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Abstract: Popularizing endogenic geological processes that act deep on the Earth during geologic
time producing orogenic belts requires a great effort. Consequently, geosites dealing with struc-
tural geology are surveyed with a lower frequency. Geological structures, however, may strongly
control and model the territory and/or trigger the exogenous processes responsible for a specific
landform/landscape. We describe here three geosites in the Apuan Alps UNESCO Global Geopark
(Tuscany, Italy) to highlight their geoheritage values. We used the classical methods applied in
structural geology to conceive and design three new interpretative panels of structural geosites using
simple language and graphic schemes that facilitate the understanding of geological structures. The
three selected structures were produced by different deformation regimes and at different structural
depths. The first geosite is the boundary between the metamorphic and non-metamorphic rocks and
represents the boundary of the Apuan Alps tectonic window. The second geosite is the spectacular Mt.
Forato natural arch and the third represents a beautiful example of folds. Each panel is characterized
by QR codes that allow the reader to access a short geological glossary, the Apuan Alps Geopark
website, and a short evaluation survey on the quality of the interpretative panel.

Keywords: geoparks; geosite; geoheritage; landscape heritage; structural geology; informative panels;
Apuan Alps UNESCO Global Geopark; Italy

1. Introduction

The definition of geosite has evolved a great deal over the last following two decades:
from the original Wimbledon [1] definition, which generically includes any locality, area, or
territory in which a geological or geomorphological interest for conservation can be identi-
fied, up to the introduction of concepts such as scientific education, tourism/recreation,
and geological heritage value [2]. A more rigorous approach [3] provided the distinction
between geosite sensu stricto, defined as in situ elements with high scientific value, and
geodiversity sites, displaying significance for education, tourism or cultural identity of
communities. Moreover, the “subject” of the site of interest evolved as follows: starting
with the simple “geological or geomorphological site”, more and more specific suffix terms
(e.g., hydrological, pedological, mineralogical, paleontological, glacial, paleogeographical)
were used to classify a geosite.

If we consider the etymological meaning of geosite (from Greek: geo-, earth, the
Earth, and from the Latin: situs, a place, position), however, it literally means a site
of special geological interest, including all the facets of the Earth Sciences disciplines.
Following this more general definition, we believe that each site of geological interest can
provide information, if adequately presented and emphasized, on the past evolution of the
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territory, thus improving the recognition of the geological heritage (geoheritage) and the
popularization of the endogenous and exogenous processes that control the evolution of
our Earth.

The tool to evaluate the role of a specific geosite in the fields of research, teaching,
scientific tourism and the protection of the environmental, landscape and geodiversity
heritage is the geosites inventory [3–5]. Moreover, the inventory is also a useful tool to
assess the geosites on quantitative and qualitative levels as follows: by using different
scales of value and numerical evaluation, it becomes a crucial key for territorial planning.
The inventory guidelines establish the completion for each geosite card of a descriptive
part, which can become the starting point for the preparation of material necessary for
the geological dissemination. The description and interpretation of a geosite become even
more important in territories labelled as UNESCO Global Geoparks, where it is mandatory
to spread geological information to non-geologists, approaching both local communities
and a wider audience of visitors (https://en.unesco.org/global-geoparks/focus (accessed
on 17 June 2022).

As a rule, geosites inventories are characterized by the prevalence of geosites ex-
plaining the link between geomorphological processes and landforms deriving from the
landscape (i.e., geomorphosites; [6–8]). This type of geosites is easily understood by ob-
servers with different educational levels and requires intuitive and simple informative
panels. However, it is not so easy to popularize complex endogenic geological processes.
For this reason, the geosites dealing with structural geology (structural geosites) are sur-
veyed less frequently [4,9–13]. Conceiving their interpretative panels requires a deep
knowledge of the processes that control and guide the forces acting deep on the Earth and
a significant effort to use basic-level scientific terms without falling into misunderstandings
and careless and inaccurate descriptions.

Geological structures, such as faults and folds, however, may strongly control and
model the morphology of territory and/or trigger the exogenous processes responsible
for a specific landform/landscape. The role played by structural geology is even more
evident in an area such as the Apuan Alps (Northern Apennines, Italy), which displays
many of the geological structures related to rock deformation typical of different crustal
levels. Indeed, the Apuan Alps have been considered a natural laboratory for Italian and
foreign structural geologists since the end of the XIX century, as witnessed by hundreds of
scientific papers about this topic. The Apuan Alps UNESCO Global Geopark promoted this
geological exposé by establishing in 2015 a set of new structural geosites that have gone
to merge into its geosites inventory, which is constantly being updated and now counts a
total of 256 geosites. However, only a few of the geosites have explanatory panels.

The aim of this contribution is to further increase the number of structural geosites and
interpretative panels for disclosing structural geology in the Apuan Alps UGGp. We present
three structural geosites (two already inserted in the Apuan Alps UGGp geosites inventory,
and one new entry) and the three new interpretative panels available for excursionists and
scholars. Each interpretative panel is characterized by informative texts and drawings that
interpret and explain the geological structures in simple, non-technical, but scientifically
correct, terms. This approach is the result of the collaborations between the Apuan Alps
UGGp, the Institute of Geosciences and Earth Resources—National Research Council of
Italy (IGG-CNR), and the Department of Earth Sciences of the University of Pisa.

