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Abstract: In the framework of geosite management, specific targeted symbols for geomorphological
legends are still lacking. Concerning geosites of geomorphological interest, geomorphological
mapping requires targeted symbols in relation to goals and applications, either concerning
geomorphic hazards and risk detection or the enhancement of resources, in particular those related
to cultural heritage and, hence, geoheritage. A new methodology for mapping geo(morpho)heritage
on geomorphological maps is presented in this paper. Nine iconic examples from the Italian
landscape, selected in different morphogenetic and morphoclimatic contexts, are proposed to test
the methodology in relation to point, polyline and polygon features. Moreover, guidelines for
mapping are suggested according to the importance of the site and to the complexity of processes
characterizing each case study.
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1. Introduction

Geoheritage mapping is a quite recent research topic (e.g., [1-4]), and there are few
examples especially addressed to land planning (e.g., [5]). According to this last purpose,
geomorphological mapping is now assuming a crucial role in supporting geoheritage
management due to its valuable contributions for both enhanced fruition of cultural
landscapes and assessment of environmental dynamics within geosites of diverse nature.
Geomorphological mapping developed after World War II, mostly in Europe, Japan and
Canada [6], and flourished in different countries with various aims especially during the
1960s to the 1980s. Then, it rapidly proved to be a fundamental activity within Geoscience
research, since geomorphological maps became an invaluable tool of both scientific [7]
and practical significance in terms of fallouts on society (e.g., [8-12]). A geomorphological
map constitutes a strong scientific and dynamic source of information on landforms, their
origin and evolution (i.e., degree of processes activity), and it can be used to understand
how those landforms combine in space and time to generate complex landscapes.

A considerable amount of relief information can be rapidly stored in
geomorphological maps, supporting enhanced knowledge of landscape components
either before or after fieldwork [13]. At broad scales, the results may be classified into land
systems and regions with recurrent patterns of landforms [14]. To some extent, the degree
of information and interpretation of a landscape is a function of the scale of data
acquisition and representation. Scale consideration clearly influences decisions
concerning data source and acquisition methods. Scale and generalisation even control
detailed decisions concerning further use of data, particularly because the scale of
acquisition influences the variability in the geometry and distribution of the interpreted
results. A large-scale geomorphological map (scale between 1:10,000 and 1:50,000)
includes a great diversity of data regarding morphometry, morphography,
morphogenesis, morphodynamics and chronology in addition to lithology and geological
structure of a given territory, helping to understand the history of landscape and its future
evolution also considering the interaction with human impact [15-17].

Another important constraint to geomorphological mapping is the application of
targeted techniques to the research object during three stages of the investigation: (1)
landform description, (2) measurement of geomorphic process rates and (3) model
calibration for interpreting geomorphic scenarios [18]. The description of landforms has
the value of providing general information on the spatial variability of processes [19]. If
this can be combined with contemporary process rates [20], it will provide the basis for
improved interpretations and predictions of geomorphological scenarios in different
morphoclimatic and morphogenetic environments [21-25].

Geomorphological mapping has a widespread and widely recognised application in
land planning and territorial management, environmental impact assessment,
visualisation and communication of scientific information and hydraulic and geotechnical
engineering [26-29]. A geomorphological map is the starting point for many applications
and for the realization of thematic maps. The latter is shown clearly by the worldwide
abundance of derived and applied maps, such as hazard maps (e.g., [30-32]), nature
conservation maps (e.g., [33]), maps designed for engineering purposes (e.g., [34,35]),
factor maps for geodiversity assessment [36-38] or for comparing geodiversity with other
functional factors (i.e., sediment connectivity; [39]), geoheritage maps (e.g., [4,5,40-42]),
geoarchaeological [43-45] and geo-tourist maps (e.g., [46,47]).

In the last years, efforts have been undertaken to establish protocols for geologic data
retrieval, organization and mapping. References have been addressed to formal logical
Model and to international descriptive standards for the Geosciences, such as INSPIRE
(EU Commission, 2013) and GeoSciML (IUGS-CGI). However, despite the theoretical
effectiveness of the spatial data infrastructure, currently, relatively few real-world
applications make use of INSPIRE standards [48].

Despite the great and long-term efforts by researchers from several countries for
setting up a standardised mapping procedure and legend, currently, a great variety of
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geomorphological legends are still in use, which differ in their contents, adopted symbols
and scale of representation [15]. Nevertheless, simpler geomorphological maps with a
certain number of shared symbols are produced for both scientific and applied purposes;
this is due to the use of GIS, allowing the flexibility of map content and improving the
production rate of map, even if with shorter lives.

The geomorphological maps created in Italy by the National Geological Survey (now
ISPRA, the Italian National Institute for Environmental Protection and Research) follow,
except for some additional elements and variations, the legend elaborated for large-scale
maps by Panizza [49] and Pellegrini [50]. In turn, these maps shared concepts highlighted
by Tricart [51], Demek [52], Bashenina et al. [53], Klimaszewski [54], Joly and Tricart [55]
and Verstappen [56]. Later on, important efforts have been made in Italy for the
development of national common and standard geomorphological mapping criteria at the
1:50,000 in scale. Following the Italian National Geological Survey [57-59], landforms and
associated deposits are depicted by using symbols of different colours, according to the
geomorphological processes responsible for their genesis, whereas their state of activity is
marked by means of colour shades. Indication of the polygenetic origin is also possible: i)
the symbol corresponding to the most recent processes is used when different processes
followed each other in shaping the landform; ii) if several simultaneous processes acted
in shaping the landforms, a combination of colours to the symbols can be applied. The
lithological characteristics of the bedrock are emphasized through the use of solid colours
by grouping lithotypes according to their similar mechanical behaviour (e.g., intrusive
such as granites together with metamorphic massive such as gneiss).

Recently the Italian Association of Physical Geography and Geomorphology
(AIGeo), in collaboration with ISPRA (Italian Institute for Environmental Protection and
Research) and the National Council of Geologists, has reviewed the official Italian
geomorphological legend with the aims to: (i) create a legend widely applicable for
applied purposes and suitable for scale comprised between 1:10,000 and 1:50,000; (ii)
develop a multiscale object-oriented mapping model for being easily reproduced in GIS
environments; and (iii) revise and update graphical symbols, after the first issue of the
legend in 1994, due to the great progress made in Geomorphology in terms of new
knowledge on geomorphological processes and landforms. The reviewed legend is now
freely available on the web [59]. In this most recent version, a specific paragraph has been
inserted, focused on geomorphosites (sensu [60]), i.e., landforms with specific attributes,
including scientific and additional ones.

The increasing interest towards geomorphosites, and more in general towards
geosites [61] and geoheritage [62,63], is accompanied by the need to map sites or, better,
to evidence their presence on geomorphological maps. This includes the importance of
applying targeted research techniques for better data acquisition and representation of
geosites characteristics (e.g., [64-66]) and interpretation of their changing rate (e.g., [67])
under changing climatic conditions (e.g., [68,69]) and under anthropogenic impact (e.g.,
[70-73]). The evolving geosites, be they active or passive (sensu [74]), might undergo both
anthropogenic and natural processes that, in fact, may affect the intrinsic values of these
resources (e.g., [67,75,76]). In this sense, the AIGeo Working Group “Geomorphosites and
Geodiversity” proposed to highlight the occurrence of geosites with geomorphological
interest in the new official geomorphological maps edited by ISPRA at the 1:50,000 scale
and covering the entire Italian territory [77].

Starting from this premise and depicting the state of the art regarding geoheritage
mapping, this paper aims to: (i) propose a targeted legend and related symbols for
detailed geomorphological mapping of those landforms that have been classified as
geosites; (ii) test the proposed legend within different geological and geomorphological
contexts; (iii) test the proposed legend and related symbols at a different scale; and (iv)
elaborate guidelines for mapping geosites and integrating the new symbols within
geomorphological legends in the specific case for the Italian territory. In this paper, the
proposed legend is illustrated by means of nine case studies (Figure 1) developed by the
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AlGeo Working Group “Geomorphosites and Geodiversity” and testifying for the high
geodiversity of Italian landscape [78].

B High rocky citffs in the Parfeling Park (Liguria) . Furio Gorge {IH:.-:M}B

o e

Sinuesag submerged angscapa in.the
Guela Bay{Campania)

Figure 1. Location of the selected sites where the proposed legend and related symbols have been tested in the Italian
context. The background images are courtesy of: Esri, DigitalGlobe, GeoEye, Earthstar. Geographics, CNES/Airbus DS,
USDA, USGS, AeroGRID, IGN, and the GIS User Community (the whole Italy); Google Earth (1-3-4-5-6-7); Arpa Piemonte
Geo3DViewer (2).

