be substantial in building a conceptual foundation for interplaying seismic-related forcing
factors with the littoral transport regime that determines the morphological resilience of a
coastal area.

1.1. Impact of Earthquakes on Coastal Systems

Investigation of a massive earthquake event has always been appealing for scientists.
It is the opportunity to improve the understanding of various factors resulting in casualties
and damage. Short-term responses of coastal morphology to tsunamis have been widely
discussed in the previous studies through various approaches. Some works have combined
models of tsunami wave propagation and inundation, and spatial analysis of the damage
in the tsunami-affected area [8–10]. Others focused on the geomorphological [11–14], or
ecological [10,15] impacts of the tsunami. Additionally, a few tens of meters of land subsi-
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dence were also observed as the immediate response of coastal areas to seismic activities
was observed early after the occurrence of the megathrust earthquake of December 2004
along the north and west coast of Sumatra Island [16–19]. An extended period investi-
gation to the post-tsunami coastal recovery in Aceh has also been conducted, including
further monitoring on changes of shoreline position and land-level changes [20–22], of land
use [23], and the vulnerability and living condition of the coastal inhabitants [8,24].

Liquefaction has yet to be discussed thoroughly, concerning the impact of the megath-
rust 2004 Sumatra earthquake in Banda Aceh. Nevertheless, some indication of liquefaction
indeed observed in Port Blair, the capital city of the Andaman and Nicobar Island of India,
where various types of buildings, particularly of the typical reinforced concrete ones, have
experienced settlement [25]. Such building failures by settlement were also observed and
reported in Banda Aceh [26]. Recently, the soil mechanism of the liquefaction potential in
Banda Aceh city after the earthquake was evaluated by [27] using the semi-empirical Idriss
Method to quantify the liquefaction potential. The result suggests that most of the highly
built subdistricts in Banda Aceh are prone to liquefaction. It is noteworthy that the liquefac-
tion impact is not only triggered by the shaking from the megathrust Sumatra–Andaman
earthquakes but also potentially by the activation of the Great Sumatran Fault System [28].

Following the megathrust Sumatran earthquake and tsunami of 26 December 2004,
a series of geodetic monitoring campaigns were conducted between 2005 and 2015, to
monitor the development of the land-level changes of the west coast of Aceh since the 2004
tsunami [21]. The results showed that after experiencing abrupt co-seismic subsidence, the
beach experienced uplift with a rate of 27 mm/year since late 2005. This number is an order
of magnitude higher than the rate of eustatic sea-level rise, which is around 4–12 mm/year
at the Indonesian waters [29]. The results demonstrate a possible relationship between the
development of the new frontier beach ridge, the immediate co-seismic land subsidence,
and the probable post-seismic rebound (uplift) associated with the viscoelastic mantle
relaxation a few years following the mega earthquake.

Overall, the previous studies suggest that the secondary effects of seismic activity,
either associated with the off-shore megathrust subduction or mainland tectonic faults
activity, play a crucial role in altering the morphological development of the tectonically
active coastal area.

1.2. Barrier Islands and Spits Morphological Resilience

Several studies of large barrier systems, including barrier island or beach ridges
and sand spits, have been well-studied, primarily when associated with extreme storm
events [30–35]. They have shown to constitute a valuable archive of coastal evolution and
their morphology, and internal structures contain information on both past relative sea
levels and past storminess activity. Barrier islands and sand spits are considered exemplars
of coastal resilience [30,31] and critically essential ecosystems to protect the low-lying area
behind them [36]. Under the influence of storms, large barrier systems, such as barrier
island and beach ridges, are inherently resilient landforms as long as they can internally
recycle sediment to maintain overall landform integrity [37], the rate of sea-level rise is not
excessive, and there is no sediment deficit [38]. Nott et al. [33] suggest that the building of
beach ridges is being slowed down by a decrease in sediment supply to the coast due to less
frequent river floods during periods of reduced storminess. While during a storm event
barrier islands may experience breaching due to the intensive funneling of the overwash
flows into specific throats [39], a calmer wave regime promotes littoral drift, allowing sand
spits to grow extensively [30].

Arguably, a tsunami event may contribute to the geomorphological imprint in the
evolution of a tectonically active coast in a way similar to a major storm event. Despite
different sources and mechanisms, the effect of the destruction caused by a tsunami may
have been analog to that of a storm surge, in particular along the coastline, where barrier
islands are the first line of natural coastal protection. Studies of short-term shoreline
changes of barrier islands at Banda Aceh coast of Sumatra Island, Indonesia after the 2004
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tsunami [13], and those at the Dauphin Island, US after the Hurricane Katrina in 2005 [40]
are two comparable studies which demonstrated similar variability of shoreline changes
caused by extreme events.

Despite the great diversity of storm mechanisms that strike coastal areas, we consider
that the impact of the surging waves to barrier islands is equivalent to that of tsunamis.
Sallenger [35] identifies four types of storm regimes and how barrier islands respond to
those different forcing magnitudes, which later were re-described in detail by [34]. The
four regimes are briefly described in [32] which consist of the “Swash regime”, “Collision
regime”, “Overwash regime”, and “Inundation regime,” which involve the morphological
effects of migration, escarpment, breaching, and submergence of the barrier islands, respec-
tively. The case of sinking effects due to co-seismic subsidence or liquefaction is relatively
easy to observe by identifying the narrowing subaerial parts by comparing a pair of maps
or satellite images of consecutive years. However, it is almost impossible to determine the
cause of the sinking by solely relying on the spatial analysis from the multi-temporal maps
and satellite images. Therefore, we also corroborate the results from previous studies and
the other sources of information and accountable reports to support the analysis.

Successful coastal management that includes mitigation of possible negative impacts
must be based on an understanding of these patterns of change as natural responses to
high-intensity events [41]. It is also essential to understand the coastal geomorphic setting
and the geological boundaries before attempting to model the large-scale behavior of
these types of coastal systems [42]. Herein, historical data inevitably play a major role in
identifying any remarkable, even more so, the irreversible changes in the long-term past.

2. Study Area

We investigate morphological changes of the seaward-most barrier islands and spits
along the coastline of the north tip of Sumatra Island, which is situated between 05◦16′15” N
and 05◦36′16” N, and between 95◦16′15” E and 95◦22′35” E (Figure 1a,b). The low-lying
coastal area behind them is where the capital city of Aceh Province, Banda Aceh situated
in the central part, and surrounded by the Aceh Besar district occupying ca. 125 km2

northern valley of the Barisan mountain range at the north tip of Sumatra Island, Indonesia.
The Barisan mountain range is formed as the backbone of the leading-edge Sumatra
Island, parallel to the Great Sumatran Fault running parallel with the Sumatra-Andaman
subduction zone, or also known as Sunda Trench (Figure 1a). The shoreline stretches ca.
25 km connecting Ujong Pancu headland in the southwest and the Ujong Batee headland
in the northeast (Figure 1c). The brackish back-barrier wetland ecosystem, aquacultures,
and lowland coastal villages occupy the area of ca. 4 km width from the coastline with
elevations are varying of −0.5 m to +2.0 m from the mean sea level. The entire coastal area
was severely devastated by the megathrust earthquake of M 9.0, followed by the gigantic
tsunami event on 26 December 2004.

The tsunami disaster caused severe casualties and damaged properties, as well as
erosion at the coastline, altering the functionality of the ecosystems and the livelihoods of
coastal communities [44]. In Banda Aceh, the shoreline retreated as far as ca. 200 m inland,
and erosion rates of 30 m3/m on average (up to 80 m3/m locally) were calculated [11]. Six
months after the tsunami, the shoreline experienced about 15% further retreats from the
initial erosion by the tsunami [13].

Major infrastructure, e.g., port basin, coastal revetments, and coastal roads, collapsed
or were destroyed, whereas the coastal environment was also profoundly altered [8]. A
comparison of a coastal revetment of before and after the 2004’s tsunami at Lambadeuk is
depicted in Figure 2a,b, respectively. The remnants of the same revetment were stranded
offshore after the disaster event (Figure 2b), suggesting the occurrence of local land subsi-
dence. Several preliminary studies suggest that the local land subsidence at Lambadeuk
and Ulee Lheue (Figure 1c) was less than 50 cm [16,18]. On the other hand, the barrier
islands which used to protect the built areas behind the Kuala Gigieng coast were breached
at their weakest sections by the tsunami waves. Figure 2c,d exemplify one of the breaching
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sections of the barrier island at Kuala Gigieng on the fourth day and six months after the
tsunami, respectively.

Figure 1. Banda Aceh coast, at the northern tip of Sumatra Island, Indonesia: (a) Tectonic settings of Sumatra, compiled
from various sources by Hurukawa et al. [43], showing the configuration of the Sumatran fault, slip rates, the plot of Global
Centroid Moment tensor (CMT) solutions of shallow earthquakes (Mw ≥ 6.0 and depth ≤ 60 km) between 1976 and 2012;
(b) Segments of the Great Sumatran Fault System at the northern Sumatra consists of two bifurcated fault segments, i.e.,
Aceh Segment and Seulimum Segment. The rectangle shows the investigated coastal area in front of Banda Aceh, the capital
of Aceh Province, which is situated between the two fault segments; (c) The two investigated coastal sections in this study
are Lambadeuk at the southwest and Kuala Gigieng at the northeast since they are the most dynamic and there is less
interference by hard-structure coastal protection.
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Figure 2. Indication of land subsidence at Lambadeuk, southwest of Banda Aceh coast: (a) The revetment located at the
upper shoreface to protect the coast from further erosion nine months before the tsunami hit the coast on 26 December 2004;
(b) The remnant of a seawall post-tsunami. The yellow arrows in both pictures show the same revetment; (c) The breaching
of barrier island at Kuala Gigieng four days after the tsunami; (d) The development of sand spit growth six months after the
tsunami, to reconnect the breached barrier islands at Kuala Gigieng.

At the northern Sumatra, the fault system splits into two active segments, i.e., Aceh
Segment and Seulimum Segment (Figures 1b and 3a). Natawidjaja and Triyoso [28] found
that currently, those segments possess a seismic gap of 325 km and 70 km long in the last
100 years, respectively, and considered them as an alarming hazard potential in the future.
The highly populated Banda Aceh city is situated between these two segments (Figure 3a).
The coast is facing the Andaman Sea and is semi-embayed by the entraining forearc small
islands at the north off-shore from the rough, energetic waves of the Indian Ocean to
the west. Lambadeuk exemplifies a relatively broad lowland coastal system overlying a
major segment of the active tectonic fault, i.e., Aceh Segment. Kuala Gigieng displays a
marine-dominated coastal system. The mainland consists of old parallel coastal ridges and
swales. In the last few centuries and beyond, both coasts were naturally protected by the
Late Holocene barrier islands as the coastal system’s seaward-most land boundary. The
alongshore multitemporal bathymetric profiles in Figure 3b illustrate the averagely shallow
bathymetry in front of Kuala Gigieng, and the tilting southwest towards Lambadeuk,
where considerably deep trenches are observed in two consecutive years in 1893 and 1924.
In contrast, the bathymetry around the same location appears to have been remarkably
shallow in 2006.
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Figure 3. Banda Aceh is situated in the wedge between two tectonic fault segments of the Great Sumatran Fault System,
i.e., the Aceh Segment on the southwest and Seulimum Segment on the northeast: (a) The map shows the topographic
and bathymetric contours of the northern Sumatra region, and the two fault segments; (b) The multitemporal alongshore
bathymetric profiles in front of Banda Aceh coast show higher elevation at Kuala Gigieng and lower down towards
Lambadeuk. The bathymetric data of the year 1893 and 1924 was digitized from the Dutch Colonial Nautical Chart
obtained from KITLV, and the 2006 bathymetry was obtained from the bathymetric survey conducted by UP-PSDA of Syiah
Kuala University.

The tides along the coast are categorized into a micro-tidal regime which is on average
less than one meter high. The typical equatorial monsoonal climate brings about seasonal
prevailing wind-induced wave heights and periods variations, i.e., southwesterly during
April to September and northeasterly during October to March [22]. The Aceh River is the
primary natural river crossing the low-lying coastal city of Banda Aceh (Figure 1c). The
river course has been artificially bifurcated at 10 km upstream to a 300 m wide artificial
Alue Naga Floodway Canal since the early 1990s, another major outflow dissecting the
coastline at present. Both major outlets are the primary sources of sediment supply to the
coastal system of the investigated area. Currently, both are regulated by training jetties
to maintain navigational depth for fishing boats. Another smaller river that flows at the
northeast flank of Banda Aceh plain is the Angon River (Figure 1c), which has been non-
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migratory throughout the last century, debouching into the shore-parallel lagoon behind
the Kuala Gigieng inlet.

The coastal area was relatively densely populated prior to the 2004 tsunami event,
occupied by approximately 250,000 people. Around half of the total population has been
reported dead or gone missing [45] after the 2004 mega tsunami. More than a decade since
the tsunami event, the coastal city has been rehabilitated and reconstructed. Despite the
devastation due to the earthquake and tsunami, people are likely to return to their original
living and business locations close to the coast. By 2009, the post-tsunami rehabilitation
and reconstruction program in Banda Aceh had established resettlement at the coastal area
up to 91% [46], along with all the necessary infrastructure such as a ferry port, religious
and administrative buildings, schools, housing areas, and a sanitary landfill [23]. Apart
from having been recovered from the tsunami event, the coastal area has been subjected to
frequent flooding during high spring tides [47,48]. The coastal area is also vulnerable to
hydrometeorological hazards, exceptionally high risk to the future sea-level rise [23]. We
recently investigated the scenarios of coastal inundation due to the slow-onset projected
sea-level rise in the next couple of centuries. The results show that the increasing number
of built areas closer to the coastline, despite past tsunami experience, are potentially subject
to tremendous loss due to seawater inundation in the next couple of centuries [23]. Such
conditions provoke socio-economic and environmental vulnerability for the entire coastal
area [49].

3. Materials and Methods

Historical records of particular events leading to morphological alteration are indis-
pensable resources for better understanding the chronological implication to the state of
coastal morphology. Previous studies have taken a similar approach by using the history of
a few large-scale tectonic events to investigate the meso-term coastal changes (e.g., [50–52]).
Herein, we consider that a multi-decadal timescale is appropriate to capture any remark-
able changes in the coastal morphology induced by those extreme events associated with
seismic activity, and also suitable for coastal management planning [53].

3.1. Spatial Data

We digitized shorelines from various data sources, i.e., from Colonial topographic
maps of the 19th century and more recent satellite images of different spatial resolutions,
the details of which are listed in Table 1.

Table 1. Spatial data sources for shoreline change detection.

Data Type Date/Time Spatial Scale/Resolution Source

Topographic maps 1898 1:20,000
KITLV1924 1:50,000

Satellite images

5 June 1967 2.0 m pixel resolution KeyHole-7/USGS
23 March 1989 30 m pixel resolution Landsat TM/LAPAN
8 March 2000 30 m pixel resolution Landsat ETM/LAPAN
30 June 2005 2.5 m pixel resolution NORAD survey/SIM Centre–BRR NAD

10 January 2017 1.5 m pixel resolution IKONOS/LAPAN

Photogrammetric topographic map June 2005 0.5 m contour interval NORAD survey/JICA/SIM Centre–BRR NAD

All data sources were geo-referenced to a master map (i.e., ortho-rectified aerial photo
acquired in June 2005 from the NORAD survey) processed in ArcGIS 10.6.1 to have a
common horizontal datum, projection, and coordinate system. Figure 4 shows the samples
of the multisource and multitemporal data used in this study.
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Figure 4. Samples of the multisource topographic maps and satellite images of the Lambadeuk coast, displaying a highly
varying data type and quality. Information about the data details can be found in Table 1.

3.2. Historical Records of Earthquake and Tsunami Events

To support our spatial analysis using the historical maps and satellite images, we
corroborate the records and results of studies of the earthquake events in the Indian
Ocean/Andaman Sea region and along the northern part of the Great Sumatran Fault
System. The underlying active fault system along the Sumatra Island is one of the most
significant active faults in the world, with slip rates ranges from 10 to 27 mm/year [28].
Natawidjaja and Triyoso [28] identified that the Great Sumatran Fault has at least 19 seg-
ments along the fault zone. More than a dozen large earthquakes have occurred historically
in the past two centuries associated with the fault zone. Similarly, Hurukawa et al. [43]
concluded in their study that almost all the earthquakes occurred since 1892 at Sumatra
Island were located at Sumatran Fault, with high seismic hazard mainly occurred over the
entire northern part of Sumatra Island during the period of 1942–2003.

Here, we limit the area of earthquake influence by setting up a regional boundary
within which we identify any major (M ≥ 7.0) and moderate (6.5 ≤ M < 7.0) earthquake
events records, as depicted in Figure 5. The historical earthquake records are obtained
primarily from the NGDC/WDS Global Historical Tsunami Database of the National
Centers for Environmental Information (NCEI) database [54]. Additionally, records were
also obtained from the Catalogue of Significant and Destructive Earthquakes 1821–2017
for the earthquakes associated with the Great Sumatran Fault [55]. From the database we
found five remarkable earthquake events which occurred within our investigation period,
which are enlisted in Table 2. The locations of the earthquake epicenters are depicted in
Figure 5.
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Figure 5. Regional earthquake occurrences at the northern Sumatra during the investigation period
in the present study (1898–2017). The dashed-line rectangle shows the regional boundary of influence
of the major (M ≥ 7.0) and moderate (6.5 ≤ M < 7.0) earthquake records. Records of earthquakes
M ≥ 7.0 accompanied with the validity of tsunami occurrences are retrieved from the earthquake
catalog by [54], and the tectonic earthquakes associated with the Great Sumatran Fault obtained
from [55].

Table 2. Earthquakes leading tsunami events affecting Banda Aceh in the period of 1804 to 2004. Geographical boundaries
displayed in Figure 4.

Date
Latitude
(◦ North)

Longitude
(◦ East)

Focal Depth
(km)

Location EQ Magnitude Tsunami Validity *

4 January 1907 2 94.5 50 NW Sumatra (Simeulue Island) 7.6 4
26 June 1941 12.5 92.5 20 Andaman Sea 7.6 4
02 April 1964 5.6 95.4 60 NW Sumatra 7.0 3

04 April 1983 ** 5.7 94.7 78 NW Sumatra 6.9 No evidence
26 December 2004 3.3 96 30 Off West Sumatra 9.0 4

Note: * Data source from [54]; 4 = definite tsunami; 3 = probable tsunami; 2 = questionable tsunami; 1 = very doubtful tsunami; 0 = event
like a seiche. ** Data source from [55].

The NCEI database is accompanied by the reports of the past earthquakes and their
associated resulting hazards (e.g., tsunamis, earthquake damage, liquefaction, etc.) that
were mostly archived by Soloviev and Go [56] and also by several other scientific documents
and papers. Here, the tsunami event records were gathered from scientific and scholarly
sources, regional and worldwide catalogs, tide gauge reports, individual event reports, and
unpublished works. Descriptions of tsunami events with various occurrence validity levels
associated with some earthquake records were used in this study to identify the number of
possible tsunami events in the last couple of centuries [57,58]. The level of validity ranges
from 1 (less probable occurrence) to 4 (most probable occurrence). It also specifies the
tsunami events that occurred at specific locations from where any tsunami waves would
have propagated towards their surrounding coastlines. A complete discussion of possible
errors can be found in [57].
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3.3. Storminess

There is merely a little overview of the climatic condition in the last century in the
investigated area. Verstappen [7] reported that, in general, the climatic condition at the
northern tip of Sumatra island was relatively dry in the last century. The equatorial position
of Indonesia shelters it from tropical cyclones that often devastate the Philippines, Sri Lanka,
Bangladesh, and the coastal zone of western Australia. The recent studies [59–61] of the
historical cyclones over the Bay of Bengal and the Andaman Sea reveals that the pathways
of the cyclones revolve around the latitudes of higher than 8◦ N. Accordingly, the coastal
areas at the northern tip of Sumatra (5◦ N) are assumed to experience much weaker tropical
storm events. Thus, remarkable breaching events of barrier islands, such as those identified
in the present study, are unlikely as the results of tropical storms, which is particularly
important to keep in mind when analyzing the possible forcing factors responsible for
observable morphological changes in this study.

3.4. Regular Wave Climate and Littoral Transport Rate

We obtained the wave climate of the Banda Aceh coast by converting the eleven-year
daily wind data records from 1995 to 2005 from the National Meteorology, Climatology
and Geophysics Agency (BMKG), and subsequently translated into statistical wave heights
and periods as functions of wind velocity, duration, and fetch. Surface and tidal currents
are not well-recorded in this coastal region. The tides moderately range of 1.00 m from
MHWL to MLWL. From the data, we found that the prevailing monsoonal wave directions
were from the northwest and the northeast. Based on the resulting wave data, we then
roughly estimate the littoral transport rate by using the simple CERC formula [62] at both
Lambadeuk and Kuala Gigieng coasts. Estimates of net littoral transport along both coasts
will be discussed in Section 4.

3.5. Analysis of Morphological Changes

Morphological changes of the seaward most barrier islands and spits in seven con-
secutive periods were analyzed in this study at the Lambadeuk and Kuala Gigieng coasts.
Each period consists of shorelines of the seaward most barrier islands and spits of two
consecutive years. Any changes found to be significant were measured as indicative figures
to estimate the amount of displacement or growth of the morphological features.

4. Results

There is a substantial difference in geomorphic settings between Lambadeuk and
Kuala Gigieng coasts. Lambadeuk, at the southwest flank of Banda Aceh city, is a trans-
gressive coast built up during the Late Holocene. Typically, a transgressive Holocene
coastal barrier underwent continuous erosion and roll-over so that the oldest washover
stratigraphies are likely to have been erased [32]. On the other hand, the Kuala Gigieng
coast at the northeastern flank is a regressive coast, which typically consists of coast-parallel
ridges and swales environment. One can also observe consecutive ridge-swale morphol-
ogy preservation at the highly energetic and marine-predominant coastal areas along the
western coasts of Aceh, Sumatra, e.g., in [21,22].

Figure 6 displays the consecutive observation periods in this study, along with the
identified earthquake events (or the absence of those) that occurred in each period. Each of
the barrier islands and spits at the Lambadeuk and Kuala Gigieng have uniquely evolved
and altered its shape, position, and vulnerability to seismic-related hazards impacts. The
most significant changes are evident from a sequential comparison of the island and
spit geometries and rates of areal changes. Figure 7a–j depicts the overall results of the
delineation of both coasts’ morphological features, covering the shorelines of barrier islands,
sand spits, and the back-barrier intertidal areas. The sub-aerial parts of the morphological
features are color-coded, and the sub-aqueous parts appear in white. Here, we display the
shoreline delineations of 1898 and 2005 in every figure panels to provide references of the
morphological states at the initial date and the date a few months after the 2004 tsunami
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event. The latter is represented by the shorelines delineated from the high-resolution aerial
photograph acquired in June 2005 (Table 1). In between those years, we then observe and
analyze the successive pairs of barrier shoreline changes.

Figure 6. The observation of morphological changes of the northern tip coast of Sumatra Island, consists of seven periods
with various intervals depending on the data sets available for comparison. The horizontal axis shows the consecutive
periods of observation from 1898 until 2017, and the vertical axis is the length of each successive period of observation.
Periods with remarkable earthquake events are marked by the bold black line indicating the year the event occurred,
which shows how far away from the pair of observation years the event is. The horizontal red line in 2000–2005 indicates
26 December 2004, marking the earthquake that triggered the mega-tsunami.

We quantify the rate of change of the barrier islands’ morphology by simply substitut-
ing the polygon areas of a pair of barriers’ perimeters from two consecutive observation
years, and dividing the result by the length of the period in between. To avoid misleading
quantification of the rate of change, we exclude the quantification of the areal changes of
the back-barrier lagoon and intertidal morphology. The misled quantification may come
from sediment deposition to the back-barrier area from the barrier breaching and from
the water inundation extend over the intertidal areas at the time the satellite image was
acquired. Nevertheless, for the observation purposes, we still display the delineation
of the morphological features at the back-barrier during each observation years, as was
delineated from the datasets.

4.1. Rate of Change of Barrier Islands Morphology

From the wave data analysis, we obtained the seasonal prevailing monsoonal waves
annually. The southwest monsoon occurs between April and September and is character-
ized by relatively rough waves coming from the northwest at the Banda Aceh coast. About
53% of the waves approach the coast with a significant wave height of 1.0 m with a period
of 3 s. During the northeast monsoon between October and March, the climate tends to
be milder, with 30% of the waves approaching from the northeast with a significant wave
height of less than 1 m and a period of 4.5 s. Based on the resulting wave data, we then
roughly estimate the littoral transport rate by using the simple CERC (CERC stands for
Coastal Engineering Research Center, U.S. Army Engineer Waterways Experiment Station,
Vicksburg, MS) formula [62], which results in the estimate of net littoral transports at a
rate of +0.30 hectares/year and +1.08 hectares/year at Lambadeuk and Kuala Gigieng,
respectively. The prevailing direction of net littoral sediment transport at both coasts is
directed southwest, with positive rates suggesting the coasts are accretional.
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Tables 3 and 4 display the rates of land gain or loss at Lambadeuk and Kuala Gigieng
as the results of the barrier islands’ morphological responses during the consecutive periods
of observations. The largest amount of land loss is observed for all the barrier systems in
2000–2005 due to the impact of the 2004 earthquake and tsunami event, i.e., −73.54 hectare
and −128.73 hectare at Lambadeuk and Kuala Gigieng, respectively. These are equivalent
to a 100% and 59% loss of land with rates of −14.71 hectares/year and −25.75 hectares/year,
respectively. Both rates are an order of magnitude higher than the estimate of the littoral
transport rate under regular wave climate.

Figure 7. Cont.
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Figure 7. Observation of barrier island morphological changes from the consecutive pairs of shoreline delineation of
Lambadeuk and Kuala Gigieng coastal section, at the northern tip of Sumatra Island: (a,b) Changes at Lambadeuk and
Kuala Gigieng, respectively, in two periods 1898–1924 (26 years), and 1924–1944 (20 years). Major earthquakes occurred in
both periods; i.e., on 4 January 1907 of M 7.6 which is most likely to have triggered a tsunami event (tsunami validity = 4),
and on 26 June 1941, which triggered a far-field tsunami event; (c,d) Changes at Lambadeuk and Kuala Gigieng, respectively,
in 1944–1967 (23 years), during which a major earthquake occurred on 2 April 1964, of which the epicenter was relatively
close to Kuala Gigieng, and reportedly triggered tsunami and liquefaction; (e,f) Changes at Lambadeuk and Kuala Gigieng
in 1967–1989 (22 years), during which a moderate earthquake occurred on 4 April 1983 of M 6.9, and the epicentre was
just off-shore from the Lambadeuk coast. No reports on any tsunami event. However, Lambadeuk reportedly experienced
tectonic land subsidence; (g,h) Between 1989 and 2000 (11 years), no significant earthquake occurred at both Lambadeuk
and Kuala Gigieng; (i,j). Dramatic changes occurred in the period of 2000–2005. During this short period, the mega-
tsunami triggered by one of the largest magnitude earthquakes to have occurred in the modern history occurred on
26 December 2004, of M~9.0.

Table 3. Average long-term historical rates of land area change for both coasts for selected periods at
Lambadeuk. Rates are in hectares/year. Positive numbers indicate land gain, and negative numbers
indicate a land loss.

Period
Length of

Period (Years)
Areal Changes

(Hectares)
Rates of Changes
(Hectares/Year)

Percentage of
Land Loss/Gain

1989–1924 26 +8.59 0.33 13%
1924–1944 20 +0.93 +0.05 1%
1944–1967 23 −31.79 −1.38 −41%
1967–1989 22 +9.69 +0.44 21%
1989–2000 11 +17.61 +1.60 31%
2000–2005 5 −73.54 −14.71 −100%
2005–2017 12 0.00 0.00 0%
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Table 4. Average long-term historical rates of land area change for both coasts for selected periods at
Kuala Gigieng coast. Rates are in hectares/year. Positive numbers indicate land gain and negative
numbers indicate land loss.

Period
Length of

Period (Years)
Areal Changes

(Hectares)
Rates of Change
(Hectares/Year)

Percentage of
Land Loss/Gain

1989–1924 26 0.00 0.00 0%
1924–1944 20 −49.06 −2.45 −20%
1944–1967 23 −7.94 −0.35 −4%
1967–1989 22 +14.07 +0.64 8%
1989–2000 11 +21.30 +1.94 11%
2000–2005 5 −128.73 −25.75 −59%
2005–2017 12 +43.49 +3.62 49%

In the century before the mega-tsunami, Lambadeuk experienced significant land loss
during 1944–1967 by −41%; nevertheless, it was compensated by 21% and 31% of land
gain in the subsequent two consecutive periods (Table 3). Overall, Lambadeuk on average
gained 5% extra land during the last century, only to face a complete loss of barrier island
due to the 2004 tsunami until the present. In contrast, Lambadeuk experienced land loss
of merely −1% averagely during the last century prior to the 2004 tsunami. The loss of
barrier island area by −59% during the mega-tsunami has been compensated by 49% in
2017 since the tsunami.

4.2. Multitemporal Morphological Changes

The following is our analysis of the morphological changes of barrier islands and spits
observable in Figure 7, and estimates of the total land loss or gain as the results of those
changes based on the quantitative analysis described in Section 4.1. Following this analysis,
the interpretation of possible controlling factors for those changes will be discussed in
Section 5.

4.2.1. Period 1898–1924–1944

In these consecutive periods, the main barrier island at Lambadeuk is in a relatively
stable position in 1898–1924 and 1924–1944 (Figure 7a). Despite a major earthquake
occurring in 1907, the barrier islands at Lambadeuk and Kuala Gigieng show a relatively
stable state of morphology, which is observable by comparing the shorelines of 1898 and
1924 (Figure 7a,b). The growth of barrier spits extended from the eastern end of the barrier
island at Lambadeuk suggests no extreme forcing, which could have caused remarkable
changes in the barrier’s morphology, such as landward migrating or breaching. A relatively
remarkable barrier breaching occurred, however, at the adjacent coastal section at Ulee
Lheue (the eastern barrier island next to Lambadeuk in Figure 7a). The possible cause
is inconclusive in this study, as there was no report of any tsunami or land subsidence
occurred as a result of the major earthquake, at the investigated area; despite a well-
known tsunami event which was reported at Simeulue Island at the southwestern offshore
of Sumatra.

In 1924–1944, a barrier spit was growing further east as far as ca. 500 m, and almost
connected to the remnant of a major breach of the Ulee Lheue barrier island (Figure 7a).
In 1944, the spit was modified, along with slightly narrowing and counterclockwise re-
orientation of the barrier island’s eastern part. Meanwhile, at Kuala Gigieng, the barrier
islands (appear in blue in Figure 7b) had undergone significant changes. Two new inlets
were created while the entire sub-aerial part of the barrier island has shifted landward at
a maximum distance of ca. 300 m at the central part, and the section at the northeast at
the same time moved seaward at more or less the same distance. Furthermore, this new
barrier island formation seems to be narrowing entirely, resulting in a total land loss of
−49.06 hectares with an average rate of about −2.45 hectares/year (Table 4).
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4.2.2. Period 1944–1967

In 1944–1967, the barrier islands and spits of both investigated coasts were significantly
changing compared to the previous period. In 1967, both coasts experienced a relatively
far landward shift, i.e., around 300 m distance, while the narrowing subaerial parts of the
barrier features are remarkable (Figure 7c,d). Additionally, the barrier spits were breached
at multiple locations at Kuala Gigieng (Figure 7d). A tectonic earthquake associated with
the Seulimum segment activation occurred in 1964 with a magnitude M 6.7 [28,43], of which
the epicenter was merely 73 km northeastern off-shore of Kuala Giging coast (Figure 5). The
remarkable features of narrowing and breached barrier islands and spits remain observable
in 1967, i.e., in merely three years after the earthquake event.

4.2.3. Period 1967–1989

In 1967–1989, most of the barrier islands and spits on both coasts became relatively
stable, i.e., no barrier island migration was found. Nevertheless, the westernmost part of
the barrier at Lambadeuk that appeared in 1944 disappeared in 1967 (Figure 7e), suggesting
submergence of the barrier island. In contrast, at Kuala Gigieng, the barrier islands were
in a stable position throughout the whole period (Figure 7f). It is noteworthy that in
this period, there was a moderate earthquake of magnitude M 6.9 which occurred in
1983, of which the epicenter was located just off-shore from Lambadeuk (Figure 5 and
Table 2), suggesting that the earthquake was associated with the Aceh Segment which was
underlying the coast.

4.2.4. Period 1989–2000

There were no major or moderate earthquakes recorded in 1989–2000 (Table 2 and
Figure 5). At Lambadeuk, the barrier island maintained its position during the 11 years,
showing a stable and mature barrier spits at the eastern end. The previously submerged and
breached barrier island in 1989 at the western end has been reconnected since (Figure 7g).
At Kuala Gigieng, elongated barrier spits were developed, interestingly, in the opposite
direction from the development that occurred during the last period. Although the barrier
islands and spits position show no significant migration, a narrowing land area is appar-
ent. The further growth of the right-hand barrier spit to the southeast appeared in 2000
(appeared in pink in Figure 7h) extending further southeast as far as 700 m from the tip of
barrier spit in 1989.

4.2.5. Period 2000–2005–2017

The years between 2000 and 2005 were the remarkable period where the great earth-
quake triggering the mega-tsunami occurred and severely destroyed the northern tip coast
of Sumatra Island on 26 December 2004. The change of morphological features along the
coast was expectedly enormous. Figure 7i,j display the massive overwash of the entire
investigated coast leading to several breaches, and the remnants of the barrier islands were
shifted landwards. The stabilized barrier spit which appeared in 2000 had disappeared
entirely (Figure 7i,j).

Twelve years after the 2004 tsunami, the shoreline in 2017 reveals a striking difference
in both of the investigated coasts in responding to the tsunami waves. At Lambadeuk, after
the disappearance of the entire barrier island (Figure 7i), the shoreline started to develop
from the former lagoon’s inner shore, which has since been exposed to the sea. Kuala
Gigieng now has two relatively permanently open inlets because of the barrier island and
barrier spit breaching during the 2004 tsunami (Figure 7j).

5. Discussion

Our investigation on the morphological changes of barrier islands and spits at two
coastal settings along the northern tip of Sumatra Island revealed several new findings
on the possible controlling factors associated with the seismic activity that change bar-
rier island morphology. The intervals between periods of observation of morphological
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changes are of less than 30 years, which fits the return period of major earthquakes in the
region of Sumatra. The impact on the coastal morphology can be in the form of barriers
breaching, sinking, landward migrating, and landward bending of spits development. The
possible interplaying forcing factors to those morphological changes are discussed in the
following subsections.

5.1. Tsunami Overwash

In 1944, the barrier island at Lambadeuk remained stable compared to its morpho-
logical state in 1924, with the additional growth of barrier spit (Figure 7a). In contrast, the
barrier islands at Kuala Gigieng experienced a landward migration, breaching, and the
growth of barrier spit bending landwards (Figure 7b). Such morphological pattern is typical
for barrier islands washed over by storm events or hurricanes, e.g., Hurricane Sandy and
Hurricane Katrina [40]. Energy dissipation is then mostly achieved through the overwash
bore running over the barrier, flattening the barrier crest profile, and depositing off-shore
originating material over the back-barrier zone [32]. Provided that the height of the barrier
island was typically less than 2 m high [7], the forcing factor which possibly controls such
morphological impact is a wave coming from the sea. Waves equal to or slightly higher
than the height of a barrier island, with a fairly long period, may have overtopped some
of the lowest points of the barrier island. Analogously to a storm event, among the four
regime types of impacts caused by storm waves on a barrier island [32], the observable
morphological changes at Kuala Gigieng in 1944 may fall into the “Overwash regime”.

In 1924–1944, there were no earthquake events associated with either the Sunda Trench
and the Great Sumatran Fault system that occurred near the northern tip of Sumatra Island
in this period. However, a major earthquake of M 7.6 occurred in 1941 at the western
coast of Car Nicobar Island, with its epicenter at 12.1◦ N and 92.5◦ E, or around 834 km
northwest from Banda Aceh (see location in Figure 5). NCEI [54] recorded a high score
validity tsunami event associated with this earthquake (Table 2). From the historical
reports [63,64], the earthquake generated a tsunami throughout the Andaman Sea and the
Indian Ocean. Despite the lack of reliable records, for instance from the tidal gauge, which
was in operation at the time, some local newspapers in India reported that a tsunami was
witnessed along the eastern coast of India. At the Nicobar and Andaman Islands, the wave
heights were reported as high as 0.75–1.75 m. It was estimated that 3000 to 5000 people
were killed in Sri Lanka and on the east coast of India [65]. Local newspapers believed to
have mistaken the reported deaths and damage to a storm surge.