2. The Structural Geology in the Apuan Alps
2.1. A Short Historical Review

Due to the excellent rocky exposures and the relevant economic value of marble
extraction, the Apuan Alps have attracted generations of both Italian and foreign geolo-
gists. Leaving aside the former unpublished observations, the first manuscripts containing
geological descriptions are those by Targioni Tozzetti [14] and Savi [15]. In the Apuan
Alps, detailed field mapping led to the remarkable production of geological maps on topo-
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graphic bases, which represent one of the first worldwide examples of modern geological
cartography (e.g. [16–18]).

The geological research on the tectonic interpretation of a mountain orogenic belt
(i.e., structural geology investigations) has experienced in the Apuan Alps the whole
scientific path from the autochthonous theories to the allochtonous reconstructions up
to the models consistent with plate tectonics. While the above-mentioned papers reflect
the autochthonous theories, the interpretation of the Apuan Alps as resulting from nappe
tectonics was proposed for the first time by Steinmann [19]. Steinmann’s theory, suggesting
the tectonic duplication of the continental margin succession (Tuscan units), was supported
by Lencewicz [20] and Tilmann [21], and the Apuan Alps were recognized for the first
time as a tectonic window. These authors proposed a nappe pile including the following
three superimposed tectonic units divided by main overthrusts (from bottom to top):
(1) Toscanide I, consisting of metamorphic rocks cropping out in the tectonic window;
(2) Toscanide II, non-metamorphic (currently named Tuscan Nappe), from the Calcare
Cavernoso formation to the Macigno formation; (3) non-metamorphic Ligurian Units.

Following the main papers by Trevisan [22], Ippolito [23] and Merla [24], the scientific
community definitively accepted the allochtonous theories. During the 1970s and 1980s,
research on the geological evolution of the area was inserted within the crustal plate
movements of the western Mediterranean area. The new methods of structural analysis led
to the identification of a complex polyphase deformation history affecting the metamorphic
Tuscan units as well as the Tuscan Nappe and the Ligurian Units (e.g. [25–29]).

Therefore, the Apuan Alps can be considered an open-air gym for the study of all
the main features of its structural geology, such as relationships between foliations and
lineations, superposed structures (folds and faults) and the interaction between deformation
and metamorphism at different structural levels. The currently accepted architecture and
the evolutive model, elaborated thanks to modern structural geology techniques since the
end of the 1970s, are described in the section below.

2.2. The Present Day Model

The present-day architecture of the Northern Apennines (Figure 1) resulted from
the convergence-related processes that started with the Upper Cretaceous intraoceanic
subduction in the Ligure-Piemontese oceanic basin and continued through the middle
Eocene continental collision between the two continental margins, namely, the Europa plate
and the Adria microplate. The architecture of the Northern Apennines was restored in the
Apuan Alps region as follows: the oceanic-derived units (Ligurian Units) represent the
uppermost portion of the nappe stack above the non-metamorphic Tuscan unit (Tuscan
Nappe), whereas the Tuscan Metamorphic Units (Apuan Alps Unit and Massa Unit),
exposed in the Apuan Alps tectonic window, represent the deepest root of the belt (Figure 1).
These units derived from the oceanic and Adriatic continental domains (e.g., Ligurian Units
and Tuscan units, respectively) were stacked towards the NE.

The tectonic evolution model includes two main progressive deformation phases [30]
(Figure 2). The first phase D1 produced the tectonic nappe stack; it was associated with
the development of a pervasive foliation. This main foliation corresponds to the axial
plane of non-cylindrical, E-facing, isoclinal folds observable from micro- to kilometer-scale;
the related stretching lineation shows a regional NE-SW orientation. During this phase,
dated late Oligocene-early Miocene [31], the units recorded the metamorphic peak at
T ≈ 350–450 ◦C and P ≈ 0.6 GPa ([32] and references therein).

In the early stages of the second deformation phase D2 (phase D2a in Figure 2), large-
scale non-cylindrical folds associated with sub-horizontal crenulation axial planar foliation
refolded D1 structures. It produced the progressive exhumation of the antiformal stack
starting before 11 Ma at a temperature T > 250 ◦C [31,33,34] through the activation of low-
angle shear zones (e.g. [35]). The exhumation processes are generally considered to have
developed under an extensional regime. Alternatively, Molli and Vaselli [36] suggested
a syncontractional context triggering the exhumation of the Tuscan Metamorphic Units.
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Analogously, Carosi et al. [37] proposed that the exhumation of the Tuscan Nappe was
generated by the interference between two main directions of horizontal shortening of later
folding phases, which induced buckling and vertical growth of the metamorphic dome.

Land 2022, 11, x FOR PEER REVIEW 4 of 20 
 

 
Figure 1. Geological sketch map of the Apuan Alps (modified after Carmignani and Kligfield, [30]) 
and location of the presented geosites. 

Figure 1. Geological sketch map of the Apuan Alps (modified after Carmignani and Kligfield, [30])
and location of the presented geosites.