2. Geoheritage Mapping: State of the Art

For the last 25 years there has been a growing scientific interest in topics related to
geoheritage (e.g., geoconservation, geotourism, geoparks), and numerous initiatives have
emerged all around the world. Quite recently, attention has been paid to geoheritage
mapping strategies as well. Many examples of thematic maps concerning geosites,
developed worldwide and especially in Europe, can be given. Distinctions between two
categories of maps depending on the user have been proposed in the literature [1-3] as (1)
maps for the general public and (2) maps for specialists.
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2.1. Maps for the General Public

These kinds of maps are widespread and usually developed in the field of
geoheritage promotion. To date, there have been many attempts in different countries to
create such types of thematic maps, which are often represented in leaflets, and brochures
provided by tourism or protected area agencies. Regolini-Bissig [3] proposed two
definitions of maps used in Earth Heritage promotion: geotourism and interpretative
maps.

According to this author, a geotourism map can be defined as “a map that is used to
communicate with a non-specialist public and that visualises geoscientific information, as
well as tourist information”. There is a great diversity in these kinds of maps as they differ
each other for the respective proportion of tourist and geoscientific information,
complexity of data, form and size, background choice, etc. Numerous are the geotourism
maps for amateurs of Earth Sciences: In this kind of map, major attention is given to the
scientific content, which may have a high level of complexity (Figure 2). Figure 2a shows
a portion of a leaflet, printed in collaboration with the local tourism associations and given
out free of charge to visitors, illustrating a geological-geomorphological itinerary in Val
Badia (Italy) [79]. This type of product combines the most evident geological-
geomorphological features with basic tourist information, along with a specific itinerary
using conventional symbols. Another example of map for amateurs of Earth Sciences is
offered by the Geo-hiking Map of the Mt. Penna and Mt. Aiona area (Aveto Natural Park,
Italy) [80] (Figure 2b), which illustrates the main geological and geomorphological data,
providing information on landform size and origin in relation to morphogenetic factors
and the influence of the litho-structural setting of the bedrock. Moreover, geosites of
tourist interest, both of a geobotanic, mineralogical and petrographic, geomorphological
and geological character, are illustrated in legend by using different pictorial symbols.
Information on trails and routes and related features are represented by means of different
colours or dashed lines. As also suggested by other authors (e.g., [81]), the map is
accompanied by a sketch evidencing primary geohazards, path characteristics,
vulnerability situations and weather conditions that can worsen and/or trigger hazards
and vulnerabilities conditions. These features are depicted by means of dedicated symbols
which may help tourists to plan their excursion according to their capabilities and
interests.

Figure 2. Examples of geotourism map for amateurs of Earth Sciences. (a) Excerpt from the leaflet of the geological-
geomorphological itinerary in Val Badia (Dolomites, Italy [modified after 79]. (b) Excerpt from the Geo-hiking Map of the
Mt. Penna and Mt. Aiona area (Aveto Natural Park, Italy) [modified after 80].
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Another type of document clearly designed for public users not or poorly familiar
with Geosciences is represented by the interpretative map. This type of document
“focuses on the communication of geoscientific themes in order to provide the
opportunity for the user to understand geomorphological or geological phenomena,
formation or evolution. Tourist information is of secondary importance” [3]. This kind of
map concentrates on the communication of a specific single, clear message or idea, to a
well-defined target group. Figure 3 shows a front page of the geotourism map of the
Tanaro valley (Piemonte, Italy [82]). In particular, in the upper part of this leaflet, the main
geomorphological features concerning the study area are emphasised with different
colours and depicted on a 3D view map, which provides an effective and easily readable
general morphologic picture of the territory. Bollati et al. [4] proposed the use of
“GeoMorphological Boxes”: simplified geomorphological representations, derivable from
geomorphological maps, reporting a selection of geomorphological symbols, which
accompany the reader through the comprehension of the spatio-temporal landscape’s
evolution according to the state of activity of landforms highlighted by different colours.
Simplified geomorphic sketches are useful also for management. Nevertheless, they can
be enriched with various environmental features which can increase the global value of
the geomorphosite [4,83,84].

LaGEOLDGIA E LA GEQMORFOLOGIA NELUEVOLUTIONE DEL PAESAGS D

Alla scoperta della Media Valle del Tanaro

LEGEMDA
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Figure 3. The geotourism map of the Tanaro valley (Piemonte, Italy) [modified after 82].

The effectiveness of such a document is strictly related to the way the complex system
of scientific information is translated into an easily accessible visual and written language.
This is why the collaboration with communicators and interpreters is often required and
crucial [46].

2.2. Maps for Specialists

Still, there are few geoheritage maps for specialists, such as documents elaborated by
scientists and very useful for public boards in territorial planning and management (e.g.,
Environmental Impact Assessment, Geomorphosites inventory, Geopark management).
In these kinds of documents, interest is mainly given to the representation of: (i) the
scientific and additional values (e.g., [64]); (ii) the boundaries of the geosites [5]; and (iii)
other features of interest (e.g., naturalistic, historical, archaeological elements, etc.) in the
surrounding area, especially in maps representing protected areas (Figure 4, or urban
contexts where geosites could be particularly impacted by human activities (Figure 5)
[12,39]. Furthermore, there are numerous examples of small-scale maps in which geosites
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are represented by small graphic symbols, usually punctual, on topographic or geological
maps (e.g., [85]). These documents, which are often implemented as complementary
products to regional surveys, are to be considered mainly as index maps, useful for
understanding the spatial distribution of geosites.

E= Fluvial landforms
[ cravittive landforms
[T Karstic tandiorms
W Glacial landioms
[ Periglacial tandforms
[] organic landforms
K Anthropic andions

E D
i

= = Limits of Blenio valley
= Canton limils

Figure 4. Examples of map for specialists: (a) small-scale map showing the score of the numeric scientific evaluation (size
of the circles) and the dominant additional values (circle’s shading) for each geomorphosite (modified after [86]); (b)
simplified geomorphological map representing three areal-type geomorphosites of the Adamello-Brenta Nature Park
(Italy) (modified after [1]); (c) simplified geomorphological map representing the geomorphological features of a complex
geomorphosite (modified after [87]).

GECLOGICAL LANDSCAPE AN STONE HERITAGE

Cultural Heritage Landscape Heritage
fl] Atdicit cavries (@] oeokogralstie
T e L
T bl bt
[@] oo T aniin S B
T Ak
) Heritngeite 1y b
N &> Geomorpirciogical Site
T licuertinford [t
Ssbbere it TR
3 ierarila omt Dheagn =
AR L i
bk sk
AT W 10 i e
i, BE ranoramic Geavimipon
e
A andent eusduc A Hhni Ll Qaies
i Geniogi ot A4 Apredens
Ak el Sentury Walls @ Cave
W Taws Wi
Aas X Carury Walls Troea Suparine ddalvagonas

[TTT Terraces with Dry-Stone Wals

TRAIL HNETWORK FEATURES
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== Matural 50l

— s Park.
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Figure 5. Excerpt from the map of Geological Landscape and Stone Heritage of the Genoa Walls Urban Park [modified
after 42] which combines elements of the geological, geomorphological and cultural landscape.
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An important aspect concerning geoheritage maps regards the specific attention
required both on hazards potentially affecting geo-itineraries and on geomorphic features
that can increase tourism vulnerability (e.g., hiking trail morphology, slope gradient, trail
exposure, etc.) and modifying risk scenarios. Pelfini et al. [81,88] proposed symbols to be
positioned along trail maps, in order to provide a set of information useful to increase
user’s awareness about possible difficulties in travelling (see also [89,90]). Such
information is of special importance when new geo-itineraries are proposed in dynamic
environments, as the mountain one, for a safe fruition [4,91].

Summing up, detailed geomorphological maps including geosites and useful
information for the territorial planning and management of geoheritage are not numerous
and are quite dissimilar from each other. A proposal of a new method could help to
harmonize different approaches in geoheritage mapping.

