
ORIGINAL ARTICLE

Urban Geology for the Enhancement of the Hypogean Geosites:
the Perugia Underground (Central Italy)

Laura Melelli1 & Fabio Silvani1 & Maurizio Ercoli1 & Cristina Pauselli1 & Grazia Tosi2 & Fabio Radicioni2

Received: 18 September 2020 /Accepted: 29 January 2021
# The Author(s) 2021

Abstract
Urban geology analyses natural risks and promotes geoheritage in urban areas. In the cities, characterized by a high cultural value,
the hypogean artificial cavities, often present in the downtown, offer a unique opportunity to show the geological substratum.
Moreover, these places could be a point of interest in urban trekking with the abiotic component of the landscape as a topic
(geotourism). To investigate these areas, rigorous bibliographic research and a geomorphological assessment are the first steps,
but, besides, non-invasive methods are new techniques increasingly in demand. In this paper, we present a multidisciplinary
study on the Etruscan Well (third century B.C.), one of the most important Etruscan artefacts in Perugia (Umbria region, Central
Italy). The characteristics of the sedimentary deposits outcropping along the perimeter walls have been collected. Moreover, to
show the underground geoheritage, we provide a 3Dmodel of the well and the surrounding area integrating a georeferenced laser
scanner survey with ground-penetrating radar prospecting. We aim to obtain a tridimensional mapping of accessible internal
rooms to depict the geological characteristics of the EtruscanWell, also revealing a surrounding network of buried galleries. The
results are not only a meaningful advancement in the archaeological, geological and historical knowledge of the downtown of
Perugia but are a hint for the geoheritage promotion and dissemination, providing images and 3D reconstruction of underground
areas.
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Introduction

The iconic image of geology as a science brings to mind
natural environments where the human presence is generally
absent: this approach is confirmed by the geological research
which often had, as areas of investigation, little or no
anthropized contexts. Nevertheless, a new trend in the geolog-
ical exploration of urban areas is growing focused on both risk
and resources assessment (Legget 1969, 1973; Karrow and
White 1998; Bathrellos 2007). A large number of works are
focused on natural hazard and deriving risks for human life,
building heritage, infrastructures and productive structures.
The geological hazard in anthropized area ranges includes

endogenous factors such as the seismic hazard (Zheng et al.
2020) or volcanic one (Carlino 2019) to the exogenic geomor-
phic processes. Phenomena, as flooding on coastal areas
(Siegel 2020) or along rivers (Liu et al. 2020), are enormously
increased by climatic change (Blöschl et al. 2019; Chaparro
2020). Finally, landslide events (Mateos et al. 2020) may af-
fect a vast number of human settlements limiting or
preventing urban sprawl.

Even if the geological approach to the investigation in ur-
ban areas was limited to the natural risks affecting populated
areas, one of the most promising challenges is to create a
storytelling of the “site history before the human history”.
Starting from the comprehension of the initial geomorpholog-
ical arrangement and the successive evolution of the areas
coupled with the geological underground characteristics, com-
plete knowledge of the reasons that encouraged the first
humans to choose the city’s foundation site can be achieved.
Generally, these indications are limited to the historic city
centres which can be considered as precious records for the
urban geological investigation (see some examples in
Huggenberger and Epting 2011; Gisotti 2016). These areas

* Laura Melelli
laura.melelli@unipg.it

1 Department of Physics and Geology, University of Perugia, via A.
Pascoli s.n.c., 06125 Perugia, Italy

2 Department of Engineering, University of Perugia, via G. Duranti 93,
06125 Perugia, Italy

https://doi.org/10.1007/s12371-021-00545-z
Geoheritage (2021) 13: 18

/Published online: 17 February 2021

http://crossmark.crossref.org/dialog/?doi=10.1007/s12371-021-00545-z&domain=pdf
http://orcid.org/0000-0002-8788-7403
https://orcid.org/0000-0001-6062-9175
https://orcid.org/0000-0002-5507-8003
https://orcid.org/0000-0001-8244-8797
https://orcid.org/0000-0002-1377-4588
mailto:laura.melelli@unipg.it