Land 2022, 11, 1282 5 of 19Land 2022, 11, x FOR PEER REVIEW 5 of 20 
 

 
Figure 2. Commonly accepted evolutionary model of the Apuan Alps (modified after Carmignani 
and Kligfield, [30]). The star shows the location of the boundary of the Apuan Alps tectonic window 
geosite described in Section 5.1. 

In the early stages of the second deformation phase D2 (phase D2a in Figure 2), large-
scale non-cylindrical folds associated with sub-horizontal crenulation axial planar folia-
tion refolded D1 structures. It produced the progressive exhumation of the antiformal 
stack starting before 11 Ma at a temperature T > 250 °C [31,33,34] through the activation 
of low-angle shear zones (e.g. [35]). The exhumation processes are generally considered 
to have developed under an extensional regime. Alternatively, Molli and Vaselli [36] sug-
gested a syncontractional context triggering the exhumation of the Tuscan Metamorphic 
Units. Analogously, Carosi et al. [37] proposed that the exhumation of the Tuscan Nappe 
was generated by the interference between two main directions of horizontal shortening 
of later folding phases, which induced buckling and vertical growth of the metamorphic 
dome. 

Finally, semi-brittle to brittle tectonics characterized the D2 latest stages (phase D2b 
in Figure 2) within an extensional tectonic regime, leading to the activation of high-angle 

Figure 2. Commonly accepted evolutionary model of the Apuan Alps (modified after Carmignani
and Kligfield, [30]). The star shows the location of the boundary of the Apuan Alps tectonic window
geosite described in Section 5.1.

Finally, semi-brittle to brittle tectonics characterized the D2 latest stages (phase D2b
in Figure 2) within an extensional tectonic regime, leading to the activation of high-angle
faults [35,38,39]. These structures strongly influence the landscape, which shows landforms
typical of tectonically active regions with high rates of uplift, producing high relief topog-
raphy prone to higher erosion rates along steep mountain slopes. Overall, the landscape
of the Apuan Alps is characterized by great tectonic control of the landforms due to both
the primary formation of the metamorphic dome inside the tectonic window and the latest
fault systems.

3. The Stratigraphy of Tuscan Domain

The stratigraphic succession of the Tuscan units (Tuscan Nappe and Tuscan Meta-
morphic Units) reflects the evolution of a typical passive continental margin that was
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progressively involved in a collisional setting. The sequence typical of the Adria passive
margin is shown in Figure 3.

1 

 

 

 

 

 

 

 

Figure 3. Schematic stratigraphic column of the Tuscan domain from the Middle Triassic to the lower
Miocene (modified after Carmignani et al., [40,41]). Each lithotype is characterized by a different
symbolism. Colors indicate the different formations. Since there is high variability in the passive
margin paleogeography, the thickness of formations in the column is only representative. The grey
areas indicate the lithotypes missing in the different tectonic units. The name of the formations of the
Adria passive margin is different in the non-metamorphic (Tuscan Nappe) and metamorphic Units
(i.e., Massa Unit and Apuan Alps tectonic units) because of the sequence was duplicated during the
Apennine nappe stack.
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The sequence commenced during the Late Triassic/Early Jurassic with carbonate
platform deposits followed by deposits recording the progressive drowning of the plat-
form (limestones and marly nodular limestones; Early Jurassic). Calcareous turbiditic and
pelagic deposits (Early-Middle Jurassic) covered the drowned platform. The Late Jurassic
deposits are represented by radiolarian cherts, in turn, covered by lower Cretaceous tur-
bidites, sourced by fragmentation and erosion of the carbonate platform, and by a complex
formation composed of shales, marls, calcilutites and calcarenites (Late Cretaceous—early
Oligocene). The top of the stratigraphic succession is composed of Oligocene—lower
Miocene turbiditic sandstones representing the infilling of the foredeep basin located at
the front of the Apenninic accretionary prism. Due to the varied paleogeography of the
Adria passive margin, the thickness of each formation is highly variable, displaying a high
sedimentation rate in subsiding basins and a low sedimentation rate on structural highs.

As above described, the deformation evolution of the Apuan Alps led to the tectonic
duplication of the Tuscan domain sequence, so that the formations of the non-metamorphic
Tuscan Nappe have their counterparts in the metamorphic rock units belonging to the
metamorphic Tuscan units. Consequently, sedimentary and metamorphic formations are
named differently according to their affinity (Figure 3). The following differences exist if we
consider the pre-Rhaetian age: the Tuscan Nappe was detached from its basement in corre-
spondence with the Rhaetian evaporites and dolostones, whereas the Tuscan metamorphic
units preserve Palaeozoic rocks and lower middle Triassic siliciclastic rocks deposited on
the continental environment on the Adria margin before its drowning (Figure 3).