3. Principles and Method

For developing our own protocol for improved geomorphosite mapping, we relied
on the experiences of the GeoPiemonte Map [92]. Similarly to our goal, the GeoPiemonte
Map perceives a common graphical representation of Earth Science contents from maps
at different scales (from 1:250,000 to 1:50,000) based on a single geodatabase [93]. In
particular, in order to realize a proposal for the representation of geosites on
geomorphological maps, in-depth bibliographic research on the specificities of geosites
and geomorphosites in particular were carried out. In a second phase, an assessment of
the typology of sites of geomorphological interest for mapping was realized and many
attempts were made in order to select the best graphical options. From the above-
mentioned case study, we capitalized the development of a shared terminology and
addressed our effort to enhance readability of geological heritage with technical solutions
to ensure the conformity of the representation of geological contents.

The selected symbols were then applied to different geosites in various
morphogenetic and morphoclimatic contexts, with the aim to test the reliability of their
representation on geomorphological maps. For this purpose, a specific format was sent to
the members of the AIGeo working group “Geomorphosites and Geodiversity” in order
to collect as many mapping experiments as we can. Finally, some guidelines were defined
and submitted to the National Geomorphological mapping Committee [77] and to the
international scientific community. Based on the feedback received, we applied the
method to a selection of geoheritage case studies in Italy, representing a significant sample
of the geomorphological diversity in the Italian landscape.

3.1. Geosites Characteristics Taken into Account for Mapping

The proposed methodology for geoheritage mapping on large-scale
geomorphological maps (1:25,000-1:50,000 in scale) is based on the concept of geosites of
geomorphological interest, i.e., geomorphosites, and related targeted values and
specificities as follows.

The term geomorphosite was introduced by Panizza [6] in order to define, among
geosites in general, the sites of geomorphological interest. Both the definition of geosites
and geomorphosites and the issue of assessing their value ([94,95] and reference therein)
considering the related subjectivity [96,97] have been much debated within the scientific
community (see [66,98] and reference therein).

Based on these premises, a twofold approach, i.e., a restrictive and a non-restrictive
one, can be distinguished for defining geomorphosites. In the present paper, according to
the restrictive definition, mainly focused on the scientific meaning of geomorphic features,
geosites of geomorphological interest are defined as “landforms, active or inherited,
having particular importance for the comprehension of the history of the Earth’s and its
present or future evolution” [99,100]. Therefore, assessment of geosites is based essentially
on their scientific value from the geomorphological point of view, i.e., directly related to
representativeness of current and past processes, rarity, integrity of the landforms. Their
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scenic, cultural, socioeconomic, etc., values, the so-called societal and utilitarian values,
are not considered herein in the evaluation and selection process. Nevertheless, we
recognize the cultural value of geoheritage when it is relevant the role of Man in shaping
and/or being in relation with the geomorphological landscape considering both the
material and immaterial components. A brief note is worth being paid to the ecological
value. Its role in defining scientific importance of geosites has been highlighted in
literature [60,83,101-103], and this feature may be considered as an attribute contributing
to increasing the geosites scientific meaning [84] as intended in the framework of this
paper.

Geosites of geomorphological interest have specific characteristics widely discussed
in literature (see [66,87,99,104-106]), and in the present paper, only the aspects which may
affect their cartographic representation will be emphasized and discussed: diversity (in
terms of origin, i.e.,, morphogenesis), shapes and dimensions (morphometry), dynamics
and evolution (morphodynamics and geomorphological history).

Geosites are shaped by different geomorphological processes, which are influenced
by various tectonic, geological, climatic, ecological and anthropogenic factors, with
different time and space scales. This led to the genesis of landforms related to a prevalent
morphogenetic process or related to more processes that are more or less contemporary:
for example, karren fields or a glacio-karst fields.

As well known, geosites can be very different sizes and shapes; they can cover very
small areas (e.g., a push moraine or a rocky coastal cliff) or wider territories (e.g., a
moraine amphitheatre or multiple coastal dune ridges). Moreover, they can be a single
geomorphological object (e.g., a sinkhole, an erratic boulder, a tafone in granite rock or a
natural coastal arch) as well as composed of complex large geomorphological landscapes
(e.g., assemblage of karst landforms, glacial valley) [99,107,108], both inland and
submerged [69]. Often landforms’ sizes are a proxy of magnitude and frequency of
geomorphic process: large-scale landforms are related to high magnitude and low-
frequency events. Moreover, frequently large geomorphological landscape may reflect a
large complexity of landforms and processes and may be intended as complex
geomorphosites (sensu [109]).

Important in the framework of the geomorphological mapping, in addition to the
morphometric and morphogenetic considerations, are the aspects related to landform
dynamics [74]. In this sense, the representation of landforms and the degree of activity of
the processes is also important for geosites, especially for maps addressed to
geoconservation or geomorphic hazard management [67,110]. The importance of sites
where active processes are relevant is in fact underlined in literature for their educational
exemplarity [111,112], the threats to their own integrity and to the connected elements of
the ecosystem (i.e., vegetation) and, last but not least, the possible deriving risk scenarios
[4,74,75,86]. To stress the dynamic dimension of geosites, and more particularly of
geomorphosites, several terms have been used in literature: “dynamic geomorphological
sites” [113], “active geotope” [114], “active” or “dynamic geosites” [61,87,115]. According
to Reynard [61], active geosites can be defined as those “allowing the recognition of
geological and geomorphological processes in action”: for example, mobile dunes,
landslides, glacier forefields, fluvial systems. There are many examples of these kinds of
landforms in different geomorphological contexts: Badlands are typical erosional [116],
constantly changing forms with a high scenic value related to the presence of soft-rock
terrain on steep slopes and to rainfall intensity exceeding infiltration capacity [73].
Inactive or relict geosites can be defined as inherited landforms, which testify past
processes (e.g., [68,73]). These types of geosites, bringing us to the past, have a particular
heritage value since they are symbols of Earth’s history and evolution. Several examples
in different geomorphological contexts can help in clarifying this definition. Erratic
boulders are inherited landforms that testify the existence of a former glacier and can be
used to reconstruct the pattern and history of ice flow. Most of them have a high scientific
value and a high value for the history of geosciences (e.g., [117]). Pelfini and Bollati [74]
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coined the term evolving passive geomorphosites for defining inherited landforms that
are reactivated or modified by current active processes, different from the primary genetic
ones, thus being fragile landforms since they cannot be renewed anymore. For example,
an old moraine within an active periglacial environment, if no longer linked to the
morphoclimatic context in which it was generated and at present affected by mass wasting
(i.e., paraglacial dynamic) (sensu [118]) that deeply modify its original and distinctive
features, may be considered as an evolving passive geomorphosite. It is worth noting that
in all these definitions, the time scale is crucial in defining and distinguishing the geosites’
origin and the activity of the prevailing processes, which in turn are dependent on climate
regime and geological context.

3.2. The Issue of Spatial Scale

As stated before, the geosite characteristics, and particularly their size, are
conditioning factors for their representation on maps. Single isolated landforms, such as
karst depressions, may be represented as points. Others, such as glacial cirques or
paleochannels, are polyline features that are best depicted as polylines, while large and
complex landforms need to be represented as polygons. The choice of the representation
as point, polyline or polygon is strictly dependent on both the shape and size of the
element, but it depends also on the scale of the map and, consequently, on the aim of the
map. More in detail, in the present paper, based on previous works
[1,2,4,5,41,45,99,104,107,108,119-121], nine categories of geosites have been established
based on their geometrical (A) and genetic (B) characters and (C) their scientific and
territorial importance [4,119,122-124] (Table 1).

Table 1. Geosites categories based on their geometrical and genetic characters and their scientific relevance.

FEATURE Category Definition Examples
. small-size isolated single landform or a pothole
A. Geometry —The shifting point . 8 P .
) object an erratic boulder
between the above categories - -
. . one or more single landforms aligned a canyon
(e.g., from point to polygon or polyline . . ;
A . in a preferred direction a paleo riverbed
vice versa) is regulated by the - — - -
a set of single landforms within a a set of ridges forming a
scale of the map. polygon . .
large area morainic amphitheatre
simple unique .landform re.zlated to one Karren field
dominant genetic process
. group of landforms related to one  karren field with karrens and
composite . . .
B. Genesis dominant genetic process sinkholes
' group of landforms related to more .
. . proglacial areas where
than one dominant genetic process .
complex . . glacial, slope- and water-
(eventually interlinked by a network .
. . . . related processes interact
of genetic and functional relationship)
local importance for a single municipal territories and districts
C. Scientific and territorial regional importance for larger territorial body within a country
importance national importance for a whole country
global importance at the international level

3.3. A New Legend for Mapping Geosites

The proposal of a legend for mapping geosites is quite critical. The question is how
to represent geosites of geomorphological interest, which coincides with landforms,
considering that geomorphological mapping has its own legend. After various attempts,
a procedure for mapping geosites on geomorphological maps was proposed after
discussion within the AlIGeo WG. The driving idea of the proposal is to avoid new
symbols added in the standard geomorphological legend but to highlight punctual, linear
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and areal geosites already mapped as landforms with a different colour from the ones
identifying geomorphic processes. Moreover, the possibility to add information and other
data about geoheritage with simple symbols or letters was investigated. These latter data
can be added on the map, in the connected geodatabase or on separated documents.