In support of these reports, a numerical model developed by [66] was to simulate
the Andaman–Sumatra tsunami propagation of tsunami triggered by the earthquake that
occurred in 1941. The result reveals an agreement with the documented observation reports
that the earthquake felt over a wide area covering the eastern and southern Andaman Sea
region (i.e., the northern coast of Sumatra). The model results show that the tsunami has
reached the coast of Nagapittinam on the west coast of India after 165 min, with run-up
heights in the range of 0.95–1.25 m, and the north tip of Sumatra at 120 with tsunami wave
height was less than 1.00 m [66].

It is noteworthy to mention that following the earthquake, two events with magnitude
6.0 struck within 24 h after the main shock of 27 June 1941, and there were 14 aftershocks of
magnitude up to 6.0 until January 1942 [67]. At Lambadeuk coast, McKinnon [68] reported
that a local informant indicated that the location of the village of Lambaro, located at the
western end of the barrier island of Lambadeuk (Figure 7a), had been moved three times
within living memory, the last time being early in the Japanese occupation (1941–1942)
when the inhabitants were forcibly removed from the shoreline and resettled at the foot of
the surrounding hills. Thus, the far-field tsunami event in 1941 was most likely responsible
for changes of the barrier islands and spits at Kuala Gigieng in 1924–1944. The nearshore
bathymetry may have been controlling the tsunami arrival at the shoreline of Lambadeuk
and Kuala Gigieng. The deepening bathymetry (Figure 3b) may help to dampen the
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incoming tsunami wave energy at Lambadeuk, while the shallow bathymetry at Kuala
Gigieng may have amplified the tsunami wave force.

5.2. Combined Liquefaction and Tsunami Overwash

The observation period of 1944–1967 exemplifies the period where the impact of
both liquefaction and tsunami occurred, and the effects are observable on both coasts.
The barrier islands and spits delineated from the satellite image in 1967 in Figure 7c,d
show the state of the coast three years after a major earthquake event on 2 April 1964 of
magnitude M 7.0, which epicenter located at 5.6◦ N and 95.4◦ E (see Table 2), or ca. 12 km
northeastern off-shore of Banda Aceh City. The barrier islands and spits at both coasts
experienced hundreds of meters of landward migration (and slightly reoriented clockwise
at Lambadeuk), multiple-barrier breaching, especially at Kuala Gigieng coast, as well as
a narrowing of subaerial parts of barriers, most probably as a result of land subsidence
induced by liquefaction (Figure 7b,c). Surprisingly, the multiple inlets as the results of
breaching events remained open even after three years of development, suggesting that
littoral transport and sediment supply under the regular wave climate have not made up
for the loss of land caused by the tsunami and liquefaction.

Soloviev [56] reported that an earthquake that occurred on 2 April 1964 had caused
considerable damage to adobe buildings, the ground cracked open, the ground subsided,
mud and sand gryphon appeared. Such impacts of ground shaking are comparable to our
observation on the 2016 Pidie Jaya tectonic fault earthquake of M 6.5, in Pidie Jaya district
on the northern coast of Aceh Province [69]. In Pidie Jaya earthquake, black sandy mud
emerged through small cracks opening in the internal floors of houses. Both coasts are
comparable for their similar type of wave-dominated sandy coastal area with typical soil
type of alluvium containing gravels, sands, and muds [70]. Such soil structure provides
some degree of tremor amplification [69], which creates saturation on sandy layers and
increases pore water pressure, leading to liquefaction [71].

NCEI [54] recorded a high-validity event of the tsunami (validity 3), mostly based on
a report by [56], in which a combination of a tidal (tsunami) wave and the locals observed
land subsidence of half a meter at Ulee Lheue, east of Lambadeuk barrier island (Figure 7c).
The multiple breachings that appeared at Kuala Gigieng in 1967 (Figure 7d) may have been
further submerged by the already breached barrier islands in the earlier period (1924–1944),
suggesting an effect of liquefaction combined with a tsunami overwash.

5.3. Co-Seismic Tectonic Subsidence

The observation period of 1967–1989 reveals a unique contrasting development of
barrier system morphology between the two observed coasts. Contrary to the long-distance
growth of sand spits to their distal length observed at Kuala Gigieng (Figure 7f), the western
side of barrier island at Lambadeuk (Figure 7e) appeared to have been heavily subsided,
that the slightly more than 1 km barrier island connected to the Ujong Pancu headland
which appeared in 1967 and had disappeared entirely in the satellite image of 1989. This left
a piece of subaerial part detached from the main barrier island. Such contrasting changes
most likely have something to do with tectonic activities within the period.

A moderate tectonic earthquake occurred on 4 April 1983 with magnitude M 6.9 [72],
and the epicenter was located at 70 km northwest off-shore of Banda Aceh (Figure 5,
Table 2). The earthquake caused significant damage to buildings in Banda Aceh city, with
the Mercalli scale recorded as category VI [55]. There was no report from the locals of
any tsunami occurrence or liquefactions such as those which occurred in 1964. It is also
noteworthy that the submerged area is close to the underlying Aceh Segment, suggesting
tectonic subsidence responsible for the submergence. McKinnon [73] investigated the
archaeological artifacts at this location, which suggests localized tectonic subsidence in
the vicinity of the Sumatran Fault System, which appeared to be dramatically evident
around Lambadeuk. Strong evidence of submergence came from the rectangular structure
discernible during the low tides, which happened to be a former mosque foundation that
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remained visible underneath the water in an aerial photograph from 1978. An interview
with a local informant suggested that in the last 80 years towards the first Japanese occupa-
tion in 1942, a sunk off the coast at least two to three meters had been occurring [73]. The
shoreline had retreated about 150–200 m at a village called Lambaro, which was originally
located at the Lambadeuk barrier island. This village, which had already been moved three
times, was eventually rebuilt about 12 km inland at present. Bearing in mind that this area
has evidently been submerged in two consecutive periods, i.e., 1944–1967 and 1967–1989,
this suggests that Lambadeuk is not resilient to multiple tectonic subsidence.

5.4. Dormant Period of Major and Moderate Earthquake

Among the entire periods of our investigation, there was also a period where major
or moderate earthquakes were absent, which was during 1989–2000 (Figure 7g,h). Based
on the work of Nott et al. [33], one might have expected that less intense storm periods
would have induced a slowing down of the development of beach ridges (in this case,
the barrier islands). Instead, we note that the reconnection of the previously breached
barrier islands occurred during this period (Figure 7g,h). Moreover, the further growth of
the barrier spit at Kuala Gigieng towards the opposite direction from the previous period
(Figure 7h) suggests that the prolonged net littoral drift prevailing southwestern direction
is most likely responsible for the observed changing course spit growth.

Despite the stable development of barrier islands morphology during the non-event
periods by the littoral process, the development of barrier islands depends on the con-
tinuous sediment supply from the rivers. A consistent prevailing longshore drift can
promote such stable elongated barrier spit growth in a considerably long period, without
any remarkable disruption such as by tectonic events [74]. A continuous sediment supply
from the major outlets may have facilitated the growth of long barrier spits to their distal
lengths, whereas the seasonal change of littoral drift between the alternating rough west
monsoon and calm northeast monsoon may promote the spits’ balanced growth.

5.5. Mega Tsunami Overwash

The great earthquake of 26 December 2004 has generated not only a tsunami but also
land subsidence along the northern tip coast of Sumatra, particularly along its western
coast. There were only a few meters of land subsidence that occurred in Banda Aceh [16,18].
The locals also observed liquefaction effects of clayed soils in many areas at Banda Aceh
city [8]. Despite these, the far-field gigantic tsunami waves of more than 10 meters in height
arrived at the northern tip of Sumatra and were most definitely the controlling factors
of the remarkable changes of the barrier islands at Lambadeuk and Kuala Gigieng. This
includes the extensive disappearance of the barrier islands (Figure 7i,j), which had long
been preserved as the natural coastal protection to the back-barrier ecosystem since the
Late Holocene.

Even after 14 years of post-tsunami develpment, the coastal area remains exposed
to the ocean with the absence of a new barrier island. Clearly, the 2004 tsunami event
has been the primary forcing factor responsible for the disappearance of most parts of the
barrier islands at Lambadeuk and Kuala Gigieng (Figure 7g,h). For the case of a tsunami,
out of the four types of storm regimes and prediction of beach changes proposed by [35],
the presumable tsunami overwash that occurred in the 2004 event most probably falls into
regime 4: “Inundation regime”. Here, the barrier islands were overtopped by the tsunami,
of which the height is considerably higher than the crest of the barrier island, overtopping
the barrier island and flattening the barrier topography.

5.6. Fluvial and Lagoon Systems

The three major outlets supplying sediments to the coastal area are the Aceh River,
Alue Naga Floodway Canal, and Angon River. All of them have been generally stable in
their position throughout the entire investigated period, even after the 2004 tsunami. Small
river streams flowing into the lagoon system have not been migrating from their original
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position during the period of investigation, particularly those the locations of which were
not directly associated with the tectonic fault (e.g., Sumatran Fault) and the length of the
river streams are relatively short, i.e., less than 2 km. Combined with wave actions, in
particular at the wave-dominated Kuala Gigieng coastal system, the sediment supply may
have been actively contributed to the relatively quick reconnection of the barrier island
breaching and the overall recovery of the associated barrier islands.

Verstappen [7] characterized the Sumatran river system, whereby the river discharge
was affected by the monsoon. The sand fraction of the material carried off by the rivers and
reaching the sea usually is considerably small as a result of the intense chemical weathering
inherent in the prevailing humid tropical environment. Moreover, in the locations where
neo-tectonism is dominant, the prevailing climatic conditions are less important compared
to those at the more seismically stable locations.

5.7. The Morphological Resilience of Tectonically-Active Coasts

The present study reveals that major and moderate earthquakes with a return period
of 20 to 30 years at the north tip of Sumatra Island of Indonesia have the potential to trigger
tsunamis and co-seismic land subsidence and liquefaction. Figure 8 summarizes the vary-
ing land areas of barrier islands from one period to another subject to the presence of major
or moderate earthquakes or the absence of them at Lambadeuk and Kuala Gigieng. In the
previous discussions, we have been able to identify several different cases of morphological
changes of barrier islands, which were driven by various controlling factors associated
with major and moderate earthquake events in the last century.

Figure 8. Historical land area trends for the Lambadeuk and Kuala Gigieng barrier islands to the timing of major earthquakes
that impacted the islands.

The mega-tsunami of 2004 remarks the fundamental changes in terms of coastal
morphological characteristics, i.e., from a low-lying wetland ecosystem naturally protected
by barrier islands and spits into a wave-exposed intertidal coastal area. The sediment
transport under the present day’s wave regime is unlikely capable of restoring the removal
of those barrier islands that was built during the Late Holocene, most probably under an
extremely different wave regime. Thus, we may conclude that both Lambadeuk and Kuala
Gigieng are not resilient to a mega-tsunami.

For the case of barrier islands directly associated with the tectonic fault system, a
combination of co-seismic subsidence, liquefaction, and tsunami can dramatically change
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the barrier island morphology, such as Lambadeuk. As for barrier islands located away
from the tectonic fault system, such as Kuala Gigieng, the tsunami and liquefaction are
responsible for modifying the barrier morphology, either independently or simultaneously.
The breaching, landward migration, and the sinking barrier islands which occurred in
the consecutive periods have been proven irreversible, despite a temporary growth of
extended barrier spits at a sediment-rich environment. The unrecovered breaching, the
submergence, as well as the disappearance of barriers observed even before the event of
mega-tsunami of 2004, suggest that the barrier islands are not resilient enough against the
recurrence of seismic events.

Evidently, within a century, the recurrence of several major earthquakes, either as-
sociated with subduction or tectonic fault zones, may trigger secondary effects, which
potentially reduce the functionality of barrier islands and spits as natural coastal protection.
The recurrence of small tsunamis, tectonic land subsidence, and liquefaction falls within
an engineering timescale, which, therefore, should ultimately be taken into account in
managing such a tectonically active coastal settings.

6. Conclusions

The present study investigates the resilience of barrier islands and spits because they
protect low-lying coastal areas with high economic and environmental value. This is
particularly true in archipelagic countries like Indonesia. Spatial analysis of barrier islands
and spits is delineated in GIS, utilizing a multitemporal and multisource data series from
the old Colonial topographic maps to the most recent high-resolution satellite images of
1898 to 2017, which encompasses a multidecade timescale observation. The earthquake
and tsunami records and established conceptual models of storm effects to barrier systems
are corroborated to support possible forcing factor interpretations. We found that tsunami,
co-seismic subsidence, and liquefaction are the secondary effects of moderate or major
earthquake occurrences that mostly control the state of the modern barrier islands and
spits morphology in the investigated coastal area. Those controlling factors intermittently
disrupt and interplay with sediment transport otherwise induced by regular wave climate,
and eventually alter the coastal morphology development trend in the long term. The
records of earthquake occurrences in front of the Banda Aceh coast suggest a return period
of 20 to 30 years of major and moderate earthquakes, most of which triggered tsunami
events (e.g., earthquakes in 1907, 1941, and 1964), and have far weaker wave energy than the
one that occurred in December 2004. Evidently, liquefaction and co-seismic subsidence are
the other controlling factors contributing to the remarkable morphological changes, which
in some cases may be coupled with tsunami events. The results demonstrate that the semi-
protected embayed Lambadeuk coast has been progressively lost its barrier islands due to
repeated co-seismic subsidence. The wave-dominated Kuala Gigieng coast is not resilient
to the combination of tsunami and liquefaction events. The mega-tsunami triggered by
the 2004 earthquake has led to irreversible changes in both coasts’ barrier systems. The
barrier system is supposed to be a natural protection measure for the ecosystem and the
economic value of the protected back-barrier domain. The exposed coastal mainland
due to the barrier system disappearance may increase the risk of disaster by tsunamis,
co-seismic subsidence, and liquefaction in the future. A further comprehensive evaluation
of the resilience of the tectonically active coast, therefore, needs to be done. For such a
dynamic tectonically active coastal area, investment in coastal protection to protect the
invaluable ecosystem, and economic activities on the back-barrier domain will, therefore,
be challenging. The results of the present study imply that in managing the coastal area
where seismicity is highly active, despite small magnitudes, tsunamis, liquefaction, and
land subsidence should be considered well.

Author Contributions: Conceptualization, E.M., F.L. and B.P.; methodology, E.M., F.L., M.D.-J.;
software, E.M., F.L.; validation, E.M., F.L., P.W.; formal analysis, E.M.; investigation, E.M., P.W.;
resources, E.M., D.D.; data curation, E.M.; writing—original draft preparation, E.M.; writing—review
and editing, B.P., F.L., M.D.-J.; visualization, E.M.; supervision, M.D.-J., F.L.; project administration,

203



Water 2021, 13, 178

D.D.; funding acquisition, E.M., D.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Indonesian Ministry of Research, Technology and Higher
Education (Ristekdikti) through Scheme for Academic Mobility and Exchange (SAME) Program and
World Class Professor Program (WCP) Scheme A.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Daniell, J.E.; Schaefer, A.M.; Wenzel, F. Losses Associated with Secondary Effects in Earthquakes. Front. Built Environ. 2017, 3, 30.
[CrossRef]

2. Bradley, K.; Mallick, R.; Andikagumi, H.; Hubbard, J.; Meilianda, E.; Switzer, A.D.; Du, N.; Brocard, G.; Alfian, D.; Benazir, B.; et al.
Earthquake-triggered 2018 Palu Valley landslides enabled by wet rice cultivation. Nat. Geosci. 2019, 12, 935–939. [CrossRef]

3. Sunamura, T. Geomorphology of Rocky Coasts; Wiley: Chichester, UK, 1992.
4. Bird, E.C.F. Coastal Geomorphology: An Introduction, 2nd ed.; John Wiley & Sons: West Sussex, UK, 2011.
5. Stutz, M.L.; Pilkey, O.H. Open-Ocean Barrier Islands: Global Influence of Climatic, Oceanographic, and Depositional Settings.

J. Coast. Res. 2011, 272, 207–222. [CrossRef]
6. Sui, L.; Wang, J.; Yang, X.; Wang, Z. Spatial-Temporal Characteristics of Coastline Changes in Indonesia from 1990 to 2018.

Sustainability 2020, 12, 3242. [CrossRef]
7. Verstappen, H.T. Outline of the Geomorphology of Indonesia: A Case Study on Tropical Geomorphology of a Tectogene Region; ITC

Publication: Enschede, The Netherlands, 2000; Volume 79.
8. Lavigne, F.; Paris, R.; Grancher, D.; Wassmer, P.; Brunstein, D.; Vautier, F.; Leone, F.; Flohic, F.; De Coster, B.; Gunawan, T.; et al.

Reconstruction of tsunami inland propagation on December 26, 2004 in Banda Aceh, Indonesia, through field investigations.
Pure Appl. Geophys. 2009, 166, 259–281. [CrossRef]

9. Narayana, A.C.; Tatavarti, R.; Shinu, N.; Subeer, A. Tsunami of December 26, 2004 on the southwest coast of India: Post-tsunami
geomorphic and sediment characteristics. Mar. Geol. 2007, 242, 155–168. [CrossRef]

10. Paris, R.; Lavigne, F.; Wassmer, P.; Sartohadi, J. Coastal sedimentation associated with the December 26, 2004 tsunami in Lhok
Nga, west Banda Aceh (Sumatra, Indonesia). Mar. Geol. 2007, 238, 93–106. [CrossRef]

11. Paris, R.; Wassmer, P.; Sartohadi, J.; Lavigne, F.; Barthomeuf, B.; Desgages, E.; Grancher, D.; Baumert, P.; Vautier, F.;
Brunstein, D.; et al. Tsunamis as geomorphic crises: Lessons from the December 26, 2004 tsunami in Lhok Nga, West Banda Aceh
(Sumatra, Indonesia). Geomorphology 2009, 104, 59–72. [CrossRef]

12. Umitsu, M.; Tanavud, C.; Patanakanog, B. Effects of landforms on tsunami flow in the plains of Banda Aceh, Indonesia, and Nam
Khem, Thailand. Mar. Geol. 2007, 242, 141–153. [CrossRef]

13. Meilianda, E.; Dohmen-Janssen, C.M.; Maathuis, B.H.P.; Hulscher, S.J.M.H.; Mulder, J. Short-term morphological responses and
developments of Banda Aceh coast, Sumatra Island, Indonesia after the tsunami on 26 December 2004. Mar. Geol. 2010, 275,
96–109. [CrossRef]

14. Yunus, A.P.; Shahabi, H.; Avtar, R.; Narayana, A.C. Shoreline and Coastal Morphological Changes Induced by the 2004 Indian
Ocean Tsunami in the Katchal Island, Andaman and Nicobar—A Study Using Archived Satellite Images. In Coastal World Heritage
Sites; Dou, J., Yunus, A.P., Santiago-Fandino, V., Eds.; Springer: Cham, Switzerland, 2016; Volume 14, pp. 65–77.

15. Wong, P.P. Rethinking post-tsunami integrated coastal management for Asia-Pacific. Ocean. Coast. Manag. 2009, 52, 405–410.
[CrossRef]

16. Gibbons, H.; Gelfenbaum, G. Astonishing wave heights among the findings of an international tsunami survey team on Sumatra.
In Sound Waves; USGS: Reston, VA, USA, 2005.

17. Borrero, J.C. Field survey of northern Sumatra and Banda Aceh, Indonesia after the tsunami and earthquake of 26th December
2004. Seismol. Res. Lett. 2005, 76, 312–320. [CrossRef]

18. Meltzner, A.J.; Sieh, K.; Abrams, M.; Agnew, D.C.; Hudnut, K.W.; Avouac, J.-P.; Natawidjaja, D.H. Uplift and subsidence
associated with the great Aceh-Andaman earthquake of 2004. J. Geophys. Res. Space Phys. 2006, 111, 02407. [CrossRef]

19. Subarya, C.; Chlieh, M.; Prawirodirdjo, L.; Avouac, J.-P.; Bock, Y.; Sieh, K.; Meltzner, A.J.; Natawidjaja, D.H.; McCaffrey, R.
Plate-boundary deformation associated with the great Sumatra–Andaman earthquake. Nat. Cell Biol. 2006, 440, 46–51. [CrossRef]
[PubMed]

20. Sihombing, Y.I.; Adityawan, M.B.; Chrysanti, A.; Widyaningtias; Farid, M.; Nugroho, J.; Kuntoro, A.A.; Kusuma, M.A. Tsunami
Overland Flow Characteristic and Its Effect on Palu Bay Due to the Palu Tsunami 2018. J. Earthq. Tsunami 2019, 14. [CrossRef]

204



Water 2021, 13, 178

21. Monecke, K.; Templeton, C.K.; Finger, W.; Houston, B.; Luthi, S.; McAdoo, B.G.; Meilianda, E.; Storms, J.E.; Walstra, D.J.;
Amna, R.; et al. Beach ridge patterns in West Aceh, Indonesia, and their response to large earthquakes along the northern Sunda
trench. Quat. Sci. Rev. 2015, 113, 159–170. [CrossRef]

22. Monecke, K.; Meilianda, E.; Walstra, D.-J.; Hill, E.M.; McAdoo, B.G.; Qiu, Q.; Storms, J.E.; Masputri, A.S.; Mayasari, C.D.;
Nasir, M.; et al. Postseismic coastal development in Aceh, Indonesia—Field observations and numerical modeling. Mar. Geol.
2017, 392, 94–104. [CrossRef]

23. Meilianda, E.; Pradhan, B.; Syamsidik; Comfort, L.K.; Alfian, D.; Juanda, R.; Syahreza, S.; Munadi, K. Assessment of post-tsunami
disaster land use/land cover change and potential impact of future sea-level rise to low-lying coastal areas: A case study of
Banda Aceh coast of Indonesia. Int. J. Disaster Risk Reduct. 2019, 41, 101292. [CrossRef]

24. Leone, F.; Lavigne, F.; Paris, R.; Denain, J.-C.; Vinet, F. A spatial analysis of the December 26th, 2004 tsunami-induced damages:
Lessons learned for a better risk assessment integrating buildings vulnerability. Appl. Geogr. 2011, 31, 363–375. [CrossRef]

25. Kaushik, H.B.; Jain, S.K. Impact of Great December 26, 2004 Sumatra Earthquake and Tsunami on Structures in Port Blair.
J. Perform. Constr. Facil. 2007, 21, 128–142. [CrossRef]

26. Tobita, T.; Iai, S.; Banta, C.; Wimpie, A. Reconnaissance report of the 2004 great sumatra-andaman, Indonesia, Earthquake:
Damage to geotechnical works in Banda Aceh and Meulaboh. J. Nat. Disaster Sci. 2006, 28, 35–41.

27. Jalil, A.; Fathani, T.F.; Satyarno, I.; Wilopo, W. A study on the liquefaction potential in banda aceh city after the 2004 sumatera
earthquake. Int. J. 2020, 18, 147–155.

28. Natawidjaja, D.H.; Triyoso, W. The sumatran fault zone—From source to hazard. J. Earthq. Tsunami 2007, 1, 21–47. [CrossRef]
29. BAPPENAS. Scientific Basis: Analysis and Projection Sea Level Rise and Extreme Weather Event Report. In ICCSR Report;

Ministry for National Development Planning: Lusaka, Zambia, 2010; p. 89.
30. Anh, N.Q.D.; Tanaka, H.; Tinh, N.X.; Viet, N.T. Sand spit morphological evolution at tidal inlets by using satellite images analysis:

Two case studies in Vietnam. J. Sci. Technol. Civ. Eng. (STCE) NUCE 2020, 14, 17–27. [CrossRef]
31. Kombiadou, K.; Costas, S.; Carrasco, A.R.; Plomaritis, T.A.; Ferreira, Ó.; Matias, A. Bridging the gap between resilience and

geomorphology of complex coastal systems. Earth Sci. Rev. 2019, 198, 102934. [CrossRef]
32. Goslin, J.; Clemmensen, L.B. Proxy records of Holocene storm events in coastal barrier systems: Storm-wave induced markers.

Quat. Sci. Rev. 2017, 174, 80–119. [CrossRef]
33. Nott, J.; Forsyth, A.; Rhodes, E.; O’Grady, D. The origin of centennial- to millennial-scale chronological gaps in storm emplaced

beach ridge plains. Mar. Geol. 2015, 367, 83–93. [CrossRef]
34. Masselink, G.; van Heteren, S. Response of wave-dominated and mixed energy barriers to storms. Mar. Geol. 2014, 352, 321–347.

[CrossRef]
35. Sallenger, A.H.S. Storm impact scale for barrier island. J. Coast. Res. 2000, 16, 890–895.
36. Brantley, S.T.; Bissett, S.N.; Young, D.R.; Wolner, C.W.V.; Moore, L.J. Barrier Island Morphology and Sediment Characteristics

Affect the Recovery of Dune Building Grasses following Storm-Induced Overwash. PLoS ONE 2014, 9, e104747. [CrossRef]
37. Long, A.J.; Waller, M.; Plater, A. Coastal resilience and late Holocene tidal inlet history: The evolution of Dungeness Foreland and

the Romney Marsh depositional complex (U.K.). Geomorphology 2006, 82, 309–330. [CrossRef]
38. Stephan, P.; Suanez, S.; Fichaut, B. Long-, mid- and short-term evolution of coastal gravel spits of Brittany, France. In Sand and

Gravel Spits; Randazzo, N., Jackson, D., Cooper, A., Eds.; Springer: Basel, Switzerland, 2015; pp. 275–288.
39. Morton, R.A.; Sallenger, A.H.S. Morphological impacts of extreme storms on sandy beaches and barriers. J. Coast. Res. 2003, 19,

560–573.
40. Sallenger, A.H.S.; Wright, C.W.; Howd, P.; Doran, K.; Guy, K. Extreme Coastal Changes on the Chandeleur Islands, Louisiana,

During and After Hurricane Katrina. In U.S. Geological Survey Scientific Investigations Report; U.S. Geological Survey: Reston, VA,
USA, 2009; pp. 27–36.

41. Woodroffe, C.D. The Natural Resilience of Coastal Systems: Primary Concepts. In Managing Coastal Vulnerability; McFadden, L.,
Penning-Rowsell, E., Nicholls, R.J., Eds.; Elsevier: Amsterdam, The Netherlands, 2007; pp. 45–60.

42. Riggs, S.R.; Cleary, W.J.; Snyder, S.W. Influence of inherited geologic framework on barrier shoreface morphology and dynamics.
Mar. Geol. 1995, 126, 213–234. [CrossRef]

43. Hurukawa, N.; Wulandari, B.R.; Kasahara, M. Earthquake History of the Sumatran Fault, Indonesia, since 1892, Derived from
Relocation of Large Earthquakes. Bull. Seism. Soc. Am. 2014, 104, 1750–1762. [CrossRef]

44. Kanagaratnam, U.; Schwarz, A.M.; Adhuri, D.; Dey, M.M. Mangrobe rehabilitation in West Coast of Aceh—Issues and perspectives.
NAGA WorldFish Cent. Q. 2006, 29, 10–18.

45. Waltham, T. The Asian Tsunami disaster, December 2004. Geol. Today 2005, 21, 22–26. [CrossRef]
46. Syamsidik, S.; Oktari, R.S.; Munadi, K.; Arief, S.; Fajri, I.Z. Changes in coastal land use and the reasons for selecting places to live

in Banda Aceh 10 years after the 2004 Indian Ocean tsunami. Nat. Hazards 2017, 88, 1503–1521. [CrossRef]
47. Al’ala, M.; Rasyif, T.M.; Fahmi, M. Numerical simulation of ujong seudeun land separation caused by the 2004 indian ocean

tsunami, aceh-indonesia. Sci. Tsunami Hazards 2015, 34, 159–172.
48. Tursina; Syamsidik, S. Numerical simulations of land cover roughness influence on tsunami inundation in Ulee Lheue Bay,

Aceh-Indonesia. In IOP Conference Series: Earth and Environmental Science; IOP Publishing: Bristol, UK, 2017; Volume 56, p. 12009.
49. Dominey-Howes, D.; Papathoma, M. Validating a Tsunami Vulnerability Assessment Model (the PTVA Model) Using Field Data

from the 2004 Indian Ocean Tsunami. Nat. Hazards 2007, 40, 113–136. [CrossRef]

205



Water 2021, 13, 178

50. Dougherty, A.J.; Choi, J.-H.; Dosseto, A. Prograded Barriers + GPR + OSL = Insight on Coastal Change over Intermediate Spatial
and Temporal Scales. J. Coast. Res. 2016, 75, 368–372. [CrossRef]

51. Van Maanen, B.; Nicholls, R.J.; French, J.R.; Barkwith, A.; Bonaldo, D.; Burningham, H.; Murray, A.B.; Payo, A.; Sutherland, J.;
Thornhill, G.D.; et al. Simulating mesoscale coastal evolution for decadal coastal management: A new framework integrating
multiple, complementary modelling approaches. Geomorphology 2016, 256, 68–80. [CrossRef]

52. Leont’Yev, I.O. Predicting shoreline evolution on a centennial scale using the example of the vistula (Baltic) spit. Oceanology 2012,
52, 700–709. [CrossRef]

53. Cowell, P.; Roy, P.; Jones, R. Simulation of large-scale coastal change using a morphological behaviour model. Mar. Geol. 1995,
126, 45–61. [CrossRef]

54. National Geophysical Data Center; NOAA; NCEI. NGDC/WDS Global Historical Tsunami Database. 2020. Available online:
https://www.ngdc.noaa.gov/hazard/tsu_db.shtml (accessed on 30 October 2020). [CrossRef]

55. BMKG. Catalogue of Significant and Destructive Earthquakes 1821–2017; Pusat Gempa Bumi dan Tsunami Kedeputian Bidang
Geofisika, BMKG: Jakarta, Indonesia, 2018.

56. Soloviev, S.L.; Go, C.N. A Catalogue of Tsunamis on the Western Shore of the Pacific Ocean; Academy of Sciences of the USSR, Ed.;
Nauka Publishing House: Moscow, Russia, 1974; p. 439.

57. Lee, W.H.K.; Meyers, H.; Shimzaki, K. Historical Seismograms and Earthquakes of the World; Academic Press, Inc.: San Diego, CA,
USA, 1988.

58. Kanamori, H.; Rivera, L.; Lee, W.H.K. Historical seismograms for unravelling a mysterious earthquake: The 1907 Sumatra
Earthquake. Geophys. J. Int. 2010, 183, 358–374. [CrossRef]

59. Pentakota, S.; Seelanki, V.; Kolusu, S. Role of Andaman Sea in the intensification of cyclones over Bay of Bengal. Nat. Hazards
2018, 91, 1113–1125. [CrossRef]

60. Sahoo, B.; Prasad, K.B. Assessment on historical cyclone tracks in the Bay of Bengal, east coast of India. Int. J. Climatol. 2016, 36,
95–109. [CrossRef]

61. Siddiki, U.R.; Islam, M.N.; Ansari, M.N.A. Cyclonic track analysis using GIS over the Bay of Bengal. Int. J. Appl. Sci. Eng. Res.
2012, 1, 689–701.

62. CERC. Volume I: Technical Reference; Volume II: User’s Guide. In Automated Coastal Engineering System; Department of the Army
Waterway Experiment Station, Ed.; Corps of Engineers: Vicksburg, MS, USA, 1992.

63. Murty, T.S.; Rafiq, M. A tentative list of tsunamis in the marginal seas of the North Indian Ocean. Nat. Hazards 1991, 4, 81–83.
[CrossRef]

64. Bilham, R.; Engdahl, R.; Feldl, N.; Satyabala, S.P. Partial and Complete Rupture of the Indo-Andaman Plate Boundary 1847–2004.
Seism. Res. Lett. 2005, 76, 299–311. [CrossRef]

65. Pararas-Carayannis, G. Earthquake and Tsunami of June 26, 1941 in the Andaman Sea and the Bay of Bengal. 2005. Available
online: http://www.drgeorgepc.com/Tsunami1941AndamanIslands.html (accessed on 30 October 2020).

66. Srivastava, K.; Kumar, R.K.; Swapna, M.; Rani, V.S.; Dimri, V.P. Inundation studies for Nagapattinam region on the east coast of
India due to tsunamigenic earthquakes from the Andaman region. Nat. Hazards 2011, 63, 211–221. [CrossRef]

67. Murty, T. Storm surges—Meteorological ocean tides. In Bulletin of the Fisheries Research Board of Canada; National Research Council
of Canada: Ottawa, ON, Canada, 1984.

68. Fearnley, S.; Miner, M.; Kulp, M.; Bohling, C.; Martinez, L.; Penland, S. Hurrican Impact and Recovery Shoreline Change Analysis
and Historical Island Configuation. In Sand Resources, Regional Geology, and Coastal Processes of the Chandeleur Islands Coastal System:
An Evaluation of the Breton National Wildlife Refuge; Lavoie, D., Ed.; U.S. Geological Survey: Reston, VA, USA, 2009; pp. 7–26.

69. Idris, Y.; Cummins, P.; Rusydy, I.; Muksin, U.; Syamsidik; Habibie, M.Y.; Meilianda, E. Post-Earthquake Damage Assessment after
the 6.5 Mw Earthquake on December, 7th 2016 in Pidie Jaya, Indonesia. J. Earthq. Eng. 2019, 1–18. [CrossRef]

70. Bennet, J.D.; Cameron, D.R.; Bridge, D.M.; Clarke, M.G.; Djunuddin, A.; Ghazali, S.A.; Thomson, S.J. Geologic 1:250,000 Map
of Banda Aceh Quadragle, Sumatra; Geological Research and Development Centar (GDRC), Ed.; Direktorat Geologi: Bandung,
Indonesia, 1983.

71. Ishihara, K.; Yoshimine, M. Evaluation of Settlements in Sand Deposits Following Liquefaction During Earthquakes. Soils Found.
1992, 32, 173–188. [CrossRef]

72. Volcano Discovery. Light mag. 4.7 Earthquake—Northern Sumatra, Indonesia on Friday, 8 April 1983. Available online: https:
//www.volcanodiscovery.com/earthquakes/quake-info/3801900/mag4quake-Apr-8-1983-northern-Sumatra-Indonesia.html
(accessed on 30 October 2020).

73. McKinnon, E.E. Beyond Serandib: A note on Lambri at the northern tip of Aceh, Indonesia. In Southeast Asia Program; Cornell
University: Ithaca, NY, USA, 1988; pp. 103–121.

74. Anthony, E.J. Patterns of Sand Spit Development and Their Management Implications on Deltaic, Drift-Aligned Coasts: The Cases
of the Senegal and Volta River Delta Spits, West Africa. In Coastal Research Library; Randazzo, G., Jackson, D., Cooper, A., Eds.;
Springer: Cham, Switzerland, 2015; p. 344.

206



water

Article

Assessing Fine-Scale Distribution and Volume of
Mediterranean Algal Reefs through Terrain Analysis
of Multibeam Bathymetric Data. A Case Study in the
Southern Adriatic Continental Shelf

Fabio Marchese 1,2,*, Valentina Alice Bracchi 1,2, Giulia Lisi 1, Daniela Basso 1,2,

Cesare Corselli 1,2 and Alessandra Savini 1,2,3

1 Department of Earth and Environmental Sciences, University of Milano-Bicocca, Piazza della Scienza 4,
20126 Milano, Italy; valentina.bracchi@unimib.it (V.A.B.); g.lisi@campus.unimib.it (G.L.);
daniela.basso@unimib.it (D.B.); cesare.corselli@unimib.it (C.C.); alessandra.savini@unimib.it (A.S.)

2 Department of Earth and Environmental Sciences, CoNISMa Local Research Unit of Milano-Bicocca, Piazza
della Scienza 4, 20126 Milano, Italy

3 MaRHE Center (Marine Research and High Education Center), Magoodhoo Island, Faafu Atoll, Maldives
* Correspondence: fabio.marchese1@unimib.it

Received: 21 November 2019; Accepted: 2 January 2020; Published: 4 January 2020

Abstract: In the Mediterranean Sea, crustose coralline algae form endemic algal reefs known as
Coralligenous (C) build-ups. The high degree of complexity that C can reach through time creates
notable environmental heterogeneity making C a major hotspot of biodiversity for the Mediterranean
basin. C build-up can variably modify the submarine environment by affecting the evolution of
submerged landforms, although its role is still far from being systematically defined. Our work
proposes a new, ad-hoc semi-automated, GIS-based methodology to map the distribution of C
build-ups in shallow coastal waters using high-resolution bathymetric data, collected on a sector
of the southern Apulian continental shelf (Southern Adriatic Sea, Italy). Our results quantitatively
define the 3D distribution of C in terms of area and volume, estimating more than 103,000 build-ups,
covering an area of roughly 305,200 m2, for a total volume of 315,700 m3. Our work firstly combines
acoustic survey techniques and geomorphometric analysis to develop innovative approaches for
eco-geomorphological studies. The obtained results can contribute to a better definition of the ocean
carbon budget, and to the monitoring of local anthropogenic impacts (e.g., bottom trawling damage)
and global changes, like ocean warming and acidification. These can affect the structural complexity
and total volume of carbonate deposits characterizing the Mediterranean benthic environment.