4. Materials and Methods

The experiences gained during several years of activity in the field of structural
geology and in the dissemination in the specific area of the Apuan Alps (e.g. [35,37,42–47])
allowed us to conceptualize and design three new interpretative panels for two geosites
already included in the Apuan Alps UGGp geosites inventory (i.e., the Apuan Alps tectonic
window and the Mt. Forato Arch) and for a new geosite (i.e., the folds of Bosa) that we have
recently chosen and interpreted (Figure 1). They were selected considering their geological
interest (in the widest possible meaning), their particular and significant manifestation of
geodiversity and their safety accessibility. Furthermore, it should be noted that the selection
of these geosites has also taken into account their degradation risk [48], estimated as very
low, and their state of conservation, estimated as good. This approach is aimed at respecting
the principles and practice of geosite conservation to ensure that they remain accessible and
usable by a wide audience. Particularly, the accessibility and the interpretative potential of
geosites are key features for setting up eco-compatible fruition programs and approaching
a wide audience disseminating geological information to non-geologists.

In each interpretative panel (see Supplementary material), we used highly readable
short text (both in Italian and in English) with few essential concepts. We inserted simple
drawings to explain the few basic specialist terms used in the description. The text is
calibrated to a base level of knowledge of geology (i.e., high school level). For example, the
reader must know the difference between metamorphic and sedimentary rocks as well as
the definition of fault. To popularize the scientific terminology, however, we inserted in
each panel a QR code linked to a glossary of the used terms. We have chosen to minimize
the environmental impact of the panels by choosing soft and light colors.

The object of our scientific/educational research is represented by three structures
produced at different deformation regimes and structural depths during the evolution of
the Apuan Alps. They are structures with different scales of observation ranging from
landscape view (Apuan Alps tectonic window and the Mt. Forato Arch), controlling
the morphology, vegetation distribution and landforms, to the outcrop scale (the fold
of Bosa). The Apuan Alps tectonic window geosite is a complex fault zone that acted at
different crustal scales (from ductile-brittle to brittle deformation regime) and with opposite
kinematics during the evolution of the Apuan Alps dome. It separates the metamorphic and
the non-metamorphic rocks (Section 5.1) (Figures 1, 4 and 5). The Mt. Forato Arch geosite
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(Section 5.2) (Figures 1 and 6) was controlled by the presence of two systems of conjugate
fractures in the metamorphic carbonate rocks of the Apuan Alps units developed in the
uppermost crustal levels during the extensional regime responsible for the exhumation of
the Apuan Alps dome, whereas the folds of Bosa geosite (Section 5.3) (Figures 1 and 7) show
beautiful fold structures produced by frictional regime in the non-metamorphic formation
of the Tuscan Nappe (i.e., Scaglia Toscana formation).

Land 2022, 11, x FOR PEER REVIEW 8 of 20 
 

kinematics during the evolution of the Apuan Alps dome. It separates the metamorphic 
and the non-metamorphic rocks (Section 5.1) (Figures 1, 4 and 5). The Mt. Forato Arch 
geosite (Section 5.2) (Figures 1 and 6) was controlled by the presence of two systems of 
conjugate fractures in the metamorphic carbonate rocks of the Apuan Alps units devel-
oped in the uppermost crustal levels during the extensional regime responsible for the 
exhumation of the Apuan Alps dome, whereas the folds of Bosa geosite (Section 5.3) (Fig-
ures 1 and 7) show beautiful fold structures produced by frictional regime in the non-
metamorphic formation of the Tuscan Nappe (i.e., Scaglia Toscana formation). 

 
Figure 4. The Apuan Alps tectonic window geosite. (a) The Apuan Alps tectonic window (inside 
the white line) seen from south-east (Google Earth image). A and B represent approximatively the 
limit of the geological cross-section of (b); (b) Geological cross-section of the Apuan Alps tectonic 
window (modified after Carmignani and Kligfield, [30]). 

Figure 4. The Apuan Alps tectonic window geosite. (a) The Apuan Alps tectonic window (inside the
white line) seen from south-east (Google Earth image). A and B represent approximatively the limit
of the geological cross-section of (b); (b) Geological cross-section of the Apuan Alps tectonic window
(modified after Carmignani and Kligfield, [30]).

Land 2022, 11, x FOR PEER REVIEW 9 of 20 
 

 
Figure 5. The Apuan Alps tectonic window geosite: mesoscopic features. (a) Outcrop along a 
roadcut of the Apuan Alps tectonic window contact. The metamorphic (Apuan Alps units; on the 
left) and non-metamorphic (Tuscan Nappe; on the right) rocks are separated by several 10s of metre 
thick low-angle fault zone that preserves the transition from fault gouge (b) to foliated cataclasites 
(c) (pen pencil for scale). 

Figure 5. The Apuan Alps tectonic window geosite: mesoscopic features. (a) Outcrop along a roadcut