Since all graphics symbols used in the legends of case studied are based on the “New
Italian guidelines for geomorphological mapping” [59], a sample of symbols created
following embedded QGIS format style (.qml) has been made available for free testing
and improvement at https://www.geositlab.unito.it/jom/ (accessed on 10 October 2021) .
The package includes styles and instructions for applying legend to both
geomorphological and geosystem services mapping [125].

As the graphical representation changes with the spatial scale of the map, we decided
to focus the proposal to the scale 1:25,000-1:50,000, which are the common scale for
geomorphic surveys and mapping at national scale level, corresponding to the official
geomorphological maps by ISPRA covering the Italian territory [58,77].

Point symbol: a circle with “gold”-coloured edge. A capital letter in the centre of the
circle indicates the relevance of the geosite: L (local), R (regional), N (national) G (global)
(Figure 6).

LOCAL REGIONAL  NATIONAL GLOBAL

Figure 6. Examples of symbols to represent a geosite as a point according to their importance.

The symbol can be used both for point geosites and for polyline or polygon
landforms that cannot be drawn in relation with the scale of the map (Figure 7). The circle
filling is realized with the colour of the genetic processes (following the geomorphological
legend), with a degree of transparency useful to make the background visible. If the
geosite is a composed landform, the filling colour will correspond to the dominant or more
recent geomorphic process (Table 2).
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Figure 7. Examples of the graphical representation changes with the spatial scale.

Table 2. The colours of the genetic processes used for the circle filling in accordance with the Italian
scale of colours of the geomorphologic legend.

Landforms Colour
Litho-structural landforms mustard
Tectonic landforms dark brown
Vulcanic landforms brown
Gravity-induced landforms red
Fluvial, glacio-fluvial and due to running water landforms green
Karstic landforms orange
Glacial landforms purple
Periglacial landforms blue
Coastal landforms light blue
Aeolian landforms yellow
Anthropic landforms black

Polyline and polygon symbols: a curved line bordering the geosite. The line is gold
coloured. It can be used when landforms can be mapped as they are recognizable at the
spatial scale of the map. The geosite contained within the bordered area is represented
with the official symbols, colours and shades (e.g., Figure 7). A circle with a capital letter
in the centre will indicate the relevance of the geosite: L (local), R (regional), N (national)
G (global) (Figure 6). The circle filling is realized with the colour of the genetic processes.

4. Ttalian Case Studies

As a result of the activities carried out by the AIGeo Working Group
“Geomorphosites and Geodiversity” during the last years, some examples of
experimental tests on mapping sites of geomorphological interests at different scales
(1:25,000 and 1:50,000) have been developed and are here presented (Table 3) (Figure 1).
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Table 3. Main features of the selected sites where the proposed legend has been tested.
Main . Scale related
N Name of the'e Morphogenetic Typological Representation Importance
Geomorphosite Category
Processes 1:25,000  1:50,000
. Karstic, glacial, . . Polygonand Polygon Global,
o1 Mount Canin hydrological Composite, Simple, Point and Point  National, Local
Proglacial systems of .
Paraglacial
02 the Aurona and Leone atag adla and Complex Polygon Polygon Local
. periglacial
Glaciers
03 Croce di Fana Grav1tat'10na1, Complex Polygc')n and Polyg(?n Regional, Global
glacial Point and Point
Fluvial landscape in . . .
04 central Po Plain Fluvial Simple Polygon Polygon Regional, local
. i Marine,
05 High r.ocky cliffs in the gravitational, Composite Polygon Polyline Global
Portofino Promontory .
running water
06 Furlo Gorge Fluvial, Complex Polygon Polygon National
8 gravitational p v& Yé
o Fluvial, . . .
07 Tiberina Island . Simple Polygon Point Regional
anthropogenic
Sinuessa submerged Marine. coastal
08 landscape in the Gaeta flu, al ’ Complex Polygon Polygon Regional
Bay v
Fluvio- 1 f  Fluvial 1
09 uvio-coastal system o uvial, coastal, Complex Polygon Polygon Global

Cala Luna

karstic

4.1. Mount Canin Glacio-Karstic Massif (Cucchi F., Finocchiaro F.)

The Mt. Canin Massif (2587 m) have been selected being one of the most spectacular
examples of alpine karst in Italy, due to the richness and variety of its surface forms and
the size of deep caves that occur within it [126] (Figure 1, site 01). Only its western side is
included in a regional protected area called “Parco delle Prealpi Giulie”, and it has
recently become part of the Man and Biosphere UNESCO Network. At the same time, in
sharp contrast with the naturalness of the places, the landscape near the Gilberti Hut and
Mt. Poviz is ravaged by ski slopes and lifts. In Slovenia, the eastern part of the massif is
part of the “Triglav National Park”, whilst on the southern side, ski lift facilities connect
Italian and Slovenian ski runs. As in the Dolomitic region and other natural parks, the
coexistence of wilderness and winter sport business is really problematic.

The massif rises in the Western Julian Alps along the border between Italy and
Slovenia and is surrounded by four river valleys: the Raccolana, the Resia and the Soka-
Isonzo valleys belong to the Adriatic basin while the Rio del Lago valley belongs to the
Danubio basin. From the geological point of view, the Julian Alps are characterized by
thick Mesozoic carbonate formations organized along thrusts with an alpine E-W
direction. The stratigraphic sequence of the Canin massif, from bottom to top, consists of
Dolomia Principale (Norian), Dachstein Limestone (Norian-Rethian), Oolithic Limestone
(lower Lias), Crinoid Limestone (middle Lias-Dogger), Scaglia rossa (Turonian) and
Flysch (Senonian) [127]. These formations, overthrusted and partially upheaved towards
the north, show an anticlinal arrangement faulted along the axis and transversally. The E-
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W-oriented faults run north to the border ridge between Italy and Slovenia, dividing the
whole massif into two opposite monoclinalic blocks. The landscape of this area is
characterized by a wide surface of limestone uncovered by soil, shaped by glacial erosion
and carved by really intense karstification. Bare limestone surfaces extend for more than
20 km?, about one third in Italy.

In the area, two composite geosites and two simple geosites have been identified
(Figure 8).

Lithologies
Quaternary deposits

"~ Kantifiable rocks
Fluvial landforms and deposits

Escarpmem [ A\ | Fan

Geomorphosites

El Bydeologica @ Karst @ Glacial [’q::::::nmme

Karst features Slope landforms

l:l Doline Fault or fault escarpment
Weakly karstifiable rocks I:l Collapse doline Cuesta

I:l Soffusion doline Mountain ridge

I:l Cave entrance Residual relief

Structural, glacial )
or karstic hollow || Glacial and periglacial landforms

‘F"T] (irque

Figure 8. Geomorphological map of the composite geosites of Mt. Canin (a); Canin glacieret, May 2012 (b); solution groove
at Col delle Erbe plateau (c).

On the northern side of Mt. Canin’s peak, a polygon composite geosite is represented
by a small circular glacieret, the only remanent of a single ice mass covering a surface of
about 2 km? at the end of the XIX century (Figure 8). This glacieret is the lowest altitude
ice mass of the Southern Alps. The late Quaternary ice retreat has left trimlines on slopes,
till deposits, sheepback and striated surfaces. Probably during the LGM, the reliefs of Mt.
Poviz (1978 m) and of Mt. Bila Pec (2146 m) emerged from the ice mass as nunataks. The
glacial landscape and landforms are everywhere superimposed by corrosion forms.

Actually, a continuous display of alternating micro- and macro-karst forms occur on
the uncovered limestone outcrops on the plateau: from dolines to snow shafts, from
solution grooves to meandering karren and from grykes to kamenitzas. Dolines have a
diameter of about 10 meters and are often aligned along tectonic lines. Two areas are
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particularly impressive: the geosites of “Col delle Erbe” (1988 m) plateau, a polygon
composite geosite, and the SW side of Mt. Poviz, a karren field constituting the simple
areal geosite [128] (Figure 8). In the former area, loads of cave entrances open and have
always been the object of speleological explorations in the last 50 years. Recently, in the
summer 2019, a passage between two narrow tunnels was opened and explored, joining
two large cave systems in the wider cave in Italy, of more than 70 km in length. In the
surroundings of the Mt. Poviz, on some steep limestone walls, vertical grooves, which are
several meters long, develop in a sub-parallel way with an impressive frequency.