generally correspond to the initial settlement site, where the
choice of the location satisfied some elementary and essential
needs, including the possibility of being protected from exter-
nal aggressions and, at the same time, having easy mobility
and commercial communications with the neighbouring terri-
tories. Furthermore, the choice of the settlement site was also
conditioned by the possibility of using surface and under-
ground waters and mineral resources too (Rosenbaum et al.
2003). These necessary settings, combined with other facili-
ties such as favourable climatic conditions or soil fertility, are
all the consequence of the geological setting of a place (Gisotti
2016). The topographic conditions (steep slopes correspond-
ing to natural defence barriers or, conversely, flat areas facil-
itating the development of communication networks) are the
first expression of geomorphological modelling. The under-
ground water reserves, as well as the presence of springs and
rivers, are present only if the geological structures allow the
development of aquifers. Mining resources, useful for the con-
struction of buildings or artefacts or production of energy, are
strictly dependent upon the nature of rocks outcropping out in
the area. As a matter of fact, the geological setting is the
fundamental factor for the settlement of ancient cities
(Legget 1969, 1973; Bathrellos 2007; Gisotti 2016; Marker
2016). Knowing the geological elements, as type and distri-
bution of rocks, and the past and actual geomorphological
evolution is fundamental to understand the subsequent devel-
opment of the urban areas, not only in the past centuries but
also nowadays.

One of the most evident limits in the geological and geo-
morphological investigation of the historic centre is the in-
tense transformations to the previous morphology. Besides,
the successive man-made adjustments have further altered
the natural conditions, and rebuilding each step is often
unachievable without a multidisciplinary approach.

Moreover, due to the almost total absence of lithological
surface outcrops and the huge anthropic modifications of the
morphology, the collection of geological data is not an easy
task (Melelli 2019). A unique opportunity is provided by the
artificial hypogean cavities (Parise et al. 2013), which some-
times can occupy the subsoil of the old towns (Melelli et al.
2016; Reynard et al. 2017; Bizzarri et al. 2018; Habibi et al.
2018). The tunnels, often with rooms opening along the track,
offer perimeter sides with good height and different orienta-
tions with respect to the north direction. Secondarily, the geo-
technical investigations, as excavation, dredging, coring or
penetrometer tests, if correctly collected in a georeferenced
database, can be added to the underground cavities in provid-
ing valuable information for the geological assessment
(Thornbush 2015; Luberti et al. 2018, 2019; Andersen et al.
2020). These spaces perform different functions such as wells
for groundwater storage or drains to facilitate the underground
flow, food remittances, air-raid shelters or, for the most an-
cient ones, as burial graves. In some cases, current

underground sites were originally located above the topo-
graphic surface and, only subsequently, were buried due to
anthropogenic fillings. Nevertheless, these sites are a unique
opportunity to rebuild the changes to the initial morphology.

Moreover, the urban geomorphology works in the time
frame of the Anthropocene (Lewin and Macklin 2014;
Luberti and Del Monte 2020), being the most meaningful to
understand the connection between human presence and nat-
ural location. Several Italian study cases have been already
investigated (Del Monte 2016, 2017; Del Monte et al.
2016; Brandolini et al. 2017; Reynard et al. 2017; Melelli
2019; Cappadonia et al. 2020). Each cavity records the con-
struction techniques or the lifestyle habits of the civilizations
that made it. For this reason, these sites may be defined as
archaeo-geosites or “any archaeological site where the strati-
graphic or geomorphological surrounding conditions are rele-
vant for understanding the geological framework of the site”
(Melelli et al. 2016).