Land 2022, 11, 1282 9 of 19

of the Apuan Alps tectonic window contact. The metamorphic (Apuan Alps units; on the left) and
non-metamorphic (Tuscan Nappe; on the right) rocks are separated by several 10s of metre thick
low-angle fault zone that preserves the transition from fault gouge (b) to foliated cataclasites (c) (pen
pencil for scale).
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Figure 6. Mt. Forato Arch geosite. (a) Landscape view of the Mt. Forato Arch from the location of the
interpretative panel in Cardoso (Stazzema, Lucca) (i.e., from SW toward NE); (b) Landscape view
toward the Tyrrhenian Sea from below the arch; (c) Detailed view of the Mt. Forato Arch. The two
main system of fractures triggering the development of the arch are also shown; (d) Evolutive sketch
model of the Mt. Forato Arch.
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Figure 7. The folds of Bosa geosite. (a) General view of the outcrop during the excavations for
the foundations of the cellar of the Apuan Alps UGGp farm in Bosa (Careggine, Lucca); (b) Sketch
showing evolution of the folds shown in (a). The bedding, originally horizontal, was folded due
to a progressive shearing shown by white arrows; (c) Detail of fold at the outcrop scale; (d) Hand
sample fold used for the thin section. The bedding is highlighted by different colors that reflect
different rocks composition. Numbers 1, 2 and 3 indicate three different compositional layers:
1—clay-rich layer; 2—clay-carbonate mixed layer; 3—carbonate layer. The location of (e) is also
shown; (e) Photomicrograph (plane polarized light) from the thin section obtained from the sample
in (d). Numbers 1, 2, and 3 indicate the same compositional layers shown in (d).

5. Results

The results of our work are the interpretative panels that were recently placed in
the locations shown in Figure 1. The panel of the Apuan Alps tectonic window geosite
(number 1 in Figure 1) is in correspondence with a beautiful outcrop along a roadcut 1 km
south of Maestà della Formica Pass (Careggine Municipality) (Figures 4, 5, 8 and S1),
whereas the panel of the suggestive Mt. Forato Arch (number 2 in Figures 1, 6, 8 and S2)
is found at the parking lot close to the “Palazzo della Cultura” in Cardoso (Stazzema
Municipality), rebuilt after the flooding event that destroyed the village [49]. The panel
is in Cardoso because, from there, it is possible to admire the arch of Mt. Forato in the far
landscape and reach the Mt. Forato Arch through one of the most popular paths of the
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Italian Alpine Club (CAI) in the Apuan Alps. The interpretative panel for the folds of Bosa
(number 3 in Figure 1) is in the cellar of the Apuan Alps UGGp farm in Careggine. This
geosite has been “created” during the excavation of the foundations and its accessibility
is guaranteed by a suggestive window that was appositely left open in the exterior wall
(Figures 7, 8 and S3).
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Figure 8. Pictures of the three new panels of the structural geosites presented in this contribution (see
Supplementary material to see the interpretative panels). (a) The panel of the Apuan Alps tectonic
windows geosite located in front of the roadcut outcrop along the road from Capanne di Careggine
to Careggine (GPS coordinates: 44◦05′44.4” N 10◦19′28.4” E); (b) the Mt. Forato Arch geosite and the
related panel view from the parking lot in the village of Cardoso (GPS coordinates 44◦00′25.2′′ N
10◦18′54.6′′ E); (c) Students looking the folds of Bosa geosite through the suggestive window that
was appositely left opened during the building of the cellar of the Apuan Alps UGGp farm in Bosa
(Careggine) (GPS coordinates 44◦07′19.9′′ N 10◦19′10.4′′ E).

5.1. The Apuan Alps Tectonic Window Geosite

In the Apuan Alps, the metamorphic rocks of the deepest tectonic unit (the Tus-
can metamorphic units) are exposed to an area of over 200 km2 thanks to the erosion of
the sedimentary rocks belonging to the overlying Ligurian Units and the Tuscan Nappe
(Figures 1 and 4). The tectonic window, or in other words, the distribution of metamorphic
rocks, is also highlighted by a change in the morphology and vegetation as follows: the
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Alpine-type morphology peaks with scarce and brushy vegetation characterize the Tuscan
metamorphic units, whereas the woody surrounding smooth and smaller elevation moun-
tains are made by the non-metamorphosed Tuscan unit (i.e., Tuscan Nappe) (Figure 4a). In
recognition of its acknowledgment at a global level [50], the Apuan Alps tectonic window
was listed as the geosite n. 1 in the geosites inventory of the Apuan Alps UGGp [42].

Along the road cut (Figure 5a), we can observe the main contact of the Apuan Alps
tectonic window gently dipping towards the northeast. It is characterized by a fault zone
showing a thickness of several 10s of meters that separates the metamorphic rocks of
the deepest Apuan Alps units, on the left, and the Tuscan Nappe sedimentary rocks, on
the right [35,51]. The metamorphic rocks are derived from sandstones and shales of the
Oligocene-Miocene age (about 25–20 million years ago) (i.e., the Pseudomacigno formation),
whereas the sedimentary rocks are limestones of the Early Jurassic age (about 200 million
years ago) (i.e., the Calcari ad Angulati formation).

Since 27–20 Ma (K-Ar and Ar-Ar isotopic age) [31], this tectonic contact acted as a
reverse fault in a compressional tectonic regime, producing the doubling of the Tuscan
domain sequence with the superimposing of the sedimentary unit (Tuscan Nappe) onto
the Tuscan metamorphic units (D1 phase; Figure 2). From late Miocene (11—8 Ma) [31] to
c. 2 Ma ([52] with reference therein) its kinematics changed and it became a low-angle
normal fault (early D2b phase), allowing the exhumation and uplift of the Apuan Alps
(Figure 2). The activity of the tectonic contact during the extensional tectonic regime put
the youngest formation of the Apuan Alps units (i.e., Pseudomacigno formation) in contact
not to the base of the Tuscan Nappe (i.e., Calcari e Marne a Rhaetavicula contorta formation)
but to the youngest Calcari ad Angulati formation, with the lack of three formations
deposited from the Upper Triassic to Lower Jurassic (i.e., Calcari a Marne a Rhaetavicula
contorta, Calcare Massiccio and Rosso Ammonitico formations) (Figure 3). This tectonic
gap corresponds to a minimum time gap of about 25 million years.