From a hydrogeological point of view, Mt. Canin is a unique structure, an
independent part of the Julian Alps, being bounded on all sides by noteworthy karst
springs [129]. In the Raccolana Valley, the simple punctiform geosite “Fontanon di
Goriuda” cave acts as resurgence of the NW sector of the massif and gives rise to a scenic
waterfall more than 30 m high.

4.2. Proglacial System of the Aurona and Leone Glaciers (Bollati I., Pelfini M.)

This complex geomorphosite is located along the Alpe Veglia Glaciological Itinerary
[30], in the Lepontine Alps (Figure 1, site 02). The area is interested by the outcrop of rocks
of the Lower Pennidic nappes, the deepest part of the Alpine orogeny. The lithotypes
characterizing the area are mainly represented by massive and foliated metamorphic
rocks, including [130]. From a geomorphological point of view, the area is dominated by
glacial and paraglacial processes (Figure 9b) (sensu [118]) since glacial dynamics are
gradually leaving space to water- and gravity-related processes favoured by deglaciation.
The area has been selected as a representative case study for morphodynamics of a
proglacial system. In particular, the proglacial areas related to the Aurona and Leone
Glaciers constituting the system are undergoing a progressive widening since the glaciers,
characterized by different dynamics, are fast retreating (Figure 9c).

The Aurona glacier, occupying the head of the valley, is characterized by a flat
proglacial area, running along an ESE-NNE structural line, probably related to the Veglia
Fault Zone [131], and it is bordered by lateral moraines, related to the Little Ice Age. The
proglacial area was featured, during the 1950s, by a proglacial lake gradually infilled and
substituted by a sandur with a braided river. The lateral moraines, few tens of meters
high, act as an element of disconnection between the valley slopes affected by water-,
snow- and gravity-related processes and the little sandur. Moraines are themselves
affected by paraglacial-type transformations: a pervasive gullying, producing typical
pseudo-badlands landforms and local debris and earth flows (Figure 9b). This
configuration reproduces an emblematic situation of paraglacial modifications affecting
Alpine environments [132,133]. The Aurona glacier area was the object of local customs
concerning the relation between glacier activity and possible consequences on human
practices in the area (e.g., sheep-farming).

The Leone glacier, on the southeastern corner of the valley, is partially hanging on a
very steep slope. Its glacier foreland is steeper, presenting an evident rocky glacial step
that separates, since the 1990s [134], the current glacial snout from an overdeepening area,
filled by abundant debris and closed by lateral and frontal moraines related to the LIA.
The central portion of the depression is occupied by a debris body, probably with an ice
core, showing flow structures indicating a potential rock glacier [130].

The whole area has a high aesthetic value, it is accessible through a thematic
excursion trail (i.e., Alpe Veglia Glaciological Itinerary; [135]), along which several
potential sites of interest are located, increasing the global value of the area.



Sustainability 2021, 13, 11538

16 of 38

LEGEND

Shope ndlorms and 0epases

Couloirwith debris
Al Gomrse dnd e sieps
| —— |—— osmeser [T117
gl P
Masen St b iemesey
Tectonics b - EEEE
_____ Frmz

Fhrial, ranoff and

tarxtforims and depos s

[7] sutaceanecedte

AEATIenE eresion
Ahaisl deposity

Proglats plsn

deposits

gﬂ Fock glacier e o

D Palpgenic snow avalanchis and debre cone

Hydrograpiy -
M simam -

A Giaer —
Rollat

——
N Index comour ine (100 Ep

M comuring @om)

Giacial medlorms and fepoais
[Em—— T Gimcad sepost
Pon-Laat Sinsal mamirrearm (Pos-Lant Cinnl rmsiresrn]

aine mage Ea Saow depost
ow-Laat Diacial mamimsm) Fov-Lowt Gincial mamimeam]

I — S mmn st

"""-"=W|mm Barder (B Imporance

1:25,000
at print scale

Aurona Glacier

Figure 9. (a) Geomorphological map of the complex geomorphosite located along the Alpe Veglia Glaciological Itinerary,
in the Lepontine Alps. The gold boundary in figure a includes the Aurona and Leone proglacial plains, glacial erosional
and depositional landforms, permafrost-related landforms and landforms due to gravity- and water-related processes.
Pictures report an example of the erosional processes affecting the Aurona LIA moraine (b); see location at the white star

on (c), and a panoramic view on both the proglacial plains (photo courtesy of A. Pasinetti).

4.3. Croce di Fana Large Slope Instability and the Vollein Necropolis (Giardino M., Perotti L.,

Tognetto F.)

The geosites are located on the central sector of Aosta Valley (Western Alps), left
orographic valley side between Quart and Nus towns (Figure 1 site n. 03) (Figure 10).
Geological, geomorphological and archaeological studies have been carried out here to
highlight possible relationships between the Croce di Fana large slope instability
phenomena of post-glacial age [136,137] and the Vollein geoarchaeological site, consisting
of a necropolis with 66 cist-tombs, rock carvings and of a group of pottery and lithic finds
(flint and quarz), witnessing a cultural context from the Ancient Eneolithic up to the

beginning of the Middle Bronze Age [138-141].
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Figure 10. (a) Map and legend illustrating the Croce di Fana and Vollein complex geomorphosites (Central Aosta Valley,
Western Italian Alps). (b) Large trench affecting glacially smoothed bedrock within the Croce di Fana large slope
instability (c) Vollein whaleback ridge displaced by Deep-Seated Gravitational Slope Deformation; (d) Prehistoric rock
carvings over the glacially smoothed bedrock at Vollein archeological site.

The Croce di Fana slope is a complex geomorphosite because of the association of
deep-seated gravitational slope deformations (“DSGSD” features: scarps, trenches,
elongated depressions, counterslope scarps and isolated ridges), with landforms related
to glacial erosion and deposition (whaleback ridges, rochees moutonnees, spillway
channels, erratic boulders, glacial and fluvioglacial deposits) [142]. The local litho-
structural units (calcschists and associated methabasalts of the Piemontese Domain;
gneiss of the Lower Australpine) [143] show a very tight isoclinale polyphase structure,
crossed by important brittle discontinuities; at the mesoscale, the bedrock is often
extensively fractured, sometimes highlighting signs of an in-progress opening of the
fractures, rotation and displacement of the single rocky polyhedrons.

The analysis of the kinematic indicators both within bedrock and Quaternary
deposits, the detailed mapping of markers of surface deformation within natural and
anthropogenic landforms and structures, together with the archaeological data and
precise topographic measurements allowed us to specify the mechanism of the
gravitational sliding phenomena.
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The above-described geomorphological and geological evidence of deep-seated
gravitational slope deformation cover an area of about 12 km?, thus being represented as
a polygon (Figure 10) and being of regional importance for its representativeness within
the alpine geomorphological landscape of the Aosta Valley Region. A small-size, isolated
ridge with archaeological findings at the Vollein necropolis have been represented as a
point of global importance (Figure 10) due to their relevance, together with the St. Martin
de Corléans site (Aosta Valley) as outstanding Neolithic remains within the Alpine
prehistoric archaeological record [140,144,145]. Since the whole set of landforms and
processes are related to more than one dominant genetic process, both Croce di Fana and
Vollein have to be interpreted as complex geomorphosites. Moreover, they can also be
considered as evolving passive geomorphosites (sensu [74]) for their inherited landforms
that are (and have been) modified by current (and past) active processes, different from
the primary genetic ones. In fact, geomorphological evidence shows that gravitational
deformations displaced glacial patterns. The intersections between all these
geomorphological elements and the traces of anthropic activity along the slope show that
the large slope instability is still active. Moreover, studies made clear that, already during
the prehistoric occupation, a strategy was carried out in order to minimize the effects of
the gravitational dynamic that could cause dangers to the visitors of the site. Other than
scientific and cultural values, both Croce di Fana and Vollein locations are of aesthetic
interests, because the visit to the geosites also offers a wonderful balcony over the alpine
landscape of central Aosta valley [142].