Keywords: geomorphometry; seafloor mapping; spatial analysis; algal reefs; bioconstruction volume;
multibeam bathymetry

1. Introduction

Calcareous algal reefs are 3D biogenic-carbonate structures mostly built by calcareous red algae
(CCA) that typify the seascape, from roughly 10 m of water depth down to those areas where
reef-forming algae can thrive in dim light conditions [1–4]. In the warmer oceans, CCA may contribute
to the complex of coral reefs or, on a small scale, may form independent bioherms. In temperate waters,
like the Mediterranean Sea, CCA form endemic algal reefs known as Coralligenous (C) buildups,
which represent the second most important hot-spot of biodiversity in the Mediterranean Sea after
Posidonia oceanica meadows [4]. C is able to produce large deposits of biogenic calcium carbonate [5]
according to climate change, oceanographic conditions, accommodation space, terrigenous supply
variations and human-caused impact [6–10].
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C geomorphological expression plays a crucial key-role in shaping the Mediterranean seascape
and affecting its evolution through geological times, as it constitutes the most massive reefs along the
Mediterranean continental shelf [11]. Nevertheless, a precise distribution of C is still uncomplete [11–14].
C morphotypes have been categorized mainly in two groups, banks and rims [4,15,16] that is based
upon the nature of the substrate. Among banks, several different terms have been used to distinguish
diverse local morphotypes (heads, blocks, patches, or banks [17]; vertical pillar, [18]; algal reefs, [19,20];
mound-shaped algal banks, [21]; minute reef aggregation and superficial layer formations, [22]; columns
and ridges, [14]). A first attempt to use shape geometry descriptor to extract C from backscatter
data was proposed by [23], but only recently a new categorization of C morphotypes, based on such
a quantitative technique, has been proposed [11]. Moreover, C is responsible for the production
and storage of a large amount of carbonate, but its contribution to the ocean carbon budget is still
poorly quantified.

We apply geographic information system (GIS)-based analysis on digital elevation models (DEMs),
obtained from high-resolution bathymetry data collected by multibeam echosounder (MBES) to
investigate the variety of seaforms created by C build-ups, reaching scales and resolutions that are
comparable to subaerial geomorphology studies [24].

We propose a new method for C feature extraction, designed upon the principals of
geomorphometry and using established algorithms for surface analysis [25,26], applied to a well-studied
C area located offshore Puglia Adriatic coasts (Italy) where a diverse type of C build-ups occur [11,14].
Our work focused on: (1) the development of a technique for automated identification and extraction
of C build-ups; (2) the characterization of the spatial and morphological distribution of C; (3) the
quantification of the total volume of selected C build-ups in relation to the field’s subsurface geology,
as determined from sub-bottom profiler (SBP) data.

Exploring and imaging submarine landforms requires the development of innovative
approaches in using methods and techniques originally developed for the terrestrial environment
(i.e., geomorphometry). In particular, we focus on providing quantitative information on C habitat as
carbonate deposits on the Mediterranean shelf, which can be used as a baseline to which other C areas
may be compared quantitatively.

2. Data and Methods

2.1. Data Acquisition and Processing

High-resolution acoustics data ground-truthed by video records were obtained by ship-based
research surveys performed within the framework of BioMAP project (BIOcostruzioni Marine in Puglia,
-P.O. FESR 2007/2013) that promoted actions in order to map and monitor C habitats along the Apulian
shelf (southern Adriatic margin and northern Ionian margin, Mediterranean Sea) [27]. The survey
has been carried out using a small research boat (Calafuria ISSEL, property of CoNISMa) in March
and April 2013, acquiring 16 nautical miles of MBES survey lines, covering the seafloor over an area
of 1.7 km2, at depths ranging from 5 to 40 m and using a Teledyne RESON SeaBat 8125 (455 kHz)
MBES (Figure 1). Teledyne PDS2000TM software was used to acquire and process bathymetric data
producing very high-resolution DEMs (0.5 m × 0.5 m). The correct position of the acquired data has
been assured by a Hemisphere Crescent R-Series dGPS, and an IXSEA OCTANS motion sensor and
gyro. Water sound velocity was obtained by a Valeport MiniSVS sound velocity sensor and by a
Teledyne Reson SVP15 sound velocity profiler.

A set of high-resolution SBP lines have been also acquired on board the same research boat in an
area NW of the Bari port (Figure 1), using a parametric Innomar 2000 (SES 2000), with an operating
frequency of 10 kHz and 5 kHz. SBP data were processed using ISE Post-Processing Software, converted
into SGY format and analyzed using PETREL (Schlumberger).
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Figure 1. Location of the study area, bathymetric model for inset from [28]. Shaded relief map of the
high-resolution multibeam bathymetry data acquired over the study area. Red track lines indicate the
SBP survey and the trawled camera route. A, B, C, D, E, F, G areas are magnifications for the other
figures in this paper.

The study area has also been surveyed by video inspections to ground-truth remote dataset, using
an underwater trawled camera (Quasi-Stellar© Elettronica Enne) (Figure 2).

Figure 2. Examples of underwater images of Coralligenous build-ups made by the trawled camera.
Following the classification proposed by [11]: (A) Discrete Relief, (B) Hybrid Bank and (C) Tabular Banks.

2.2. Geomorphometric Analysis and Extraction of C Build-ups

The entire spatial dataset (DEMs, survey routes and video tracks) was integrated into ArcGIS™
and ad-hoc geomorphometric analysis was performed with SAGA (System for Automated Geoscientific
Analysis [29]). In particular, basic terrain parameters were extracted from selected areas (Figure 3) and
the Topographic Position Index (TPI) proposed by [30] has been performed at the finest possible scale
(1 inner radius and 5 outer radii), according to the DEM resolution (i.e., 0.5 × 0.5 m grid cell size) [30–32].
TPI is actually only one of a vast array of morphometric parameters based on neighboring areas that
can be useful in DEM analysis [32]. In particular, positive TPI values well represent locations that
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are higher than the average of their surroundings, as defined by the neighborhood (ridges), whereas
negative TPI values represent locations that are lower than their surroundings (valleys). TPI values
near zero are either flat areas (where the slope is near zero) or areas of constant slope (where the slope
of the point is significantly greater than zero). We considered as a minimum TPI value 0.3 and therefore,
not all cells under this value were considered as C builds-up. This approach facilitates the extraction of
C build-ups from surrounding seafloor and reduces the occurrences of DEM artifacts. TPI scale (1–5)
and value (0.3) were selected through a trial-and-error method in order to maintain the high-resolution
of the extraction on which it depends the volume computation. Resulting rasters were re-classified
and converted to obtain polygonal vector format. The remaining artifacts were manually deleted.

Figure 3. Topographic Position Index (TPI) maps, the color scale applied to the map indicate TPI value
(low value in blue and high value in red) for the entire bathymetric dataset: (A–E) refer to the boxes in
Figure 1, (F) histogram of the distribution for TPI value.

For each C polygon the shape index (SI) [33–35] was calculated that measures the complexity of
patch shape compared to a circle shape. [11] demonstrates how SI is a useful tool to describe a seafloor
landscape characterized by distinct C morphotypes.

The approach here proposed in performing the geomorphometric analysis was designed to
specifically detect C build-ups and determine their 3D extension over the surrounding seafloor.

2.3. Acoustics Profiles Analysis

SBP dataset was analyzed using PETREL (Schlumberger) software in order to map the thickness
of the C build-ups (Figure 4) along all survey lines and to explore the seismostratigraphic relationships
between C build-ups and the substrate over which C has settled down. The level of details offered
by our SBP data allowed us to assume that the depth of the substrate over which C growth at the
time of its settlement is likely the same as the present-day seafloor that surrounds C build-ups. We,
therefore, considered the seabed surrounding C build-ups as the base surface from which we extracted
C build-ups as described in detail within the next section (Section 2.4).
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Figure 4. (A) Thickness map of the C build-ups calculated using SBP interpretation. (B–D) profiles
represent examples of C echotype in the area (black arrows).

2.4. Volume Estimate

The volume calculation was developed by the creation of a reference surface without C build-ups
that was created for each DEM through ESRI ArcGIS geostatistical analysis toolbox. The interpolation
function, used for the creation of the reference surface, was the natural neighbor [36]. A natural neighbor
interpolation algorithm is a weighted average interpolation technique not affected by anisotropy or
variation in the data density because the selection of the neighbors is based on the configuration of
the data [37]. It does not infer trends and will not produce peaks, pits, ridges or valleys that are
not already represented by the input samples [37]. The surface passes through the input samples
and is smooth everywhere except at the locations of the input samples. It adapts locally to the
structure of the input data, requiring no input from the user pertaining to search radius, sample
count, or shape. We decided to use the natural neighbors interpolator with the aim of leaving a
coarser morphology, thus avoiding smoothing effects given by other methodologies such as Spline or
Kriging [38]. The volume computational was performed by the comparison of the analyzed DEMs
with the corresponding reference surface in order to calculate the volume of all detected C build-ups.
ArcGIS provides the cut/fill tool that summarizes the areas and volumes of change from a cut-and-fill
operation, if the input raster surfaces are coincident and with the same cell size. The attribute table
of the output raster presents all changes in surface volumes generated by the cut/fill computation.
Positive values for the volume difference indicate regions of the original raster surface that have been
cut (material removed). Negative values indicate areas that have been filled (material added).
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3. Results

3.1. Coralligenous Extraction Accuracy

The model extracted 172.548 polygons but only 103,494 positive morphologies (Figure 5) were
finally related to C build-ups by visual inspection of the hillshade bathymetry and validation from
video observations collected within the study area. Most of these artifacts have been attributed to:
(a) bad roll correction that creates false positive elongated structures (Figure 5b,d), (b) occurrence
of Posidonia oceanica dead matter on the shallow area that results in reliefs with typical sub-circular
shape [39,40] (Figure 5e), and (c) artifacts concentration on DEM discontinues on its boundaries.

Figure 5. Result from geomorphometric analysis. (A–F) refer to the boxes in Figure 1. Red polygons
represent coralligenous build-ups extracted, polygons in yellow are examples of artifacts filtered from
the study.

3.2. Acoustics Profile Characterization

The 38 SBP profiles analyzed in our study are mostly characterized by an indistinct echotype [41],
where few discontinuous reflectors can be detected, in agreement with that previously observed
by [11]. When associated with the occurrence of C build-ups, the first return from the seafloor is
imaged by an indistinct, low-amplitude, and highly transparent reflector, whereas lateral continuity
and overall amplitude increase crossing the surrounding seafloor. A similar seismic structure for algal
reefs was described in [22], where the underlying acoustic basement was also visible. Interestingly,
in our surveyed area, C build-ups are in contact with an erosional truncation that marks the top of the
underneath sequence (Figure 6). The erosional truncation can be associated to aerial erosion of past
highstand marine deposits, or to the ravinement surface formed at the onset of the post-glacial sea-level
rise, that on the South Adriatic shelf margin enhanced transgressive erosion of older deposits [42].
Both the reflectors (the seafloor and the erosional truncation) were digitalized and exported to calculate
the thickness of C frameworks for all survey lines (Figure 6). In the entire area, C shows a width
between 0.1 m to 2.6 m with an average of 1.04 m (Figure 6).
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Figure 6. (A) SBP dataset with a selected profile (in green) crossing red polygons representing C
build-ups obtained from the geomorphometric analysis. (B) Selected SBP profile showing in detail the
echotype related to C occurrences and the erosional truncation that marks the top of the underneath
sequence (blue horizon). Blue and red X represent intersect profiles.

3.3. Area and Volume

TPI parameters extracted the distribution of the C build-ups with high resolution in terms of
perimeter boundary. Volume calculation is heavily dependent on the reference surface, consequently
dependent on the interpolation algorithm (a large data gap could not be filled in with a good resolution
by interpolation). Volume calculation was performed following two different approaches, according to
the different C morphotypes described by [11] and mapped in our survey area. In order to not force
the interpolation and therefore the volume calculation, especially for tabular bank morphotypes, SI of
C morphotypes was used as a threshold in selecting the most appropriate approach. In particular:
(Table 1, Figure 7):

• Discrete relief and hybrid bank [11]: SI ≤ 2, medium area 1.5 m2 and maximum area 53 m2.
Volume computation has been performed using the cut and fill tool.

• Tabular bank [11]: SI > 2, medium area of 25 m2 and maximum area of 1272 m2. An average
thickness of 1.49 m has been considered for volume computation, as calculated from the
SBP analysis.

Table 1. Classification of C polygons modified from [11] based on SI and results in terms of area
and volume.

Coralligenous Morphotypes SI Average Thickness (m) Area (m2) Volume (m3)

Discrete Relief and Hybrid Banks ≤2 0.33 (TPI) 119,018.54 38,267.70
Tabular Banks >2 1.49 (SBP) 186,209.99 277,452.88
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The cut and fill tool was also used to analyze the performance of the segmentation process and
the interpolation algorithm. The segmentation process directly affects the extraction of C build-ups
(expected to be positive) as it will cut the DEM and consequently how the surrounding cells will
influence the interpolation algorithm for the reference surface creation. In this way, with the extraction
of positive structures from the DEM, positive balance was expected after the cut and fill tool for a
correct volume computation. In our analysis, only in the deepest DEM, 0.3% presents a negative
volume balance. This could be attributed to a small group of cells on the border of DEM that has been
influenced by the surrounding lack of data.

Figure 7. Distribution of C features extracted with TPI colored by morphotypes, following the
classification proposed in [11]. (A–E) refer to the boxes in Figure 1, they are details from the entire
dataset and show: Red polygons for discrete relief, yellow polygons for hybrid bank and blue polygons
for tabular bank. (F) Scatterplot indicates the direct correlation between area and SI, Spearman’s ρ = 0.96.

4. Discussion

4.1. TPI-Based Feature Extraction

The results of this work illustrate the importance of combining high-resolution acoustic techniques
and geomorphometric analysis in order to have a preliminary quantitative characterization of C habitat
distribution. To our knowledge, this is the first attempt to quantify the volume of Mediterranean algal
reefs. Conventionally, segmentation of MBES data sets into defined submarine landforms is carried
out manually despite the process might be highly subjective, slow and potentially inaccurate [43,44].
On the contrary, geomorphometric techniques (e.g., terrain attributes, feature extraction, automated
classification) can objectively characterize seabed terrain from the coastal zone to the deep sea [45–52],
although a common and standardized technique for automated seabed classification has never been
developed [53]. Only recently other works successfully develop object-oriented methods applying
object-based image analysis (OBIA) or considering a complete set of remote data in order to precisely
characterize targeted landforms on the seabed that will document the extension of biodiversity
hotspots [52,54–56]. In this study, we considered a C build-up as a discrete feature in both two
and three-dimensional spaces in order to use a geomorphometric parameter for object-oriented
modeling and extraction from the seafloor. The method developed here (Figure 8) intentionally chose
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a geomorphometric algorithm commonly available in existing terrain analysis software to achieve
maximum applicability.

Figure 8. Conceptual model of the workflow for the extraction of volume and area of C features.

Variability of C morphotypes [11] poses several challenges to their automated extraction from
DEM. The 3D complexity reached by C tabular banks [11] hampers the automatic detection of their
edges, and consequently the creation of the hypothetical base surface for volume calculation. Since
C build-ups raise from the surrounding seafloor (up to 4 m in height), their detection could be
performed by slope analysis that is in general efficiently used to operate an accurate segmentation
of isolated, small-scale features [47,48]. Nevertheless, the slope does not efficiently work for the
tabular banks that usually have a lateral extension of more than 1 km2. In this case, although the
slope is efficient in detecting the boundary of C (determined by a high difference in elevation) it is
not able to include within the segmentation process the inner part of tabular banks, where the high
tridimensional complexity makes difficult the creation of a continuous polygon. On the other hand,
geomorphometric parameters that have a higher performance in detecting the 3D complexity, such as
the rugosity index (i.e.,: vector ruggedness measure [57,58] or terrain ruggedness index [59]) are able
to better define the entire distribution of C tabular banks, although they fail in giving an accurate
estimation of the dimension of smaller morphotypes like discrete relief. TPI represents, therefore,
a good compromise for C morphotypes detection, since it measures the relative topographic position
of the central point as the difference between the elevation at this point and the mean elevation within
a predetermined neighborhood.

The time-consuming operation in manual filtering the erroneous polygonal could be definitely
avoided using a high quality larger multibeam coverage without artifacts. The accuracy of the detection
of C build-ups can be appreciated by the results of the cut and fill tool explained in the previous section.

4.2. Volume Computation

Volume computation is obviously constrained by the substrate depth from which C build-ups
started to grow. Our approach considered the seafloor surrounding all detected C build-ups, as the
original substrate over which C build-ups started to develop. The analysis of SBP dataset and the
associated resolution supports our assumption since seismic profiles clearly show the continuity of
the erosional truncation, detected at the base of C build-ups, with the surrounding seafloor bare of
build-ups, below less than 2 meters of mobile sediment (visible also on videos, Figure 2). We considered
two different approaches in computing the volume of C build-ups, according to the two different
groups of C morphotypes (Table 1). Our volume computation strategy took into consideration the
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influence of the 3D geometry of C build-ups on the performance of the computational process, in
order to not force the interpolation algorithms. For smaller data gaps (associated with C build-ups
with SI ≤ 2) we used the results coming from the cut and fill tool. The volume of C tabular banks
(with SI > 2, and therefore polygons with larger areas), that represent big gaps to solve by interpolation,
was calculated using the average of C thickness value obtained from SBP data analysis. The analysis of
the acoustic profiles was critical in supporting our volume computation strategy for tabular banks.
Despite the considerable relief that C can reach in the survey area (up to 4 m if calculated after TPI
extraction), SBP data show a maximum thickness of 2.5–3 m (only a few cells up to 4 m, Figure 4)
decreasing to 1–1.5 m in the inner part of the C tabular banks.

4.3. Coralligenous Growth Rate and Age

Since present-day C depth distribution roughly matches those areas of the seafloor that were
emerged during the last glacial maximum, C build-ups likely started to occur during the last
transgression [60]. The C growth rate has been estimated by radiocarbon dating with a mean growth
rate of 0.19 mm yr−1, and a range of 0.11 to 0.26 mm yr–1 for C build-ups sampled between 10–35 m of
water depth [61,62]. The results of this work suggest that a tridimensional quantitative characterization
of C habitat could be related to the C growth rate. Using observed thickness values (Table 1) and
assuming a prevailing vertical growth direction, we obtained respectively an age of at least 1.7 kyrs
BP for discrete relief and hybrid banks, and 7.8 kyrs BP for tabular banks. Both these results are in
agreement with the general estimated Mediterranean C build-ups age [4,60–62]. Finally, we calculate
the C volume production per year that results in 22.04 m3 yr–1 for discrete relief and hybrid banks and
35.38 m3 yr–1 for the tabular banks morphotypes.

5. Conclusions

We demonstrate that our ad-hoc semi-automated, GIS-based methodology is useful to portray the
three-dimensional complexity of C build-ups on a sector of the southern Apulian continental shelf and
to quantify the extent to which C builders shaped the submarine environment, affecting the evolution
of submerged landforms.

Notably, the maps and volume computation obtained from our work represents the first
quantitative data supporting an estimation of the contribution of C build-ups to the ocean carbon
budget. Our dataset also yields new details about the genesis of C build-ups (i.e., their potential
relationships with drowned continental shelf morphologies), by imaging the development of C tabular
banks in the study area.

Finally, despite the lack of a comprehensive investigation on the role of quaternary geomorphic
processes on the C distribution and growing processes, the obtained results will support any
future exploration of the relationship between framework morphologies and changes observed
in the associated biological community, which still represent a major gap in knowledge in
eco-geomorphological research of Mediterranean algal reefs.
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Abstract: This paper shows an interesting case of coastal landscape reconstruction by using innovative
marine robotic instrumentation, applied to an archaeological key-site in the Campi Flegrei (Italy),
one of the more inhabited areas in the Mediterranean during the Roman period. This active volcanic
area is world famous for the ancient coastal cities of Baiae, Puteoli, and Misenum, places of military
and commercial excellence. The multidisciplinary study of the submerged Roman harbour at
Nisida Island was aimed at reconstructing the natural and anthropogenic underwater landscape by
elaborating a multiscale dataset. The integrated marine surveys were carried out by an Unmanned
Surface Vehicle (USV) foreseeing the simultaneous use of geophysical and photogrammetric sensors
according to the modern philosophy of multi-modal mapping. All instrumental measurements were
validated by on-site measurements performed by specialised scuba divers. The multiscale analysis
of the sensing data allowed a precise reconstruction of the coastal morpho-evolutive trend and the
relative sea level variation in the last 2000 years by means of a new type of archaeological sea-level
marker here proposed for the first time. Furthermore, it provided a detailed multidimensional
documentation of the underwater cultural heritage and a useful tool for evaluating the conservation
state of archaeological submerged structures.

Keywords: coastal landscape evolution; Roman harbours; archaeological sea level marker;
cultural heritage documentation; unmanned surface vessel; remote sensing of acoustic and optical data;
3D photogrammetric point cloud

1. Introduction

The understanding of landscape changes plays a fundamental role in the comprehension of the
human occupation. In the history of human settlements along the Mediterranean coasts, an important
moment is the foundation of harbours and coastal urbanisation, when the coastal landscapes started
to be transformed by human activities [1]. As most of these ancient coastal settlements are today
submerged due to relative sea level variations occurring over the last millennia, the challenge of coastal
geoarchaeological research is to thoroughly study these submerged archaeological structures [2–7].
This cutting-edge information leads to understanding the impacts of past climate changes on modern
populations and the effects of Earth processes at the social level [8]. Moreover, by integrating the results
of the geological and geomorphological analysis, geophysical and geomatic survey, and archaeological
investigations, a twofold target can be efficiently achieved:
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• The protection of the underwater archaeological sites exposed to the waves action after its
recent submersion.

• The management of the underwater cultural heritage as a witness of the effects of the ongoing
climate changes on the ancient settlements as well as on the coastal modifications.

The interdisciplinary nature of underwater geoarchaeological studies leads to operate at multi-scale
levels during both the data acquisition and interpretation phases. In the past, the data acquisition
phase was mainly carried out by direct surveys of scuba divers, geologists and archaeologists, as the
main operating problem during the coastal surveys was the difficulty navigating close to the shoreline,
especially in presence of submerged archaeological remains. Thanks to the innovative technology applied
to the miniaturisation of geophysical instruments, the use of small crafts carrying out measurements in
very shallow waters areas had a remarkable development. These marine systems, including Unmanned
Surface Vessels (USV), are revolutionising our ability to map and monitor the marine environment [9–11].

In the last few years, numerous specific crafts have been designed for surveying in shallow
waters. As reported in the literature, they have been equipped with several geophysical instruments
to reconstruct the seabed and sub-bottom morphology [9,12]. In [13], a prototype USV (MicroVEGA)
ia presented, as a direct result of many years of experience in marine geophysical surveys applied to
underwater archaeology. MicroVeGA is a drone conceived to operate in very shallow water where
traditional boats have several manoeuvring problems. This vessel is equipped with a GPS, a single
beam echosounder, an inertial platform and emerged and submerged cameras.

In this paper, we present a second evolutive step of MicroVEGA project including the
installation of an underwater photogrammetric system and the development of multidisciplinary
procedures optimised for geoarchaeological studies. In fact, the photogrammetric methods applied to
underwater archaeology have significantly improved the deductions around ancient landscapes.
The three-dimensional reconstruction of an archaeological site provides relevant information
to formulate hypotheses about the main morphological characteristics of the ancient anthropic
landscape [14–16]. 3D representations of an underwater site provide an important benefit to
archaeologists on the study of a three-dimensional overall picture, which is otherwise difficult to
obtain in underwater environments [17–19]. In addition, this representation is a modern instrument to
appreciate the underwater cultural heritage not accessible to everyone.

The aim of this study was to reconstruct the submerged geoarchaeological landscape in a Roman
harbour of Naples Gulf (Nisida, southern Italy) and to evaluate the main morphometric characteristics
of the submerged archaeological site, by using a USV equipped with geophysical and photogrammetric
sensors. The research targets are as follows:

• assessing the main coastal changes of Nisida Roman harbour that occurred in the last 2000 years mainly
due to the relative sea level variation by means of a multiscale elaboration of a transdisciplinary dataset;

• the detection of a new type of archaeological sea level marker in the case of port-like structures
made in hydraulic concrete; and

• the detailed documentation of a submerged archaeological site in the Gulf of Naples with a high
cultural value and not accessible to everyone.

2. Geoarchaeological Background

The coasts of the Gulf of Naples have been inhabited since the ancient times and shaped by
the continued interplay between anthropogenic and volcanic forcing [5–7,20–22]. It is a half-graben
characterised by an NE-trending faults system and totally covered by volcanic units related to Campi
Flegrei and Vesuvius volcanoes [5,23]. It is structurally controlled by numerous Quaternary fault
systems, NE–SW trending SE-dipping and NW–SE trending SW dipping, related with the last stages
of the opening of the Tyrrhenian Sea [24–26].

Between the Middle and Upper Pleistocene, the fault systems were responsible for the
development of the half-graben of the Gulf of Naples and Sorrento Peninsula fault block ridge [6,23].
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During the Late Holocene, this area was modified by volcanic activity and volcano-tectonic vertical
ground movements related to Campi Flegrei and Vesuvius [4–7,20–22,27]. However, the most recent
extreme event that profoundly modified the Gulf of Naples coasts certainly was the 79 AD eruption of
Vesuvius [28] and the subsequent adverse marine weather conditions [7].

Furthermore, despite the subsiding trend that affected the coasts of Naples Gulf after the
emplacement of the Campanian Ignimbrite deposits [5,20,21,29–31], the landscape evolution of this
coastal sector in the last 2000 years was mainly controlled by the anthropogenic activity and the
construction of several maritime infrastructures. During the Greek times, several colonies were
founded on its coasts, such as Pithekoussai (on the island of Ischia), Kymae, Dicearchia and Neapolis.
Instead, during the Roman period, this territory was densely occupied by towns with a maritime
vocation, such as Puteoli and Neapolis, and other coastal cities, such as Aenaria, Cumae, Herculaneum,
Pompeii, Stabiae and Surrentum. In fact, the Greek geographer Strabo described the Gulf (mentioned
with the name of Crater) as an uninterrupted sequence of luxurious villas and gardens [32].

This coastal sector is known worldwide for the commercial ports that in Roman times represented
a hub for trade with the East and Africa and for the arrival and redistribution of wheat and food for
the needs of Rome. In this study, we focused our attention on a minor port, little known from historical
sources but of considerable cultural interest as it preserves the founding remains of a pier that is the
largest in the Gulf of Naples.

The Roman harbour of Nisida was built in the first century BC and mainly protected by two piers,
of which nowadays only some totally submerged witnesses remain (Figure 1), though well-preserved
and not buried by recent sediments.

The ancient piers and coastal defence structures during the Roman period—since the first century
BC—were mainly composed of alignments of pilae—large or tall cubes. The pilae are a typical maritime
construction evolved along with the development of hydraulic concrete in the Gulf of Naples [33–36].
The use of hydraulic concrete revolutionised the design of harbour and other maritime structures
during this period and was well described by Strabo in Geographia, Vitruvius in De Architectura, Seneca
in De Rerum Natura, and Plinius in Naturalis Historia.

Roman hydraulic concrete consists of large irregular stone or tuff aggregate set into a mortar
of lime and sand-like volcanic ash rich in chemically reactive aluminosilicates [37–39]. It is mainly
made in pulvis puteolanus (powder from Puteoli), so-called by these historians to identify the area
around Puteoli, in the Gulf of Naples, as the source of this volcanic ash. Pozzolana is the modern
term to define this volcanic ash. This material, which could be cast and set underwater, began to be
used in harbour structures in the second century BC [40]. Since its discovery, this precious powder
was exported throughout the Roman Empire because of its owner characteristic to be cast and set
underwater and—as Vitruvius said—to be hardened by the sea to a strength “which neither the waves
nor the force of the water can dissolve”. In fact, when seawater infiltrates in the concrete, it dissolves
some of the ash and rather than undermining the structure, the alkali fluid that is left allows minerals
to strengthen it [37].

The pilae made in Roman concrete were grouped together in a single line (sometimes connected by
arches, as at the breakwater at Nisida and Puteoli) or in two overlapping rows to form discontinuous
breakwaters or sea defences for a shoreline or at the entrance to a harbour [39]. These cubic structures
were built on the seabed with the cofferdam technique. Vitruvius precisely describes this technique
in De Architectura (2.6.1, 5.12.2–3), but there are several useful shorter comments in Strabo, Pliny,
and Dionysios of Halikarnassos [37,41]. The cofferdam sides were formed of oaken stakes (catenae and
destinae, as shown in Figure 2), and filled up with hydraulic concrete.
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Figure 1. Location map of Nisida Roman harbour with the submerged archaeological structures in red.
The shaded relief (altitude 45◦, azimuth 315◦) in figure derives from a DTM with a spatial grid 2 m × 2 m.
The Ministry of the Environment kindly provided the Lidar data used to calculate the DTM.

Figure 2. Vitruvius’ cofferdam for hydraulic concrete. Reconstruction (after [39]).

This manner of construction can be seen in the ancient representations of the harbours of Puteoli
and Baiae on several wall paintings and on a series of engraved glass souvenir vessels found at various
sites around the empire [42–44]. As built directly at the sea, these port facilities are also studied as
markers of ancient sea levels [45–48].

In this study, the better-preserved pila of the Nisida Roman harbour was surveyed with high
detail, identifying the traces of the ancient cofferdam, used here to propose a new type of measuring
point—valid in the case of port-like structures built in hydraulic concrete cast and set underwater.
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Surveyed Area

The Nisida Roman harbour was built in the first century BC—probably around 37 BC—when
numerous maritime infrastructures were realised in the Gulf of Pozzuoli with the same building
techniques [49]. It was located at the footslope of Nisida Island (Naples City), a tuff cone (3.9 ky BP [21])
partially dismantled by the waves, leaving a passage inside the crater and drawing a small bay
(so-called Porto Paone) inhabited since the Roman period. This island, according to the tradition [50],
was the otium residence of the Roman politician Marcus Iunius Brutus (85 BC–42 BC) and was connected
with the land by a tunnel about 4.5 m high (Figure 3a,b), now partially submerged (Figure 3b).
The Roman harbour of Nisida was characterised by an opus pilarum almost totally destroyed, except
for three pilae making up the ancient pier nowadays submerged [51] (Figure 3a). Considering the
remarkable size of the pilae (with edges up to 15 m) and the bathymetry in the area of about 10 m,
the harbour probably represented a commercial hub for the suburban sector of Posillipo [49,52].

Figure 3. (a) Pictorial view of Nisida harbour in 1635 by B. Picchiatti where the Roman opus pilarum
is clearly visible; (b) historical map “PIANTA DEL PORTO DI NISITA” 1838, where the pilae are still
intact and emerged; and (c) present-day aerial photo.

In the last centuries, the main coastal modifications have been caused by the construction of the
bridge connecting the Nisida Island to Posillipo hill, as well as the piers in the southern sector of the island
(Figure 3c). Two of these piers were built on the remains of Roman port structures, which remained mostly
intact up to 1635, as shown in Figure 3a, where the Roman opus pilarum is clearly visible. In Figure 3b,
instead, it can be observed that the pillars (pilae) composing the piers were still intact and emerged, while the
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connecting arcs had already collapsed. The modern bridge in Figure 3c was built above the semi-submerged
Roman tunnel that connected the islet with the mainland.

The investigated area is located in the island SE sector, close to the bridge and the northernmost
pier. In detail, it includes the remains of three submerged pilae composing the ancient pier; the other
pilae have been recently covered by the modern cliff.

3. Materials and Methods

3.1. Survey

The study area extends for about 200 m parallel to the coast, and for about 150 m perpendicular
to the coast. The bathymetry in this area ranges between the coastline and the isobath of −10 m.

The area is exposed to the southern winds, which create a strong wave motion. In addition,
the summer period is often characterised by adverse marine weather conditions (such as algal blooms)
that cause high water turbidity. For this reason, the marine surveys were carried out in the winter
months, when northern winds create calm sea conditions and good visibility.

The major operational difficulties were caused by the proximity of a marina and the presence of
a passage for small boats used to avoid the circumnavigation of the island of Nisida, located right near
the investigated area. This condition has made indispensable the support of the Italian Coast Guard to
regulate tourist maritime traffic. The aims of the survey were:

• precise reconstruction of the Roman structures still visible;
• evaluation of the conservation state of the more intact pila;
• 3D reconstruction of the underwater landscape in the study area; and
• detection of the measuring point for the evaluation of the relative sea level variations in the last

2000 years.

The coastal sector was mainly surveyed by remote sensing methods and the measurements were
validated by direct surveys. A small USV was used during the marine surveys (Figure 4a,b,d,e), for both
operational and technological reasons. The operative reason derives from the USV manoeuvrability,
a characteristic necessary to carry out the planned survey with short and close navigation lines (lines
spacing < 2 m) in a small area (15 m × 15 m). The technical reason derives from the equipment of the
USV with photogrammetric and geophysical sensors.

The integrated marine survey carried out in the study area included:

• a bathymetric survey;
• a Side scan sonar morphological survey;
• a photogrammetric survey;
• a topographic survey of two submerged Ground Control Points (GCPs, Figure 4c); and
• a direct underwater survey (Figure 4f).

Figure 4. Cont.
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Figure 4. Direct and indirect marine surveys: (a) sensors installation on MicroVeGA; (b) Semi-submerged
Roman gallery; (c) topographic survey of a GCP; (d) initial operations of the marine survey; (e) MicroVeGA
in action; and (f) initial operations of the topographic survey.

The morpho-bathymetric survey—including a single-beam echo sounder (SBES) and a side scan
sonar (SSS) survey—was carried to reconstruct the seabed morphology [53] as well as to precisely map
the underwater archaeological structures. To obtain this twofold result, the navigation was planned in
two phases (Figure 5):

• A large grid composed of 10 navigation lines perpendicular to the coast and 5 lines parallel,
with a linear extension of 2500 m was created (Figure 5a).

• A small grid composed of 12 × 12 navigation lines 24 m long and 2 m spaced, with a linear
extension of 600 m was also created (Figure 5a).

Figure 5. Cont.
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Figure 5. (a) Nisida aerial photo with a location map of the study area; and (b) navigation grids of
morpho-bathymetric and photogrammetric surveys.

During the navigation with a large grid, the side scan sonar and bathymetric data were recorded
to characterise and map the seabed morphology by analysing the acoustic signals. During this
phase, the underwater cameras recorded georeferenced videos used in post-processing to validate the
interpretations of the morpho-acoustic data.

During the navigation with the small grid, the bathymetric and photogrammetric data were
recorded. The integration between the bathymetric and photogrammetric measurements provided
a 3D reconstruction of the underwater archaeological structure.

As MicroVeGA USV is inspired to the multi-modal mapping operating philosophy, it acquired
both acoustic and optical data during the same survey.

In detail, during the integrated marine survey, MicroVeGA USV collected:

• 3100 m of bathymetric data;
• 30,000 m2 of SSS sonographs; and
• 62 min of high definition videos.

The topographic survey was carried out by a scuba diver of the 2nd Divers Team—Italian Coast
Guard of Naples. A GPS fast-static technique was applied in each ground control point to obtain
a precise positioning of two markers placed on the submerged pila and the mutual distance with two
other markers (Figures 4c and 6).

A team of scuba divers, archaeologist and geologists carried out the direct survey to validate
the indirect measurements and to video-survey areas of archaeological interest to characterise the
submerged structure. The GPS receiver was installed on a graduated range pole positioned on each
GCP for a period of 10 min (Figure 4c) to collect single-frequency phase measurements.

The two GPS baselines between a reference ground station located at a distance of about 5 km
from the study area and the two GCPs stations had a fixed solution that guaranteed an uncertainty of
less than 2 cm in both planimetry and altimetry.
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Moreover, spatial distances between the two GCPs positioned during the fast-static GPS survey
and other two markers located in the archaeological structure’s corners were measured during the
survey, and used as constraints in the photogrammetric bundle adjustment procedure.

Figure 6. Photos of the underwater archaeological structure by MicroVeGA.

3.2. USV

The study area was surveyed with both direct and indirect methods. The USV (MicroVeGA) used
during the indirect surveys—designed exclusively for the geoarchaeological task—is the result of
many years of experience in marine geophysical surveys applied to underwater archaeology.

This operational experience has led to the creation of a vehicle with a simple and robust structure
but able to effectively carry out the necessary long working sessions at low speed typical of this kind
of survey.

MicroVeGA applies the multimodal mapping technique that involves the use of multiple on-board
sensors for mapping, localisation, and data collection. All data are broadcast in real time both to a base
station and to all operators involved in the research (geophysicist, archaeologist, geomorphologist, etc.).