In addition, a geological approach to the urban under-
ground may be employed not only for technical purposes
but also for the geoheritage enhancement (Palacio-Prieto
2014; Doyle 2016; Zagozdzon and Zagozdzon 2016;
Brandolini et al. 2018; Habibi et al. 2018). These places may
be the point of interest of urban tourist itineraries (such as
geotouristic, i.e. Rodrigues et al. 2011; Dowling 2013; Pica
et al. 2016, 2018; Kubalíková et al. 2020), allowing the visi-
tors to have a different perception of urban spaces both in time
(the “site history before the human history”) and in space (the
“upside down 4th dimension” under our feet). Nevertheless,
some of these cavities are not always accessible. In fact, these
structures are often placed in private properties or their origi-
nal access routes were buried by subsequent urban changes.
Therefore, in such cases, a multidisciplinary approach for their
investigation and promotion is necessary. One of the manda-
tory conditions is that, to preserve the urban heritage, the
acquisition instruments and techniques utilized to acquire data
should be non-invasive.

Geomatics, as a combination of geodesy and geoinformation,
appears as one of the most successful methods. The great and
heterogeneous number of spatial data present in a city requires a
geographical approach where the whole dataset should be
georeferenced and overlaid with great accuracy and resolution.
This solution allows a hierarchical representation of the different
information, both geological and anthropic ones, with
application-oriented modelling (Toschi et al. 2017; Hasan and
Hazem 2020; Kumar and Singh 2020).

A fundamental contribution to this approach can also be
provided by the geophysical investigations, which might add
an additional layer to this kind of representation, which is
otherwise not achievable from the surface investigations.
Therefore, especially when buried galleries and rooms or the
inner sides of the studied targets are inaccessible, the geophys-
ical techniques are the only ones that can be used to acquire
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further information. Particularly common in archaeological
and urban applications are techniques like the geoelectrical
investigation (Meju 2000) or ground-penetrating radar
(GPR) prospections (Basile et al. 2000; Nuzzo et al. 2002;
Leucci and Negri 2006; Gizzi et al. 2010; Trinks et al. 2010;
Malfitana et al. 2015; Alsharahi et al. 2019; Ristic et al. 2020)
or microgravimetry methods (i.e. Butler 1984; Slepak 1997;
Sarlak and Aghajani 2017). However, in the lucky cases
where such cavities can be partially explored, the integration
of techniques like the laser scanner (LS) with GPR has the
potential to provide complete and detailed 3D models of a
study site (Conejo-Martin et al. 2015; Puente et al. 2018), also
allowing quantitative mapping and stability analysis (Ercoli
et al. 2016). Such studies not only lead to considerable bene-
fits in terms of conservation strategies but also aim at promot-
ing significant cultural heritage sites. Recently, the use of
modern tools based on the exploration of 3D data like aug-
mented and virtual reality (Malfitana et al. 2015; Cencetti et al.
2019; Melelli 2019) may represent additional opportunities to
disseminate such information promoting virtual touristic tours
(see as example http://www.silenepg.it/visite-virtuali/).

In this paper, we propose a multidisciplinary approach for
the investigation of the hypogean geosites in urban areas. The
test area is Perugia City (Umbria, Central Italy) and, in partic-
ular, the Etruscan Well, one of the most important hypogean
archaeological heritages present in the downtown. In order to
put in evidence the geological properties of the well and of the
entire area, the area surrounding the well has been investigated
with different tools and methods. The integration of a geolog-
ical and geomorphological overview of the area, framed in the
wider context of the Perugia hill, with non-invasive investiga-
tion methods has been applied to this study case. The result is
not only a complete geological and geomorphological de-
scription of the site but also a unique opportunity to add the
Etruscan Well in the cultural hypogean heritage of the city.

The Study Case of Perugia (Umbria, Central
Italy): Geological and Geomorphological
Setting

In this paper, the study case is an Etruscan Well present in
Perugia, the capital city of the Umbria region (Central Italy,
Fig. 1). The city is located on the top of a hill that reaches the
maximum altitude of 493 m a.s.l., triangular shaped with the
apex toward north and spreading out downstream fading into
the alluvial deposits of the Tiber River, and divided into five
branches by as many small rivers. The hill (Fig. 1) is mainly
composed of fluvial and lacustrine deposits dated from upper
Pliocene to Pleistocene and with a variable thickness (from a
few dozens to a few hundred metres) only occasionally
interrupted by the outcropping of a terrigenous complex (marl
and sandstone, Burdigalian-Tortonian).