4.4. Flyvial Landscape in Central Po Plain (Castaldini D., Coratza P.)

The study area is located in the lowest sector (altitude about 10 m a.s.l.) of the Po
Plain between Modena and the Po River (Figure 1, site 04). The geomorphological
characteristics of this sector are mainly the result of the evolution of the Po, Secchia and
Panaro rivers (cfr. [146]). Many fluvial ridges, due to the past activity of ancient
watercourses, are found; depressed areas, known with the local name of “Valli”, are
located in between the fluvial ridges.

The particle size of surface alluvial deposits ranges from mainly sand and silt, in
correspondence of the abandoned riverbeds, to mainly clay in the depressed areas where
the flooding waters were addressed. The thickness of alluvial deposits varies from
hundreds of meters to one thousand meters in relation with the depth of the buried
Apennine structures known as Ferrara Folds [147].

In the study area, three simple areal geosites related to fluvial processes are located;
they are catalogued in the “Inventory of the geosites of the Emilia Romagna region”
(http://geo.regione.emilia-romagna.it/schede/geositi/)  (accessed on 10 October
2021)(Figure 11).
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Figure 11. (a) Geomorphological map and location of the simple fluvial geosites: “Gavello fluvial ridge” in the northern
sector of the maps, the Barchessoni palaoriver in the centre and the “Valle Le Partite” located between the meanders of
“Barchessoni palaeoriver. Pictures represent the Barchessoni palaeoriver (b) and the Valle Le Partite area (c) from a frontal
perspective.

The first geosite of regional interest is a meandering palaeoriver, which, in the
literature, is known as the “Barchessoni palaeoriver” (e.g., [148]). This palaeoriver is
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situated between the Po, Panaro and Secchia rivers in an altimetric depression. The
“Barchessoni palaeoriver” is well depicted on remote sensed images on which fluvial
bends are clearly visible. According to different authors, it was defined as a Po palaeoriver
active in the last centuries BCE, as an Apennine palaeoriver inactive in the Roman time,
as an old course of the River Secchia and as a Po palaeoriver active in the IV-III
millennium BCE. In the area where the Barchessoni palaeoriver is located, a few hundred
archaeological settlements were found, distributed between 2300 BCE and the 8th century
CE [149]. The archaeological remains have revealed that this palaeo-course of the Po River
was already active in the Bronze Age. The “Barchessoni palaeoriver” testify an ancient
southward position of the River Po respect its present one. On the whole, from the Bronze
Age to the Late Middle Ages, the R. Po flowed in a belt about 15 km wide, shifting from
south to north.

The second simple geosite of regional interest is “Valle Le Partite” which is located
between the meanders of “Barchessoni palaeoriver”; it corresponds to a small part of a
wide sector which has been inundated many times by the Po River and therefore there are
clayey flood-sediments buried the older hydrographical features, morphology and
archaeological settlements. The most recent inundations occurred in 19th century in
November 1839, October 1872 and June 1879 [150,151]. The floodwater reached the
maximum height of 7.60 m on the occasion of the October 1872 inundation. The level
reached by the floodwater, which rested on the terrain for few years, is still artificially
marked on the walls of some houses and of the church of a nearby village. In the last
decades, the realization of artificial ponds, for fish farming, for sport fishing or as
naturalistic oasis, has returned to the depressed areas, even in limited zones, the
characteristics of wetland, thus restoring their natural appearance.

In the northern sector of the study area, the “Gavello fluvial ridge”, a simple geosite
of the “local” degree of interest, rises 2-3 m higher than the surrounding plain. This
geosite corresponds to an ancient water way belonging, in succession, to the River Po (in
pre-Roman times), to the River Gabellus (in Roman and high medieval times) and to the
River Secchia up to the XIV century [152].

All three geosites here described correspond to relict fluvial landforms.

4.5. High Rocky Cliffs in the Portofino Promontory (Faccini F., Brandolini P., Paliaga G.)

The geosite is located in the southern part of the Portofino Promontory, within a
natural park, both terrestrial and marine, protected since 1935 (Figure 1, geosite 05) [69].

The morphology of the Promontory is characterized by a mountain ridge with
different elevations including Mt. Tocco (543 m), Mt. di Portofino (610 m), Mt. delle Bocche
(506 m) and Mt. Pollone (472 m) [40].

The geology is made by the conglomerates (Oligocene) along the southern slope,
while the marly limestone flysch (Cretaceous-Sup Paleocene) outcrops are in the northern
part of the promontory. The conglomerate is mainly characterized by clasts of marly
limestone of centimetric or metric size and secondarily by sandstone. The conglomeratic
complex shows variable attitude: in the area of San Fruttuoso, it is towards the S, while at
Punta Chiappa, it is towards the SE. The dips are no more than 20°. Two lineation systems
with some faults are identified, with NW-SE and NE-SW directions; their
superimposition causes the degradation of the bedrock in large blocks [40,153].

From a geomorphological point of view, the southern slope of the Portofino
Promontory, with an average inclination of the slope ranging between 45° to 65°,
represents an outstanding coastal geomorphosite as an example of the evolution of high
conglomerate cliffs (Figure 12).
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Figure 12. (a) Geomorphological map and location of the Portofino Promontory geosite, a composite and areal geosite
characterized by high conglomerate sea cliffs. (b,c) Panoramic views of the southern slope of Portofino Promontory
between Punta Chiappa and Cala dell’Oro, showing active sea cliffs with heights that exceed 100 m a.s.1.; (d) San Fruttuoso
hamlet bay surrounded by ancient dry-stone walls agricultural terraces, built just over the edge of conglomeratic sea cliff.

The composite areal geosite is characterized by a high rocky coast, with heights that
exceed 100 m a.s.1, affected by the sea wave action of SE and SW winds. The conglomerate
cliffs represent a unique landscape in the Mediterranean area, also with the presence of
sea caves and notches. These marine landforms interact mainly with processes due to
gravity and running waters. Among the processes historically known, we can report the
debris flow of 25 September 1915 that caused severe damage to the village and the
accumulation of the San Fruttuoso beach [31,40,154].

Other landforms due to karst-like phenomena and alveolar sculptures are
recognized, too. The Ligurian Speleological Inventory lists 20 caves in the conglomerate.
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Their origin is prevalently tectonic although, to a much lesser extent, some are due to
chemical-physical dissolution or processes linked to the sea wave action. Within anthropic
landforms, dry-stone wall 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 San Fruttuoso catchment [155-157].

The selected geosite has a high scientific value due to a representative high rocky cliff
evolution; landscape value is added as the conglomerate cliff as the distinctive element of
the Portofino Park, which significantly increases its overall fame. The park is frequented
by about one million tourists, hikers and divers every year. The area has a trail network
developed for over 80 km, walked along during all the seasons [158].

The geosite is accessible through a really impressive footpath that runs along the top
of the cliff between Punta Chiappa and San Fruttuoso, or by using the boat [159].

4.6. Furlo Gorge (Nesci O., Valentini L.)

The Furlo Gorge is a complex geosite of the Furlo National Reserve (Figure 1, site 06).
The Gorge is the best example of the several canyons that strongly characterize the
Apennine landscape cross-cutting the calcareous anticline ridges. The study and
comprehension of its genesis and evolution mechanisms prove to be a matter of the
utmost importance for both scientific and educational purposes to enlighten the evolution
history of the territory [160,161]. The excellent and abundant outcrops of the upper
Jurassic-Paleogene terms of the Umbria-Marche stratigraphic succession, together with
eminent fossil localities and well-exposed tectonic structures, give this site a major
geological-palaeontological interest, too. The whole site encloses a lot of key landforms
and landform assemblages crucial to understanding the geomorphological history of this
area and effective for the scenic beauty of the area (Figure 13).

The Gorge is cut by the Candigliano River (Metauro River basin) into the massive to
stratified Jurassic-Paleogene calcareous and marly-calcareous formations of the Umbria-
Marche Succession. The Gorge crosscuts the anticline relief of Pietralata-Paganuccio Mts.
(the so-called “Monti del Furlo”, Furlo Mts., according to a local denomination) just in
correspondence of its axial culmination, stressing a crucial fault-related structural control
onits development. A dam, built between 1919 and 1922, originates an artificial lake inside
the gorge. The Gorge sidewalls hang over 500 m high on the valley bottom: their
persistence, continuity and shape depend on the massive resistant limestone (Calcare
Massiccio Fm.) that constitutes them. The control of joints and fault systems on the
sidewalls is apparent, primarily marked by their segmentation in quite-rectilinear
segments; likewise, overhanging cliffs and straight minor scarps, degradation niches,
crests and spurs aligned along fault-traces occur all along the canyon. Minor karst
(solution flutes and pits) and paleo-karst features (remnants of small tunnels) are also
apparent, in particular close to the “Grotta del Grano” (i.e., “Corn Cave”) site.