The main task is the acquisition of data related to the morphology of the seabed to realise
three-dimensional landscape models, using geophysical (Single Beam Echo Sounder and Side Scan
Sonar) and optical (underwater cameras) instruments.

MicroVeGA platform is a catamaran-type vessel with an overall length of 135 cm, a width of
86 cm and a height of 80 cm (Figure 7, Table 1).

The two hulls are joined by two aluminium crossbars that support a rectangular base of synthetic
material (70 cm × 80 cm) on which the payload is positioned.

The payload is divided into four IP-68 waterproof containers, each containing a different type
of instrumentation to guarantee the modularity of the survey planning. The operating weight is
about 30 kg, although it may vary depending on the operational configuration and the mission profile.
The propulsion is entrusted to two brushless electric motors; the vehicle has a maximum speed greater
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than 2 Knots, while the speed during the data acquisition phase is less than 1 Knots. Operating
autonomy with a battery pack is 2 h.

Figure 7. Dimensions (cm) of MicroVeGA catamaran.

Table 1. General characteristics of MicroVeGA drone.

MicroVEGA General Characteristics

Length 1.35 m
Beam 0.86 m

Height 0.60 m
Empty weight 16 Kg

Max weight 32 Kg
Speed Max/Cruise 1/0.5 m/s

Endurance 2 h at Speed Max
Standard Sensors GPS, IMU, Compass

Payload SBES, SSS, CAM 3D
Propulsion 2 × brushless thruster 100 W

Communications WiFi 5 GHz
Software Tritech StarFish and TrackStar

Operative System Windows, Linux and C++
Power 12 V × 35 Ah
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The catamaran design was chosen for good stability and optimal loading space for sensors
on-board. The low power suggests its use in the very shallow waters and with good weather.

3.2.1. Acquisition Module

MicroVEGA has a payload of sensors able to perform both large- and small-scale geomorphological
surveys of submerged coastal environments, in addition to the positioning sensors (GPS, IMU, RC).

The data acquisition payload consists of:

• A 200 KHz digital echosounder;
• A 450 KHz digital side scan sonar; and
• A high definition 3 cam photogrammetric system.

The Single-Beam Echo Sounders (SBES) is an Ohmex with 200 KHz acquisition frequency and
60 m as maximum measured depth, therefore optimised for coastal bathymetric measurements.

The Sonar Tritech Side-Scan StarFish 450C is a small instrument (0.378 m long), optimised for
coastal waters (450 KHz CHIRP transmission). The slant range used during the survey is 50 m.
The instrument is embedded in the USV and has an offset of a few centimetres from the GPS. Under
optimal conditions, the instrument is able to discriminate an object of 0.0254 m (1 inch). The side scan
sonar is used to acquire the morphology of both the target and the seabed.

The photogrammetric system installed on-board of MicroVeGA consists of two Xiaomi YI Action
cameras and a GoPro Hero 3. Two of them are placed parallel with the vertical axis, with a variable
stereoscopic base (b) chosen in relation to the bathymetry of the study area. With our setting for the
cameras, ensuring a minimum overlap of 80% during the survey. The third camera (GoPro Hero3) is
placed with its axis that forms an angle of about 30◦ with the seabed. It acquires data from non-covered
sectors (Figures 8 and 9).

Figure 8. The photogrammetric system installed on board of MicroVeGA.
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Figure 9. Sketches of ground ranges of acoustical and photogrammetric sensors (figure not in scale):
(a) 3D reconstruction of the beam opening of the three sensors; and (b) 2D reconstruction of the beam
opening of the three sensors. R1 is 0.139H1 (with an opening angle of the acoustic beam of 8◦); R2 is
1.87H2 + b (where b is the stereoscopic base); and R3 can be set with the SSS software (Starfish Scanline
V2.1) and varies between 4 and 300 m.

Videos are synchronised using an acoustic device integrated into the on-board system. It emits
sound pulses (beeps) at regular intervals, which are memorised by the cameras’ microphone.
These acoustic events are stored in the datafile as flags and associated with the position, attitude
and depth. During the post-processing phase, the videos captured by the three on-board cameras
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are synchronised using video editing software. This setup optimised the survey duration, allowing
a multi-modal and multidisciplinary interpretation of the target—also thanks to the real-time sharing
of all information.

3.2.2. On-Board Computer System and Communications

The core of the MicroVeGA USV is the platform management system (PMS, Figure 10), a customised
framework of software applications (Microsoft VB, Linux, and C++) aimed at the full control of data
and information flow. The PMS is based on a Mini IT low power single board computer VB7008 x86
with VIA C7-D 1.6 GHz processor, two Arduino MEGA 10-bit microcontrollers and two RaspBerry Pi2
micro-boards, connected via communication ports with the on-board systems (GPS, IMU, Gyro, side scan
sonar, echosounder, obstacle detection sensors, temperature control sensors, engine and rudder management
system, and survey cameras).

The decision to use a customised system led to full control of the data flow. This choice also
facilitated the implementation of several self-built sensors. The PMS has therefore enabled the
implementation of new operating methods for the on-site experimentation of low-cost components in
the geo-technological field.

Figure 10. Block diagram of the platform management system (PMS).

The data transmission module is based on a local 5 GHz Wi-Fi network that allows broadcasting
in real time all data on multiple devices (PC, tablet, and smartphone). This feature is crucial to carry
out a multidisciplinary integrated survey. The Wi-Fi network has an operating range of about 2 km
even if during the survey the distances were always within 500 m.

The datafile is recorded on the base station laptops, although a backup of both RAW and
pre-formatted data is saved on a mass memory on-board of the USV, normally a 1 TB hard disk.
During the surveys, this technological solution proved to be efficient without ever compromising the
navigation, data acquisition and video streams of the cameras.
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3.2.3. Correction and Quality-Control Module

The quality control module of the acquired data uses a series of components made ad hoc using
off-the-shelf components, such as Arduino and Raspberry, and open-source libraries integrated with
the appropriate C++ software code.

This module has been designed to evaluate the data precision in order to eliminate in post-processing
all data affected by perturbations. Specific threshold values have been set to alerts in real time when the
acquired data have a poor quality.

The module mainly evaluates the USV attitude and is based on two components: an acoustic
system for the draught measuring and an IMU platform.

The acoustic system for the draught measuring calculates in real time the sinking of the hull and
the echosounder’s transducer. This value may vary during the survey mainly for two reasons:

• payload changes and therefore variations in the vessel draught; and
• changes in USV attitude during the survey due to meteo-marine forcings.

The limited displacement of the hull makes the USV sinking sensitive even to small variations of
loaded cargo. In particular, the MicroVeGA sinking increases by 1 cm for every 2 kg of loaded cargo.
The payload variations, frequent in a modular system such as MicroVEGA, can produce noticeable
draught differences.

Further variations in the draught can be due to changes in the speed and to weather and
sea conditions.

The acoustic system for the draught measuring, therefore, contributes to increasing the
bathymetric measurement as well as to improve the navigation of the USV.

This system uses an ultrasonic sensor with a frequency of 1 Hz to measure in real time the
distance between the sensor itself and the sea surface, i.e., the sinking of the drone (D1 in Figure 11);
it is mounted on a structure parallel to the sea surface.

Figure 11. Acoustic system for the draught measuring.

An Arduino microprocessor connected to the ultrasonic sensor sends by a specific routine the
draught measurements to the mission software. Draught data are recorded in the integrated datafile,
and then broadcasted to the base station in real time

The Nisida survey was carried out in optimal weather conditions (calm sea and no wind).
Nevertheless, during a marine survey, occasional events—such as the passage of a vessel—can
influence the acquired measurements. Such events, generating waves, can alter the acquired
bathymetric measurement.

To evaluate such events, a control system has been developed. This system includes an Arduino
MeGA microprocessor, a mass memory on microSD and a 9-axis inertial platform, integrated to the
platform management system (PMS).
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This system acquires the attitude information of the USV (pitch and roll), allowing discarding
bathymetric measurements affected by errors introduced by attitude anomalies.

The device is based on The Pololu MinIMU-9 v3, an inertial measurement unit (IMU) that packs
an L3GD20H 3-axis gyro and an LSM303D 3-axis accelerometer and three-axis magnetometer onto
a tiny 2.03 × 1.27 cm board, an Arduino MeGA microprocessor and related software.

The embedded software developed in C++ allows the calibration, the setting of the sampling
frequency, the data acquisition and the sharing.

The acquired data are stored both on the mass memory of the device (a 16 GB microSD),
and transmitted in real time to the base station (datafile).

4. Post-Processing and Data Elaboration

By using MicroVeGA drone, a multimodal mapping of a multidisciplinary dataset has been
obtained in the surrounding area of Nisida Roman harbour.

4.1. Bathymetric Data Post-Processing

The bathymetric system was used to measure the depth of archaeological remains and to
reconstruct the detailed seabed bathymetry [53]. The depths (D) were referred to the vertical datum of
mean sea level (MSL), correcting each measurement (M) with respect to tidal height (ht) and barometric
value (Δhp) obtained from the Naples tide gauge of the National Tide Gauge System because of its
close proximity of the survey area:

D = M + ht + Δhp

where ht is the tidal height value at the time of measuring, and the barometric correction Δhp is:

Δhp = (1013 − P)× 1.023557761

where P is the barometric value at the time of measuring.
Finally, the depth measurement was corrected with respect to the transducer submersion,

measured by the acoustic system for the draught measuring (see Section 3.2.3).
The bathymetric data were elaborated in a GIS environment to reconstruct the seabed morphology,

as described in Section 5.1.

4.2. SSS Data Post-Processing

The side scan sonar system, performing the acoustic mapping of the seabed in shallow waters
sectors, is optimised to detect the archaeological remains lying on the seabed and to define the seabed
landforms [53], by discriminating the sandy bottom from the rocky one.

In the first instance, all sonographs were processed by using Chesapeake Sonar Web Pro 3.16
software to create a GeoTIFF mosaic and obtain the sonar coverage of the whole area.

This mosaic was elaborated in ArcGIS ArcScene obtaining a 3D view of the submerged acoustical
landscape (See Section 5.1).

The analysis of the backscattering signal carried out in this research allows the evaluation of the
characteristics of the acoustic reflectors identified: archaeological remains, rocky bottom, and sandy
bottom. This analysis was made possible thanks to the automatic use on the SSS of a Time-Varying
Gain (TVG) filter, which emphasises the gain for acoustic signals reflected by the structures positioned
on the borders of the sonograph.

The trend of the backscattering along a horizontal line (sweep) was analysed since the radiometric
values contained in a specific sweep correspond to the intensity of the backscattering recorded by
the instrument. To graph the trend of the most significant sweeps, each sonograph was exported in
a grey scale image, thus obtaining that the amplitude of the backscattering signal varies between 0 and
255 (See Section 5.1).
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4.3. Photogrammetric Data Post-Processing

The photogrammetric survey was carried out simultaneously with the acoustic one, by using the
photogrammetric system installed on-board of MicroVeGA.

The photogrammetric 3D model of the upper part of the pila was obtained in three steps:

1. The videos at 30 fps recorded by the two Xiaomi cameras (previously calibrated in an underwater
environment close to the study area to achieve the inner orientation parameters [54]) were
synchronised using the trigger system and the images were extracted using every sixth frame.
More than eight-thousand 1920 × 1080 images were thus obtained.

2. The alignment procedure of the images was performed by Agisoft Photoscan software, subdividing
them into several strips to reduce calculation times. For each strip, a dense point cloud was extracted
and georeferenced by using the coordinates of the markers positioned on the pila that were determined
by GPS Fast static procedure.

3. The different point clouds were subsequently assembled in a single cloud using the open-source
software CloudCompare through the classic ICP procedure [18].

4. The whole point cloud, of almost 10 million points, can be decimated and exported in different
formats compatible with GIS applications; the subsampling process was necessary to avoid
visualisation problems with poor performance computers.

4.4. Morphometric Analysis of Three-Dimensional Data

The 3D elaboration was applied both to the bathymetric and photogrammetric data in order to
obtain a multi-scale reconstruction of the underwater archaeological landscape.

The small-scale data processing was applied to the bathymetric measurements by obtaining
a high-resolution sea-bottom digital terrain model (seaDTM), with a spatial grid of 0.1 m × 0.1 m.

The seaDTM was calculated using an ordinary Kriging interpolator of ArcGIS 3D Analyst tool,
with a variable search radius.

The large-scale 3D data processing was applied to the photogrammetric point cloud obtaining the
precise morphological reconstruction of the upper face of the submerged pila (pilaDTM), with a spatial
grid 0.01 m × 0.01 m. The pilaDTM (See Section 5.2) was calculated using an inverse distance weighted
(IDW) interpolator of ArcGIS 3D Analyst tool, with a variable search radius of the 12 nearest points.

Finally, a slope analysis was applied to the pilaDTM to make a first evaluation of the erosion
degree. This analysis followed four steps:

1. Calculate slop in per cent of the pilaDTM.
2. Reclassify slope into four classes (gentle slope, moderate slope, steep slope and very steep slope).
3. Reconstruct a flat surface (topDTM) representing the top of the pilae before the action of the

erosion processes.
4. Calculate eroded volume between topDTM and pilaDTM.

5. Results

5.1. Small-Scale Data Elaboration

The small-scale data elaboration was applied both to bathymetric and SSS data to obtain
a landscape reconstruction of the coastal sector (Figure 12). The seaDTM can be divided into a gentle
slope sector between 0 and −10 m and a steeper slope sector with a bathymetry higher than −10 m.
On the sub-horizontal seabed, the remains of two pilae were precisely georeferenced. However, while
the inner pila resulted almost completely destroyed, the outer one preserves its original shape. As can
be seen in Figure 12, the other five pilae represented in the historical maps (Figure 3b) were buried by
the modern breakwater.
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Figure 12. (a) 2D view of DTM of Nisida coastal archaeological site; and (b) 3D view of DTM of Nisida
coastal archaeological site.

The SSS mosaic is a realistic picture of the submerged landscape, with several qualitative information
on the seabed typology and the conservation state of the archeo-structures (Figures 13 and 14).

Figure 13. Backscattering signal chart of a sweep passing through the archaeological structures with
the amplitude of the acoustic signal expressed in grey scale.
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By a numerical point of view, the backscattering analysis of each sonograph allowed an acoustical
characterisation of the archaeo-targets and the seabed typology.

As shown in Figure 13, the highest backscattering values are associated with the edges of the
archaeological structures (value 140 in the grey scale), which in this case have reflected about 60% of
the acoustic signal emitted by the SSS transducer.

The highly reflective acoustic response (max value 80 in the grey scale) of the sub-horizontal
surface on which the submerged pilae are laid (Sector 4 in Figure 13) can be interpreted as a rocky
bottom, covered by a thin sediments layer. The sediment coverage was testified also by the presence of
well-aligned ripples (Sector 3 in Figure 13) at the foot of the better-preserved pila.

The backscattering signal of the archeo-structures ranges between 10 and 140 amplitude values.
This variability is clear evidence of the roughness of the pilae upper face due to the erosive effects of
the wave’s action (Sector 1 in Figure 13).

Finally, the area in Figure 13 between Samples 135 and 155 (on x-axis) is characterised by very low
values of signal amplitude, as it is a sector of acoustic shadow, but presents a structure (amplitude value
45 in the grey scale) that emerges from the bottom almost at the same height of the pila. This structure
can be interpreted as part of the nowadays-collapsed opus pilarum.

The extensive analysis of backscattering along with the three-dimensional reconstruction of the
seabed morphology allowed a precise mapping of the sub-horizontal surface on which the pier was
built during the Roman period with a high reflective acoustic response that can be interpreted as the
tufa abrasion platform formed during the Holocene high stand (Figure 14, [21]).

Figure 14. SSS map of the study area, with a seabed characterisation and the location of the
archaeological structures.

5.2. Large-Scale Data Elaboration

The large-scale data elaboration—by interpreting bathymetric and photogrammetric data—had
a twofold target:
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• the reconstruction of the archaeological structures to evaluate the conservation state of the
better-preserved pila composing the ancient pier as well as to discriminate the erosive effects due
to the waves action.

• the detection of a new type of sea level marker measuring point, useful in the case of port-like
structures built in the hydraulic concrete cast and set underwater.

The three-dimensional reconstruction of the upper surface of the pila (pilaDTM)—deriving from
the photogrammetric data interpolation—has clearly demonstrated the more eroded condition of the
sectors between N and SE (Figure 15).

The deeper area reaches a depth of −3.0 m in the NE edge of the archeo-structure, as can be
observed in the profile BB’ in Figure 15. The areas with a depth range between −3.0 and −4.0 are
related to the vertical borders measured during the photogrammetric survey.

By analysing pilaDTM (Figure 15), the higher areas between −1.00 m and −1.5 m of depth
represent remnants of former upper face of the pila, while the deeper areas on the same face—between
−2.5 and −3.5 m—appear rather flat along the N, E and SE borders and can be explained as the sectors
more eroded by the sea action.

The slope analysis—here proposed as a quantitative method for the evaluation of the conservation
state (Figure 16)—highlights the massive erosive effect due to the wave’s action on the top of the pila.
In fact, the highest sectors—reaching −1 m of depth—are less eroded but are fitted to the less elevated
areas by steep forms belonging to the third and fourth classes (steep slope and very steep slope),
and occupy 84.7% (Table 2) of the total surface (222.4 m2). Instead, the more eroded sub-horizontal
sectors (7.4 m2) are 3.3% of the total surface and, for the most part, rests at a depth greater than −2.6 m.

Figure 15. Three-dimensional reconstruction of the archaeological remains obtained by interpolating
photogrammetric data.
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Figure 16. Slope analysis of pilaDTM to evaluate the more eroded areas.

Table 2. Table of slope classes used to classify the morphology of the pila upper face and to detect the
eroded sectors.

Classes Slope % Type Area (m2) Area (%)

1 0–10 Gentle slope 10.3 4.6
2 10–20 Moderate slope 23.6 10.6
3 20–30 Steep slope 26.9 12.1
4 >30 Very steep slope 161.5 72.6

We can affirm that a large part of the upper face of the pila presents a rugged surface due to the
high erosion degree of the former surface (Figure 17), as also deduced by the backscattering signal
analysis of the SSS sonograph.

The volume of the materials eroded by the sea after the modern submersion of the pila (Figure 17)—
after 1838 AD—was evaluated in at least 240 m3. It was calculated by using the Cut-Fill tool of ArcGIS,
between the pilaDTM and a horizontal surface (topDTM) at −1 m of depth and with the same planar
extension of the pilaDTM. The obtained horizontal surface is the surface passing through the less
eroded and more elevated point (P). Since in P the cement is covered by a thin vegetation stratum of
about 0.14 m (sV), the real submersion of the surveyed pila in P (sP) was calculated by a correction:

sP = Depth − sV

However, we have also detected several sectors laying at a depth of −2.6 m and presenting a flat
morphology. These small flat elements mark the maximum deepening of the erosive processes.
Furthermore, they point out the interface between the more erodible concrete laid in subaerial
environment (submerged in the last centuries due to the relative sea level rise [20]) and the more
cemented and less erodible hydraulic concrete cast and set underwater during the Roman period
(Figures 17 and 18a,b).
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According to Vitruvius and Lechtman et al. [55], the main characteristic of the pozzolanic hydraulic
concrete is to harden in contact with sea water, due to its highly reactive aluminosilicate component
(pumice and volcanic ash) that when mixed with lime generates reaction products (gels, rods, fibres
and plates) that give strength and bind all the materials together [55].

The subaerial concrete layer here identified overlays the part of the pila made in hydraulic
concrete—cast and set underwater—that is visible only in the deeper sectors where the subaerial
concrete was totally eroded. These low flat areas of the pilaDTM can be interpreted as the top face of
the hydraulic concrete hardly erodible by the wave’s action and then almost intact.

Figure 17. Sketch of the pila with the concrete layer before its erosion and the limit between subaerial
and hydraulic concrete.

This interpretation was endorsed by the 3D visualisation of the photogrammetric point cloud
in RGB colour (Figure 18a). The three areas in the N, NE and SE sectors, previously classified as
sub-horizontal surfaces resting at a depth greater than −2.6 m, clearly appeared flat and lighter in
colour with respect to the adjacent steep sectors.

Figure 18. Cont.
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Figure 18. 3D point cloud with the perimeter of the outcropping areas in hydraulic concrete (light-dark
dashed line). (a) Cloud point visualisation by using Cloud Compare software; and (b) pilaDTM
visualisation by using the ArcScene software.

The detection of the upper surface of the hydraulic concrete structure—well preserved at a depth
of 2.6 m b.s.l. was the second important result of the large-scale analysis.

In fact, we propose a new type of measuring point (Figure 19), useful in the case of port-like
structures built with the cofferdam technique: the limit between the areas in concrete cast and
set underwater (hydraulic concrete) and the area in concrete totally laid in subaerial environment
(subaerial concrete).

As described by Vitruvius in the famous De Architectura treaty in 15 BC, the cofferdams—filled
with hydraulic concrete—emerged from the sea level by an amount equal to a wooden board (about
0.5 m). This amount can be used as indicative meaning—the elevation where the RSL indicator was
formed or was built with respect to the palaeo-sea level including its uncertainty [45]. Ultimately,
by correcting the submersion measurement of the upper limit of the hydraulic concrete with the
indicative meaning value, the Roman sea level can be evaluated with a high precision (Figure 19).

Figure 19. Sketch of the new type of measuring point useful in the case of port-like structures built in
hydraulic concrete.
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In the case of Nisida Roman harbour, the submersion of hydraulic concrete limit at 2.6 m b.s.l.
was corrected with respect to the aforesaid indicative meaning (0.5 m) obtaining a Roman sea level
at −3.1 m (Figure 20). The uncertainty can be estimated in 0.2 m that is the mean tidal range for
this coastal sector. Instead, the uncertainty due to the construction features of the port facilities,
its conservation state and its emersion during the Roman period have been almost zeroed.

We can affirm that this new type of measuring point for ports-like structures built in hydraulic
concrete allows for increasing the reliability of this kind of sea level marker.

The 3D point cloud interpolation (pilaDTM) provided another very interesting result, as the
detection of several areas of interest by an archaeological point of view. In particular, five traces of
the oaken stakes (catenae and destinae) composing the cofferdam were precisely mapped (Figure 21),
four of which are vertical and one is horizontal.

The planar dimensions and the depth of each target were measured (Table 3), with centimetre precision.
The surveyed pila resulted with a well-preserved squared shape with the following dimension:

14.3 m on the N side; 14.4 m on the E side; 14.5 m on the W side; 14.8 m on the S side; 9.3 m of max
height; and 7.1 m in height of the concrete structure.

A direct survey (Figures 22 and 23) of a scuba diver validated the main indirect measurements
and integrated the dataset with information on the vertical sides of the pila. On the W vertical side,
an alignment of seven well-preserved catenae traces was detected at a depth of 3.1 m b.s.l. These shapes
represent the highest line of catenae composing the cofferdam, so they are at a depth greater than the
upper limit of the hydraulic concrete (see also Figures 20 and 21) of about 0.6 m.

The vertical sides did not undergo significant erosive effects, preserving the facing in opus reticolatum
up to the base of the structure at about 10 m b.s.l. In particular, the NW corner of the pila, the opus reticulatum
is well preserved and clearly visible at the base due to the absence of algal vegetation. The cubilia composing
the opus reticolatum are small cubes with sides of about 15 cm (Figure 23).

Table 3. Table of the planar dimensions of the wooden board traces on the top face of the pila.

ID DIMENSION (m) DEPTH (m) Type

D1 0.3 × 0.4 −2.4 Destina
D2 0.4 × 0.3 −2.3 Destina
D3 0.4 × 0.6 −2.4 Destina
D4 0.5 × 0.3 −2.5 Destina
C1 13.9 × 0.5 −2.9 Catena

Figure 20. Sketch of the surveyed pila with the main construction features detected during the surveys
and with the Roman sea level position here deduced.
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Figure 21. Three-dimensional reconstruction of the upper surface of the more preserved pila (pilaDTM)
with the traces of the oaken stakes (catenae and destinae) composing the cofferdam (light-dark dashed line).

Figure 22. Underwater photo taken during the direct survey.
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Figure 23. Underwater photo taken during the direct survey.

6. Discussion

The multiscale approach used in this research turned out to be very efficient to reconstruct the
underwater archaeological and natural landscape as well as its evolution. The integration between
acoustic and photogrammetric data allowed a morphometric analysis of the landscape characteristics
as well as a precise mapping of the submerged archaeological structures that can be efficiently used as
sea level markers.

The detection of past sea levels represents a challenge for the modern scientific community that
studies the coastal changes due to relative sea level variations and the ongoing climate changes.
The precise measurement of the height or depth of specific markers of former sea levels is the goal of
this kind of studies. The concept “relative” includes both the eustatic sea level variations [56] and the
vertical ground movements that have affected a specific area since the construction or formation of sea
level markers [57–59].

These studies have a significant impact on both the understanding of coastal evolutive dynamics
and the assessment of the ongoing climate changes effects. The main operative problem during
the surveys finalised to detect and measure a relative sea level marker is to establish its indicative
meaning [60,61]. The indicative meaning is the elevation on which the relative sea level (RSL) indicator
was formed or was built with respect to the palaeo-sea level and includes an uncertainty.

The amount of the indicative meaning and its uncertainty are directly connected to the identification
of a precise measuring point. In the case of the pilae, Auriemma and Solinas [47] proposed an indicative
meaning range (or functional height in the specific case of an archaeological marker) between 0.6 and 1 m,
depending on the measuring points identifiable on field (i.e., walkways, missing carpentry, or bollards and
the mooring rings or stringcourses between building techniques and different coverings).

Thanks to the high-resolution surveys carried out on the remnant pilae of Nisida Roman
harbour and the subsequent three-dimensional processing, a new type of measuring point—valid in
the case of port-like structures built in hydraulic concrete cast and set underwater—is proposed.
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In addition, its indicative meaning correction was precisely established, according to Vitruvius,
reducing the uncertainty.

The small-scale analysis applied to the geophysical data allowed a geomorphological characterisation
of the seabed, useful to understand the landscape morphology when the Nisida Roman harbour was built
during the first century BC. In the first instance, by interpolating the bathymetric data, the seabed morphology
was reconstructed by detecting a less deep sub-horizontal sector on which the pilae were built at a depth about
of 10 m b.s.l., and a steep slope sector at a depth greater than 10 m b.s.l.

This seabed was acoustically characterised by means of the backscattering signal analysis as a tufa
substrate covered by a thin sediments layer. This landform was interpreted as an ancient abrasion
platform cut in Nisida yellow tuff [21] used as a base to build the pilae composing the pier. It can be
supposed that the hard substrate was not modified in the last 2000 years and—as the direct survey
demonstrated—the external pila of the opus pilarum that made up the pier is still in its original position.
Furthermore, the seabed morphology and the pila position with its base at a present depth between
9 and 10 m b.s.l., as well as the steep slope immediately off the pier, endorse the hypothesis that the
Nisida harbour was used for the landing of cargo ships (according to Gianfrotta et al. [52]).

The large-scale analysis applied to the photogrammetric data allowed a precise evaluation of the
pila conservation state as well as on its construction properties. Above all, it allowed to accurately
measuring the palaeo- sea level during the Roman period. In fact, the morphometric analysis of the
photogrammetric data led to the detection of the upper limit of the hydraulic concrete at a depth of
2.6 m b.s.l. By using this value as measuring point, the Roman sea level at −3.1 m at the time of the
port construction can be deduced (Figure 20), endorsing the hypothesis that the Neapolitan coast was
controlled by a subsiding trend in the last 2.0 ky [5,20,21,25,62].

The effects of this subsiding trend affecting the Neapolitan area were both the submersion of
the maritime structures of Roman age, as the case of Nisida harbour (Figure 24), and a coastline
retreat of several meters. However, the ancient abrasion platform here detected—cut in Nisida yellow
tuff [21]—on which the archaeological structures lay, is more clear evidence of this retreating trend.

This coastal sector was also modified since 1800 AD by the intense anthropic activity, as testified
by the construction of several infrastructures such as the Nisida wharf and the breakwater. These
infrastructures have partially destroyed the Roman port facilities of which only the two pilae remain.

As demonstrated by the direct survey, the pilae composing the pier—coated with opus reticulatum—is
still in place and in a good conservation state as shown by the various archaeological evidence here identified,
such as the traces of catenae and destinae.

The large-scale elaboration also provided relevant information about the erosive effects due to the
waves action—after the total submersion of the pila in the modern times—evaluating in at least 240 m3

of eroded material. On the other hand, we can affirm that the material mainly suffering the erosive
effects is the concrete laid in the subaerial.

If the erosion effect was quantitatively evaluated by elaborating the z values of the point cloud, several
qualitative evaluations were obtained by visualising the 3D point cloud of RGB colours. In particular, the
sectors with the outcropping hydraulic concrete were bordered as shown in Figures 18 and 21. Furthermore,
the areas most covered by vegetation (light brown in Figure 18a) were identified. This information was
very useful in the evaluation of eroded volume by using the slope analysis described in Section 5.2. In fact,
the direct survey provided the precise measuring of the vegetation strata in the less eroded point (P) and,
consequently, the measurement of the real submersion of the surveyed pila in P. This measurement was
used to improve the evaluation of the eroded volume, as described in Section 5.2.

The RGB point cloud is also a three-dimensional documentation of this archaeological structure
of considerable dimension (14 m × 15 m), hardly visible because submerged at least 2 m, but easily
viewable with the software that manages the point clouds.
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Figure 24. Roman sea level position and pictorial reconstruction of the Nisida opus pilarum. The surveyed
pila is drawn in continuous black line. The structures drawn in dashed line were reconstructed from the
historical maps in Figure 3.

On the other hand, the high resolution of the 3D point cloud created a digital archive of this
submerged archeo-site that represents a significant Roman harbour in the Gulf of Naples, which is
little-known from historical sources. This kind of elaboration made possible the visualisation and
presentation of all information in a user-friendly way. Furthermore, the processing of the point cloud
made it possible to carry out a morphometric analysis of the archaeological structure that provided
important information on both the construction features and the conservation state.

7. Concluding Remarks

This study—thanks to its multidisciplinary vocation—allowed carrying out a series of high-resolution
analyses both on the characteristics of the natural and anthropic landscape and on its evolution. Furthermore,
it provided a detailed reconstruction of the submerged remains of the Nisida Roman harbour, allowing
the recording of a vast amount of four-dimensional—3D points and time—multi-source and multi-format
information, with high accuracy.

Regarding operating procedures, the use of a USV during the indirect marine surveys resulted
very efficiently to carry out an integrated survey inspired to the multi-modal mapping philosophy.
The challenge was to integrate professional sensors, low-cost miniaturised sensors (i.e., gyroscopes,
GPS, motion sensors, etc.) and innovative open hardware architecture (Arduino, Raspberry, etc.).
Thanks to the excellent cost-performance ratio, this technology experimentation guaranteed a robust
solution for the reconstruction of the high-definition archaeological landscape.

The integration of several instruments during the survey has reduced the time of the survey,
but above all, has allowed the spatial overlay—through the GPS position—of all measurements
deriving from both the acoustic and photogrammetric sensors. This feature made it possible to
integrate morphometric analysis with geo-environmental qualitative assessments.

In conclusion, the multiscale approach here proposed to elaborate a transdisciplinary dataset
turned out to be very efficient to obtain:

• the qualitative and quantitative characterisation of the underwater landscape in an archaeo-site
with submerged structures;
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• the morphometric analysis of an archaeological structure with a consequent assessment of its
conservation state;

• the detailed four-dimensional documentation of a submerged archaeo-site difficult to access; and
• the definition of a new type of measuring point for a more precise evaluation of the relative sea

level variation—in the last 2000 years—in the case of port-like structures built with the cofferdam
technique in hydraulic concrete.
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Abstract: Morphostratigraphy is a useful tool to reconstruct the sequence of processes responsible
for shaping the landscape. In marine and coastal areas, where landforms are only seldom directly
recognizable given the difficulty to have eyewitness of sea-floor features, it is possible to correlate
geomorphological data derived from indirect surveys (marine geophysics and remote sensing) with
data obtained from direct ones performed on-land or by scuba divers. In this paper, remote sensing
techniques and spectral images allowed high-resolution reconstruction of both morpho-topography
and morpho-bathymetry of the Torre Guaceto Marine Protected Area (Italy). These data were
used to infer the sequence of climatic phases and processes responsible for coastal and marine
landscape shaping. Our data show a number of relict submerged surfaces corresponding to distinct
phases of erosional/depositional processes triggered by the late-Quaternary interglacial–glacial cycles.
In particular, we observed the presence of submerged marine terraces, likely formed during MIS
5–MIS 3 relative highstand phases. These geomorphic features, found at depths of ~26–30, ~34–38,
and ~45–56 m, represent important evidence of past sea-level variations.

Keywords: morphostratigraphy; sea-level changes; marine terraces; river incisions; Adriatic Sea

1. Introduction

Ice-cores and marine sediment records indicate that the climate of the last 500 ky was characterized
by ~100 ky warm–cold cyclicity [1,2] which led to repeated transitions between glacial and interglacial
periods. These transitions triggered cycles of accretion and melting of the major ice-sheets with
consequent major oscillations of sea-level position [3–5] and significant modifications of the on-land
and sea-floor landscapes.

Morphostratigraphy applied to landscape evolution has allowed recognition of relict sequences
of past morphogenetic processes associated with these glacial and interglacial climatic phases [6,7].
In particular, past landscapes have been often reconstructed through a combination of geomorphological
and sedimentological analyses [8–10]. In the Mediterranean Sea, this multidisciplinary approach has
proved to be very useful to understand genesis and evolution of particular landforms and sea-floor
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features as well as to infer relative sea-level (RSL) changes and their influence on coastal landscape
evolution (e.g., [11–14]).

However, many relict landforms are often difficult to observe and to analyze because they
are located in submarine areas or covered by thick layers of more recent sediments. This is,
for instance, the case of colder climatic phases when sea level was many m below the modern
position, considering the tectonic contribution as well (e.g., [15,16]). This issue was progressively
resolved thanks to recent technological advances that allow collecting high-resolution data to
characterize the morpho-bathymetry and morpho-topography of a specific zone, even in underwater
environments [17–19], using remote sensing techniques and spectral images.

In this paper, we investigated the coastal and off-shore zones of the Marine Protected Area
(MPA) of Torre Guaceto (Adriatic Sea, SE Italy, Figure 1) through remote sensing techniques,
morphological, and stratigraphic surveys in order to recognize and correlate chronologically subaerial
and submerged landforms.

 
Figure 1. (a) Study area located in Apulia region; (b) location of Torre Guaceto surveyed area (Adriatic
Sea, SE Italy); (c) surveys were performed from Punta Penna Grossa to Apani Islands.

Pleistocene marine terraces and Holocene deposits can provide an important insight into late-
Quaternary rates of vertical displacements [20,21]. In south-eastern Apulia, evidence of Marine
Isotope Stage (MIS) 5 are rare and poorly constrained in terms of chronology and elevation. The sole
available indirect age comes from the south-eastern Murge (Torre Santa Sabina locality near Brindisi,
Figure 1b). Here, a coastal deposit situated at ~3 m a.s.l. overlies a colluvial deposit bearing Late
Paleolithic–Mousterian flints and, thus, it can be correlated to a generic MIS 5 [22,23]. In the northern
part of Apulia, near Manfredonia (Figure 1a,b), MIS 5 deposits were found at depth of −22 m [24];
it implies significant subsidence rate (−0.17 mm/y) that are comparable to the areas placed in a very
different geodynamic context (e.g., Trieste, Versilia, and Sarno plains [20]).

In this study, we identified the presence of relict marine terraces and other subaerial landforms
presently lying along the Apulian continental shelf. We correlated them to the major late-Quaternary
climatic phases coupling models with data available on land [20,21]. This analysis allowed reconstructing
the coastal evolution of the Torre Guaceto Marine Protected Area (MPA) during the last 150 ky.