Perugia was a city strongly conditioned by the geology and
the geomorphology of its location, even if the same limits are
the intrinsic reason of the attractiveness of its urban landscape.
The narrow and suggestive valleys, the breath-taking pano-
ramas that can be observed from the belvedere of the historical
centre, the arrangement of squares and monuments, every-
thing is a consequence of the effort that men have made over
the centuries to adapt the city to the geological nature of the
area. The downtown is on the top of the hill from where the
five ridges are branching off toward the Tiber River valley. On
the contrary, the side slopes acted as natural limits for the
human presence. In particular, the slopes orientated toward
east and north-east show high slope angles, whereas the others
facing west and south-west show more gentle values (Fig. 2).
The difference in the morphology is due both to the deposi-
tional phase and to following tectonic displacements. The nor-
mal faults affecting the hills and the alluvial valley of the Tiber
River (Fig. 1) created the necessary conditions for a general-
ized instability of the drainage network. All the rivers, mainly
the ones flowing toward east and south-east, are very far from
a graded longitudinal profile. For these reasons, they show
intense erosion on the upper course and along the drainage
divide. This morphological arrangement has heavily affected
the urban development over the centuries, since the first mean-
ingful anthropic settlement, due to the Etruscans (sixth and
third centuries B.C.). The great Etruscan walls surrounding
the core of the historic centre (Fig. 2) show a lobed trend with
convex curves along the ridges and the concave segments
corresponding to the drainage headwaters.

Even if in the medieval period the new city walls expanded
(Fig. 2), they were still conditioned by the hill morphology
that, in some sections, it obliged to retrace the older Etruscan
ones. Inside these two defensive perimeters, the spatial dispo-
sition of the buildings and streets still follow today the topo-
graphic arrangement. Only after World War II, the urban
building expanded along the eastern and south-eastern slopes
of the hill (Fig. 3).

Just because the space inside the walls was limited and also
because the fluvial-lacustrine deposits that make up the hill are
easy to dig, the inhabitants found it convenient to create nu-
merous cavities in the subsoil of the historic centre. Starting
from the Etruscans and continuing until World War II, a large
number of underground sites were produced. The oldest cav-
ities are related to the Etruscan age with different uses as
wells, tanks or tunnels for water consumption or, conversely,
to drain excess water. Frequent use of anthropic cavities is also
related to the burial of the dead. Numerous tombs and some
large necropolises have been found over the years both near
the top of the hill and at the base (Bizzarri et al. 2018; Melelli
et al. 2019 and references within). In the medieval period,
when Perugia City reached its economic and cultural peak,
and from the fifth to the eighteenth century, other anthropic
cavities have been made, mainly for drainage and for food
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storage. For a long time, most of the spaces were abandoned
and many of them forgotten. In the second half of the last
century, speleological explorations and surveys committed
by the municipality have made it possible to identify and
map many of the historical tunnels in the city centre (Fig. 4).

The presence of these historical tunnels linked together
with the numerous anthropic and geomorphological histories
of the city, making Perugia a very suitable case study for urban
geology and geomorphology.

Nowadays, a new research project named HUSH (Hiking
in Urban Scientific Heritage) Underground, financed by the
University of Perugia, is investigating the Perugia
Underground with a multidisciplinary approach to combine
and update previous knowledge in a single database.

Actually, about two hundred cavities have been registered,
distributed in several parts of the hill according to the topo-
graphic settlement. Each anthropic and historical cavity has
been geolocated in a geographic information system (GIS)
and modelled as a vector point feature. A couple of X,Y hor-
izontal coordinates locate the entrance of the cavity on the
topographic surface with an added Z coordinate for the alti-
tude value. Moreover, other topographic information com-
pletes the description of the position. The GIS environment
allows the visualization of the Perugia Underground as a
standalone territorial layer in a multidimensional approach of
the city. In the related attribute table of the vector layer, dif-
ferent types of information have been stored. A quantitative
description summarizes the geometric properties of the cavity