Moving from southwest to northeast along the roadcut where the geosite is located,
the metamorphic rocks are initially affected by fractures that progressively increase their
number and size. The inner portion of the fault zone (i.e., the fault gouge; Figure 5b)
consists of a fine-grained matrix ranging in color from violet, reddish and ochre due to fluid
infiltration. It contains cm-sized clasts of metamorphic rocks deriving from the footwall
(i.e., Apuan Alps Units) and sedimentary rocks from the hanging wall (i.e., Tuscan Nappe).
Above the fault gouge, there are the foliated cataclasites of the sedimentary rocks of the
Tuscan Nappe (Figure 5c) with S-C-C’ fabrics showing a top to the E kinematics. The fault
zone is then affected by high-angle normal faults that have developed in a more recent time
(late D2b phase; Figure 2).

5.2. Mt. Forato Arch Geosite

The peculiarity of Mt. Forato is the presence of a natural rock arch determined by an
opening, a “hole”, forming a large, virtually round window through the rocks (Figure 6).
The arch of Mt. Forato is one of the largest Italian natural arches, displaying a “window” of
32 m in width and 26 m in height, while the dimensions of the rocks above the hole range
from 8 to 12 m in both width and thickness. The northern and southern main peaks that
delimit the rock arch reach a height of 1.208 m and 1.230 m a.s.l., respectively. Mt. Forato
forms the main watershed of the central-southern Apuan Alps (Figure 1) and is therefore
visible both from the Versilia maritime side, on the west (where the interpretative panel
is located) (Figure 6a) and from the Garfagnana/Serchio valley area, on the east. The Mt.
Forato “window” affords fine views of the Ligurian sea and, during particularly clear days,
the Corsica mountains (Figure 6b).

The Mt. Forato Arch was formed mainly in marbles and dolomitic marbles (i.e., Marmi
and Marmi Dolomitici formations) of the Apuan Alps Units (Figure 3). The hole has been
created in geological times by the selective removal of rock portions. The formation of the
arch started from the development of two main conjugated fracture systems (Figure 6c,d)
activated at shallower structural levels during the late D2b phase (Figure 2). The intersection
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between these two systems of fractures and their progressive widening led to the isolation
of portions/blocks in marbles and dolomites that, under the action of gravity, collapsed by
opening the window in the rock face. The widening and the progressive deepening of the
fractures are mainly controlled by the runoff and infiltration of rainwater that produces
the chemical dissolution of the carbonate rocks. The action of the temperature variation
in summer (thermoclastic: alternate heating/cooling) and the changing state of water in
winter (cryoclastism: alternate freeze/thaw) emphasize these rock-breaking mechanisms.
The weathering processes interacting with the carbonate/dolomite rock wall contributed
to the current result.

A key point to understand, even for those who are only interested in a basic compre-
hension of natural arches, is that wind is not a significant factor in their formation. The
wind has no more than a smoothing effect on the rocks after the natural arch has formed.

Apart from those natural rock arches whose formation was directly observed and
recorded in historical archives, the age of natural arches, such as the Mt. Forato Arch, cannot
generally be determined. However, it is possible to argue that these geological landforms
are recent features in the geological time scale and that, due to their characteristics, they
have a noticeably short life on the same time scale. We can estimate that the formation of
the Mt. Forato Arch could have started about 10.000 years ago when the rocks of the Apuan
Alps were exposed after the melting of the glaciers of the Last Glacial Maximum [53].

Mt. Forato is an iconic mountain, perhaps the main symbol of the Apuan Alps. It
is certainly the most photographed geosite. The fact that, during the summer solstice,
depending on the point of view, the sunrise can be observed through the rock arch from
the Tyrrhenian coast, whereas the “double” sunset is visible from the Garfagnana/Serchio
valley area, has contributed to the increase in fascination towards this “magic” mountain
and many legends and folk tales have multiplied around its landform. In Garfagnana, a
legend tells that the “hole” was formed by the impact of the Devil beaten on the rock wall
by a slap of San Pellegrino, annoyed by the Devil himself. In Versilia, instead, another
legend tells that the Mt. Forato rock arch was created as a miraculous passage to allow
the Holy Family to cross the Apuan Alps fleeing from Herod’s soldiers after their exodus
to Egypt.

The importance of Mt. Forato is also artistic. Its silhouette has indeed inspired
artists through time. Probably the brightest example is the painting dated 1871 by the
Italian-Hungarian landscape painter Andrea Markò (1824–1895), which is exhibited at the
Gallery of Modern Art in Florence. It is a perfect example of how Geopark can embrace a
holistic approach, celebrating its cultural and natural heritage and providing a narrative
for the territory.