2. Geological Settings

Torre Guaceto is a tower of the XV century, placed on a promontory located north of the town
of Brindisi, inside of the MPA of Torre Guaceto (Figure 1). The study area overlaps the Canale Reale
river, which divides the Murge plateau from the Taranto-Brindisi plain [25,26]. Different lithological
units crop out in this area, whose deposition is connected to past sea level stands and tectonic factors
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during Middle-Late Pleistocene [25,27]. The bedrock is represented by Mesozoic limestone, which is
overlain by discontinuous marine deposits of Plio-Pleistocene age (up to 70 m), belonging to the
Calcarenite di Gravina Fm, and the etheropic argille subappennine informal unit [28,29]. These units
are covered by middle-upper Pleistocene biocalcarenitic beach and dune deposits [11,25,30]. Along the
Murgia scarp they crop out as stepped terraces stretching from −400 m to a few m above the present
mean sea-level. Although along the coastal area of Ionian Apulia the younger marine terraces are
generally characterized by the presence of a senegalensis faunal assemblage that, in combination
with U/Th ages, indicates its deposition during the MIS 5.5 (e.g., [23,31–33]), the Adriatic coastal
area of Apulia does not permit any chronological attribution due to the lack of geochronological or
paleontological markers. Every chronological attribution related to the upper/late Pleistocene derives
from the use and applications of the morphostratigraphy principles [6]. All along the Adriatic coast
stretching north to Brindisi and in particular between Torre Guaceto and Punta Penne, sea-level drop
associated with the last glacial maximum (LGM, ~26 to ~21 ky BP, [34]), caused the incision of the
basement, in correspondence on the current hydrographic network, showing features of sapping
processes [11,23]. Seaward, sapping valleys cut the upper Pleistocene biocalcarenitic sedimentary cover.
Surveys performed on the land allowed forming a hypothesis that the shaping of the paleo-beach-dune
system occurred during MIS 5; the sapping valleys were shaped due to the increase of the relief energy
caused by the lowering of sea level. Their maximum shaping would correspond to the lowermost
sea-level stand (−120 m) at the LGM [11,25,27,30].

The following Holocene marine transgression (last 12 ky BP) and inter-strata dissolution produced
a series of sub-circular inlets that host pocket beaches (Figure 2). On their border, a polyphasic dune
ridge was recognized, formed by two aeolian sediment generations, the first at ~6.0 ky BP and the
second at ~2.5 ky BP [11,25,30]. The south-eastern part of the foredune extends for ~500 m reaching a
maximum elevation of −12 m msl. This is composed of brownish sand layers intercalated with brown
soil rich in Helix spp. [30,35]. Geo-archaeological and bio-stratigraphic analysis indicate that RSL was
2.25 ± 0.2 m below the present one at about 3.5 ky BP and that the total RSL variation in the last ~2.0 ky
BP was about of 0.9 m below the present mean sea-level (msl) [36,37].

 

Figure 2. The promontory of Torre Guaceto is shaped on a sequence of Calcarenite di Gravina Fm.
(late Pliocene–Early Pleistocene) and of late Pleistocene–Tyrrhenian biocalcarenite [26].

The comparison of these data with the available GIA (glacial isostatic adjustment) models [38,39]
indicates a low rate of tectonic subsidence of this coastal area at least during the last 125 ky. This is
further corroborated by the absence of significant historical seismicity and by the GPS data that
indicate zero to weakly negative on-going vertical movements [40]. Subsidence rate increases on the
northern sector of Apulia, reaching values of −0.3 mm/y as indicated by tectonic structures observed in
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seismic profiles and boreholes off-shore the Gargano Promontory and Tremiti Islands [41,42]. In this
tectonic framework the significant sea-level changes are added, in particular during the last 100 ky,
when sea-level falls on MIS 5.4 and MIS 5.2 determined downward and seaward shifts of the shoreline
and the decrease of sediment supply, possibly in response to the reduction in basin width that hampered
lateral advection [43].

3. Materials and Methods

In this work, we merged high-resolution bathymetry derived by LIDAR remote sensing (with
a penetration into water-column of ~50 m) techniques with detailed MIVIS spectral images (with a
penetration into water-column of −7 m). We further corroborate these data by scuba diving surveys
(e.g., [44,45]).

Remote sensing data consisted LIDAR data (Airborne Laser Terrain Mapper—ALTM Optech’s
Gemini 167 kHz, near infrared, Teledyne Optech, Toronto, ON, Canada) and Daedalus AA5000 MIVIS
(Multispectral Infrared and Visible Imaging Spectrometer, Italian National Council Research CNR, Italy)
hyperspectral images both for the on-shore and nearshore coastal zone (e.g., [17]). LIDAR Optech’s
Gemini 167 data are part of a wider acquisition of remote sensing data in the areas ascribed to the
protected marine areas of Calabria, Campania, Apulia, and Sicily. This LIDAR system allows obtaining
elevation data to an accuracy of 5 to 10 cm. This LIDAR system flies up to 4000 m to cover large coastal
area where a high degree of accuracy and speed is necessary and where accessibility is difficult, as in
back-dune zones or in steep coastal slope.

The surveys collected a point distribution, with each point consisting of x-y-z coordinates and
associated reflectance value. Acquired points were processed in GIS environment to build digital
surface models (DSMs) and digital terrain models (DTMs). In order to characterize the submerged
coastal zone particularly for the near shore bathymetry up to −7 m, hyperspectral images have been
used and acquired with MIVIS scanner. This instrument, property of the National Research Council
of Italy, is a 102 channel scanner covering visible and near infrared (0.43–0.83 μm), middle infrared
(1.15–1.55 and 1.98–2.50 μm) and thermal infrared (8.21–12.70 μm) regions of the electromagnetic
spectrum, providing a wealth qualitative information of the surveyed area. MIVIS scanner has a
geometrically correct scan line that, due to the movement of the aircraft, is displaced with the roll,
pitch, yaw, and with changes in velocity and direction. The operational flight heights of the scanner
can range from 1500 up to 5000 m above ground; at this height, the nadiral pixel dimension ranges
from 3 up to 10 m, integrated with a GPS system and a gyro.

In GIS environment, LIDAR data and hyperspectral images have been combined to build digital
terrain model (DTM) and digital surface model (DSM) with a grid cell width of 4 × 4 m, in order to
define the major landforms occurring both along the coast and the shallow continental shelf up to a
depth of −56 m (Figure 3).

Two scuba diving surveys across the incision immediately to the ESE of the promontory of Torre
Guaceto (Figure 4) have been performed. The geomorphological surveys were traced up to a depth of
about 18 m along both sides of the incision (Figure 5).
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Figure 3. Morpho-topographic and morpho-bathymetric DTM (in blue) and DSM (in brown) of Torre
Guaceto area with bathymetric profiles traces (in white) and direct scuba surveyed areas (in white dots).

 

Figure 4. The channel between Torre Guaceto promontory (reported in aerial view of Figure 3) and
homonymous islands (in background); the sea-floor is cut by a sapping valley characterized by classic
box profile, shaped in the Calcarenite di Gravina Fm. up to a depth of about 18 m.
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a) b) 

Figure 5. Sapping notch and unstable block (a) and two large sub-horizontal steps (b) shaped on the
southern slope of the submerged sapping valley between the islands and Torre Guaceto Promontory.

4. Results

The coastal tract comprised between Torre Guaceto and Punta Penne (Figure 1b), is characterized
by a sequence of small calcarenitic islets (Apani Islands). They are made of cemented beach and dune
sediments which likely represent the MIS 5.5 deposits according to the correlation with similar deposits
outcropping all along the coast of Apulia. In addition, a further continuous dune belt can be found
inland [23,25,31,32].

The composite survey campaign, performed in this study, allowed recognizing a number of
significant submarine landforms; in particular, we observed the presence of near-flat surfaces and other
morphological features likely related to submerged incisions. Bathymetric reconstruction revealed a
staircase of near-flat surfaces which can be observed all over the different surveyed sectors (Figure 6).

 
Figure 6. Staircase geometry of near-flat surfaces and ravinement surface observed along the Torre
Guaceto shelf.
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These surfaces are characterized by gentle slopes which do not exceed 4–5 degrees (about 6%)
occurring at four different depth ranges (represented in T1-T2-T3-T4 levels in Figure 7) in all the
analyzed transects (A, B, C, and D).

  

  

Figure 7. Elevation profiles of Torre Guaceto MPA continental shelf. In blue, the upper limit of the
surfaces (T1-T2-T3-T4) connected to the past sea-level stands are represented.

The T1 level occurs on shore; its inner (landward) and outer edge (seaward) are placed at 10 and
5 m, respectively.

The second surface (T2 level) occurs underwater. It develops between −26 (inner edge) and −32 m
(outer edge). A third erosive surface (T3 level) occurs between −34 (inner edge) and −38 m (outer edge)
while a fourth erosional surface (T4 level) ranges between −45 (inner edge) and −56 m (outer edge),
with a great extent in correspondence of the profile AA’ (Figure 7).

Our scuba surveys further documented a ravinement surface. This surface is gently sloping (2–3◦)
seaward, developing between the present shoreline and −18 m (Figure 8). It is discontinuously covered
by coarse and medium sands which, in some sheltered areas, define the present beaches [46].

 
Figure 8. Slope analysis of Torre Guaceto continental shelf;(a) slope changes in correspondence of the
near-flat surfaces limits; (b) the mean morpho-bathymetry slope.
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Both bathymetric data and scuba diving surveys showed the presence of submerged incisions
orthogonal to surfaces boundaries and connected to the current land hydrographic network.
These sea-floor features, recognizable along the whole investigated portion of the sea-bottom (e.g., from 0
to −56 m), cut all the submerged near-flat surfaces (T2 to T4, Figure 7).

5. Discussion

The new sets of topographic and bathymetric data reveal well preserved evidence of
past sea-level stands that shaped the coastal and marine landscape near Torre Guaceto.
Unfortunately, the geomorphological markers described in this study lack dateable material; therefore,
the chronological constraint of their origin can be only speculated on the basis of bathymetric
cross-correlations. In the first approximation, our geomorphological markers can be compared with
modelled eustatic values [45,47]. The remains of the highest terrace (T1), most likely formed during
the MIS 5.5 (~125 ky) when the RSL was −7 m above the present msl [20,23,37,48].

According to Rovere et al. [49] marine terraces can be shaped by marine erosion or can consist
of shallow water to slightly emerged accumulations of materials redistributed by shore erosional
and depositional processes (e.g., marine-built terraces) [50]. The width of marine terraces ranges
from few hundreds of meters to up to 1–2 km and can stretch along many kilometers of coastline.
The mapped submerged near-flat surfaces fit well with this morphological description. For this reason,
we interpreted the surfaces as relicts of marine terraces. In the absence of any evidence of discontinuity
in the sedimentary bodies, it is impossible to find any evidence of their depositional or erosive genesis.
However, the hypothesis that these submerged surfaces could represent erosional marine terraces
seems to be supported by seismic profiles performed in central Adriatic Sea, where a significant erosion
of MIS 5.5–5.1 shelf progradational units during last 100 ky was observed [26,27].

The chronological frame of the submerged surfaces is complex. This is mainly because the
presence of submerged features is very seldom reported in the Mediterranean [44]. The sea-level
stands that shaped the reconstructed terraces must be located below both the present and the last
interglacial ones. According to the available eustatic curves, different Marine Isotope Stages (3, 5.1, 5.3,
6.5, 7.1, 7.3, and 7.5) peaked below both MIS 5.5 and MIS 1 sea-levels. However, the evidence of river
incisions shaped through sapping processes [11,23] is observed in all the submerged marine terraces.
This incision reached maximum rate during LGM [6], when sea level was −120 m lower. For this
reason, all surfaces must necessarily be older than MIS 1 and younger than MIS 5.5.

The submerged terrace found at depths −26 and −32 m (T2 level) can be tentatively attributed
to MIS 5.3 (~101 ky BP) that peaked at −30 m on the sea-level curve by Grant et al., 2014 [5]. At MIS
5.1 (~81.5 ky), sea-level stand allowed the genesis of a new erosional marine terrace encountered at a
depth variable between −34 and −38 m, corresponding to T3 level at −38 m. In the following phase,
a sea-level drop was observed up to a new sea-level stand on MIS 3 at ~54.5 ky, with formation of
marine terrace in correspondence of T4 level, at a depth variable between −45 and −56 m, peaked at
−52 m on the sea level curve by Grant et al., 2014 [5].

The general tectonic framework of Torre Guaceto area reveals a low subsidence rate of
0.02 mm/y [15,22,23,51]. We corrected the current depth of terraces according to the subsidence
rate in order to attribute the actual elevation for each boundary at the moment of their genesis (Table 1).

In the case of the MIS 5.5 surface, a displacement of 2.5 m in 122 ky has been calculated considering
a tectonic rate of 0.02 mm/y [22,37,48]. This implies a corrected surface altitude ranging between 12
(inner edge) and 3 m (outer edge) at the moment of surface genesis.

For the MIS 5.3 surface, a displacement of 2.02 m has been calculated in 101 ky. It implies a
depth range between −23.98 (inner edge) and −28.98 m (outer edge), while for the MIS 5.1 surface a
displacement of 1.63 m has been calculated in 81.5 ky attributing a corrected depth range between
−32.37 (inner edge) and −36.37 m (outer edge). Finally, for the MIS 3 surface, a displacement of 1.09 m
has been calculated in 54.5 ky which implies a depth range between −43.91 (inner edge) and −54.91 m
(outer edge) at the moment of surface genesis.
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Table 1. Depth of surfaces detected in each profile corrected for the tectonic displacements.

Surface

Depth
Range

Profile AA’
(m)

Depth
Range

Profile BB’
(m)

Depth
Range

Profile CC’
(m)

Depth
Range
Profile

DD’ (m)

Sea Level
Highstand
SPECMAP
Imbrie &

McIntyre 2006

Sea Level
Highstand

Walbroeck et al.,
2002

Sea Level
Highstand
Grant et al.,

2014

MIS 5.5_T1 6.26 and
4.17 - 5.76 and

3.73 - 0.34 m at
122 ky

6.32 m at
123.87 ky

10.62 m at
122 ky

MIS 5.3_T2 −24.57 and
−25.11

−27.05 and
−31.23

−29.92 and
−31.41

−29.02 and
−29.6

−35.58 m at
99 ky

−20.86 m at
101 ky

−30 m at
101 ky

MIS 5.1_T3 −34.42 and
−36.27

−34.32 and
−36.79

−34.74 and
−36.06

−33.38 and
−33.75

−35.21 m at
80 ky

−18.67 m at
81.5 ky

−38 m at
81.5 ky

MIS 3_T4 −52.43 and
−54.11

−44.6 and
−47.11

−44.71 and
−46.53

−44.28 and
−46.82

−76.79 m at
54 ky

−52.08 m at
54.5 ky

−52 m at
54.5 ky

Ravinement
surface

−2.8 and
−12.92

−3 and
−13

−7.7 and
-16

−3.3 and
−13.7

−26.27 at
7 ky BP

−9.74 m at
8 ky BP

−2.36 m at
7 ky BP

These terraces can be referred to different relative past sea-level stands occurring during MIS 5-3,
corresponding to peaks which can be observed in different model curves (e.g., [5,52–55] Figure 9).

 
Figure 9. Sea-level changes from 150 ky to the present derived from Red Sea records (modified after
Grant et al., 2014). Light blue bands show erosional marine terraces depth ranges surveyed in the Torre
Guaceto area.

The position of each marine terrace fits well with evidence of MIS 5 deposits already described by
Mastronuzzi et al., 2011; 2018 [25,26]. This correlation was made under the assumption of minimal
tectonic movements of this area [52] that show significantly different neotectonics pattern with respect
to the northern part of the Apulia [21,24,34–36].

Morphobathymetry suggests that a valley network developed coeval with the sea-level stand
through sapping processes [11,23]. In fact, since the evolution of the aquifer and the seawater/fresh
water interface is strictly linked to the sea-level, the development of each sapping valley was largely
influenced by the Late-Quaternary sea-level changes and the consequent shifts of the coastline [11,30].
Each sea-level (high) stand induced the development of a marine terrace, a shoreline and a number
of short valleys. These valleys developed orthogonally to the coastline since the sapping processes
was conditioned by structural alignment and/or by general geometry of the local basement [11].
Maximum incision occurred during MIS 2, when sea level was 120 m lower than present.

During the Holocene sea-level rise, incisions were flooded and filled by sediments, until the
slowing down of sea-level rising rates (7 ky BP, [38,56], Figure 10), causing the widening of the
ravinement surface between −18 m and the present sea level.
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Figure 10. Relative sea-level prediction for Egnatia site [41]; the red dashed line indicates the slowing
down of the sea-level rising rate at 7 ky.

Applying the morphostratigraphy principles on the near-flat surfaces depth—both subaerial and
submerged—and to the sea-level trend recognizable during the last warming time, it is possible to
reconstruct the following morpho-evolutionary steps:

• MIS 5.5—the sea-level highstand at 7 m msl allowed the deposition of beach and dune deposits
shaping the marine terrace corresponding to the T1 level;

• MIS 5.3—during the general regression, the relative sea-level stand shaped the marine terrace
currently located at a depth range between −26 and −32 m msl (T2 level);

• MIS 5.1—the relative sea-level stand allowed the shaping of the marine terrace currently located
between −34 and −38 m msl and corresponding to the T3 level;

• MIS 3—the relative sea-level stand induced the marine terrace shaping currently located between
−45 and −56 m msl (T4 level);

• MIS 2—at the LGM, the sea-level placed at −120 m msl facilitate the full incision on valley network;
• MIS 2—the post-LGM sea-level rose at fast rates until 7500 years BP;
• 7000 years BP—the sudden slow in sea-level rising rates produced the widening of the ravinement

surface surveyed between −18 m msl and the present msl;
• 3500 years BP—sea-level stands during the Bronze Age (3.5 ky BP) at about −2.25 ± 0.2 m msl;
• 2200 years BP—sea-level stands at about −1.1 ± 0.1 m msl below the present mean sea

level; inlets were marked by the presence of beaches with low embryonic dunes and typical
back-beach environments;

• 1900 years BP—sea-level stands at about −0.65 ± 0.1 m msl;
• 1700 years BP—sea-level probably stands around −0.3 ± 0.1 m msl

6. Conclusions

Morphostratigraphic approach carried out in Torre Guaceto area allowed recognizing and
chronologically correlating a variety of sea-floor features shaped by different sea-level stands in the
Late-Quaternary. Last interglacial phases were already described in the literature [25,26,48] while,
for the submerged features, new technologies have been useful to individuate the morphodynamic
phases following the MIS 5.5 sea-level highstand.

Remote sensing and spectral images allowed detecting the underwater landforms which were used
to perform a high-resolution mapping of submarine environments at large spatial scale. In particular,
the use of LIDAR and MIVIS instruments allows surveying up to a depth of 55 m, highlighting the
main underwater landforms as near-flat surfaces and submerged fluvial incisions.

262



Water 2019, 11, 2409

Morphostratigraphic analysis of the sea-floor features allowed reconstructing the different shaping
phases that were correlated to the chronological constrains deriving from the study of the shallow
water and subaerial landforms. This analysis clearly indicated that the underwater marine terraces of
Torre Guaceto were older than MIS 2; we tentatively attributed their formation in correspondence of
the highstand peaks of MIS 5.5–MIS 5.3–MIS 5.1–MIS 3 (Figure 11).

Figure 11. Phases on Torre Guaceto area: (a) First Marine Isotope Stage 5.5 phase–(b) second Marine
Isotope Stage 5.5 phase–(c) last glacial maximum (LGM)–(d) bronze Age–(e) present.

The morphostratigraphic approach presented in this paper represents a fundamental first step
to investigate the submerged landforms; further investigation, possibly corroborated by additional
coring campaign may provide more precise insights into the genesis of the submerged landforms and
into the climatic phases that shaped them.
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1000 Ljubljana, Slovenia; andrej.smuc@geo.ntf.uni-lj.si (A.Š.); marko.vrabec@geo.ntf.uni-lj.si (M.V.)
3 Sirio d.o.o., Kvedrova cesta 16, 6000 Koper, Slovenia; poglaj@gmail.com
* Correspondence: ana.novak@geo-zs.si; Tel.: +386-128-09-779

Received: 30 December 2019; Accepted: 15 February 2020; Published: 18 February 2020

Abstract: Estimating sound velocity in seabed sediment of shallow near-shore areas submerged
after the Last Glacial Maximum is often difficult due to the heterogeneous sedimentary composition
resulting from sea-level changes affecting the sedimentary environments. The complex sedimentary
architecture and heterogeneity greatly impact lateral and horizontal velocity variations. Existing
sound velocity studies are mainly focused on the surficial parts of the seabed sediments, whereas the
deeper and often more heterogeneous sections are usually neglected. We present an example of
a submerged alluvial plain in the northern Adriatic where we were able to investigate the entire
Quaternary sedimentary succession from the seafloor down to the sediment base on the bedrock. We
used an extensive dataset of vintage borehole litho-sedimentological descriptions covering the entire
thickness of the Quaternary sedimentary succession. We correlated the dataset with sub-bottom sonar
profiles in order to determine the average sound velocities through various sediment types. The sound
velocities of clay-dominated successions average around 1530 m/s, while the values of silt-dominated
successions extend between 1550 and 1590 m/s. The maximum sound velocity of approximately 1730
m/s was determined at a location containing sandy sediment, while the minimum sound velocity
of approximately 1250 m/s was calculated for gas-charged sediments. We show that, in shallow
areas with thin Quaternary successions, the main factor influencing average sound velocity is the
predominant sediment type (i.e. grain size), whereas the overburden influence is negligible. Where
present in the sedimentary column, gas substantially reduces sound velocity. Our work provides a
reference for sound velocities in submerged, thin (less than 20 m thick), terrestrial-marine Quaternary
successions located in shallow (a few tens of meters deep) near-shore settings, which represent a large
part of the present-day coastal environments.

Keywords: sound velocity; Quaternary sediment; submerged alluvial plain

1. Introduction

In geophysical (acoustic/seismic) investigations of the subsurface, velocity modeling is essential
for converting two-way travel time of the observed reflections into the depth domain. Velocity data are
routinely extracted from multi-channel seismic data [1]; however, in many circumstances, particularly in
shallow near-shore settings, obtaining offshore multi-channel data is not feasible. Restricted navigation,
legal constraints, busy marine traffic, relatively low resolution of the acquired data and the surveying
cost itself often make acquisition and maneuvering with streamers and seismic sources impractical or
even impossible. In such settings, high-resolution single-channel seismic and acoustic surveys provide
a common alternative, but the velocity data must then be obtained by other means, such as in situ
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measurements, laboratory core logging, and geo-acoustic modeling [2–20]. Due to costly offshore
core drilling, these approaches are mostly focused on the upper few meters of the seafloor sediment.
Consequently, the acoustic properties of surficial seafloor sediments have been well known for some
time [4,5,11,15,19], but sound velocity in thicker (more than 10 m) sedimentary sequences has rarely
been investigated (e.g., [17]). Therefore, when velocity data for depth conversion of single-channel
seismic or acoustic data are not acquired during surveying, a velocity value corresponding to the
surficial sediment grain size (e.g., [19]) or a previously published value from a nearby location is usually
used. Whereas this approach is sufficient for geophysical surveys of uniform sedimentary layers,
it produces significant uncertainties when dealing with pronounced lateral and vertical variability in
sediment composition and architecture.

Typical example of such complex settings are shallow continental shelf areas drowned during the
global sea-level rise that followed the Last Glacial Maximum (LGM) lowstand when the global mean
sea level was approximately at −130 m [21,22]. During transgression, earlier terrestrial depositional
environments (e.g., alluvial plains) were overlain by terrestrial and marine-derived sediments deposited
in fluvial, estuarine, and open marine settings, resulting in complex sedimentary architecture and
highly variable sedimentary types [22–24], which markedly affect the sub-bottom propagation of
acoustic waves [1]. Precise mapping of the 2D and 3D geometries of the sedimentary bodies in these
near-shore shallow environments and their appropriate time-to-depth conversion are essential for
reliable interpretation of high-resolution acoustic and seismic surveys, not only for unraveling their
depth and depositional history, but also for geotechnical site assessments in various engineering projects.

During the LGM lowstand, vast areas of the presently submerged continental shelves were
exposed (e.g., Figure 1a) and amounted to approximately 40% of additional landmass in Europe and
5% globally [25,26]. Therefore, the shallow-most near-shore parts of presently submerged continental
shelves extend over a considerable area globally and represent an important and often poorly studied
geological environment. Due to the steadily increasing interest of the geological and archaeological
research communities in shallow, presently submerged, and often buried landscapes [27–41], accurate
depth conversion is crucial for future geological studies and paleoenvironmental reconstructions in
such settings. We investigate an example of a transgressed and submerged alluvial plain in the Bay of
Koper (Gulf of Trieste, northern Adriatic Sea; Figure 1) to provide sound velocity values for thin (up to
20 m thick) Quaternary sediments deposited in terrestrial-marine sedimentary environments located
in shallow near-shore environments a few tens of meters deep. Our work ranks among the few studies
that are not limited only to the surficial seafloor sediments, but also include the entire sedimentary
succession from the seafloor to the base of the sediment on the bedrock.

Setting

The post-LGM sea-level rise induced significant changes in the sedimentary environments of the
northern Adriatic Sea with terrestrial environments transitioning in paralic and later shallow marine
environments [22,42–56]. In the Gulf of Trieste, where our study area is located (Figure 1), the Late
Pleistocene alluvial plain transitioned into a paralic environment until open marine conditions finally
prevailed approximately 10,000 years ago [22,42,44,45,55–64].

The Bay of Koper is located in the southeastern part of the Gulf of Trieste, which represents the
northeasternmost extension of the Adriatic Sea (Figure 1). The seabed morphology of the Bay is smooth
with depths ranging up to 20 m in the open part (Figure 1b). The main fluvial source draining into the
Bay is the Rižana river with its mouth located in the reclaimed eastern part of the Bay within the Port
of Koper complex. The smaller Badaševica stream is located west of the city of Koper.

The hinterland of the Bay of Koper is composed of Eocene turbidites (flysch) comprising
interbedded sandstones and marlstones, which are overlain by Quaternary alluvial and paralic
sediments in the valleys of Rižana and Badaševica (Figure 1b; [65,66]). Offshore the Eocene succession
is unconformably overlain by Quaternary terrestrial and paralic sediments topped by Holocene marine
sediments [55,56,59,62,67–71]. The Quaternary succession in the Bay of Koper, which was recognized
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as a submerged fluvial valley of the Rižana river (Figure 1b, [68–71]), is up to a few tens of meters
thick and is composed of a lower alluvial part and an upper paralic part; however, alternations
of terrestrial and paralic sedimentary environments have also been observed [68,72]. The alluvial
sediments are generally composed of fine-grained clastic sediments with occasional gravelly and sandy
horizons, whereas the paralic sediments are mostly composed of silty clay [68–70]. The Holocene
marine cover comprises fine-grained bioclastic sediment with the surficial sediments showing a clear
zonation: sandy silt near the coastline, clayey silt in the central part, and silt in the outer part of the
Bay [62,68–71]. Holocene sedimentation rates in the Gulf of Trieste are relatively low and amount to a
few millimeters per year [44,57,69,73]. Repeated multibeam bathymetric surveys in the Bay of Koper
do not show significant changes in the seafloor morphology [74] and therefore imply a low-energy
sedimentary environment.

Figure 1. Geographical location of the study area. (a) Regional map of the northern Adriatic, which
was entirely subaerially exposed during the Last Glacial Maximum (LGM). Bathymetry data from [75].
(b) Geological map of the hinterland of the Bay of Koper. Two red rectangles in the Bay of Koper mark
the areas investigated in this study. The red rectangle in the Bay of Muggia marks the study area of [76].
Bathymetric data are simplified after [77] and [78]. Geological data are simplified after [65,66,79–82].

2. Materials and Methods

We used archive geotechnical reports from the borehole database of the Geological Survey of
Slovenia. Boreholes were mainly located in the NE part of the Bay (Figure 2) and were drilled in the
late 1980s and early 1990s for geotechnical investigations supporting various infrastructure projects
of the Port of Koper. Borehole metadata and descriptions are provided in Table 1 and Figure 5. The
boreholes were drilled with rotary drilling and were cored. Sediment core samples were used for
geomechanical testing and were not preserved. We therefore reconstructed the borehole sedimentary
logs (Figure 5) from borehole descriptions contained in the geotechnical reports.

Sub-bottom sonar profiles were acquired in June 2016 on board vessel Lyra with the Innomar
SES-2000 Compact sub-bottom sonar. Profile transects were designed to directly cross the borehole
locations. Navigation north of the second pier was obstructed by a containment boom and very shallow
water depths near the coastline. For this reason, some of the sub-bottom profiles are located at some
distance from the borehole locations (Table 1 and Figure 2b). We used a transmitter frequency of 8 kHz.
A total of 7 sub-bottom sonar profiles were acquired (Figure 2). At shallow depths, the seafloor was
also observed visually to distinguish between sedimentary, rocky, and seagrass-covered seabed. The
sub-bottom profiles were visualized and interpreted in the IHS Markit Kingdom software (Version
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2018, IHS Markit, London, UK). Two-way travel times (TWTs; in milliseconds) of the seafloor (sfTWT)
and the top of the weathered/compact bedrock (dTWT) were determined at borehole locations (Table 2).

Figure 2. Study area. (a) Bay of Koper with borehole (white circles) and sub-bottom sonar profile
locations (thick black lines). (b) and (c) close-ups of the studied areas with bathymetry indicated by
thin grey lines. Red lines show the locations of sub-bottom sonar profiles presented in Figures 3 and 4.
White circles indicate borehole locations. For clarity the “A-III-” prefix is not shown in (b).

Table 1. Boreholes used in this study (GeoZS: Geological Survey of Slovenia; IGGG: Institute for
Geology, Geotechnics and Geophysics Ljubljana).

Borehole
Name

Geographical
Coordinates

Seafloor
Depth [m

b.s.l.]

Borehole
Length

[m]

Drill
Period

Orthogonal Distance
to the Nearest Sonar

Profile [m]

Contractor

Latitude Longitude

A-III-4/88 45◦34′4.2119” 13◦44′11.0875” 4.8 22.0 December
1988 22.0 GeoZS

A-III-5/88 45◦34′1.6538” 13◦44′1.1537” 7.0 24.0 November
1988 0.5 GeoZS

A-III-6/88 45◦34′4.2390” 13◦43′51.4528” 8.0 23.0 December
1988 1.5 GeoZS

A-III-7/88 45◦34′1.5963” 13◦43′41.2889” 15.0 20.0 December
1988 1.0 GeoZS

A-III-8/90 45◦34′14.0408”13◦44′6.4254” 5.1 21.0 November
1990 1.0 GeoZS

A-III-9/90 45◦34′21.5862”13◦44′6.2099” 4.4 18.0 November
1990 1.5 GeoZS

A-III-10/90 45◦34′14.9625”13◦44′22.4093” 2.4 20.0 November
1990 23.5 GeoZS

A-III-11/90 45◦34′19.4662”13◦44′22.4931” 2.1 16.0 November
1990 8.5 GeoZS

A-III-13/90 45◦34′7.2908” 13◦44′11.1891” 4.9 27.0 November
1990 3.5 GeoZS

V-5/95
Istrska 45◦32′40.5603”13◦42′56.0674” 4.5 10.0 November

1995 2.5 IGGG
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Figure 3. Sub-bottom sonar profiles (with superimposed boreholes) where the top of the Eocene
bedrock is expressed as a single undulating medium-to-high amplitude reflection ((a), (b) and (c)). For
profile locations, see Figure 2. Blue overlay marks the Quaternary sediment and orange overlay marks
the bedrock. Peat layers are indicated with brown arrows. Red overlay within the Quaternary section
marks isolated diffraction hyperbolas. Red overlay in the water column marks reflection events above
the seafloor. Green overlay marks the extent of seagrass meadows on the seafloor. Dredged areas are
marked with grey arrows. Multiples are indicated by thin black arrows.
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Figure 4. Sub-bottom sonar profiles (with superimposed boreholes) where the top of the Eocene
succession is expressed as a medium-to-high amplitude reflection unit with a well-definable top from
which downward shallow-dipping reflections emerge ((a–c)). For profile locations, see Figure 2. For an
explanation of the color overlays, the reader is referred to Figure 3.

Table 2. Thickness of Quaternary sediments at borehole locations from borehole logs (thb) and sonar
profiles (thTWT), the depth of the seafloor (sfTWT), and the top of the bedrock (dTWT) from the sonar
profiles and the calculated average sound velocity in Quaternary sediments at the borehole location.

Borehole
Name

From
Borehole

Logs
From Sonar Profiles Average Sound Velocity in

Quaternary Sediments at the
Borehole Location [m/s]

Orthogonal Distance
to the Nearest Sonar

Profile [m]
thb [m] sfTWT [ms] dTWT [ms] thTWT [ms]

A-III-4/88 16.5 6.4 29.9 23.5 1404.3 22.0

A-III-5/88 19.0 11.5 36.0 24.5 1551.0 0.5

A-III-6/88 16.0 15.0 36.0 21.0 1523.8 1.5

A-III-7/88 14.2 17.5 40.2 22.7 1251.1 1.0

A-III-8/90 16.4 6.4 25.4 19.0 1726.3 1.0

A-III-9/90 10.0 5.1 17.7 12.6 1587.3 1.5

A-III-10/90 9.8 2.8 17.0 14.2 1380.3 23.5

A-III-11/90 7.5 3.0 11.9 8.9 1685.4 8.5

A-III-13/90 18.7 5.0 28.4 23.4 1598.3 3.5

V-5/95
Istrska 8.1 4.0 14.6 10.6 1528.3 2.5
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Figure 5. Borehole logs determined from geotechnical reports (see Section 2).

The thickness of Quaternary sediments in the borehole (thb, in meters) was derived from the
geotechnical reports and was calculated as the depth from the top of the core to the top of the bedrock
represented by weathered or compact Eocene turbidites (see Figure 5). The thickness of Quaternary
sediments from the sub-bottom profiles (thTWT, in miliseconds) was obtained by subtracting the TWTs
from the top of the bedrock (dTWT, in miliseconds) and the seafloor (sfTWT, in miliseconds) at the
borehole location (see Figures 3 and 4; Table 2). When the profiles did not directly overlie the borehole
(Figure 2b and Table 1), the part of the profile closest to the borehole was used to determine thTWT
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(Figure 4a,d). The average sound velocity in Quaternary sediments at the borehole location (v, in
meters per second; Table 2) was calculated using the following formula:

v =
2 × 103 × thb

thTWT . (1)

3. Results

3.1. Boreholes

Borehole logs are provided in Figure 5. The Quaternary succession (including the Holocene
marine sediment) is composed of fine-grained clastics with occasional gravelly horizons. Only core
A-III-8/90 contains sandy horizons. Soil-rich and peat horizons are present in some of the boreholes.
Horizons with bivalves and/or gastropods occur in all boreholes; however, no remarks on the species
or their environment are provided in the borehole geotechnical reports. Due to the lack of detailed
descriptions of the boreholes, we did not attempt to interpret the sedimentary environments. However,
it is clear that the Quaternary sediments comprise terrestrial-marine deposits. The bottom parts of all
the boreholes consist of weathered and/or compact bedrock built of Eocene interbedded sandstones
and marlstones.

3.2. Sub-Bottom Sonar Profiles

The sub-bottom profiles with superimposed boreholes are shown in Figures 3 and 4. Boreholes
more than 5 m away from the nearest sub-bottom profile were projected orthogonally to the profile
(Table 1, Figure 4a,d). The seafloor is marked by the first strong sub-horizontal reflection and is
indicated by a blue arrow. The Quaternary sequence is indicated by a light blue overlay. Quaternary
sediments are seen as (1) acoustically transparent units (Figures 3 and 4), (2) units containing onlapping
or concordant reflection geometries (Figures 3 and 4), and (3) units with sigmoidal (prograding)
reflection configurations (Figures 3a and 4b,c). Eocene bedrock is indicated by a light orange overlay.
The often undulating unconformity at the top of the bedrock is expressed as (1) a medium-to-high
amplitude reflection under which deeper reflections are not observed (Figure 3) or (2) an up to 5 ms
TWT thick medium-to-high amplitude reflection unit with a well-definable top from which downward
short shallow-dipping reflections emerge (Figure 4). The acoustic record does not discriminate between
weathered or compact bedrock.

In addition to the two described units, the sub-bottom profiles contain several other features.
Columnar-shaped reflections (gas flares) within the seawater column are located above the seafloor and
are indicated by a light red overlay in Figure 3b,c and Figure 4c. Rough seafloor morphologies with
plentiful diffraction hyperbolas are observed above the dredged areas (Figure 2a,b, Figures 3c and 4a,c),
which were excavated to accommodate ships with larger drafts in the Port of Koper. Slightly rougher
seafloor morphologies are also produced by seagrass (most commonly Posidonia sp.) meadows (marked
by a light green overlay in Figures 3a and 4d), which were visually recognized during sub-bottom
sonar acquisition. Significant, yet variable reflection degradation is seen directly beneath the areas
covered by seagrass. Within the Quaternary sedimentary column, peat layers produce medium-to-high
amplitude, sub-horizontal, 1–2 ms TWT thick reflections (Figures 3b and 4b). All sonar profiles show
many small diffraction hyperbolas scattered between 25 and 15 ms TWTs within the sedimentary
column (Figures 3 and 4). Seafloor multiples appear on the majority of the profiles (Figure 3a,b and
Figure 4a–c) due to the shallow acquisition depths. Figure 3a also contains a multiple of the top of
the bedrock.
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3.3. Average Sound Velocity in Quaternary Sediments

Thicknesses of Quaternary sediments from drilling reports and geophysical data along with the
calculated average sound velocities at borehole locations are provided in Table 2. The mean, median,
and standard deviation for the whole dataset are 1523.6 m/s, 1539.7 m/s, and 144.0, respectively.