Small hanging valleys join the hillsides: dry for most part of the season, after intense
rainfalls, they can originate attractive waterfalls. Because of the steep morphology of the
sidewalls, all along the valley sides, rich evidence of rock-falls of different sizes is found,
consisting of large boulder accumulations and scars on the sidewalls. Significantly, also
in Roman times, repeated landsliding affected the road crossing the Gorge, compelling
the Romans to chisel two tunnels out of the rock.
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Figure 13. Geomorphological map of the Furlo Gorge complex geosite. The images represent panoramic views of the

gorge.

The geo-naturalistic components integrate with historical/archaeological ones:
construction works of the Roman Via Flaminia (walls, huge cut off rocks and two tunnels)

occur all along the gorge).

The preeminent geo-naturalistic components of the site perfectly integrate in a
substantial historical/cultural framework. Since in the past the Gorge was the primary
natural way connecting the coast with the Apennine mountain passes, it preserves
impressive construction works of the Roman consular Via Flaminia (e.g., over 300 m of
walls, ca. 1500 m?® of cut off rocks and two tunnels, one of them the so-called Vespasiano

tunnel, 76 BC, still in use).
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4.7. Tiberina Island (Pica A., Del Monte M.)

Tiberina Island is part of Rome’s city image and fame thanks to its elongated shape
flowing in the Tevere River but fastened to the riverbanks through historical stone
bridges. In addition to this value, the geomorphological origin and the historical and
legendary values of the isle make it a very interesting urban geosite (Figure 1, site 07).
Tiberina Island is located in the historic heart of the Rome city, since the beginning of
Roman history urbanization significantly modified the local morphology (Figure 14).
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Figure 14. (a) Geomorphological map of the Tiberina Island geosite. It is evidenced on the urban geomorphological map
of Rome as it represents an urban geomorphosite of high cultural value inserted in a wider territory rich of
geomorphological and cultural features. (b) Scheme showing the ancient confluence between Velabrum Maius and Tevere
River. (c) Tiberina Island iconic image.

The Tevere River collected the waters of several tributaries in this area, and ancient
marshes have been characterizing the alluvial plain [162-164]. The main tributary valley,
the Velabrum Maius, flowed from the left into the Tevere. The valley was set on a tectonic
line which goes beyond the confluence and Tevere’s west alluvial plain [165,166], this
constraint caused a counter-flow confluence, forcing the Velabrum entering the main river
with an angle of 180°, next to a wide meander.

The origin of Tiberina Island in this position is explained by the particular confluence
described above: In fact, the Velabrum waters favoured the genesis of a river bar
hampering the Tevere sediments’ transport, due to abrupt decrease in water speed and
loss of competence of the main river’s flow to transport [167]. Over time, the growth of
the bar generated the island; drillings on the Tiberina Island [168,169] confirmed the
constitution of the island of river sediments, specifically sand, gravel, clay sands and clays.

The simple geosite of Tiberina Island is a rare example of a river island along the
urban axis of an Italian river, the landform witnesses the natural morphology deeply
modified by urbanization since 2500 years ago; it is an significant example of an urban
geosite (Figure 14).

The island is inhabited: An important hospital works here, and together with San
Bartolomeo Basilica they testify the cultural, traditional and spiritual value of the place
[162]. The basilica and the hospital are the icons of the Esculapio ancient temple
spirituality and mission, based on the two legends telling about the origin of the island:
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the first one related to the roman kingdom’s historical events merged with natural
phenomena; the second related to a pestilence affecting the city, solved by the mythical
intervention of the snake sacred to Esculapio (pagan god of medicine). These legends have
conditioned the island’s public use and symbolic value in history.

For the extraordinary scientific and cultural values described above, the geosite has
a level of regional importance. Tiberina Island is not exposed to long-term vulnerability
factors, although it and the entire urban river axis are subject to floods. In fact, the
phenomenon is controlled by dams located upstream and the shape profile is sealed by
masonry works. The geosite is the subject of various multidisciplinary and scientific
publications [169,170] and a proposal for geo-tourist enhancement, carried out in papers
and digital geo-tourist guide [167].

4.8. Sinuessa Submerged Landscape in the Gaeta Bay (Gioia D., Minopoli C., Pennetta M.,
Trocciola A.)

The Sinuessa submerged complex geosite is located in the central sector of the Gaeta
Bay (in the northern sector of the Campania region) (Figure 1, site 08), bounded by the
carbonate morphostructure of Mt. Aurunci to the north and the Campi Flegrei volcanic
district to the south, at the foot of the western termination of the ridge of Mt. Massico
(Figure 15). The submerged sector of the Gaeta Gulf has a flat topography [171] with a
roughly trapezoidal shape, which is delimited landward by impressive NE-SW-and NW-
SE-trending fault-related slopes [172]. The area is featured by a series of NE-SW oriented
channels ([173,174] and references therein), which originate in the higher-altitude sectors
of Mt. Massico. These channels are the present-day geomorphic evidence of ancient and
more developed river networks with a dendritic pattern [Pennetta et al., 2016a], which
deeply dissected the landscape during the LGM (~18 kyr BP). Their traces are the
meandering channels modelled into the ignimbritic bank, previously emplaced (~39 kyr
BP), on which the submerged archaeological site lies. The geosite is characterized by the
Campanian Ignimbrite deposits distributed along a narrow belt located about 650 m to
the present-day beach and at a depth of =7 m. This sector hosts the archaeological remains
and is featured by articulated morphology with alternating 1-2 m height scarps and
decametric depressed areas. These morpho-sedimentary features are due to intense
morphoselective erosion in a continental environment, as inferred by the occurrence of
fractures, deep incisions and small basins in the outcrop sector of the ignimbritic flows
[175].

The area is characterized by gravel palaeo-beaches and marine landforms (i.e., two
sea notches) located at the same depth of the ignimbrite deposits suggesting that this
sector was emerged and attended by Man in Roman times, even for activities related to
port facilities. Submerged palaeo-channels, in alignment with current watercourses on the
mainland, dissect the shoal. These channels were carved in a subaerial environment
during the last glaciation (i.e., after the tuff deposition) and then were drowned by sea-
level rise. In the submerged palaeodrainage network of the study area, the erosion
channels of lower hierarchical order, excavated by runoff along the lines of maximum
gradient, caused further fragmentation to the surface. Thus, small rocky outcrops are
isolated, contributing to the genesis of depressions along the marine terrace, then filled by
bioclastic sediments. Distances between the sides of the main channels, perpendicular to
the coast, slightly increase towards the palaeomouths as a result of the interplay between
fluvial and marine processes. Submarine surveys along the coastland of Sinuessa
highlighted a depressed area hosting 24 concrete cubic elements in the northernmost
sector of the shoal. These artifacts (pilae) are typical of Roman maritime structures
widespread along the southernmost Phlegrean coast. Geological evidence and
archaeological findings indicate an older palaeosea-level at about 11 m [175]. At about 1
km from the coast, a man-made cylindrical depression with a diameter of about 1 m was
found. Such a geometric depression is the quarrying of a millstone, wherein the ring of
extraction is always greater than the dug-out millstone. The use of millstones dates back
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to 2500 years BP onwards in the Hellenistic period. Apart from the high cultural value of
the discovered archaeological ruins of the study area, the geosite represents significant
evidence of the complex interplay between tectonic-induced subsidence and glacio-
eustatic processes occurring along the Tyrrhennian coast of southern Italy. The discovery
of pilae at -8 m depth testifies the depth of the ancient sea-level, suggesting that a
significant lowering of the tuff platform, on which such structures are based, occurred.
Consequently, since the sea level along this coastal sector has risen about +1.25 m from
Roman times to today [176] and considering a maximum tidal range of +0.5 m, the site
with pilae downlifted about —6.5 m, due to the interplay between tectonic deformation
and glacio-eustatic processes.

For the extraordinary scientific and archaeological values described above, the
submerged geosite has regional importance.
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Figure 15. (a) Geomorphological map and location of the archaeological findings of the Sinuessa geosite; (b) location of
the study area with reconstruction of the LGM drainage network. Pictures show several peculiar geomorphological and
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archaeological evidence of the area: (c) palaeo-sea notch at -7.5 m depth along the channel walls; (d) pebble beach (Roman
age); (e) small depression located at a depth of about 8 m with several concrete blocks (pilae); (f) detail of a concrete block
characterized by a man-made through-hole.