Fig. 1 Geological map of the Perugia City area with the location map of
the Umbria region. 1, The Perugia downtown; 2, faults; 3, alluvial
deposits (Holocene); 4, fluvial and lacustrine deposits (lower

Pleistocene); 5, lacustrine deposits (medium Pleistocene); 6, terrigenous
complex (Burdigalian–Tortonian); 7, limestone complex (upper Triassic–
Lower Miocene)
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measuring the length, width, height and depth of underground
level. The geological data, as grain size, attitude, thickness and

sedimentological and hydrogeological interpretation, have
been updated where access was allowed. Also, qualitative data

Fig. 2 Slope values on the fluvial and lacustrine deposits of the hill of Perugia. 1, Etruscan walls; 2, medieval walls; 3, ridges; 4, peaks; 5, drainage
divides; 6, slope values 0°–7°; 7, slope values 8°–15°; 8, slope values >15°. The slope values cover the fluvial and lacustrine deposits
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as the type of cavity, the building time period, the references
and hyperlinks to external documents complete the site de-
scription. The project aims to obtain complete framing of the
underground city for different purposes: to have a database of
the geological information in urban areas, to update the map of
the underground city and to support the geoheritage evalua-
tion and promotion.

The Underground Network Around the Etruscan Well

The Etruscans funded the first settlement in the sixth century
B.C. on the top of the hill, where, in the natural and initial
arrangement, two reliefs (named Colle del Sole and Colle
Landone, see Fig. 4) characterized the natural morphology.
The two little hills were interspersed with a deep saddle, arti-
ficially filled since the medieval period. Along this direction,
the roman street with an N-S direction (cardo) was present,
where still today, the main road of the downtown (Corso
Vannucci) is located. In the Piazza IV Novembre, several
important sites were discovered, testifying that the public
square (forum) was located here, where the cardo (N-S
direction) crossed the decumano (E-W direction).

The choice of the strategic settlement was suggested by
several characteristics: the highest position guaranteed the de-
fence from external incursions and the unhealthy conditions of
the valley areas. Moreover, the abundance of spring and
groundwater ensured the water supply and the use for irriga-
tion purposes. The Etruscan civilization found in Perugia a
key place for its growth, and between the sixth and third cen-
turies B.C., Perugia was fortified by great town walls, built
with massive travertine blocks. Archaeometric studies based
on the chemical composition of the major and trace elements
allowed to determine the origin of these buildingmaterials in a
quarry located close to Perugia (Petrelli et al. 2004). The
Etruscan walls are interrupted and opened in seven doors,
and inside this fortified perimeter, other relevant signs of the
Etruscan civilization are present. Road sections, domus and
floors, sometimes reused in Roman times, are under the actual
pavement, and most of all wells and tanks are the key point of
the historical and archaeological heritage of the downtown. In
particular, the Etruscan Well, also interpreted as a tank, is
probably the best expression of the hydraulic talent of the
Etruscan people (Cenciaioli 1991, 2017; Stopponi 1991;
https://www.pozzoetrusco.it/en/home-4/). The Well, dated to
the second half of the third century B.C., is a cylinder with a

Fig. 3 Perugia City from above. The perspective highlights the spatial distribution of the houses in the downtown on the ridges and the natural divides in
correspondence of the rivers
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diameter of about 5.6 m from the topographic surface up to 12
m of depth (Fig. 5).

This first section is internally covered by large travertine
blocks and, moving downward, the shaft narrows to only 3 m
of diameter: totally, the Well reaches a depth of around 37 m.
The entire perimeter, except for the most superficial section is
dug in the natural ground. In the central space between the
beams, a square opening allowed the drawing of water,
performing the function of water supply for the city of
Perugia until the Late Middle Ages. On the square, the well
is closed by an iron grate bearing the date “1768” and the coat
of arms of two owners’ noble family, named Bourbon di
Sorbello and Eugeni. TheWell shows an unusual size, if com-
pared to other similar Etruscan water reservoirs. Due to this
fact, it has been interpreted as a cistern only later converted
into a well to intercept the aquifer. TheWell is actually open to
the public by a path where, after an entrance stair, the tourists
cross the Well on a plexiglass footbridge that allows them to
observe the perimeter walls and the covering made of traver-
tine. Along the sides of the Well and most of the entrance
stairs, the natural sedimentary deposits are visible. Sand and
pebbles lens show a dip angle of around 41° and a north
direction of the palaeocurrent (Fig. 6).