4. Discussion

4.1. Sound Velocity Variation

The sound velocity variation in the presented dataset is significant (Section 3.3). Some of the
calculated velocity values can be considered less reliable due to significant distance between the
respective borehole and its closest sub-bottom sonar profile (Table 2). If we omit the two boreholes that
are separated by more than 20 m from their nearest sub-bottom profile (A-III-4/88 and A-III-10/90),
the mean, median, and standard deviation for the dataset become 1556.4 m/s, 1569.2 m/s, and 143.1,
respectively. Since the standard deviation remains relatively high, we discuss the principal influences
on the sound velocity scattering below.

4.1.1. Influence of Overburden

Sound velocity in sediments strongly depends on porosity, which is in turn influenced by
overburden and compaction [1,4]. Here, the overburden comprises the combined weight of the water
and sedimentary columns at the borehole locations. In Figure 6, we plot the calculated velocity against
the thickness of Quaternary sediments taken from borehole logs and sonar profiles (a proxy for the
weight of the sedimentary column), the depth of the seafloor taken from sonar profiles (a proxy for
the weight of the water column), and the depth of the top of the bedrock taken from sonar profiles (a
proxy for the weight of the water and sedimentary column). A strong scattering of plotted data points
demonstrates that there is no relation between the determined sound velocity and these parameters.
Additionally, in the correlation plots, the x-axis values of the minimum (red) and maximum sound
velocities (green) are often quite similar (Figure 6a,c,d), again suggesting that velocities are uncorrelated
to the overburden thickness. This shows that, in thin sedimentary successions located in shallow water
depths, overburden does not significantly influence the sound velocity.
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Figure 6. Plots of sound velocity versus (a) the thickness of Quaternary sediments (taken from borehole
logs), (b) the depth of the seafloor (taken from sonar profiles), (c) the depth of the top of the bedrock
(taken from sonar profiles), and (d) the thickness of Quaternary sediments (taken from sonar profiles).
For clarity, A-III- and V- prefixes are removed from borehole labels. Data points in orange mark less
reliable velocities (boreholes more than 5 m away from the nearest sub-bottom sonar profile; Table 2
and Figure 2b). Data points in green and red mark the maximum and minimum calculated velocities
(Table 2).

4.1.2. Influence of Grain Size

The influence of mean grain size on sound velocity in surficial marine sediments is well
known [4,5,19,83,84]. Although granulometric analyses of the cored sediments used in our study were
unavailable, general grain size classes could still be determined from borehole geotechnical logs (see
Section 2). Therefore, an estimation of the influence of grain size on the sound velocity in our dataset is
possible. In Figure 7, the calculated sound velocities at our study site were added to the plot, correlating
sound velocity with the mean grain size of surficial sediments of continental shelves from [19]. Clearly,
our calculated velocities (at boreholes located close to the acquired profiles) correspond well with the
expected sound velocity range of the predominant grain size class determined from the borehole logs
(Figures 5 and 7), even though the dataset of [19] is based on surficial sediment samples. Boreholes
penetrating exclusively clay (A-III-6/88 and V5/95 Istrska) are in the lower sound velocity spectra,
whereas boreholes mainly encountering silt (A-III-5/88, A-III-9/90 and A-III-11/90) are in the middle
velocity spectra, corresponding to silt mean grain size velocities. Maximum sound velocity was
calculated for Borehole A-III-8/90, which is the only core containing sandy sediment. Although clay
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dominates in this borehole, the amount of sandy sediment seems to be sufficient enough to significantly
increase the average velocity in the Quaternary succession. A special case is presented by Borehole
A-III-13/90, which penetrated clay; however, its calculated velocity corresponds to the mean grain sizes
of silt. This discrepancy can be attributed to (1) an inadequate geotechnical description of the core,
(2) an abrupt increase in sound velocity within the gravelly horizons (Figure 5), or (3) the presence of an
overconsolidated layer within the sequence. In conclusion, the generally good agreement between the
calculated velocities and expected velocities for the predominant grain size classes indicates that the
composition of the stratal succession is a major factor influencing velocity variations in our study area.

Figure 7. The relation between sound velocity and mean grain size for continental shelf sediments
(after [19]) with added velocities from our study. Our estimated sound velocities and the velocity value
from [76] for a similar setting in the Gulf of Trieste (see Section 4.3) are shown by white horizontal
overlays. Asterisk at Borehole A-III-11/90 indicates that this borehole is separated by more than 5 m
from the nearest sub-bottom profile. Pie charts display the proportions of sediment types in each
borehole core (for details, see Figure 5).

4.1.3. Influence of Gas Presence

Abundant diffraction hyperbolas are present within the Quaternary succession (Figures 3 and 4;
Section 3.2). They could be produced by reflections from gravel horizons; however, their occurrence
does not correlate with gravel layers determined in the boreholes (Figures 3 and 4). The diffraction
hyperbolas more likely indicate low concentrations of gas in the sedimentary column, commonly
encountered in high-resolution geophysical profiles [85–87]. Reflective features in the water column
(Figure 3b,c and Figure 4c; Section 3.2), which commonly result from gas-bubble plumes emitting from
the seafloor [88–90], further indicate gas occurrence. The lowest sound velocity in our dataset was
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calculated for Borehole A-III-7/88, which penetrates a hyperbola-dense zone clearly visible on the
corresponding sub-bottom sonar profile (Table 2 and Figure 3c). Since even minor gas concentrations
(1–2%) dramatically reduce sound velocity in sediments [83,84,91–93], we attribute this significantly
lower velocity value to gas in the Quaternary sediment. In the northern Adriatic seabed, gas seeps are
commonly observed and are attributed to both deep and shallow sources [94–98]. Since the diffraction
hyperbolas in our sonar profiles are constrained only to a narrow zone in the uppermost part of
the Quaternary sequence (Figures 3 and 4), we propose that the gas (probably methane) originates
from a degradation of organic matter contained in the Holocene paralic and marine sediments and/or
Late Pleistocene terrestrial sequences [62,97,99]. Gas production related to biological processes in
seagrass meadows can also greatly hinder the propagation of acoustic signals [100–102]; however,
the contribution of this effect is difficult to determine from our dataset since only a single borehole
(V-5/95) is located within a meadow (Figure 3a). Nevertheless, significant signal attenuation below the
meadows can be observed in the geophysical data (Section 3.2, Figures 3a and 4d).

4.2. Are Average Sound Velocities an Oversimplification?

Using average sound velocities for depth conversion of a highly heterogeneous Quaternary
succession can be considered a gross oversimplification as the velocity strongly varies with grain
size [4,5,19,83,84]. However, when comparing the sub-bottom sonar profiles and the borehole logs
used in our study (Figure 5,Figure 3, and Figure 4), a good alignment between the reflections and the
main sedimentological boundaries from the borehole logs is apparent (Figure 3b,c and Figure 4a,b).
Especially peat layers prove to be very effective reflectors, which has already been noted in the
northern Adriatic Sea by other authors [43,47,50–52,76,97,103,104]. This demonstrates that average
velocity can be quite effectively used for robust depth conversion of sonar profiles in thin and shallow
Quaternary successions.

4.3. Comparison with the Sound Velocity from the Bay of Muggia

An earlier study in a similar geological setting [76] reported sound velocity in Late Quaternary
sediments from the neighboring Bay of Muggia (Figure 1b), which comprise Rosandra river deposits
submerged in the Holocene transgression. There, the Quaternary succession is between 20 and 30 m
thick and is composed of clay and silt with occasional sand and peat horizons. The water depth
extends between 18 and 21 m. The Bay of Muggia site is therefore quite similar to our study site both in
sediment thickness and composition. Using P-wave seismic refraction [76] led to a sound velocity value
of 1595 m/s, which fits within the range of velocities estimated in our study (Figure 7). This implies
that, also in the Bay of Muggia, the sound velocity in the Quaternary sediment is largely controlled by
the sediment type and further corroborates sedimentary type as the major factor influencing sound
velocity in shallow, thin, terrestrial-marine Quaternary sedimentary environment successions.

4.4. Choosing the Appropriate Velocity for the Depth Conversion of Geophysical Data

The results of our study show that sound velocity in thin (up to 20 m thick) submerged
terrestrial-marine Quaternary successions located in near-shore areas few tens of meters deep is mostly
controlled by the predominant grain size class of the succession (Section 4.1.2). The sound velocity for
depth conversion in these settings can be chosen based on the predominant grain size class. We show
that the sound velocity vs. grain size relationships previously documented in surficial sediments [19]
are also valid for buried and submerged Quaternary successions (Section 4.1.2). Therefore, published
values for sound velocity of surficial sediments can be utilized for depth conversion of shallow offshore
high-resolution geophysical data, as long as the selected grain size corresponds to the predominant
grain size class of the Quaternary succession.

Terrestrial-marine Quaternary successions often contain significant amounts of degrading organic
matter; consequently, locally present gas further influences sound velocity in these settings (Section 4.1.3).
Different gas indicators can easily be recognized from high-resolution geophysical data [85–93],
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facilitating the mapping of low-velocity areas. As the velocity decrease associated with the presence of
gas is often quite variable e.g., [93], we suggest avoiding detailed velocity analysis in gas-rich areas.

5. Conclusions

We used geophysical and borehole data to determine sound velocities through the Quaternary fill
of a submerged alluvial plain containing terrestrial, paralic, and marine sediments. Our study shows
that an average sound velocity through the Quaternary sedimentary column is sufficient for depth
conversion of high-resolution geophysical profiles acquired in thin (up to 20 m thick) Quaternary
successions in shallow (up to 20 m) water depths. We find that, in these settings, the main factor
influencing sound velocity is the sediment type (i.e. mean grain size) contained within the studied
sedimentary column, whereas overburden effects do not show any influence. However, where gas is
present in the sedimentary column, it reduces sound velocity by a few hundred meters per second and
becomes the dominant factor influencing sound velocity.

We found that, for a good approximation of the average sound velocity at a borehole, the velocity
typical for the most represented sediment type in the borehole column can be employed. Nevertheless,
in highly heterogeneous sedimentary settings, such as the Bay of Koper investigated in this study,
significant lateral variations in average velocity will occur within a small area, necessitating a careful
selection of multiple, most representative values, if relying on velocities published in the literature.

Using our study area in the northern Adriatic, we provided reference values for sound velocity in
thin, mud-dominated Quaternary sedimentary successions in shallow coastal areas. Velocity values
determined in our study correlate well with the sound velocity vs. grain size relationships previously
documented in surficial sediments [19], showing that these published values can also be used for
shallow sub-bottom sedimentary sequences.

Author Contributions: All authors have read and agree to the published version of the manuscript.
Conceptualization: A.N. and M.V.; methodology: A.N.; validation: A.N.; formal analysis: A.N.; investigation:
A.N., S.P., and B.C.; resources: S.P. and B.C.; writing—original draft preparation: A.N.; writing—review and
editing: A.N., A.Š., S.P., B.C., and M.V.; visualization: A.N.; supervision: M.V.; project administration: A.N. and
M.V.; funding acquisition: M.V.

Funding: This research was funded by: the Slovenian Research Agency, Young Researcher grant number 38136;
the Slovenian Research Agency and Harpha Sea d.o.o., grant number L1-5452; the Slovenian Research Agency,
grant number J1-1712; the Slovenian Research Agency, research programme P1-0195. The APC was funded by the
Slovenian Research Agency, research programme P1-0195.

Acknowledgments: This work was supported by the Slovenian Research Agency (Young Researcher grant Nr.
38136), by joint funding of the Slovenian Research Agency and Harpha Sea d.o.o. within the project L1-5452
(Application of sonar in research of active tectonics and paleoseismology in low-strain environments) and by
funding of the Slovenian Research Agency within the project J1-1712 (Record of environmental change and human
impact in Holocene sediments, Gulf of Trieste) and within the research programme P1-0195 (Geoenvironment
and Geomaterials). We would like to acknowledge IHS Markit Kingdom and their University Education Grant,
which provided us with IHS Markit Kingdom software licences. The crew of the vessel Lyra (Iztok Rant and Rok
Soczka Mandac) is acknowledged for their assistance and hospitality during sub-bottom acquisition. We would
also like to thank Karoly Nemeth and an anonymous reviewer for their comments, which allowed us to improve
the manuscript.

Conflicts of Interest: The authors declare that there is no conflict of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the
decision to publish the results.

References

1. Sheriff, R.E.; Geldart, L.P. Exploration Seismology, 2nd ed.; Cambridge University Press: Cambridge, UK, 1995.
2. Endler, M.; Endler, R.; Bobertz, B.; Leipe, T.; Arz, H.W. Linkage between acoustic parameters and seabed

sediment properties in the south-western Baltic Sea. GeoMar. Lett. 2015, 35, 145–160. [CrossRef]
3. Endler, M.; Endler, R.; Wunderlich, J.; Bobertz, B.; Leipe, T.; Moros, M.; Jensen, J.B.; Arz, H.W. Geo-acoustic

modelling of late and postglacial sedimentary units in the Baltic Sea and their acoustic visibility. Mar. Geol.
2016, 376, 86–101. [CrossRef]

279



Water 2020, 12, 560

4. Jackson, D.R.; Richardson, M.D. High-Frequency Seafloor Acoustics; Springer: Berlin/Heidelberg, Germany,
2007; ISBN 0387369457.

5. Hamilton, E.L. Geoacoustic modeling of the sea floor. J. Acoust. Soc. Am. 1980, 68, 1313–1340. [CrossRef]
6. Brandes, H.G.; Silva, A.J.; Sadd, M.H. Physical and acoustic measurements on cohesionless sediments from

the northwest Florida Sand Sheet. Geophys. Res. Lett. 2001, 28, 823–826. [CrossRef]
7. Kan, G.; Liu, B.; Wang, J.; Meng, X.; Li, G.; Hua, Q.; Sun, L. Sound speed dispersion characteristics of three

types of shallow sediments in the southern yellow sea. Mar. Georesources Geotechnol. 2018, 36, 853–860.
[CrossRef]

8. Kim, D.C.; Sung, J.Y.; Park, S.C.; Lee, G.H.; Choi, J.H.; Kim, G.Y.; Seo, Y.K.; Kim, J.C. Physical and acoustic
properties of shelf sediments, the South Sea of Korea. Mar. Geol. 2001, 179, 39–50. [CrossRef]

9. Kim, G.Y.; Park, K.J.; Lee, G.S.; Yoo, D.G.; Kong, G.S. Physical property characterization of quaternary
sediments in the vicinity of the paleo-Seomjin River of the continental shelf of the South Sea, Korea. Quat. Int.
2018, 503, 153–162. [CrossRef]

10. Kim, S.R.; Lee, G.-S.; Kim, D.C.; Bae, S.H.; Kim, S.-P. Physical properties and geoacoustic provinces of
surficial sediments in the southwestern part of the Ulleung Basin in the East Sea. Quat. Int. 2017, 459, 35–44.
[CrossRef]

11. Richardson, M.D.; Lavoie, D.L.; Briggs, K.B. Geoacoustic and physical properties of carbonate sediments of
the Lower Florida Keys. Geo Mar. Lett. 1997, 17, 316–324. [CrossRef]

12. Zhang, Y.; Guo, C.; Wang, J.; Hou, Z.; Chen, W. Relationship between in situ sound velocity and granular
characteristics of seafloor sediments in the Qingdao offshore region. Chin. J. Oceanol. Limnol. 2017, 35,
704–711. [CrossRef]

13. Zheng, J.; Liu, B.; Kan, G.; Li, G.; Pei, Y.; Liu, X. The sound velocity and bulk properties of sediments in the
Bohai Sea and the Yellow Sea of China. Acta Oceanol. Sin. 2016, 35, 76–86. [CrossRef]

14. Wang, J.; Guo, C.; Liu, B.; Hou, Z.; Han, G. Distribution of geoacoustic properties and related influencing
factors of surface sediments in the southern South China Sea. Mar. Geophys. Res. 2016, 37, 337–348. [CrossRef]

15. Richardson, M.D.; Briggs, K.B. In situ and laboratory geoacoustic measurements in soft mud and hard-packed
sand sediments: Implications for high-frequency acoustic propagation and scattering. Geo Mar. Lett. 1996,
16, 196–203. [CrossRef]

16. Gorgas, T.J.; Wilkens, R.H.; Fu, S.S.; Frazer, L.N.; Richardson, M.D.; Briggs, K.B.; Lee, H. In situ acoustic
and laboratory ultrasonic sound speed and attenuation measured in heterogeneous soft seabed sediments:
Eel River shelf, California. Mar. Geol. 2002, 182, 103–119. [CrossRef]

17. Kim, G.Y.; Narantsetseg, B.; Lee, J.Y.; Chang, T.S.; Lee, G.S.; Yoo, D.G.; Kim, S.P. Physical and geotechnical
properties of drill core sediments in the Heuksan Mud Belt off SW Korea. Quat. Int. 2018, 468, 33–48.
[CrossRef]

18. Orsi, T.H.; Dunn, D.A. Correlations between sound velocity and related properties of glacio-marine sediments:
Barents sea. GeoMar. Lett. 1991, 11, 79–83. [CrossRef]

19. Hamilton, E.L.; Bachman, R.T. Sound velocity and related properties of marine sediments. J. Acoust. Soc. Am.
1982, 72, 1891–1904. [CrossRef]

20. Bae, S.H.; Kim, D.C.; Lee, G.S.; Kim, G.Y.; Kim, S.P.; Seo, Y.K.; Kim, J.C. Physical and acoustic properties of
inner shelf sediments in the South Sea, Korea. Quat. Int. 2014, 344, 125–142. [CrossRef]

21. Waelbroeck, C.; Labeyrie, L.; Michel, E.; Duplessy, J.C.; Lambeck, K.; McManus, J.F.; Balbon, E.; Labracherie, M.
Sea-level and deep water temperature changes derived from benthic foraminifera isotopic records.
Quat. Sci. Rev. 2002, 21, 295–305. [CrossRef]

22. Lambeck, K.; Rouby, H.; Purcell, A.; Sun, Y.; Sambridge, M. Sea level and global ice volumes from the Last
Glacial Maximum to the Holocene. Proc. Natl. Acad. Sci. USA 2014, 111, 15296–15303. [CrossRef]

23. Allen, G.P.; Posamentier, H.W. Sequence Stratigraphy and Facies Model of an Incised Valley Fill: The Gironde
Estuary, France. Sepm J. Sediment. Res. 1993, 63, 378–391. [CrossRef]

24. Allen, G.P. Sedimentary processes and facies in the Gironde estuary: A recent model for macrotidal estuarine
systems. Clastic Tidal Sedimentol. 1991, 16, 29–39. [CrossRef]

25. Cattaneo, A.; Steel, R.J. Transgressive deposits: A review of their variability. Earth Sci. Rev. 2003, 62, 187–228.
[CrossRef]

26. Sturt, F.; Flemming, N.C.; Carabias, D.; Jöns, H.; Adams, J. The next frontiers in research on submerged
prehistoric sites and landscapes on the continental shelf. Proc. Geol. Assoc. 2018, 129, 654–683. [CrossRef]

280



Water 2020, 12, 560

27. Harff, J.; Bailey, G.N.; Lüth, F. Geology and archaeology: Submerged landscapes of the continental shelf:
An introduction. Geol. Soc. Lond. Spec. Publ. 2016, 411, 1–8. [CrossRef]
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Abstract: During the lowstand sea-level phase of the Last Glacial Maximum (LGM), a large part of
the current Mediterranean continental shelf emerged. Erosional and depositional processes shaped
the coastal strips, while inland areas were affected by aeolian and fluvial processes. Evidence of
both the lowstand phase and the subsequent phases of eustatic sea level rise can be observed on
the continental shelf of Sardinia (Italy), including submerged palaeo-shorelines and landforms, and
indicators of relict coastal palaeo-environments. This paper shows the results of a high-resolution
survey on the continental shelf off San Pietro Island (southwestern Sardinia). Multisensor and
multiscale data—obtained by means of seismic sparker, sub-bottom profiler chirp, multibeam, side
scan sonar, diving, and uncrewed aerial vehicles—made it possible to reconstruct the morphological
features shaped during the LGM at depths between 125 and 135 m. In particular, tectonic controlled
palaeo-cliffs affected by landslides, the mouth of a deep palaeo-valley fossilized by marine sediments
and a palaeo-lagoon containing a peri-littoral thanatocenosis (18,983 ± 268 cal BP) were detected. The
Younger Dryas palaeo-shorelines were reconstructed, highlighted by a very well preserved beachrock.
The coastal paleo-landscape with lagoon-barrier systems and retro-littoral dunes frequented by the
Mesolithic populations was reconstructed.

Keywords: submarine geomorphology; morphostratigraphy; sea-level changes; Last Glacial Maximum;
Sardinia; Italy

1. Introduction

Sea-level variations connected to climatic oscillations [1] cause changes in the land-
scape of coastal areas and continental shelves [2]. The comparative geomorphological
analysis of emerged and submerged areas is particularly effective for revealing the land-
and seascape changes [3,4]. Landscape evolutionary phases can be reconstructed consid-
ering morphostructural and morphostratigraphic settings and using geomorphological,
seismic, sedimentological, palaeontological, and isotopic data. The detailed reconstruction
of the submerged coastal palaeo-landscape is useful to understanding the dynamics of the
human population during the Last Glacial Maximum (LGM) [5,6]. As such, marine and con-
tinental geomorphological analyses are crucial for better representing and understanding
the Pleistocene landscape evolution [3,7–11].

This study aims to obtain new insights into the palaeo-geographic evolution of the
San Pietro continental shelf of southwestern Sardinia (Figure 1) during the last cold stage
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(MIS 2) by analysing erosional and depositional landforms formed during the LGM sea-
level lowstand, as well as the palaeo-geographic coastal evolution connected to the LGM
sea-levels. Several studies used different methodological approaches and analysed various
palaeo-sea-level indicators (e.g., palaeo-cliffs, lowstand depositional terraces, beachrocks,
fossiliferous deposits) to evaluate the post-glacial sea levels in the Mediterranean Sea in the
past 20 ka. Previous studies also successfully applied the glacial-hydro-isostatic adjustment
(GIA) models [12–17].

Figure 1. Geographic location and structural setting of the study area: (a) Sardinia Island within the Mediterranean Sea; (b)
San Pietro Island on the SW side of Sardinia; (c) structural sketch map of the Mediterranean area. Red lines mark thrust
fronts; white line the Sardinian-Corse block translation 30 Myr BP; yellow line Sardinian-Corse block translation 25 Myr BP
(mod. after Carminati and Doglioni, 2008 [18]); Black line the Sardinian-Corse block translation 14 Myr (Gattacceca et al.,
2007 [19]); Light blue color line, isobath of −130 m represents the coastline during the Last Glacial Maximum (LGM).

LGM shorelines are known from other areas of the Mediterranean Sea, including the
Adriatic continental shelf [17,20–22], southern Tyrrhenian margin offshore Sicily [22–26],
Calabria [27], and Malta [2,11,28,29].

For example, morphobathymetric data acquisition (i.e., high-resolution multi-beam
and seismic data) integrated with direct survey methods (i.e., remotely operated vehicle
(ROV) and diving) allowed scientists to obtain a particularly rich database of the south-
western Sardinian continental shelf [30–35].

Herein, we analysed the structural and volcanic geological settings linked to the
Oligo-Miocene rifting of the western Mediterranean and Sardinian-Corsican blocks to
highlight the geomorphological features of the continental shelf surrounding San Pietro
Island. These data contribute to the knowledge of the coastal palaeo-landscape and its
evolution from LGM to the Holocene (Figure 1a,b). In particular, submerged high rocky
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coast morphotypes, a large palaeo-valley, a palaeo-lagoon and the successive phases of
post-glacial sea level stationing were analyzed.

2. Geological and Structural Settings

The southwestern continental margin of Sardinia is characterised by normal faults that
define intrashelf and intraslope basins [36]. This part of the Sardinian continental margin
has been explored using geophysical surveys and deep drills, defining the order and geom-
etry of the depositional sequences [36–41] (Figure 1c). High-angle normal fault systems
characterised the western Sardinia continental margin setting between the Middle-Upper
Oligocene and Miocene when, owing to the Apennine-Maghrebian chain orogeny, the
intra-back arc basins opening caused the formation of an extensive system of rifts [42–45].
The genesis of the margin was clarified based on the ECORS-CROP Programme seismic
data by examining the extensional tectonic inversion of a compressive structure of the
Pyrenean western branch (Figure 1c) [39].

The margin formed as the transition between the western Mediterranean rift and
the western branch of the Sardinian rift system and later assumed the structural and
evolutionary characteristics of a divergent margin [36] (Figure 2). The kinematic analysis
of the central Mediterranean shows that the Sardinia-Corsica block rotated until about
15 Ma later it became almost stable [18,19]. However, in the western part of the base of
the margin, a significant earthquake (38.21◦–08.21◦; 5.4 Mw) was recorded on in August
1977 [46]. Furthermore, the INGV (Istituto Nazionale di Geofisica e Vulcanologia) earth-
quake catalogue, which contains the seismic records for the past 25 years, shows three other
major earthquakes in southern Sardinia: one earthquake with a magnitude of 5.5 in August
1988 along the Sant’Antioco active fault, from Toro Island to Quirino Seamount, and two
earthquakes with a magnitude of 4.5 in March 2006 at the sea prolongation of a major fault
NW–SE Campidano graben that marks the western edge of this Plio-Quaternary graben.
Therefore, slight fault movements that produce an occasional seismicity are still present
and affect the margin.

Figure 2. Sectioned block diagram of the Sardinian southwestern continental shelf off the San Pietro
Island. (1) Acoustic basement (volcanic complex—Lower-Middle Miocene); (2) lower sedimentary
sequence (Middle-Upper Miocene); MS) Messinian erosional surface; (3) sedimentary sequence poorly
or not stratified in the lower part, with undulating stratification in the upper part (Lower-Middle
Pliocene); (4) upper sedimentary sequence, prograding complex of the external platform, superficial
deposits in the proximal platform (Upper Pliocene—Quaternary) (after Lecca, 2000 modified [36]).
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The sedimentary units preceding the Oligo-Miocene Sardinian rifting stage are repre-
sented by the Palaeozoic basement, marine clastic Eocene series, and fluvial sandstones and
claystones of the Cixerri Formation (Upper Eocene to Lower Oligocene). The initiation of
the Oligo-Miocene rifting was accompanied by the andesitic volcanism (Upper Oligocene
to Aquitanian) of the Sulcis block. The subsiding basin was filled by the fluvial sediments
of the Ussana Formation and the marine marly-arenaceous and carbonate sediments of the
Lower Miocene [42].

The continental margin off San Pietro Island is characterised by a steep slope, which
extends to the Sardinian-Balearic abyssal plain to a depth of approximately 2800 m [41].
The inner and intermediate continental shelf is characterised by the extensive outcrops
of volcanic rocks, consisting of ignimbrites (comendites) and pyroclasts [35]. From a
geochemical point of view, the rhyolites predominate, while the dacites characterise the
basal volcanic formations [43,47]. Explosive volcanic eruptions occurred on San Pietro
Island during the Burdigalian, Miocene (15–17 Ma). From a morphostructural point of
view, the ignimbrite outcrops are characterised by wide mega-cuestas, calderas, necks, and
dikes (Figure 2) [35].

The presence of the Oligo-Miocene volcanites at the tectonic block boundaries is
marked by magnetic anomalies on the inner continental shelf [43] and was documented by
analysing the rock samples from the lower margin of the Seamount Quirino [36] (Figure 3).
On the distal shelf, the Miocene volcano-sedimentary and sedimentary strata rest on the
volcanic substrate. The Miocene sedimentary sequence, up to the pre-evaporitic Tortonian
marls, tends to be characterised by an erosional surface tied up to the Messinian eustatic
fall [48]. In the lower part of the Miocene sedimentary sequence, the clinoform reflections
are spaced wider, and the ages close to the Burdigalian are suggested [36] (Figure 4).

3. Geomorphological Setting

The major factor controlling the evolution of submarine canyons in the Mediterranean
basin is the Messinian salinity crisis, which induced a significant forced sea-level fall of
approximately 2000 m from the present-day sea level [42]. The consequent emergence of
the continental margin led to intense erosion [37,48,49]. The following Pliocene flooding
event deposited a thick mud drape over the entire continental shelf [7].

The shelf break is located at depths of 190–220 m and hosts the Plio-Quaternary
prograding sedimentary wedge [35]. Both the shelf break and the Upper continental
slope are eroded by the canyon heads formed via the retrogressive erosion processes.
Intrachannel landslides are observed in the canyon sidewalls, while the Upper continental
slope is distinguished by creeping areas and complex landslides often associated with
pockmark fields due to fluid emissions [34,50].

The Messinian eustatic sea-level fall has been recognised on the Sparker seismic tracks
acquired during the MAGIC (Marine Geohazard Along Italian Coasts) Sardinia Channel
2009 survey off Cala Fico. That study identified a palaeo-valley with polycyclic evolution
that engraved both the volcanic substrate and the lower sedimentary sequence. Convoluted
and plane parallel reflectors seem to characterise the Quaternary sequence.

Arenaceous beachrocks are represented by two extensive outcrops located to the north
of La Punta and Piana Island at depths of 45–50 m. The outcrops display prominent erosion
features both on the top surface and at their edges [51] (Figures 3 and 4).
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Figure 3. Geolithological sketch map of study area from the Geological Map of Italy. Scale 1:50,000—Sheet 563 “Isola di San
Pietro” (Rizzo et al., 2015 [35]).

Figure 4. Geological section from seismic data of: Oceanography and Seabed—Mineral Resources—PLACERS Project
CNR—Profilo 2-78/1, Fix 115/127—Sparker 1KJ: (1) Volcanites (Lower-Middle Miocene; (2) emission chimney; (3) dikes;
(4) marine sedimentary sequence with inclined reflectors (Middle-Upper Miocene; (5) Messinian erosional surface; (6) marine
sedimentary sequence with undulated reflectors. (Pliocene-Pleistocene); (7) Holocene-current drape; (8) fault.
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The beachrocks are slightly tilted seaward, presenting a typical character of beach
sand bodies, with the sedimentary structures (e.g., parallel lamination and wedge-shaped,
sigmoidal, and inclined stratification) common for coastal environments [52].

Considering the outcrop depth, these beachrocks are attributed to the end of the
Younger Dryas event and are interpreted to be formed when the eustatic sea level dropped
during the Pleistocene–Holocene marine transgression.

The actual and subactual sediments on the distal continental shelf off San Pietro Island
are represented by pelitic sands and sandy pelites. These deposits contain variable bioclastic
fractions, composed of foraminifera and the degradation products of algal bioherms. These
algal bioherms colonise the rocky substrate and can be found both outcropping and sub-
outcropping [35] (Figure 2).

The Middle continental shelf has medium-grained, slightly pelitic sands, which bio-
clastic component increases towards the lower limit of Posidonia oceanica meadows. The
areas farther offshore are dominated by biogenic gravels consisting of red algae (mäerl).
These gravels form patches and hydraulic dunes. The near-continental shelf and the
peri-littoral area are dominated by deposits linked to the retreat of high rocky coasts. In par-
ticular, base cliff deposits consist of sub-rounded heterometric blocks of volcanic lithology
and landslide deposits with isolated sub-angular mega-blocks. The submerged beaches are
characterised by medium- to coarse-grained sands with a predominantly quartz composi-
tion, whereas medium- and fine-grained sands are present in the bays of the southeastern
sector. The sandy deposits with a predominantly quartz composition are located near the
shoreline and Upper limit of the Posidonia oceanica prairie and have an important carbonate
bioclastic fraction.

The first studies published on the LGM palaeo-shoreline of the western Sardinian shelf
were conducted northward of our study area and indicated the existence of both erosional
landforms and sedimentary sequences, in distal continental shelf, at depths between −120
and −140 m [53–56].

4. Materials and Methods

4.1. Seismic Data

The dataset used herein includes the seismic analogic data (Sparker 0.8 KJ) and by a
high-resolution 3.5 kHz seismic sub-bottom profiler. These data were purchased from R/V
Bannock (CNR) and collected during the oceanographic cruise “Placers 78/1” as part of
the “Oceanografia e Fondi Marini” project. These data allowed the reconstruction of the
Upper continental margin geological structure [36].

In order to reconstruct the palaeo-geomorphological setting, in particular, the inter-
mediate continental shelf palaeo-hydrography, digital seismic surveys were carried out
by R/V “Universitatis” during the oceanographic cruise “Canale di Sardegna 2009” in the
frame of the MAGIC Project. The seismic surveys used a seismic energy source (Sparker
100/1000 J, Applied Acoustic CSP 20200, Great Yarmouth, United Kingdom), while the sub-
bottom surveys aimed to reveal the structure of the surface deposits and were carried out
using a geoacoustic source (Geochirp II-CP931, GeoAcoustics–Kongsberg, Great Yarmouth,
United Kingdom) (Figure 5).
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Figure 5. Data locations: spatial coverage multi-beam echosounder (MBES), side scan sonar (SSS) and uncrewed aerial
vehicle (UAV); seismic profiles, scuba-dive and ROV stations; dredging sampling points.

4.2. Multibeam, Singlebeam, and Side-Scan Sonar Data

Morphobathymetric data were acquired during the oceanographic cruises “Canale
di Sardegna 2009” and “Sardegna 2010” using R/V “Universitatis CoNISMa” as part
of the Marine geohazard along Italian coasts (MAGIC) Project. The 50 kHz multi-beam
echosounder (MBES, RESON SEABAT 8160) was calibrated with continuous sound velocity
detection lines and vertical profiles. Onboard R/V Universitatis, the integrated system
contained a motion sensor and gyro (IXSEA OCTANS) and a satellite differential GPS
(Global Positioning System). The geocentric datum WGS84 and the UTM projection were
chosen for navigation and display. The data collected during the survey were integrated
with the Official National Italian Geological Cartography (CARG) project data.

Side-scan sonar data acquisition was performed on the proximal continental shelf
with depths ranging from 10 to 50 m as part of the “Mapping of Posidonia oceanica meadows
along the coasts of Sardinia” project funded by the Italian Ministry for the Environment on
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R/V “Copernaut Franca”. A 100–500 kHz, dual-frequency sensor was used with a towfish
(Model 272/T, EG&G Marine Instruments, Massachusetts, USA) connected to the Triton
Elics system (Triton Elics International, Portland, OR, USA) with ISIS software (Triton) for
geo-referenced acquisition and Delf Map for the construction and correction of the mosaic.
The correct positioning of the acquired data was ensured by a GPS receiver with differential
correction (Trimble 5007, Sunnyvale, CA, USA).

In the coastal areas with depths of 5–20 m, single-beam echosounder and lateral sonar
data were acquired using a towed sensor (1 MHz, Starfish 990, Tritech, Aberdeenshire,
Scotland) and sonar (200/800 kHz, Lowrance Elite 12, Tulsa, Oklahoma) with a hull
transducer (Lowrance Simrad Active, Tulsa, Oklahoma) (Figure 5).

4.3. Direct Seabed Observations

On the internal shelf, diving surveys and sampling were carried out during the sur-
veys “San Pietro Sub 2006” and “San Pietro 2010” as part of the “Official National Italian
Geological Cartography” project. Fifteen underwater survey stations were set down to
a depth of 50 m. Direct observations aimed to elaborate the interpretative keys for the
geophysical data. Two teams of four geologists were engaged in the underwater sur-
veys. The first geomorphological survey data were reported on tablets equipped with a
depth gauge.During the underwater survey, sediment sampling was carried out with a
vacuum core, whereas rocks were sampled with a chisel and heavy hammer. Six cores
of unconsolidated sediments, five sedimentary rock samples (beachrocks and eolianites),
and 20 samples of acid volcanites were collected. The data were synthesised using special
survey cards (Figure 6). Direct seabed observations in the distal shelf areas and, in particu-
lar, the exploration of the palaeo-cliff walls at depths of 85–140 m were conducted using
ROV Polluce III R/V Astrea (ISPRA, Istituto Superiore Protezione e Ricerca Ambientale).
These surveys were carried out as part of the “CORALLIUM RUBRUM” and “MARINES-
TRATEGY” projects, being sponsored by Italian Environmental Ministry—Autonomous
Region of Sardinia. High-definition ROV images supported the habitat mapping of deep
rocky bottoms dominated by red algal coralligenous assemblages and coral settlements
(Corallium rubrum and Leiopathes glaberrima) [31,32]). These images allowed scientists to
calibrate the geomorphological interpretation of palaeo-cliffs, especially regarding gravity-
induced processes (Figure 5).