5.3. The Folds of Bosa Geosite

The rocks exposed during the work for the construction of the new cellar of the Apuan
Alps UGGp farm in Bosa (Careggine, Lucca) are sedimentary rocks belonging to the Scaglia
Toscana formation of the Tuscan Nappe (Figure 3). They are alternating 5 mm to 5 cm thick
levels of distinct colors and composition, which stand out the red and green that draw
stunning forms called folds (Figure 7a). The distinctive feature of this outcrop is the high
concentration, lateral continuity, and beautiful preservation of folds, which are found rarely
in the Tuscan Nappe exposed on the eastern side of the Apuan Alps.

The multicolored layers are the result of the progressive accumulation of sediments in
a deep marine environment where reddish beds of clay alternate with (grey) green beds
of calcilutite. The period during which the sediments that constitute these rocks were
deposited has not been determined with certainty. By analogy with rocks from other areas
belonging to the same geological formation, they can be assigned to the Eocene epoch
(about 40 million years ago).

The development of folds is the result of a progressive deformation (Figure 7b), in
which the thickness of carbonate layers remains constant along the layer whereas that of
the clay layers increases in the zone of maximum curvature of the layer (i.e., the hinge zone
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of the fold) (Figure 7c,d). The presence of calcite veins developed parallel to the bedding
surface (Figure 7d) and the presence of striae orthogonal to the line that contains all the
points of maximum curvature on the same bedding surface (i.e., the axis of the fold) indicate
that the main folding mechanism is buckling. This implies that the compressive forces
responsible for the buckling acted parallel or at a low angle with respect to the bedding. In
addition, the asymmetric profiles of folds may suggest that a component of simple shear
was present during the folding.

From microscopic observations on thin sections obtained from samples representative
of the fold hinge zone (Figure 7e), it is concluded that the bedding was the only surface
folded. The different compositional layers (1, 2 and 3 in Figure 7d,e) differ in the content of
calcite and clay. In the carbonate-rich layers, (2 and 3 in Figure 7e), the roughly elongated
white portion of less than 100 µm in size might be both clasts derived from older rocks and
relicts of foraminifera. Each layer is characterized by thin (<100 µm), laterally discontinuous,
and wriggly films of dark insoluble minerals resulting from the dissolution of calcite (i.e.,
mechanisms of pressure solution).

This deformation mechanism and the lack of metamorphic blastesis indicate that
the folds of Bosa were generated in the shallower 10–15 km of the Earth’s crust. How is
it possible to fold rocks in the uppermost 10–15 km of the crust where the temperature
is lower than 400 ◦C (assuming a Barrovian geothermal gradient)? Common practical
sense would indicate that in these conditions, rocks break (generating faults and related
earthquakes) because they are cold, strong and rigid. The folding of a rock is a difficult
concept to explain because it implies the concepts of geological time and strain rate. In the
shallower Earth’s crust, in fact, folding a volume of rocks implies extremely weak forces
acting for millions of years.

In the case of the folds of Bosa, these forces originated during the Apenninic orogenesis.
Linking their genesis to a specific deformation phase that occurred during the evolution
of the Apuan Alps (see Section 2.2) is not easy. Considering that they developed at very
shallow depths (as suggested by the lack of evident metamorphic blastesis and by a
mechanism of pressure solution), we roughly constrain their evolution during the early D2
phase (Figure 2).

6. Discussion

The areal distribution of different rocks on the Earth’s surface reflects the geometries
produced by stresses acted at depth on the Earth for millions of years. For this reason,
endogenous processes represent the primary trigger for controlling the morphology of
the landscape, on which exogenous processes act selectively by producing many of the
current geosites. The difficulty of describing processes not active on the Earth’s surface that
occurred during geological time makes it challenging to interpret the resulting structures
and, consequently, to popularize geosites dealing with structural geology. To be able to
individuate a possible structural geosite and conceived its interpretative panel requires
good knowledge of the processes that act inside the Earth and the resulting geometries and
kinematics. In this contribution, we popularized three structural geosites representative of
the Apuan Alps, which we have developed into educational panels at each geosite. The
selected geosites have great scientific and landscape value. The Apuan Alps tectonic win-
dow, in fact, has been the object of hundreds of scientific publications since the beginning
of the 20th century. The metamorphic rocks exposed in the window are the deeper roots
of the Apenninic orogenic belt and so represent a perfect open-air laboratory to study the
processes acting in the depths of the Earth’s crust. The Mt. Forato Arch also has cultural
importance, as an icon of the Apuan Alps, which directly controls the geomorphological
aspects. Finally, the folds of Bosa are a rare example of plicative deformation in sedimentary
rocks, which is found only rarely in the Tuscan Nappe exposed on the eastern side of the
Apuan Alps. To be poetic, we can say that the three selected geosites are windows: a
tectonic window, a window in the landscape and a window in a wall, respectively.