Due to the excellent state of conservation of the deposits
along the access walls and the different orientations, the
Etruscan Well can be defined as an archaeo-geosite (Melelli
et al. 2016; Bizzarri et al. 2018; Melelli 2019). These kinds of
places are a unique opportunity to connect geology to archae-
ology and, in a broader sense, to highlight the geological com-
ponent of the urban landscape to other cultural and tourist
attractions. But, limiting the geological information to a single
place could be a fruitless exercise where only some sedimen-
tological and stratigraphic concepts can be transferred. On the
other hand, starting from punctual and local information to
broadening the interpretation of the surrounding areas can be
much more interesting. Thus, the archaeo-geosite is the
starting point for a storytelling of the history of the natural
setting of the urban site, before the human presence.

The Etruscan Well in Perugia is located in a sort of
“archeo-geological crossroad”. Very close to the core of the
Etruscan city and later to the roman forum, the Well had to be
one of the poles of attraction of the city life for the water
supply. Moreover, the area summarizes the lithological and
hydrogeological conditions of the hill of Perugia. The hill
(Colle del Sole) has shown, since ancient times, problems
related to the slope stability due to the high values of slope

Fig. 4 The downtown of Perugia
with the location of the most
important anthropic cavities. 1,
The Etruscan Well and Piazza
Piccinino location; 2, cavities; 3,
historical tunnels; 4, Etruscan
Walls
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angle, in particular toward north direction, as already shown in
Fig. 3. Clear signs of substructure walls are visible under the
San Lorenzo Cathedral (in Piazza IV Novembre) and in the
Piccinino square where the Well is (Matracchi et al. 2019).
The area, even if it is in the highest portion of the city, still has
today numerous awash basements of the historic buildings.
This condition can be interpreted as an ascent area of a re-
markable artesian aquifer. For facilitating the drainage to the
river network flowing northward, several drainageworks were
created over the centuries. The result is that the subsoil of
Piccinino square is intersected by a multitemporal structures
(tunnels but also pavement roads) not completely known and
mapped. The square is one of the most trafficked of the down-
town, crossed even by heavy vehicles. For this reason and the
importance of the archaeological and historical site, it was

deemed appropriate to investigate the presence and state of
any tunnels.

Because of the high cultural value of the area, only non-
invasive investigations are permitted, which are able to inves-
tigate the subsoil for the depth potentially affected by ancient
anthropic evidence.

Methods

The research has aimed to obtain an accurate representation of
the archaeological complex of the Etruscan Well and the sur-
rounding area through the most innovative geomatic tech-
niques (Matracchi et al. 2019; Radicioni et al. 2020).

In particular, in the previous investigations along the pe-
rimeter of the Well, an arched opening, closed with blocks of
rock, had been identified in the section closest to the topo-
graphic surface. The shape and the position of the opening
suggested the beginning of a passage that was not mapped
in historical documents. Moreover, in the Piccinino square’s
area, other documents confirmed the presence of anthropic

�Fig. 5 The Etruscan Well. a Longitudinal section of the Well from the
Piccinino square up to − 37 m of depth. b The travertine truss beams with
the opening on the Piccinino square. c The footbridge crossing the Well
with the entrance on the left. The photo is taken from the top window; see
location in a (images modified from https://www.pozzoetrusco.it/)

Fig. 6 The fluvial deposits outcropping along the entrance stairs to the
Well. a A typical example of the fluvial deposits with a first level of
conglomerates and a successive sandy event. b The map from the
entrance to the Well. The red square is the location of the deposits in a.

c The stratigraphic section of the point located with the red square in b,
with the rhythmic sequence of conglomerates (C) and sands (S) and the
north direction of the palaeocurrent
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cavities (Melelli and Rosati 2019). For these reasons, an in-
vestigation of the subsurface arrangement is needed with non-
invasive methods.