4.4. Dredging and Shell Sampling for Radiocarbon Analysis

The “SULCIS dredging survey” (2011) was conducted on the distal continental shelf,
onboard R/V Gisella, using a classic submerged cylindrical dredger and two-cylinder
experimental dredger. The dredging route was planned upon the analysis of morpho-
bathymetric data and seismic profiles. The coordinates for the core sampling sites were
determined using a differential GPS onboard the ship. The seabed depth at each core
sampling point was acquired from the digital terrain models (DTM) processed using sonar
multi-beam data. The volcanic rocks were not sampled because massive coralligenous
bioconstructions with thicknesses greater than 50 cm covered them (Figure 5).
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Figure 6. (a) Diver engaged in underwater geomorphological survey, using tablet with compass, clinometer, depth gauge
and collimator at −15; (b) Fault mirror exhumed by erosion in Cala Fico at 10 m; (c) Foot cliff deposit with subspheroidal
blocks at −18 m; (d) Lamination of pyroclastic lavas (Comenditi) in Cala Vinagra at 13 m.

4.5. Aerial and Uncrewed Aerial Vehicle Inland Remote Sensing

To obtain high-resolution aerial photos and topography suitable for the mapping of
the onshore Sardinian coastal sector, we analysed the available topographic data produced
by LiDAR (light detection and ranging) surveys. These aerial photogrammetric surveys
were carried out by the Autonomous Region of Sardinia in 2008. The high-resolution aerial
photos allowed us to analyse the coastal sector with high precision, down to a depth of
15 m. A cell size of 1 m and a mean vertical resolution DTM of approximately 30 cm
were extracted.

In the most important sectors, such as the Capo Altano landslide, the surveys were
performed with uncrewed aerial vehicles (UAVs, DJI Matrice 200, Shenzhen, Guangdong)
equipped with a megapixel camera (ZENMUSE X5S 20.8). The survey was conducted
by the UAVs flying at altitudes of 40–80 m above the ground level and maintaining a
stable speed of 2.5 m/s. The acquired images were analysed and processed using the
photogrammetric PhotoScan software (Agisoft, St. Petersburg, Russia). Being constrained
by 12 ground control points, the resulting orthorectified mosaic and digital elevation model
(WGS 84 datum and UTM 32N projection) had a cell size of 5 cm/pixel and were deemed
precise enough to be used for geomorphological analysis (Figure 5).

4.6. Data Processing and Cartography

The MBES data covered 500 km2, with track lines parallel to the coast. The multi-beam
data cleaning and filtering were performed using the PDS2000 software package, while the
Global Mapper software was used to construct the bathymetric map of the UTM (WGS84)
Zone 32 N projection. The bathymetry was plotted on a grid at 5 m node spacing as a
contour plot to display detailed bathymetric information. It was also plotted as a slope
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value and an illuminated 3-D perspective view to visualise prominent features within the
investigated area.

Sub-bottom profiler (SBP) data processing was performed using the Triton Elics
Information suite software package. The navigation data were plotted in a geographic
information system (GIS) application (DelphMap). We exported the processed seismic
data in the GeoTIFF format. The side scan sonar (SSS) data processing provided the
georeferenced grey-tone acoustic images of the seafloor at a resolution of 1 m.

Bathymetry was investigated by analysing the acquired multibeam data, while for the
Sardinia emerged coastal sector, DTM with a 5 × 5 m cell size of the Autonomous Region
of Sardinia was used.

High-resolution multibeam bathymetry was combined with the echo-types of chirp
sonar data, documenting the high morphological complexity of the study area. The
geomorphological map of the study area was created using ArcGIS by analysing and
interpreting data at a scale of 1:5000 to obtain a highly detailed and accurate final map.

5. Results

The San Pietro Island continental shelf morphology presents a strong structural control,
in accordance with the tectonic style of the passive continental margin of southwestern
Sardinia. A system of normal faults, including low-angle faults, predominates and likely
led to the evolution of both intraplatform and intraslope basins (Figures 2 and 4). However,
on the proximal shelf, structural morphologies predominate and are often linked to volcanic
processes. The distal shelf transition is abrupt and is represented by a normal fault system
trending 40◦ N in the northern sector and N-S in the central-southern sector at depths of
80–140 m. The fault walls show the morphological evidence of a polycyclic evolution in
the marine, coastal, and continental environments. The continuity of the rocky outcrops
is interrupted by extensive areas with very low slopes, where the surface deposits are
represented by medium-grained sands with bioclastic components and mäerl biogenic
gravels. These deposits are affected by hydraulic dunes, and their granulometric features
are highlighted in the backscatter side-scan sonar images. Posidonia oceanica is nearly
absent in the western and northern coastal strips and is limited to small discontinuous
areas, where seagrasses are visible on the rocks at 10–25 m depth. Starting from Punta
delle Colonne and towards the east and northeast, a large Posidonia oceanica prairie almost
completely colonizes the San Pietro Channel [57].

High rocky coasts dominate on San Pietro Island, and the highest cliffs characterize the
coast exposed to the NW waves. During extreme marine events, the waves in this area reach
a height of 10 m and a length of over 200 m. In the western sector (Sandalo Cape), plunging
cliffs consisting compact lava rocks prevail, while pseudo-stratified pyroclastic volcanites
and cliffs with abrasion platforms often masked by large subangular rockfall deposits or
cones with subspheroidal boulders characterize the northern and southern coasts.

Off the fault walls, at depths of 150–170 m, a small intraplatform basin is filled with
the onlapping Miocene sedimentary strata and features an isolated outcrop of volcanites.
The distal platform has a very low slope located at depths of 170–200 m and composed of
fine-grained sands. The sand pelitic component increases towards the open sea up to the
net topographic convexity of the shelf edge located at an average depth of 220 m.

In a context dominated by volcanic and tectonic-controlled morphologies, we detected
several sea-level and climate-change indicators dating back to the Upper Pleistocene and
Holocene. As such, morphometric data refers to the palaeo-stages when a basal platform
was located at depths of 125–135 m; morphometric and palaeontological data indicate the
existence of a palaeo-lagoon at depths of 120–127 m; seismic data allows the identification
of a buried palaeo-valley with a base level at a depth of 130 m; and side-scan sonar and
petrographic data reveal the presence of beachrocks at depths of 45–48 m (Figure 7).

294



Water 2021, 13, 155

Figure 7. Location of sites depicted in the following figures.

5.1. Structural Landforms

Tectonic control on morphology is evident both in the coastline area and on the
continental shelf. A fault-controlled slope affecting the Cala Vinagra comendites was
recognised at the base of Punta di Cala Fico promontory, with an edge located at a depth
5 m and a base at depths of 15–25 m (Figure 6b). Two fault-controlled slopes with the
same lithology were found 800 m off Sandalo Cape and Punta Becco, with an edge at 10 m
depth and a base at 40 m depth. In the western sector, fault wall alignment is controlled
by the tectonic lineaments trending N and 345◦ N, long between 1 and 3 km, revealing an
organised subparallel pattern. In the northern sector, the fault walls follow a 60◦ N line for
approximately 5 km in the same direction as the tectonic lines that control the present-day
high coastline from Capo Altano to Porto Paglia (Figure 8a).

Structural surfaces, linked to the submerged ignimbrite bedrock, characterize the
entire intermediate continental shelf. They are irregular and are covered by superficial
sediments up to 12 km off the coast of Punta Spalmatore. The open-sea limit is represented
by the edge of the palaeo-cliffs controlled by the N–S trending faults at 90 m depth. These
surfaces are interrupted using their relief due to differential erosion, necks, and dikes. The
structural surfaces that are slightly inclined towards SW characterise monoclinal “cuesta”
reliefs found off the coast of Cala Lunga (Island of Sant’Antioco). Some sectors (e.g., off
the coast of Cala Fico) present fault control. The distal platform at depths of 150–190 m
presents the Miocene sedimentary sequence outcrop (Figure 3).
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Figure 8. (a) Digital terrain model (DTM) from MBES data showing the drowned volcanic landforms in the continental
shelf of San Pietro Island. The great volcanic edifice off Corno Island and the main fault sistems are highlighted. (b) Aerial
photo of NW sector of San Pietro Island; the lava flow structures are evident from Becco Nasca source area (white arrows)
and the lava structures from the volcanic edifice off Corno Island, currently submerged (yellow arrows). (c) DTM shadow
relief and morphometric sections of a tabular volcanic structure (neck?). (d) DTM shadow relief and morphometric sections
of mega-dikes, in relief due to differential erosion. These morphologies rise up to 12 m above the basal erosion surface, with
longitudinal development up to 10 km. (e) DTM shadow relief and morphometric sections of a volcanic crater, showing a
double collapse-rim structure. (f) Crater 3D model, the lowered internal flank and the central depression are evident.

5.1.1. Volcanic Landforms

The proximal portion of the continental shelf is dominated by the medium-Upper
Miocene outcrops of acid volcanites. From a morphological point of view, numerous
volcanic landforms were noted, including primary (e.g., craters or calderic depressions)
and secondary landforms highlighted by differential erosion processes. The most important
volcanic edifice on San Pietro Island was found on the continental shelf and occupies 37 km2,
expanding up to 6.5 km off Capo Sandalo (Figure 8a). The emission centre corresponds
to the Islet of Corno, where the ignimbrite lavas (Cala Lunga Group, Middle Miocene) of
Cala Vinagra were sampled. Marine erosion processes partially eroded summit members,
including the Becco Nasca’s comendites (Figure 8b). The residual deposit is represented by
the hills of Capo Sandalo and Monte della Borrona, where the undulated morphologies
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of rope lavas attest that the lavas flowed towards SE (from the sea towards the interior of
the island).

A larger emission centre was found 8 km from the Gulf of Mezzaluna. It presents
a sub-circular and tabular mesa morphology with a diameter of approximately 1 km
(Figure 8c). The relief basis is located at a depth of 100 m, and the top is found at 82 m
depth. We interpret this landform as a volcanic neck; however, it should have been a huge
volcanic chimney, the largest in Sardinia. This landform might also be interpreted as a
volcanic plateau, similar to those recently recognised in the western Sardinian continental
shelf [58], approximately 60 km north of the study area. These landforms are typical of
basic volcanites and, therefore, appear unsuitable for the volcanic context of San Pietro
Island. Regardless, this hypothesis requires further investigation. We attempted sampling
the rocks of the volcanic neck by dredging. However, red algae bioconstructions completely
covered the rocks and prevented us from sampling. A system of eight emission centres,
showing neck morphologies, is distributed along a strip extending for 5 km to the SSE of
the main volcanic edifice. A crater was found about 10 km off the coast of Punta Geniò,
where only the eastern half-rim is preserved. It rises from the seabed at depths of 84–100 m.
This volcanic edifice indicates two phases of activity (Figure 8e), and its morphology is
similar to that of the volcanic features found on the seabed in front of the Phlegraean
Fields, with their unlithified light grey pumiceous cinerite [59,60] (Figure 8f). A depression
with a sub-circular perimeter and a diameter of 1200 m was found 1 km to the east the
crater off the coast of Punta Geniò. The depression starts at a depth of 105 m and reaches
135 m. A depression with a similar morphology was classified as a caldera [61]. The entire
group of emission centres following a tangential trend is crossed by a system of mega-dikes
affected by differential erosion for more than 10 m [62]. The mega-dikes have a slightly
sinuous form and can extend for up to 5 km without interruption, trending from 5◦ N
to 350◦ N. The only exception is represented by a dike of considerable thickness, which
follows a tangential trend near the main emission centre and is oriented NW-SE. This
dike was likely emplaced subsequently to the N-S-trending dike system (Figure 8d). Such
extensive mega-dikes are either contemporary or were formed immediately after the rifting
phase [63]. The basement rocks are often draped by thin layers of mobile sediments, which
partially cover the erosional landforms engraved in the volcanic substrate.

5.1.2. Palaeo-Cliffs and Related Landforms

The morphobathymetric DTM of the studied continental shelf shows a clear disconti-
nuity between the proximal and distal shelves. The discontinuity follows the offshore limit
of the volcanites. This limit is represented by the alignments of rocky walls up to 50 m high
with evident tectonic control and a prevalent orientation of 340◦ N.

The fault walls were subjected to polycyclic processes due to variations in the eustatic
sea level in the cliff environment. Judging by the depth of the basal platforms (125–140 m),
the last phase of subaerial erosion can be attributed to the LGM sea-level fall. These palaeo-
cliffs are set in the volcanites, with their base locally reaching a depth of 145 m, and form
plunging cliffs, similar to the modern cliffs along the Sandalo Cape coast [64].

The palaeo-cliff base is predominantly located at the shore platforms and is often
affected by iso-oriented shallow erosive channels in line with the main tectonic lineaments.
The basal abrasion platform has an irregular shape and is frequently covered by large sub-
angular blocks of multi-decametric dimensions or by rockfall deposits. Some large blocks
were found hundreds of metres from the detachment areas and recalled the evolutionary
model of the block slides diagnosed in other submerged areas, such as the continental
sector of the Gulf of Cagliari [34], the southern Apulian margin off the coast of Santa
Maria di Leuca [65], and the Malta continental shelf [3,29,66,67] (Figure 9).The palaeo-cliff
surfaces are often sub-vertical and are affected by sub-vertical fracture systems, which run
parallel to the main tectonic lineaments. In some areas, sub-orthogonal joints are present
and probably represent columnar cooling fracturing, similar to that in the southern coastal
sector of Sardinia. The cliff summit edges are developed at depths of 80–90 m, exhibiting a
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palaeo-cliff system 30–50 m high, on average. In some palaeo-cliff sectors, double ridges
can be observed, pinpointing to the extensional trenches with counter-slope flanks. They
were interpreted as distensional landforms and correlated with mass movement involving
rotational kinematics (Figures 9b and 10).

Figure 9. (a) DTM from MBES data showing the Last Glacial Maximum (LGM) palaeo-cliffs. (b) DTM 3D from MBES data
showing some landslides affecting the submerged palaeo-cliffs: 1—main scarp; 2—distensional trench; 3—landslide bodies;
LGM palaeo-sea-level (blue line). (c) detail of tectonic controlled palaeo-cliffs with localization of morphometric profiles. (d)
Morphometric sections and hypothesized sliding surfaces (red lines).

The interpretation of the kinematics of these drowned-landslides was based on the
geomorphological surveys of similar palaeo-landslides located along the coast (between
Capo Altano and Porto Paglia. In this sector, large landslides with rotational kinematics
were systematically observed [68]. The first landslide is located 500 m north of Altano
Cape, while the second landslide has been recently found to the south of Porto Paglia
(Figure 10A). Both palaeo-landslides have their foot fossilised by regression eolianites
(MIS 4, MIS 3). Therefore, their movement likely occurred at a high sea-level stand during
the last interglacial period (MIS 5) [9] (Figure 10D). From a morphological point of view,
the first palaeo-landslide is distinguished by a complex detachment niche and is organized
in two scarps. A wide trench and a counter-slope terrace are considerably lowered and
are partially covered by colluvial deposits. This landslide shows the evidence of recent
reactivation. The second palaeo-landslide has a detachment niche with a single scarp, a
counter-slope terrace at the base of the niche, and a trench partially buried by collapsed
blocks (Figure 10C,D).

In order to correlate the shapes of the submerged palaeo-cliffs with the modern
(subaerial) cliffs and relate them to the landforms associated with rock falling and toppling,
we carried out proximity remote sensing surveys by UAVs on some modern cliffs engraved
in the same volcanic lithologies on Sant’Antioco Island and Altano Cape.
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Figure 10. (A) Location of the studied coastal palaeo-landslides; (B) Excerpt of Geological Map of Italy—scale 1:50,000
Sheet 555 “Iglesias” (Pasci et al., 2015 [33]), with landslides location; (C) Aerial photo, photo 3D view and Lidar DTM
3D of landslide 1 (C1) and landslide 2 (C2); (D) Palaeo-landslide 1 3D interpretive models (D1) and Palaeo-landslide 2
(D2), showing rotational kinematics, probably due to the basal erosion during the high-stand MIS 5.5 and the subsequent
foot fossilization by continental deposits of the Upper Pleistocene (MIS 4,3,2). Geolithological legend: (1) sandstones and
conglomerates, Cixerri Formation—CIX (Eocene-Oligocene); (2) ignimbrites, tuffs—AQC (Middle Miocene); (3) ignimbrites,
lavas—SRC (Middle Miocene); (4) eolianites (Upper Pleistocene—MIS 4-3?); (5) eolianites and colluvia—PVM (Upper
Pleistocene—MIS2). Morphological legend: (a) detachment niche; (b) trench; (c) counter-slope terrace; (d) rotational sliding
surface; (f) cliff engraved in the Pleistocene aeolian deposits that fossilize the landslide foot.

The ROV surveys allowed us to explore the palaeo-cliff morphology, particularly, the
extensional trenches. We observed that erosional channels interrupted the continuity of the
cliff, whereas the niches and hollows, formed by differential erosion, created the environ-
ments protected from the coelenterate colonies of Corallium rubrum (SDC—the biocoenosis
of semi-dark caves). By contrast, the top surfaces of the cliffs were almost completely
colonised by incrusting algae Pseudolitophillum expansum (coralligenous biocoenosis).

5.1.3. Fossil Palaeo-Valleys

The LGM palaeo-hydrographic network has only been partially recognised because the
valley incisions are buried by very coarse-grained and gravelly bioclastic sands, especially
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the mäerl facies, which inhibit the penetration of the chirp elastic signal. The only buried
palaeo-riverbed that was completely identified starts from the Ria di Cala Fico and is
demarcated by a fault wall that continues for approximately one km offshore trending
280◦ N. The palaeo-riverbed top is located at depths of 5–10 m, and the base is demarcated
at depths of 20–35 m (Figure 6b). Offshore, the palaeo-drainage system is deflected by an
orthogonal fault system (Figure 11).

Figure 11. Seismic data of LGM palaeo-valley.
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Beyond the intermediate platform with depths of 80–90 m, the morphobathymetric
DTM shows a significant incision with steep rocky slopes, which is partially filled with
sediments. This surface morphology possibly masks a buried palaeo-valley. To investigate
this incision further, a Sparker 0.1–1 kJ seismic survey was planned and carried out. The
survey proved the existence of a palaeo-valley, whose incision started in the Middle
Miocene, immediately after the emplacement of the lava volcanites (Comenditi Cala Lunga
Group). Subsequently, the incised valley was filled by marine sediments with inclined
stratification and partially interbedded with the predominantly pyroclastic volcanites of the
Middle-Upper Miocene (ignimbrites of the Cala Lunga Group) (Figure 11). The next erosive
event was probably related to the Messinian low eustatic sea level [69]. In Plio-Quaternary,
the palaeo-valley was completely filled by shallow-marine deposits with wavy laminations.
The last identified incision down to a depth of 115 m occurred during the LGM sea-level
low stand. The valley was filled by sediments originating from an environment with low
wave energy, where low lighting caused a decrease in bioclastic productivity. These deep
palaeo-valleys were discovered in a lower to Upper offshore environment due to the fast
post-glacial to Holocene sea-level rise. In seismic images, the valley infill is represented
by semi-transparent sandy mud alternating with more reflective sands of episodic storm
nature (Figure 11—Section 2).

The terminal section of the palaeo-valley is enclosed within a narrow incision with
walls approximately 10 m high, where we interpreted a submerged palaeo-delta at depths
of 130–140 m.

5.1.4. Palaeo-Lagoon

Approximately 7 km off the coast of Punta Spalmatore, the palaeo-cliff is interrupted
by a deep incision that is connected shorewards to a large depressed area at depths of
120–130 m. During the LGM sea-level low stand, this depressed area could have formed a
Ria with a head bay lagoon. The palaeo-lagoon is asymmetrical, being characterised by a
southern arched bank with a low slope and a deeper northern rectilinear bank (Figure 12a).

To verify the existence of this lagoon, we sampled the relevant deposits by dredging.
We used a two-cylinder dredger and started from a depth of 125 m (lat 4329430.040 N,
long 426914.014 E) to a depth of 129.8 m. The base was located close to the rocky
wall (lat 4329755.209 N, long 426723.042 E), following a 200 m long cross-shaped church
(Figure 12a,b).

The dredger sampled compact greenish-grey sandy silt, which, when washed, revealed
a significant fossil content with both intact and fragmented lamellibranchs, gastropods,
and serpulids (Figure 12b), marking the transition from the meso-littoral to the infra-
littoral planes (Figure 12c) [30]. The sampled fauna comprised species common for lagoon
and meso-littoral environments, such as the Bivalvia (e.g., Mytilus cfr. Edulis, Mytilus cfr.
Galloprovincialis, Glycymeris sp., Parvicardium exiguum, Pitar cfr. Rudis, Venus cfr. Casina),
Gastropoda (e.g., Tectura virginea, Calliostoma laugieri) (Figure 12d) [70], and Annelida
(e.g., Serpula vermicularis).

Several samples were subjected to AMS (accelerator mass spectometry) 14C radiocar-
bon analysis at the Beta Analytic laboratories (Florida, USA). The radiocarbon analysis
results confirmed that the sampled rocks were deposited during MIS 2, at the beginning
of the deglaciation period (Table 1) [71]. The dating of Tectura Virginia was the closest to
that of LGM, and this species is still present in the Mediterranean Sea and some areas of
the Aegean and North Adriatic Seas. The most consistent populations of Tectura virginea
are currently present in the eastern Atlantic (e.g., Scotland, Iceland) and the North Sea
(e.g., Norway, Svalbard).
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Figure 12. (a) Morphobatimetric DTM shadow relief showing the depression that hosted the palaeo-lagoon in the LGM; the
arrow shows dredging (DR3); (b) sampled thanatocenosis. Bivalvia: (1) Mytilus cfr. Edulis, (2) Mytilus cfr. Galloprovincialis,
(3) Glycymeris sp., (4) Parvicardium exiguum, (5) Pitar cfr. Rudis, (6) Venus cfr. Casina; Gasteropoda: (7) Tectura virginea (López
Correa et al., 2010 [70] for the distribution of the Tectura virginea species). (c, c1) Ascending two-cylinder experimental
dredger; the arrow indicates part of the dark grey sandy silt deposit; (d) enlarged image of Tectura virginea.

Table 1. Radiocarbon dating results. The 14C data were calibrated using an online version of Calib 8.1.0 (http://calib.org)
and a standard marine reservoir age Bastia, Corse [71].

Lab. Code Material Species
13C/12C
Ratio

Calibration
Dataset

14C Age
(BP)

2-σ Interval of Calibrated
Age (cal yr BP)

Beta-310989 shell Mytilus cfr. Galloprovincialis +1.7 o/oo Calib 8.1.0 13,380 ± 60 15,014–15,688

Beta-310992 shell Tectura virginea +0.6 o/oo Calib 8.1.0 16,350 ± 70 18,714–19,251

5.1.5. Beachrocks

Limited cemented conglomerate and sandstone outcrops were noted in the northern
sector of the shelf at depths varying between 45 and 49 m (Figure 13a). These outcrops
are represented by polygenic and heterometric conglomerates alternating with arenaceous
microconglomerates with a feldspar-quartz matrix. The fossiliferous content is high,
predominantly including lamellibranchs and gastropods, with the evidence of radiolarians
and echinoids. Carbonate cementation was determined to be polyphasic, with the initial
formation of magnesian calcite cement precipitated from seawater in the form of acicular
crystals and followed by the cryptocrystalline globules deposited via bio-precipitation.
After partial dissolution, the cementation was completed by the idiomorphic crystals of
calcite deposited from freshwater. The dynamics of cementation are linked to the sea-level
oscillations during an overall sea-level rise (Figure 13d). These deposits show depositional
characteristics and cementation typical of a beachrock and, consequently, can be referred to
as palaeo-submerged shorelines. They define the exact position of an intertidal zone. The
main beachrock deposits were observed and mapped at the same depth, approximately
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3 km NW of the La Punta promontory. The side-scan sonar images showed weakly inclined
banks dipping seaward. Owing to the gradual basal undermining of these beachrock
outcrops by strong traction currents, extensive plains are covered by unconsolidated
sediments (sand) distributed in patches (Figure 13a). The top outcrop surface is denoted by
a typical sub-orthogonal fracture system linked to diagenesis, favouring the occurrence of
landslides at the edges (Figure 13b,c).

Figure 13. (a) The 100 kHz side scan sonar image of the beachrock a depth of 45 m: (1) Outcrop of sandstones and
micro-conglomerates with carbonate cement; (2) sandpatches sedimentary structures (mäerl); (3) medium and fine grained
bioclastic sands. (b) Seabed picture a depth of 45 m, underwater survey of beachrock fracture system. (c) Detail of the
beachrock outcrops affected by a sub-orthogonal fracture system and by block toppling due to basal erosion: 1—35◦ N
fracture system; 2—300◦ N fracture system; 3—detachment niche; (c1) block diagram by diving survey. (d) Petrographic
thin section of the beachrock—45 m: (1) acicular magnesian calcite coating: (2) micritic globular filling; (3) dissolution cavity
with secondary clastic-micritic filling; (4) accretion of idiomorphic calcite in dissolution cavity. N.I. × 20.

6. Discussion

6.1. Last Glacial Maximum (LGM) Coastal Palaeo-Landscape

The collected data allowed us to identify the geomorphological evidence of a drowned
palaeo-landscape attributable to a base level at approximately 125–145 m depth below the
present-day sea level.

Continental landforms (e.g., river valleys and coastal plains), transitional environ-
ments (e.g., palaeo-lagoons and coastal landforms represented by cliffs), and associated
depositional features were recognized. Different marine indicators observed at various
depths helped identify a palaeo-sea-level, suggesting that the drowned palaeo-landscape
formed between the LGM and early deglaciation stages [22,24]. These observations testify
to the particular mobility of this continental shelf to hydro-isostatic rebounds [12], similar
to those reported from the northern sector of San Pietro Island, from Fontanammare Bay
to Capo Frasca (Figure 14) [54]. In our study area, the MIS 5 palaeo-sea-level indicators
show relative tectonic stability [72,73], while those modelled by GIA on the southwestern
Sardinian continental shelf display lower vertical displacement rates, with glacio-hydro-
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isostasy constituting 0.62 mm/yr off the coast of Oristano and 0.60 mm/yr in the Gulf of
Palmas [12]. Therefore, the theoretical sea-level drop attained during LGM (−120 m) could
be extended by approximately 10 m (−130 m). Some research carried out on the continental
shelf between Capo Pecora and Oristano indicates that the LGM palaeo-shoreline was at
depths of 125–140 m [54] (Figure 14).

Figure 14. Geomorphological sketch of the San Pietro continental shelf. Submerged palaeo-landscape since LGM (20 ka) to
9 ka.

The LGM coastal palaeo-landscape of the study area can be subdivided into three
sectors. The western sector is dominated by cliffs affected by landslides, where several
large isolated blocks represent the islets and a deep Ria interrupts the cliffs’ continuity and
incises the head bay lagoon. The northwestern sector represents a high rocky coast with a
gentle slope, probably coinciding with the lava flow fronts originating from the emission
centre of Corno Island. An extensive basal wave-cut platform is situated at the base of
these rocky coasts and affected by a dense system of iso-oriented erosional channels, with
a prevalent direction of 330◦ N. The northern sector of Altano Cape is characterized by a
low rocky coast with a series of beachrocks at depths of 115–120 m. It is located adjacent to
two back-littoral areas with palaeo-lagoons. These beachrocks lie in a sub-parallel way and
have a morphological response identical to MBES, in contrast to the beachrocks sampled at
a depth of 45 m in the same sector (Figure 14).
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6.2. Post-Glacial Palaeo-Landscape Evolution

Rapid sea-level rise from 130 m below the present-day sea level during the deglacia-
tion period [22,65] likely contributed to the destabilisation of the palaeo-cliffs [74], with
their geomechanical characteristics being worsened by periglacial processes. Such desta-
bilisation could explain many massive rockfall deposits that currently cover the basal
abrasion platforms.

The comparison between the geomorphological features of the subaerial coastal palaeo-
landslides (Figure 10) and the identified submerged palaeo-landslides (Figure 9) has shown
that both types of landslides were affected by rotational kinematics. However, the sub-
merged palaeo-landslides have low-angle sliding surfaces, and their landslide bodies are
stacked (Figure 9c), dissimilar to the present-day landslides. These differences can be
linked to instability after drowning, in wave energy conditions probably very different
from the present ones [75,76]. To better understand the coastal landslides kinematics in
this area, it is important underline that the waves currently interacting on the coasts of
western Sardinia are the most energetic in the entire Mediterranean basin. In fact, the
waves measured in Alghero (northwestern Sardinia) during extreme meteorological events
have a maximum height of over 10 m [77,78].

6.3. Younger Dryas Coastal Landscape

At depths of 45–48 m, we diagnosed a littoral spit in the beachrock facies. It is well
preserved and extends for approximately 15 km in the northern part of the study area
(from La Punta to offshore of Capo Altano). The outcrops are represented by polygenic
and heterometric conglomerates with a sandy matrix and carbonate cement. The fossil
content varies, and fully bioclastic levels were observed. Rock cementation indicates that a
palaeo-depositional environment changed from intertidal to supratidal [52]. The outcrops
are characterised by apparent erosional landforms both on the top surface and the edges
(Figure 13a).

The strata are tilted slightly seaward, representing an arrangement typical of the beach
sedimentary body [51]. The sedimentary structures (e.g., parallel lamination and wedge-
shaped, sigmoidal, and inclined stratification) are also common in coastal environments
(Figure 13b).

In Sardinia, beachrocks are found at different bathymetric levels. The deepest beachrocks
are located at 95–110 m depth off La Maddalena Island, whereas the shallowest beachrocks
are found at a depth of 1 m in the Gulf of Palmas and incorporate Roman pottery [30]. The
latter type of outcrop constitutes thin (1–2 m) and discontinuous strata.

The beachrocks found at depths of 45–50 m are particularly thick (4–5 m) and contin-
uous. They start in southern Sardinia, pass along eastern Sardinia, and reach the Aléria
Platform in central-eastern Corsica. These littoral spits are often associated with retro-
littoral areas (i.e., palaeo-lagoons and palaeo-dunes). The same beachrocks were sampled
at a depth of 45 m in the Gulf of Palmas, Gulf of Cagliari, Island of Serpentara, and Gulf of
Orosei. The 14C analysis indicated that the beachrock ages range between 11 and 9.5 ky cal
BP. In particular, the Cagliari beachrock revealed a date of 10,835 ± 170 ky cal BP [51]. As
such, these palaeo-shorelines are attributed to the Younger Dryas cycle of eustatic oscil-
lations. Off the Porto Paglia coast, the beachrock is interrupted, and the area behind it is
distinguished by a sub-elliptical depression, interpreted as a palaeo-lagoon approximately
1 km in diameter (Figure 14).

6.4. Lower Holocene Coastal Palaeo-Landscape

We reconstructed the LGM coastal palaeo-landscape corresponding to the Upper
Palaeolithic period. During this period, the evidence of human presence is still rare in
Sardinia [79,80] (Figure 14), despite the short distance from the continent and the continuity
with Corsica due to the lowered sea level during the LGM. [56]. The first evidence of
human settlement in Sardinia is attributed to the Holocene [81]. The discovery of the
Mesolithic site of S’Omu e S’Orku (SOMK) along the southwestern Sardinian coast, about
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40 km from San Pietro Island, is of particular interest, being one of the few Mesolithic
coastal sites in the western Mediterranean (Figure 15). By examining the sea-level rise
curve [15,16] (Figure 16), we placed the ancient Holocene shoreline at 20 m depth. In the
Holocene, the palaeo-landscape represented a vast coastal plain that extended between the
present-day islands of San Pietro and Sant’Antioco and the mainland. High rocky coast was
interspersed with extensive beaches with coastal dunes, as evidenced by a strip of coastal
desert near Capo Altano [9]. A narrow bay was bordered by two rocky promontories
between the islands of San Pietro and Capo Altano, while instead of the San Pietro canal,
there existed a large bay and river mouth (Figure 14). The coastal morphological context of
this part of Sardinia probably influenced the movements of the last Mesolithic groups. The
human remains discovered in SOMK were dated to approximately 9 ky cal BP. The site is
completely covered by red ocher and jasper artefacts (Figure 15b), the outcrops of which
are found on San Pietro Island [81]. These artefacts testify to the movement of Mesolithic
groups along wide beach areas close to the reliefs. Those Mesolithic groups benefited from
the emerged land area between the mainland and the two small islands, where coastal
lagoons favoured not only the mining of jasper and ocher but also offered food resources
from sea and lagoon, especially in a period, when relatively scarce terrestrial fauna existed.
The terrestrial fauna was mainly represented by the now-extinct genus Prolagus [82].

Figure 15. Mesolithic man in Sardinia west coast: (a) Location of S’Omu e S’Orku (SOMK) site and study area, palaeo-
coastline of Mesolithic period (9 kyr BP) at 20 m. (b) The heavily ochre-stained skeletal remains (after Melis and Mussi,
2016 [81]). (c) View of SOMK Mesolithic site. (d) General view of the present-day position of Mesolithic SOMK site along
the Sardinian west coast.

7. Conclusions

The integrated study of new geomorphological, seismic, MBS ultrasound, direct and
remote-sensing UAV data allowed the evolution of the coastal palaeo-landscape of the conti-
nental shelf off San Pietro Island (southwestern Sardinia) since the LGM to be reconstructed.
We found robust evidence that during LGM, the sea level was approximately 130 m depth
below the present-day level, in agreement with GIA model indications (Figure 17) [12].

The morphostratigraphic investigation carried out around San Pietro Island allowed
recognizing sea-floor features and landforms related to different sea-level stands during
the last 22 kyr. In particular, the research highlighted the following (Figure 14):
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• During the LGM the central-southern sector of the investigated area was characterized
by a large promontory showing tectonically controlled high rocky coasts affected by
intense fracturing and rotational landslides.

• Deep rias, set along faults, interrupt the cliffs’ continuity during the same period. A
large lagoon, with a peri-littoral thanatocenosis that hosted species of cold waters,
formed at the bottom of one of these Ria bays (Figure 12).

• In the northern sector was there a wide river valley, while continuing towards north
-east the coast became low and sandy with lagoon-barrier systems (LGM).

• The rapid eustatic sea-level rise during deglaciation, probably associated with extreme
weather and sea conditions, has favoured the development of rotational landslides
and debris avalanches on the cliffs (Figure 9).

• During the Younger Dryas, the eustatic oscillations between the depths of 50 and 45 m
led to the construction of very thick littoral spits that extended continuously for tens
of kilometers to the north (beachrocks).

• During the Holocene, the landscape comprised a vast coastal plain with lagoons that
extended between the present-day islands of San Pietro and Sant’Antioco and the
mainland. This landscape played an important role in the movements of Mesolithic
groups along the coast. In fact, the presence of Mesolithic burials (about 40 km
away), including ocher and jasper artifacts from the Island of San Pietro, shows that
the Mesolithic inhabitants could reach the jasper outcrops by walking along a coast
characterized by long beaches, lagoons and back-littoral dunes (Figure 15).

• Volcanic morphologies, currently not present onshore, have also been described for
the first time. In particular, alignments of mega-dikes similar to those of active rift
areas (Figure 8) [62].

Figure 16. Relative sea-level prediction curve after Lambeck et al., 2011 [12] and Lambeck et al., 2014 [15], associated with
palaeo-sea-levels indicators of San Pietro continental shelf: lagunar shells, (C1) Acmea virginea (gasteropoda)—18,982 ± 338;
(C2) Mytilus galloprovincialis (Bivalvia)—15,350 ± 338 yr cal BP; BR) beachrock—10,835 ± 170 ky cal BP (De Muro and Orrù,
1998 [51]); SOMK) Mesolithic site (Melis and Mussi, 2016 [81]).
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In literature, LGM palaeo-shorelines are normally investigated by focusing on single
research aspects, such as seismic stratigraphy [20,21,27], lowstand depositional terraces [23]
and high rocky coast evolutionary models [22]. Within our research, an effort was made
to integrate a series of datasets including geological data and geomorphological evidence
from both emerged and submerged areas of southwestern Sardinia. This made it possible
to reconstruct the drowned palaeo-landscape in its complexity providing the means to infer
evolutionary phases from the deglaciation to the present. With reference to the continental
margin, the research allowed for the first time the description of geomorphological features
and palaeo-landscapes associated with the LGM shoreline. Furthermore, chronological
constraints for the development of peculiar landforms were achieved, thanks to the dating
of correlative fossiliferous deposits.