4.9. The Fluvio-Coastal System of Cala Luna (Deiana G., Melis R., Panizza V.)

The complex geomorphosite of Cala Luna is located in the Gulf of Orosei (central
eastern Sardinia) (Figure 1, site 08). The Orosei Gulf is a coastal karst area, characterized
by a sedimentary sequence of dolomites and limestones of about 800 m unconformably
covering a Palaeozoic basement [177,178]. The whole area is part of Supramonte, a
carbonate massif of 170 km? composed of Middle Jurassic to Lower Cretaceous dolostones
and limestones in different sedimentary facies. This thick Mesozoic sedimentary sequence
covers a peneplained Variscan metamorphic and granite basement. The transgression
occurred after a long-during continental period, estimated from Permian to Lower
Jurassic. The Middle Jurassic-Lower Cretaceous Sea never reached great depths in the
Gulf of Orosei area, and the different carbonate facies evidence several shallow
depositional environments, going from lagoons to coral reefs. Lithology is represented of
dolostones containing limestone lenses, oolithic limestones and massive fossil-rich outer-
shelf, reef, interreef and backreef limestones [179].

During the Middle Pliocene age, an uplifting phase caused an intense erosion-
deposition cycle [180]. The sedimentation precedes and is contemporary to the effusion of
Pliocene basalts that have given K-Ar ages of 3.56 + 0.23 to 1.99 + 0.08 million years [181].

Along the limestone cliffs are present waste stratified slope deposits (éboulis
ordonnées) composed of limestone fragments in a reddish clay matrix and aeolian sands
visible in karst pockets [182].

The main tectonic alignments of the area can be attributed to an early phase of the
Alpine orogeny and especially to the Oligo-Miocene tectonics related to the opening of
the Tyrrhenian Sea and to the separation of the Sardinian-Corsican microplate from the
South European continent. The whole Mesozoic sequence has been folded and faulted
during the Tertiary, displaying main N-S and NE-SW directions [183].

In its whole, the system of Cala Luna is a complex geomorphosites in which
landforms and processes strictly interact within three main morphogenetic systems:
fluvial, karstic and coastal. It is a fluvio-karst where surface forms and hydrography are
subordinated to a very rich subterranean karst aquifers flowing across fractures, and
conduits. The deep canyon of Codula Llune ends in the famous pocket beach of Cala Luna
(Figure 16).
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Figure 16. (a) Geomorphological map of the complex geomorphosite of Cala Luna. (b) View of sandy-pebbles beach and
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The hydrographic network is most probably a relic of the ancient drainage pattern
that also continues on the shelf for several kilometres up to a depth of at least 120 m [184].

At present, Codula Ilune is the principal river of the study area, and it is activated
only after heavy rain periods.

The carbonate rocks, especially the limestones, are affected by intense karstification
processes that have created particular and sometimes spectacular landforms and
subterranean morphologies. Many typical karst landforms are present in the whole
territory, with sinkholes, dolines, caves and many smaller landforms such as kamenitze,
solution flutes, etc.

The morphology in the coastal areas is the product of a combination of structural,
karst and littoral processes. The coast is characterised by high carbonate cliffs cut by the
Codula Ilune stream, forming canyons that end in the sea. At the mouth, a littoral barrier
with a sandy-pebbles beach, gave rise to a backshore pond. During exceptional high
floods, the stream energy breaks the barrier, temporarily erasing the beach, collecting
water from the surface but mainly from subterranean flows. The coastal landforms are
related to karst processes and the variations of sea level: coastal and submerged caves,
relict tidal notches. During the last glacial maximum, some of these caves had been filled
with aeolic sediments.

Many suggestive sea caves, formed by wave action on joints and structurally weaker
areas, occurred at the present sea level [185]. The relict tidal notches, developed on the
cliff at different heights, testify the sea level variation during the Quaternary and a relative
tectonic stability of the area [186-190].

These areas in a whole constitute a unique landscape in which natural aspects largely
overrule the human imprint on the environment, and its great naturalistic value has been
recognised at a national level. The area was inserted in the National Park of Gennargentu,
legally defined but unfortunately never put into practice.

For the extraordinary scientific values and for singular morphology features
described above the complex geomorphosite of Cala Luna has a global importance.

5. Discussion and Conclusions

The role of geodiversity and geoheritage is of increasing importance in nature
conservation strategies and geotourism activities. According to our preliminary overview
on the literature referring to these topics, geoheritage mapping has recently gained a high
level of attention not only in the scientific community (e.g., [2,4,5,91,191,192]) but also in
the geotouristic context; the great abundance of geotouristic maps (e.g., [91,193-196])
shows this clearly.

The importance of detailed geological and geomorphological maps for the
development of effective territorial planning, management and geoconservation
strategies has been demonstrated and unanimously recognised by literature [1,2,5]. These
concepts have been also incorporated in the legal framework: in Italy, for example, since
2004 the laws explicitly regulate the management of landscape assets within the cultural
assets s.1. to be protected (Codice Urbani; Law Decrete 42; 22 January 2004).

However, there is a lack of a shared methodological procedure for map
implementations, where geosite boundaries and features are depicted: This is particularly
evident within official geomorphological maps planned at the national level and
addressed to territorial planning but also at the international level in the case of geosites
or geoheritage sites of global importance.

Therefore, the herein proposed methodology represents a first tentative systematic
approach in drawing up cartographic essays for mapping geosites, directed to public
boards in territorial planning and sustainable management of a territory. The proposed
method allows the exclusion of any overlap or interference with the official
geomorphological legend. Moreover, it highlights on single sites as well as on complex or
composite sites, from local up to landscape views. The selected case studies show the
versatility of the method in term of spatial scale of the representation: small sites as well
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as groups of sites in a wider area of geomorphological interest, both in terrestrial and
submerged areas, can be effectively represented. Certainly, a geomorphological map
encompasses all data about topography, landforms and processes, but the presence of a
geosite, its boundaries, characteristics and scientific importance are usually not depicted.
The gold contour line easily evidences not only the presence of geosites but also their
precise localization in terms of boundaries to be considered, for example, for protection
measures, their genesis and scientific value, information of paramount importance since
decisions about protection perimeter, geosite management or potential interpretative
activities will depend on these parameters.

The integration of geoheritage and geomorphological data in a single cartographic
document can be considered an innovative and useful tool both for geoconservation and
sustainable environmental management. Such a map shows several advantages:

(1) it offers an overview of both landforms and processes and the main geoheritage
peculiarities of a territory;

(2) it provides information on the state of activity of processes, which can help to
evaluate the state of conservation and vulnerability of geosites or the degree of
natural and anthropic risks;

(3) it highlights geosite boundaries useful for decision making in management;

(4) it represents a functional tool to optimise decisional processes within Territorial
Planning, Environmental Impact Assessment procedures and Protection Actions of
Natural Heritage.

By sharing the outcomes of our work with other researchers, we aim at promoting
the application and test of the methodology in different geological and morphological
contexts, but also at improving its procedures in different countries where maybe
different strategies of geomorphological mapping are used.

Within this framework, several further developments are possible for analysing
relationships between human actions and the environment and assessing abiotic
ecosystem services related to natural and cultural sites that are frequently linked with
landforms and geomorphosites. As an example, urban geomorphological maps include
natural landforms, human-reworked landforms and man-made landforms. The proposed
method facilitates targeted analyses and assessments for outlining which landforms
represent geosites and hence cultural assets within a delicate environment such as the
urban one (see 4.7 case study). Further implementation focused on this topic is of great
importance in order to better discriminate the diversity between a variety of sites of
interest.

The differences observable in the style of the nine examples demonstrate the
flexibility and versatility of the proposed method, which can be easily applied in different
contexts. The case studies reported in the present paper may represent a pilot experience
for being applied to the different components of cultural heritage.

The diffuse increased use of technology in geoheritage studies has opened up many
possibilities for the further development of geoheritage mapping (cf. [197] and references
therein). Several examples of virtual field trips [198,199], popularization for a general
audience (e.g., [110,200,201]) and geoheritage data visualisation on open-source interfaces
(e.g., [167,202-204]) can be quoted. For this reason, a future development of the proposed
methodology will be to use GIS and web mapping technologies. In fact, when GIS
functionality is combined with Internet technology, geosite value can be enhanced by the
publication of maps data integrated with other information, such as Web-GIS including
hyperlinks to images and videos.
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