Terrestrial Laser Scanning and Global Navigation
Satellite System

The terrestrial laser scanning (TLS) technique is a modern
high-resolution geomatic survey system able to measure a
significant number of 3D points performing a real 3D scan
of the object (Brigante et al. 2009; Tucci and Bonora 2015).
The output is a very dense set of points called “point cloud”.
The TLS survey allows to better investigate the entire zone in
order to have a detailed 3D model useful for analysing and
describing the geometry and the features of the scanned ob-
ject. The Global Navigation Satellite System (GNSS) preci-
sion positioning technique allows to locate accurately
geomatic surveys, obtaining a subcentimetre accuracy using
geodetic receivers with multiconstellation and multifrequency
signals (Teunissen and Montenbruck 2017). This technique is
usually integrated with TLS survey in order to obtain a
georeferenced 3D point cloud (Schuhmacher and Boehm
2005).

The use of TLS coupled with GNSS survey was carried out
on November 19, 2018; 19 scans have been obtained to com-
plete the 3D survey of the Etruscan Well and part of the
Piccinino square, starting from the lower part of the cavity.
Due to the underground nature of the Well, characterized by a
rapid difference in height, narrow spaces and poor lighting,
the scans were carried out at short distance, using some spot-
light to light up the cavity. To align and georeference the
model, a complex reference network has been set up around
the area using GNSS satellite positioning and total station in a
well-defined global datum (ETRF2000). The GNSS position-
ing was performed in relative positioning (static mode),
obtaining a <1-cm position accuracy, using Topcon
LEGACY GGD receivers and LEGANT antenna mounted
on tripods over three points located in the near external areas.
The receivers were kept in position for about 4 h, acquiring
GPS + GLONASS dual-frequency phase/code data with a 5-s
epoch (Fig. 7).

A total station (Leica TS06) was used to connect the exter-
nal GNSS points with an internal 3D reference network and to
measure a large number of targets, consisting of black/white
checkerboard pattern placed on the internal and external walls,
necessary for the point cloud alignment. The resulting position
accuracy on the targets was <2 cm.

Ground Penetration Radar

GPR is a non-destructive method able to provide subsurface
images with a centimetric resolution. The technique is based
on the reflection of radio waves: in geological and

archaeological applications, the operating frequency range is
generally comprised between 10 and 2000 MHz. The electro-
magnetic pulses are generated and received by transmitting
and receiving antennas, and generally, the acquisition is trig-
gered by an odometer wheel (Jol 2009). The EM waves are
typically reflected and/or diffracted by interfaces separating
media characterized by different physical properties when
the dielectric contrast is sufficient to permit their detectability.
In low-loss media (Daniels 2004), these variations are gener-
ally due to subsurface geolithological changes (Bristow and
Jol 2003) and/or soil moisture variations (Ercoli et al. 2018
and references therein). The GPR penetration is inversely con-
trolled by the electrical conductivity of the soil; therefore, high
values of this physical parameter generally produce high GPR
signal attenuation (Davis and Annan 1989; Annan 2001). The
reflected pulses are recorded as a function of the traveltime
propagation in a GPR trace (or A-scan). The collection and
visualization of several GPR traces along a transect constitute
a radargram (B-scan), representing the standard output of a
GPR prospection. Recently, the wider diffusion of GPR in-
struments equipped with antennae array allows the operators
to generate GPR tridimensional volumes (C-scan), extremely
useful in archaeological applications (Campana and Piro
2008; Goodman and Piro 2013; Conyers 2016; Deiana et al.
2018) especially in extensive 3D surveys for the possibility to
generate time slices (Leckebusch 2003; Trinks et al. 2018).
GPR is often used in archaeological application in combina-
tion with other geophysical methods (Capizzi et al. 2012;
Pueyo-Anchuela et al. 2016; Agapiou et al. 2017; Bottari
et al. 2017; Casas et al. 2018; Yilmaz et al. 2018; Grassi
et al. 2019; Martorana and Capizzi 2020). Traditional GPR
prospecting aiming to image ancient villas remains, and foun-
dations have been carried out over the last 20 years (Pipan
et al. 1999; Booth et al. 2008; Novo et al. 2014; Wunderlich
et al. 2015; Verdonck 2016; Piro et al. 2017; Ribolini et al.
2017; Gaballah et al. 2018; Imposa et al. 2018; Zhao et al.
2018; Orlando et al. 2019; Sala et al. 2020). Several papers
report archaeological GPR surveys carried out for the detec-
tion of crypts, galleries and tunnels (Perez-Gracia et al. 2000;
Lorenzo et al. 2002; Martinaud et al. 2004; Leucci 2006;
Ramirez-Blanco et al. 2008; Novo et al. 2010; Ercoli et al.
2012; Orlando 2013; Núñez-Nieto et al. 2014; Morris et al.
2019; Diamanti and Annan 2019).