Figure 17. Reconstruction of the palaeo-landscape evolution of the San Pietro continental shelf since the LGM to present: (a)
LGM; (b) Younger Dryas; (c) Holocene, Mesolithic; (d) Present.
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Abstract: Climate change and tectonic uplift are the dominant forcing mechanisms responsible for
the formation of long and narrow terraced landforms in a variety of geomorphic settings; and marine
terraces are largely used to reconstruct the Quaternary glacial and interglacial climates. Along the
Mediterranean coast, a considerable number of popular scientific articles have acknowledged a
range of marine terraces in the form of low-relief surfaces resulting from the combined effects of
tectonic uplift and eustatic sea-level fluctuations, as relevant geomorphological indicators of past
sea-level high-stands. With the exception of a few recent studies on the significance of submarine
depositional terraces (SDT), submerged terraced landforms have been less investigated. By integrat-
ing different marine and terrestrial datasets, our work brings together and re-examines numerous
terraced landforms that typify the Cilento Promontory and its offshore region. In this area, studies
since the 1960s have allowed the recognition of well-defined Middle to Upper Pleistocene marine
terraces on land, while only a few studies have investigated the occurrences of late Pleistocene SDT.
Furthermore, to date, no studies have consistently integrated findings. For our work, we correlated
major evidence of emerged and submarine terraced landforms in order to support an improved
understanding of the tectono-geomorphological evolution of the Cilento Promontory and to further
clarify the geomorphological significance of submerged terraces.

Keywords: marine terraces; submarine geomorphology; coastal geomorphology; sea level oscillation;
Tyrrhenian margin

1. Introduction

A terraced landform is any relatively flat horizontal or gently inclined surface bounded
by a steeper ascending slope on one side and a steeper descending slope on the opposite
side [1,2]. Terraces can be formed in many ways and in different geologic and environ-
mental settings. In geomorphology, tectonic uplift and climate change are the dominant
forcing mechanisms responsible for the formation of long and narrow terraced landforms.
Resulting terraces can, therefore, be used for studying variations in tectonic, climate, and
erosion, and for investigating how processes have interacted in the past and how they
currently interact. The recognition of late Pleistocene uplifted coral platforms as indicators
of past sea levels (i.e., reef terraces) was, for example, a significant finding in sea-level
research [3]. Terrestrial, fluvial-glacial counterpart [4], coral reef terraces [3], and marine
terraces [5,6] have been (and still are) largely used for reconstructing Quaternary glacial and
interglacial climates. Where tectonic uplift considerably impacts coastal regions, sub-aerial
marine terraces clearly document high-stands of sea level during interglacial stages [6],
alternating with low levels during glacial stages. In temperate regions, Pirazzoli [7] noted
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“marine-cut” terraces (or shore platforms) resulting from marine erosion and “marine-
built” terraces formed by shallow-water and slightly emerged accumulations of materials
removed by shore erosion. Along the Mediterranean coast, a range of sub-aerial marine
terraces have been acknowledged to be relevant geomorphological indicators of past sea-
level highstands (see [8] among other references). The study of Pirazzoli [7] has even
allowed the definition of still popular marine stratotypes, outlining the first Quaternary
chronostratigraphy (i.e., Calabrian, Emilian, Sicilian, Milazzian and Tyrrhenian for the
Pleistocene, and Versilian for the Holocene). Although their work has been revised and
refined, the chronostratigraphy is still used in gray literature and open discussions. The
geomorphological significance of submerged terraced landforms [9–14], as evidence of
Quaternary sea-level variations, has been less investigated and has only recently gained
attention [15], thanks to advances in seafloor mapping techniques [16] and the resulting
recognition of Submarine Depositional Terraces (SDT) (defined as sedimentary bodies with
a clinostratified internal structure and a prograding growth towards the sea [17–21]). Minor
studies have investigated the possible erosive nature of submerged terraced landforms
formed on bedrock outcropping on the shelf and their relationship to sea-level oscillations,
among them Bilbao-Lasa et al. [22]. Additionally, by taking into account both emerged
and submerged terraces, a few investigations have integrated their findings to support
an improved understanding of the tectono-geomorphological evolution of coastal areas
and the physiography of the margin [15,23], as we have undertaken in our work for the
Cilento Promontory.

In this region, systematic studies since the 1960s [24–34] have determined well-defined
Middle to Upper Pleistocene marine terraces on land. The submarine sector was the
subject of minor research during the 1990s. Among such studies, Trincardi and Field [35]
investigated the origin and forming mechanisms of remnants of late Pleistocene prograded
coastal deposits, locally preserved on the middle and outer portions of the shelf.

2. The Cilento Promontory and Its Offshore: Geological Setting and
Stratigraphic Framework

The coastal area of the Cilento region (Southern Italy) (Figure 1), included between
Agropoli and Pioppi, represents the western end of one of the most important peri-
Tyrrhenian, morpho-structures belonging to the Campano-Lucano arch of the southern
Apennine orogenic thrust system. Compressive tectonogenesis and structuring, initiated in
the lower Miocene, appear to have ended in the Lower Pleistocene [29,36–40], through dis-
placement of the Mesozoic-Tertiary bedrock of the Cilento coast during major Quaternary
(Lower to Middle Pleistocene) tectonic activity [41–43]. The complex lithogenic history of
the Cilento region has thus been shaped by numerous tectono-sedimentary events and
orogenic shifts [44] that today allow us to distinguish different lithostratigraphic units
outcropping along the coastline (Figure 1). Both siliciclastic and calcareous units outcrop on
the Cilento Promontory. Siliciclastic units are primarily represented by the Cilento Flysch
Unit [45,46] or Cilento Flysch Group “Auct” [41,42] that dominates in the north-western
sector, and secondarily by the Ligurian and Northern Calabrese Auct tectonic units. Such
units are often indicated as the “Internidi” [42,43] (Figure 1), the highest structural tectonic
unit (thickness 1300 m) that emerges for a few hundred meters in the central-southern
portion of the promontory. Calcareous bedrock outcrops on the south-eastern sector of
the Cilento region within the Monte Bulgheria Unit [47]. The general structural setting is
dominated by low-angle overthrust surfaces that are clipped and folded by subvertical
transcurrent and extensional surfaces with a variable orientation from NW–SE to E–W.
The Internidi have been described as tectonic overlap on calcareous units. However, such
overlap is sometimes reworked and masked by recent tectonics that are responsible for
major displacements that caused carbonate uplift and relief inversion. Indeed, all along the
Cilento Promontory the highest peaks are formed by carbonate units, while the most erodi-
ble siliciclastic units are found in places only preserved along valleys and on morphological
and structural lows [48].
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Figure 1. The study area. The on-land portion of the Cilento Promontory is represented by a schematic
geological map of the Cilento region (The map was adapted from a geological map containing
thematic elements and underwater landscapes at a 1:110,000 scale) overlaid on a Digital Elevation
Model (DEM) adapted from Campania Region Technical Cartography at a 1:5000 scale. Isobaths and
offshore shaded relief were obtained from the EMODNET portal (https://www.emodnet-bathymetry.
eu/, accessed on15 February 2021).

Quaternary deposits formed by marine, transitional, or alluvial sediments, where
preserved, are found in angular unconformity on the described bedrock. Outcrops of
coastal marine sediments (biocalcarenites, fossiliferous beaches and aeolian sands), often
associated with typical forms of marine abrasion and bioerosion (shore platforms, fossil
eroded notches, “Lithophaga” holes, etc.), are found in very small and discontinuous
terraced strips (at various heights between 2 m and 300 m above sea level (a.s.l.)) along
the entire Cilento coastal zone. Such deposits, sometimes alternating with “colluvial”,
pyroclastics, and paleosoils, have been the subject of careful and systematic studies since
the 1960s [24–34], allowing chronological attribution to the Middle and Upper Pleistocene.

Offshore, the shelf of the eastern Tyrrhenian Margin lies between the uplifting Apen-
nine chain on land and the Tyrrhenian offshore basin that has been subsiding at a rate
of 1 mm/yr since the end of the Lower Pleistocene [49]. Due to the multifaceted tectonic
history determined by the opening of the Tyrrhenian Sea, that is also associated with limited
Plio-Quaternary sedimentation at places interrupted on the shelf by bedrock outcrops [48],
the seabed topography is extremely complex. Seismic data has revealed a deformed acoustic
basement, displaced by quaternary faults with very sharp and steep scarps similar to the ones
detected on land. The continental shelf is wider in the northern portion, extending for almost
30 km to the north of Punta Licosa [50], and delimited seaward by an uncertain shelf break,
from 180 to more than 200 m in depth. To the south, continental shelf width is reduced to
less than 10 km, and in offshore Acciaroli the shelf break is sharper and is located at a water
depth (w.d.) of roughly 130 m. In the southern sector (Figure 1), the shelf further narrows
to 6 km and a transition between the shelf and the slope is evident, but located at variable
depth, gradually decreasing from 140 m off Punta del Telegrafo to 130 m in .w.d. offshore
of the south-eastern corner of the promontory, where the upper continental slope is much
steeper and likely coincident with a tectonic escarpment [51–53]. Different sub-horizontal
surfaces bounded by fairly continuous and slightly sinuous escarpments have also been
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determined on the shelf. They have been interpreted as submarine terraces [48,54,55] that
formed by local and prolonged low sea level stationing, occurring between the regression of
the Last Glacial Maximum (LGM) and subsequent rapid post-glacial sea-level rise (i.e., the
Flandrian Transgression). Only a few of the submarine terraced landforms located near sea
level (8 m to 12 m below sea level (b.s.l.)) are ascribed to Marine oxygen Isotopic Stage (MIS)
5 [32,56,57], corresponding to the Last Interglacial period.

The continental slope is marked by depressions and topographic highs of variable
dimension, down to a depth of 1600 m. Numerous escarpments document the existence
of simple to complex landslide scars, testifying to the dominant role of mass-wasting
phenomena in shaping the continental margin. A complex tectonic framework of bedrock
is also still visible along the slope, where it has created local, intra-slope reliefs and marked
tectonic lineaments [53–55].

3. Data and Methods

Our study was driven by the collection of major evidences of terraced landforms, both
on land and in offshore areas of the Cilento Promontory coastal zone, recovered from sci-
entific literature and detected on available Digital Elevation Models (DEM—i.e., Emodnet
database—https://portal.emodnet-bathymetry.eu/ (accessed on 20 February 2021)—grid
cell size 50 × 50 m and Magic project: http://dati.protezionecivile.it/geoportalDPC/rest/
document#MagicFoglio10/ (accessed on 20 February 2021)—grid cell size 50 × 50 m) for the
offshore sector. Submarine terraced landforms were also manually and automatically detected
by applying a geomorphometric analysis performed using Spatial Analysis Tool available in
ArcGis®. All terraced landforms were then collected in a proper database by including infor-
mation regarding dating, altitude or depth, and references (Tables 1 and 2). Landform spatial
and temporal distributions were analysed in order to detect the role of associated bedrock and
the structural framework in controlling distributions and geomorphological differentiation.

Terraces were grouped according to lithostratigraphic units of the corresponding
bedrock (i.e., siliciclastic or calcareous), namely, from North to South: (1) Cilento Flysch
and “Internidi” Units; and (2) the Carbonate Unit of Mount Bulgheria, with outcroppings
regions located in the area surrounding Palinuro (Palinuro Cape, Mingardo river mouth
and Camerota) on the southern coast of the Cilento Promontory (Figure 1).

Study of the offshore region was also supported by the availability of high resolution
seismic data collected using a GeoAcoustic GEOCHIRPII (GeoAcoustic Limited, Shuttle-
worth Close, Doncaster, UK) Subbottom Profiler System (SBP) in 2003, between 10 and
130 m in w.d., as well as by results obtained from a sedimentological analysis performed on
16 gravity cores and 32 grab samples, as described in [58]. An interpretation of depositional
and erosional processes, as detected from a seismo-stratigraphic analysis, was performed
using the concepts of sequence stratigraphy [59,60].

3.1. On Land Terraced Landforms

To understand traces of described ancient marine deposits and sea-level markers,
background knowledge of the study area was obtained from an extensive literature re-
view [24,26,28,30–34,61–69], and a field survey. Table 1 provides on-land terraced land-
forms according to their altitude and dating (as ascribed in the scientific literature).

3.2. Offshore Terraced Landforms

Background knowledge for the submarine sector of the study area was obtained
by collecting public bathymetry (EMODnet portal) and high-resolution seismic data, as
described in Savini et al. [58], along with analogous remote data and evidence of direct
observations as reported in the scientific literature [32,48,50,54–57]. To detect flat surfaces,
basic geomorphometric analysis were performed in ArcGIS®. All areas with a slope
value ≤ 1 and confined by a marked break of slope (according to [1]) were segmented and
converted in polygons (Figure 2B).
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Table 1. List, reported dating in the scientific literature, altitude, and referenced literature for on-land terraced landforms.

Geological Unit Dating Altitude (m) Notes and References

S
il

ic
ic

la
st

ic
b

e
d

ro
ck

Cilento Flysch
Unit

Lower Pleistocene ? No clear evidences
[64]

Middle Pleistocene (MIS 9) 60 [30]

Middle Pleistocene (MIS 7) 25 [30,67]

Upper Pleistocene (MIS 5e) 6.5–10 [28,30,67]

Upper Pleistocene (MIS 5c) 4–5 [30,66,67]

Upper Pleistocene (MIS 5a) 1.5? [30,66,67]

Cilento Group and
Internidi Units Upper Pleistocene (MIS 5e) 6 Beach-ridge deposits

[24,28,65]

M
t.

B
u

lg
h

e
ri

a
C

a
rb

o
n

a
ti

c
U

n
it

Palinuro Cape

Lower Pleistocene 350 [29,32,64]

Middle Pleistocene 170–180 [32]

Middle Pleistocene 130–140 [32]

Middle Pleistocene 75–65 [32]

Middle Pleistocene 50 [32]

Upper Pleistocene 8–7 [32]

Upper Pleistocene 3–2 [32]

Mingardo river
Middle Pleistocene Many orders

75–15 [34]

Upper Pleistocene 12–10 [34]

Upper Pleistocene 4–3 [34]

Camerota

Lower Pleistocene 0–350 [29,30,32,64]

Middle Pleistocene 50–200 [68]

Upper Pleistocene 15 [32,34]

Upper Pleistocene 12–10 [32,34,69]

Upper Pleistocene (MIS 5)

8.5–8
7.5–5
4.5–4
3.5–3

[31,32,34]

?: Uncertain value or not confirmed by consistent data.

Table 2. List, reported dating in the scientific literature, depth, and referenced literature for offshore ter-
raced landforms. The table takes into account terraces cited in the scientific literature. The correspondence
with terraces detected by geomorphometric analysis is reported in the last column on the right.

Geological Unit Dating Depth (m)
Notes and
References

Correspondence on
Slope Value

S
il

ic
ic

la
st

ic
b

e
d

ro
ck

O
ff

sh
or

e
C

ile
nt

o
Fl

ys
ch

U
ni

t Upper Pleistocene −8 [55] Not evident

Upper Pleistocene −10/14 [55] Not evident

Upper Pleistocene −17/27 [55] Yes (−21/26)

Upper Pleistocene −43/50 [55] Yes (−47/52)

Upper Pleistocene −86 [48] Yes (−86)

Upper Pleistocene −107 [48] Yes (−108)

Upper Pleistocene (MIS 2) −120 [50] Not evident

Upper Pleistocene (MIS 2) −160 [50] Not verified
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Table 2. Cont.

Geological Unit Dating Depth (m)
Notes and
References

Correspondence on
Slope Value

S
il

ic
ic

la
st

ic
b

e
d

ro
ck

In
te

rn
id

iU
ni

t

Flandrian
transgression −46/51 [58] Yes (−47/52)

M
t.

Bu
lg

he
ri

a
C

ar
bo

na
ti

c
U

ni
t

Pa
lin

ur
o

C
ap

e

Upper Pleistocene −7/8 Notches
[32] Not evident

Upper Pleistocene −12/14 Wave-cut platform
[32] Yes (−12/21)

Upper Pleistocene
(MIS 3) −18/24 Wave-cut platform

[32] Not evident

Flandrian
transgression −44/46 Notches

[32] Not evident

 

Figure 2. (A): A map of major terraced landforms detected on land and offshore in the Cilento
Promontory, as reported in Tables 1 and 2, with the exception of the submarine depositional terraces
(SDT) reported in [48,50]. (B): A slope map with red polygons indicating flat areas (slope ≤ 1)
delimited by marked ascending and descending breaks in slope.
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4. Results

4.1. Terraced Landforms: Temporal and Spatial Distribution

The presence of terraced landforms in the Cilento coastal area marked the emerged
and submerged sectors (Tables 1 and 2). Scientific literature has documented at least seven
orders of Pleistocene terraced surfaces on land (Table 1 and Figure 2), spanning from the
Lower to Upper Pleistocene [32].

Offshore terraced landforms (Figure 2) were, instead, first detected using geomor-
phometric techniques (Figure 2B), then correlated with evidence in the scientific litera-
ture [32,48,50,54–58], and then grouped according to depth range of occurrence (Figure 2A).
For terraced surfaces deeper than 50 m, we also refer to [50] and [48]. As discussed below,
the distribution of both on-shore and off-shore terraced landforms was then resumed
according to geological unit.

4.1.1. Northern Cilento Group

On-land five terraced surfaces have been identified (Table 1 and Figure 2). Two were
from the Middle Pleistocene (MIS 7 and 9) with clear evidence of uplift, apparently sealed
by Upper Pleistocene deposits. The remaining three were from the Upper Pleistocene (MIS
5a, MIS 5c and MIS 5e), with no significant contribution from tectonics.

The submerged sector is typified by prolongation towards the sea of the “Punta Licosa”
Promontory (Figures 1 and 2) that (1) provides an EW aligned spur formed by an outcrop
of the acoustic basement that rests over more than 16 km2, between 25 and 80 m of w.d.;
(2) likely originated from the Cilento Group synorogenic unit (or “Flysch del Cilento”) and;
(3) was bounded by direct faults. The spur rises from the surrounding seafloor through
several sharp escarpments bounded by flat terraced surfaces (Figures 2 and 3).

According to the scientific literature, terraces are positioned at −8 m, −10/14 m,
−17/27 m, and −43/50 m and reportedly range from MIS 5a or 5c up to MIS 3 [50,55,57,66].
A performed geomorphometric analysis distinctly outlined the marked stepped profile of
the Licosa spur and several submarine terraces (slope ≤ 1), with a prevalence at −21/26 m,
−47/52 m, and −76/86 m, having consistent lateral continuity (especially toward the
south and for depth intervals of −21/26 m and −47/52 m) (Figures 3A and 4), were
located. Small scale landforms resembling tension fractures at the crowning areas of
modest landslides are frequent on the southern slope of the spur [55], an isolated group of
terraced surfaces downward of small landslide scars was identified at −28/30 m (Figure 4).
Ferraro et al. [48] detected additional terraced landforms at 86 m and even deeper at 107 m
of w.d., both of an erosional origin, and indicated that the terraces formed at the outcrop
of the acoustic basement. Further offshore, biogenic coarse sandy depositional bodies,
bounded at their top by a ravinement surface, were described at 120 m and 160 m in w.d.
Such bodies are developed over more than 20 km along-slope [48]. A small fragment of
“Arctica islandica” (Linneo, 1767) was also recovered from a core sample ([48]; Pennetta
pers. com.) allowing attribution of their formation to the last low-stand period (i.e., MIS
2). Trincardi and Field [50] also reported the occurrence of depositional bodies in the form
of shelf-margin deposits, truncated at their tops by an outer-shelf ravinement surface at
−150/160 m. The shelf-margin is reported to occur at −200 m in w.d. (Figures 1 and 2) (i.e.,
deeper than the sea level low-stand reported for the Last Glacial Maximum (namely 120 m
in w.d.). Marani et al. [70] indicated that these sandy bodies appear to have formed in a
shallow (<30 m deep) marine setting. This evidence, together with the detection of an outer
limit for the ravinement surface generated by the post-Würmian Transgression at a deeper
depth than the one reported for the eustatic minimum (i.e., 120 m), suggests that the outer
continental shelf has been subject to important (tectonic) subsidence phenomena over the
Holocene. Considering Mediterranean wave-base level in the order of 10/15 m [71], we
speculate that the subsidence rate reported for the Tyrrhenian sea by Kastens et al. [49] (i.e.,
1 mm/yr.) allowed a merger of the geodynamics of the outer portion of the continental
shelf with the structural system that currently controls evolution of the Tyrrhenian basin.
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Figure 3. Histograms of depth values (depth range 0–120 m in w.d.) for the offshore areas of Northern
Cilento group (A); Cilento Group and Internidi Units (B); and Southern Bulgheria Mount (C). The
gray ellipses show the depth ranges that, on the map, are clearly delimited by sharp breaks in slope.

4.1.2. Cilento Group and Internidi Units

The central continental coastal area of Cilento, between Acciaroli and Palinuro, is
essentially composed by deformed units of Mesozoic-Tertiary Bedrock (members of the
Cilento Group and Internidi Units) covered in angular discordance by Quaternary alluvial
and coastal deposits. In places, coastal deposits represent the filling of localized morpho-
tectonic depressions of actual alluvial (i.e., the plain of the Alento River) and coastal (i.e.,
plain of Casalvelino-Ascea—Figure 1) plains consisting of fluvial sediments, dune and
beach-ridge deposits sometimes covered by continental colluviums, and slope debris.
Marine beach-ridge deposits, emerging up to six m a.s.l. along the coast at Ogliastro [28]
and Acciaroli [24], have been attributed to the Upper Pleistocene (Table 1 and Figure 2). In
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this sector, no deposits or forms have been found that can be attributed, with certainty, to
the Lower or Middle Pleistocene (Figure 2).

 

Figure 4. A 3D view of the seaward prolongation of the Punta Licosa Promontory, with polygons detected by geomorpho-
metric analysis, representing terraced landforms according to [1] and distinguished in different colors according to depth
range (yellow: 21/26 m; light blue: 47/52 m; green: 76/86 m). Small-scale landslide scars are also mapped (red lines) on
the southern side of the submerged Punta Licosa spur. The Digital Terrain Model data products used to provide the 3D
view have been derived from http://dati.protezionecivile.it/geoportalDPC/rest/document#MagicFoglio10 (accessed on
20 February 2021).

Offshore, the morpho-structural depression, marked on land by the coastal and alluvial
plain of Casal Velino-Ascea (Figure 1), is filled by sandy-silty deposits [58] over almost all
of the central and southern continental shelf, in continuity with terrestrial physiography
(Figure 2). The depression is confined to the north by the outcrop of the acoustic basement,
that forms a southward-elongated ridge offshore Acciaroli, interrupted at the shelf break
(Figures 1 and 2). The coupling of bathymetric and high-resolution seismic data clearly
indicates marked terraced landforms along the ridge. Terraced landforms are particularly
evident at a depth interval between 47 and 52 m (Figure 3B), in the form of an erosional
surface (wave-cut platforms [58]) sculpted within the acoustic basement (i.e., bedrock,
Figure 5A). As shown by the marine DEM and the associated slope value (Figure 2B), the
terraced landforms are still in continuity with those detected northward at Punta Licosa,
especially for the depth range 47/52 m. A north-south elongated depositional body (with
a lenticular section formed by poorly defined sloping depositional units that resemble
shoreface clinoforms [58]) rest at 55 m in w.d. in overlap above the southeastern edge of the
acoustic basement that outcrops to the south of Acciaroli (Figure 5). According to sediment
composition reported in [58,72], the depositional body likely formed in a shallow (<10 m
deep) marine setting. Since an older origin would have resulted in aerial exposure due
to sea level drop during the LGM, the absence of an obvious erosional surface at the top
of the deposit and partial burial towards the sea due to the high-stand drape (Figure 5B),
warrants ascription to the transgression that followed MIS 2.

4.1.3. Southern Bulgheria Mount

On land, the best-preserved Quaternary landforms and deposits of the Cilento Promon-
tory are found in Palinuro Cape (the Monte Bulgheria Carbonatic Unit), an area intensively
studied and well described within the scientific literature [32]. The oldest evidence of
flat eroded surfaces within the region are dated to the Upper and Lower Pliocene. Land-
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forms are found at altitudes between 1200 and 400 m a.s.l. and have been associated with
sub-aerial surfaces of fluvial-karst erosion, although some authors do not exclude marine
abrasion as a potential origin [69].

 
Figure 5. High-resolution seismic profiles acquired offshore Cilento Group and Internidi Units. See Figure 1 for location.
(A) A submerged terraced landform (wave-cut platform) is visible at 47–51 m in w.d. (corresponding to 63/68 ms). (B) A
submerged terraced landform (wave-cut platform) is visible at roughly 51 m in w.d. (corresponding to 68 ms).

The oldest Pleistocene terrace outcrops around 300 m a.s.l. and corresponds to the
Lower Pleistocene [64].

Overall, the area records several order of terraces positioned at variable altitudes
that are not easily correlated to the Middle Pleistocene. Four order of terraces, at an
altitude range between 20 m and 200 m a.s.l., have been ascribed to the Middle Pleistocene.
Additionally, five orders of Middle Pleistocene marine abrasion terraces were carved along
the coastal slopes at altitudes of 180/170 m, 140/130 m, 100 m, 75/65 m, and 50 m, for
which important tectonization cannot be excluded.

Upper Pleistocene terraced surfaces outcrop continuously along the cost and they are
located between 1.5 m and 10 m a.s.l. (Table 1). Two marine terraces located along a sea-cliff
that marks the coastal area at 8/7 m and 3/2 m a.s.l., and beach-ridge deposits containing
fragments of Thetystrombus latus Gmelin 1791 (=Strombus bubonius) are found at 3/2 m
a.s.l. The location of these Upper Pleistocene landforms suggested a small (few meters)
tectonic lowering of the area. In general, since good lateral continuity is preserved and
since the terraces are quite well correlated, terraces created by Upper Pleistocene sea-level
oscillations seem to document a relatively stable tectonic period [73].

As for the submarine portion between Palinuro Cape and Bulgheria Mount, four
orders of submarine terraces, located at 7/8 m, 12/14 m, 18/24 m, and 44/46 m in w.d.,
have been extensively described within the scientific literature [32]. Since they show
evidence of subaerial erosion associated with a regressive period, the first two terraces
were ascribed to the Last Interglacial (MIS5), or to an earlier period. Evidence of former
sea-level positions at 7/8 m in w.d. have been attributed to MIS5a with good confidence.

Terraces detected in the form of wave-cut platforms at 18/24 m in w.d. were, instead,
ascribed to the last phase of MIS3, which seems to be characterized by long stationing that
occurred during the post-Last Interglacial regression [56]. According to Antonioli et al. [32],
good conservation of the deposit and the absence of subaerial erosion for terraces located
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at 44/46 m in w.d. leads attribution to a lower standing period that occurred during the
last, post glacial transgression (i.e., the Flandrian Transgression). Sparce terraces found at
deeper depth were, in contrast, formed by depositional bodies and are ascribed to the last
glacial low-stand period (MIS2). The geomorphometric analysis performed on the DEM
detected quite large terraces at three main depth range: 55/63 m, 70/77 m, and 105/107 m.
Seismic data well confirmed the erosional origin of mapped terraces located at 50/55 m in
w.d. (Figure 6). Due to DEM resolution, which cannot resolve submarine terraces of small
dimensions, many shallower terraces were likely difficult to detect.

Figure 6. High-resolution seismic profiles acquired offshore Southern Bulgheria Mount.. See Figure 1 for location. (A) A
submerged terraced landform (wave-cut platform) is visible at roughly 50 m in w.d. (corresponding to 67 ms); (B) A
submerged terraced landform (wave-cut platform) is visible between 51 and 55 m in w.d. (corresponding to 68/75 ms).

5. Discussion

Abundant evidence of former Quaternary sea-level stationing, in the form of terraced
landforms, occurs on the Cilento Promontory from north to south and on its offshore
counterpart. One of the first observations obtained by grouping various terraces according
to their lithological unit was consequent variation in the degree of conservation of erosive
forms created by former sea level positions (i.e., marine terraces of dominant erosional
origin). Such forms were, indeed, better preserved when associated with carbonate rocks
of the Mount Bulgheria Unit. Bedrock of terrigenous origin (Cilento Flysch and Internidi
Units) hinders the conservation of Quaternary erosive landforms [26,74], that were smaller
and poorly represented. On the Mount Bulgheria Unit, a more widespread and continuous
conservation of the Quaternary deposits was evident, allowing plentiful geological and
geomorphological information to be obtained for reconstructing the age and alternation of
former sea-level positions [25,28,29,31,32,34,61,62].

From analyzed data, it appears that older terraces can be detected up to 300 m a.s.l.
Several Lower and Middle Pleistocene terraces have been cataloged. However, the complex
tectonic history of the region makes it difficult to perform accurate correlations, although
focused dating could improve our understanding of the post-orogenic tectonic differen-
tiation that typified the variuos uplifting rates of the Cilento Units. Additionally, some
sector of the promontory were tectonically displaced upwards by approximately 400 m
during the late Lower and the Middle Pleistocene. The Upper Pleistocene experienced
reactivations, but on a smaller scale and were differentiated from north to south.
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A different Upper Pleistocene geodynamic behavior seems to characterize the offshore
region where tectonic movements or relative stability, documented by the position of dated
marine terraces on-land, are well correlated with the submarine sector for areas shallower
than 120/130 m in w.d. In the offshore sector, the shallower orders of terraced landforms,
likely generated as wave-cut shore-platforms, did not record relevant tectonic/vertical
movements during the Upper Pleistocene. Since their position seems to be well correlated
with former sea-level positions, as reported in the global mean sea-level curves (Figure 5),
the result is in good agreement with documented research on land [75,76]. Seismic data
additionally indicates that during the last period of sea level rise, a transgressive erosional
surface (i.e., ravinement surface) formed in the area [50] and that its relationship to deposi-
tional bodies detected on the shelf critically improved constraints for ascribing the relative
position of sea-level to detected submerged terraces. We gave considerable importance to
the curve of isotopic stratigraphy in [77], and to other evidences reported for Holocene
relative sea-level curves [78,79], where a short stasis is reported for the rapid Flandrian
Transgression between 45 and 40 m in w.d.. This depth range is close to some of the mapped
offshore terraces in the form of a wave-cut shore platform (Table 2, Figures 2 and 3) and
displays strong lateral continuity all along the offshore sector of the Cilento Promontory
(Figures 2B and 4). In contrast, as speculated on the basis of relative sea-level fluctuations
documented by low-stand depositional bodies that formed SDT at 160 m in w.d. [50], the
outer shelf appears to have experienced an important tectonic subsidence.

Using all collected evidence, we observed that submarine terraced landforms offshore
of the Cilento Promontory can be distinguished as erosional and depositional, respectively
representing paleo wave-cut shore platforms (see [80] for a comprehensive definition and
differentiation from marine terraces) and SDTs (as described in [9] and references therein).
In our study area, terraced landform distinction is marked by the depths at which they
occur (Figure 5). On the outer zone of the continental shelf, and especially in areas deeper
than 120 m in w.d., SDTs have been described by Ferraro et al. [48] and have been inter-
preted by Trincardi and Field [50] as shelf-margin deposits, with a different configuration
according to physiographic shelf-break depth during the last sea-level low-stand (i.e.,
MIS2). Shelf margin deposits particularly occur offshore of the Cilento Promontory where
the physiographic shelf-break is deeper than the position of the low-stand shoreline of
the Last Glacial Maximum (MIS2). Trincardi and Field [50] highlighted the absence of
such deposits, where the shelf-break was close to the shoreline during MIS2. The different
configuration of SDTs, located on the outer shelf (as described in [50]) and the concurrent
deepening and widening of the physiographic shelf break toward the north, warrants a
distinction between the two main morpho-structural elements forming the shelf, as follows:

- A shelf sensu stricto, extendeding from the coastline down to 130 m in w.d., where
there is an almost continuous break in slope, that, south of the Cilento Promontory, is
sharp and coincides with the physiographic shelf break (i.e., offshore Mount Bulgheria)
that progressively leads to a slightly deeper and flat outer shelf toward the north
(Figure 1).

- An outer shelf, particularly evident offshore of Punta Licosa from 130 m down to
more than 200 m in w.d. (Figure 1).

The two morpho-structural elements seem to represent the components of a regional
fault system. The system is defined by NW-SE and NNE-SSW lineaments, marking the core
area that separates the uplifting morpho-structural high forming the Cilento Promontory
on the margin (interposed between the coastal depressions of the Sele Plain-Salerno Gulf
to the north and of the Policastro Gulf to the south-east), and the Tyrrhenian basin offshore.
The offshore tyrrhenian basin has been subsiding at a rate of 1 mm/yr since the end of
the Lower Pleistocene [48] and from the Last Glacial Maximum until present could have
been responsible for the lowering of the shelf break. The shelf s.s., represents a sector that
experienced the same tectonic of the on-land system. Such a result is confirmed by a good
correlation between the depth of marine terraces of erosive origin and eustatic sea level
variations recorded for the last 200 ka (Figure 7) that are attributed, for the most part, to
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shallower submarine terraces of the stationing of the Flandrian Transgression (40/46 m in
w.d. —as reported for the offshore of the southern Bulgheria Mount [32]) and the stationing
of MIS 3 (50/55 m and 70/76 m in w.d.), MIS 5c, and MIS5a (10/15 m and 18/24 m in w.d.).
In the offshore the Cilento Flysch and Internidi Units, the strong lateral continuity that
characterises the terraces located at 47/52 m in w.d. (Figures 2B and 3) suggests that they
could also have an origin associated to the Flandrian Transgression.

Figure 7. A graph with eustatic sea level variations, expressed in meters, recorded during the last
200 ka cal (adapted from [76]). Thick horizontal lines indicate major depth intervals where submarine
terraced landforms were located in the offshore region of the Cilento Promontory. Different colors
refer to different regions as distinguished in Table 2 (light transparent blue for the offshore Cilento
Group and Internidi Units, light transparent green for the offshore of the Bulgheria Mount); SDT:
Submarine Depositional Terraces.

Sub-aerial marine terraces [7] have, indeed, been traditionally acknowledged to be
relevant geomorphological indicators of past sea-level high-stands in regions subjected
to tectonic uplift [8]. With time, uplift determines the formation of terraced coastlines,
often with a step-like profile, where older terraces are higher and farther from today’s
coastline [7]. In this work, we focused on understanding the occurrence of paleo, wave-cut
shore platforms (forming marine terraces) within the submarine domain [22]. Here, it
is important to note that phases of relatively high sea-level or stationary phases during
transgressive periods, in the end, determine the most favorable condition for wave-cut
shore platform formations on rocky cliffs (because they cause marine processes to prevail
over sub-aerial processes). A relative decrease in sea level would, instead, lead to a decrease
in the efficiency of marine processes, with the formation of beaches or debris at the base
of a cliff, preventing wave-cut shore platform formation. For this reason, wave-cut shore
platforms are unlikely to form during low stands or regressive conditions. Therefore, for
our study area, we conclude that the occurrence of marine terraces of erosive origin within
the submarine domain resulted because shelf s.s. was subjected to the same geodynamics
that impacted the Cilento Margin on-land; and because the area was relatively stable during
the Upper Pleistocene and, therefore, during earlier high-stand (MIS5c and MIS5a) and
stationary periods of the Flandrian Transgression. In contrast, the outer shelf has been
lowering, at least since the end of the Lower Pleistocene, and has been involved in the same
geodynamics that are altering the Tyrrhenian Basin, promoting the formation of SDTs.

Deeper submarine terraces of erosive origin, as described by [48], at 80/86 m and
100/107 m in w.d., are more difficult to interpret. Therefore, further investigation is required
to confirm their actual association to bedrock outcrops.

A higher resolution of the DEM would also lead to a more effective morphometric
analysis. The more accurate list of terraced surfaces that would result from the analysis,
combined with an adequate reconstruction of late Quaternary environmental conditions
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that controlled formation of wave-cut shore platforms (e.g., wave climatology, as performed
in [22]), would provide more precise information to confirm the ascription of the terraces
to a defined high-stand period.

6. Conclusions

An interesting finding of our study, obtained by coupling terrestrial and submarine
terraced landforms [81], is the detection of two main types of submarine terraced landforms
in the surveyed sector of the south-eastern Tyrrhenian Margin: (1) erosional terraces (wave-
cut or abrasion platforms) formed on outcropping bedrock and (2) depositional terraces
(i.e., SDTs) generated by late Quaternary depositional sequences. A distinction between
the two types of landforms actually depends on a set of parameters dominated by regional
geologic settings (the type of bedrock, and geodynamic and sediment inputs) subject
to sea-level oscillation. Submarine marine terraces that result from the generation of
wave-cut shore platforms were predominantly generated during interglacial periods or
during relevant stasis occurring in transgressive events. On the surveyed sector of the
south-eastern Tyrrhenian Margin, they formed when bedrock outcrops were exposed
on the shelf, making them vulnerable to substantial erosion due to marine processes.
Bedrock outcrops also contributed to a disruption of late Quaternary sedimentation on
the inner shelf. Based on this evidence, submarine terraces of a strictly erosional nature
could not have been formed on a traditional passive margin subject to subsidence. In
contrast, subsidence, provides accommodation for the formation of depositional bodies,
that according to sediment availability, shelf morphology, and local sea level history provide
a suitable condition for a variety of SDTs.
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