Land 2022, 11, 1282 15 of 19

The goal of our work is to involve and interest a broad audience, ranging from
students to the lay public interested in geological features that find themselves exploring
the Apuan Alps UGGp. The methods adopted in this paper derive from the correct scientific
interpretation of the geosites and the use of simple language and many graphic schemes
that facilitate the understanding of the structures that form the geoheritage of the Geopark
area. The in-situ panels make available the geological information without time limitations,
for direct fruition, which has positive implications for geo-education and geotourism.
The free and independent consultation of the outdoor panels allows safe fruition of the
geological heritage during tough times, such as the recent COVID-19 pandemic, when
gatherings of people were prohibited or not recommended.

The geosite information of the interpretative panels can be integrated with further
resources easily available by scanning the QR codes included. Using classical (the panels)
and interactive (the QR codes) approaches, we want to gather a wide audience with quite
different needs and informatic skills. Acceding to additional electronic information, the
panel becomes an interactive tool. Using camera-equipped mobile devices and free QR
code reader apps, in fact, users have access to a large amount of information about the
Apuan Alps UGGp. We decided to insert three different QR codes. The first is a dynamic
QR code, which directs the visitors to the geological pages of the Apuan Alps UGGp that
provide readers with additional information about the geological evolution of the Apuan
Alps, the list of all geosites of the Apuan Alps UGGp and receives the other scientific and
tourist information contained in the Geopark website (http://www.apuanegeopark.it/
english_version/apuanegeopark_geology.html (accessed on 17 June 2022). Even if the text
of the panels is planned considering the geological knowledge acquired in the high schools,
we would like scientific/specific geological terminology to become part of the common
language. For this reason, the second QR code links to a geological multilingual glossary
(Italian and English) with all “non common” terms used in the interpretative panel.

The third QR code is instead a link to Google Forms (https://docs.google.com/forms/
d/1Y_soVUD-FfIxwDyQuzVh2EVZekTbXLqPzGHL0h8CEv8/edit (accessed on 17 June
2022) where the reader can complete a quick survey (Figure 9) on the quality and clarity of
the interpretative panel. Aware that a long survey form would not receive answers, we
proposed the following few questions (formulated both in Italian and English):

- Did direct observation of this outcrop (geosite) and its interpretative panel allow you
to focus on previously unknown geological aspects?

- Are the explanations of the panel clear enough and have they answered the questions
you asked yourself?

- After reading the panel, did any other questions about geological definition and
processes arise that you would like to have answered?

- What questions arose and would you like further explanation?
- What is your degree of satisfaction with the content of the panel? In the light of quality

of graphics representation, picture interpretation, text clarity and position of the panel.

We believe that this is also an opportunity to gather information about the Apuan
Alps UGGp visitors, so we inserted questions about the nationality and age of readers.
The results will provide interesting feedback for better management of the Geopark. For
example, we can have information about the visibility of the Geopark within the territory
and raise awareness around the UNESCO Global Geopark label. Moreover, the feedback
can verify if the panels effectively convey information about the geosites or how they could
be improved for a better spread of knowledge about the geological heritage of the Geopark.

http://www.apuanegeopark.it/english_version/apuanegeopark_geology.html
http://www.apuanegeopark.it/english_version/apuanegeopark_geology.html
https://docs.google.com/forms/d/1Y_soVUD-FfIxwDyQuzVh2EVZekTbXLqPzGHL0h8CEv8/edit
https://docs.google.com/forms/d/1Y_soVUD-FfIxwDyQuzVh2EVZekTbXLqPzGHL0h8CEv8/edit
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7. Conclusions

Differently to geological processes that modify and control the landscape instanta-
neously or in a short and easily recorded time (e.g., earthquakes, landslides, or volcanic
eruptions), the processes that take place within the Earth (endogenous processes) in very
long times (not comparable with human time) are not easily understood by those not
familiar with the concept of geological time. These processes, however, have a great impact
on landform/landscape, vegetation distribution as well as on society (e.g., the distribution
of different lithotypes controlling the distribution of water, raw materials, the location
of potential landslides, etc.). The goal of structural geology is to describe and interpret
the structures produced by endogenous processes that have acted for millions of years
within the Earth. Popularizing structural geology requires a great effort because millions
of year-long processes must be translated into simple concepts. It is for this reason that
in an orogenic belt such as that exposed in the Apuan Alps UGGp, which shows tectonic
structures of great scientific and landscape value, an act of interpretation and dissemination
of structural geosites was undertaken.

The collaboration between the Apuan Alps UGGp and research institutions has re-
sulted in the production of three new interpretative panels related to structural geosites.
The structural geosites can be considered suitable for raising awareness of the public about
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the need to foster, safeguard, protect and popularize the geoheritage of the Apuan Alps
as a unique area. Geotourism can benefit from our on-site interpretation panels because
three of the many possible geostops during excursions in the Apuan Alps are explained
in the panels that illustrate exemplary geosites for geological structures. UNESCO Global
Geoparks consider geotourism and Earth Sciences communication as two central topics in
their management. Many efforts are focused on finding the best effective transmission of
geological knowledge and geoheritage values to a wide range of audiences, from school
children to adults and between local people and visitors, so that they themselves can
become the Ambassadors of these territories.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/land11081282/s1, Figure S1: Interpretative panel of the Apuan Alps
tectonic windows geosite; Figure S2: Interpretative panel of the Mt Forato Arch geosite; Figure S3:
Interpretative panel of the Folds of Bosa geosite.
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