Results

Etruscan Well TLS survey was performed with a CAM2
FARO Focus 3D X130 instrument; this laser scanner is a
small size, very light and extremely fast, and able to measure
a great number of points in short times (up to one million
points per second, Fig. 8). Thanks to the integrated 70-
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megapixel camera with automatic colour cloud overlap, it is
possible to obtain an RGB point cloud.

The scans were carried out with an average resolution of
about 7 mm at 10 m distance and an acquisition time of
8 min for each scan, obtaining an overall point cloud of
about 500 million points. For correctly describing the ge-
ometry, it is necessary to scan the object from multiple
points of view in order to have overlapping areas. Each scan
corresponds to a point cloud, which is oriented in a local
reference system coinciding with the instrumental reference
system. As a way to obtain a unique point cloud, the single
point clouds must be oriented to each other (relative orien-
tation) through a 3D roto-translation maintaining a fixed

reference cloud. For the alignment, a minimum of 4 com-
mon points between adjacent scans (called target) is neces-
sary. Targets consist of square plates with black/white
checkerboard pattern. During the scan process, a set of 6
reference spheres was used for the relative orientation in
addition to checkerboard targets. The use of the reference
spheres in this kind of survey is heartily recommended since
the scanner software automatically detects them and accu-
rately determines their centre coordinates from each scanner
position, reducing the relative alignment error of the point
clouds. In this case, it was also necessary to use some refer-
ence objects present in the scan area, especially planes and
pipes, for reducing the registration error.

Fig. 7 GNSS positioning receiver
beside the Etruscan Well in the
Piccinino square

Fig. 8 CAM2 FARO Focus 3D
X130 laser scanner during the
Etruscan Well survey
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CAM2 SCENE software was used to align the scans,
performing a spatial roto-translation of the single clouds; the
final solution was a single point cloud oriented in a local
reference system that corresponds to the reference one. The
parameter that identifies the registration accuracy is the “nor-
malized tension”: the obtained value can be considered largely
admissible, and it is about 1.9 mm (Fig. 9). The overall
georeferencing procedure in the ETRF2000 datum was car-
ried out through the Leica Cyclone software v. 9.2.1. The
procedure corresponds to a roto-translation of the overall point

cloud with respect to the 3D target coordinates in the assigned
datum, determined by the reference network.

This automatic process identifies the constraints existing
between point cloud and target network, through an evalua-
tion procedure that finds the differences, in terms of distance,
between these points. The mean RMS value is about 8 mm.
Before generating the final products, a filtering method has
been applied to reduce the point cloud noise. With this instru-
ment, it is possible to obtain a 3D visualization of the entire
artefact and understand its position in space.

Fig. 9 Final point cloud of the
Etruscan Well and surrounding
area, resulting from the assembly
of the single scans. In a and b, the
red square is the location of the
top of the Well, viewed from
different angles
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To integrate the LS data, a 2D GPR was carried out in the
Piccinino square (Fig. 10) to detect buried anomalies beneath
the study area. We used RadSys Zond-12e Advanced (http://
www.radsys.lv/en/index/Latvia) equipment with a 500-MHz
antenna to theoretically achieve a metric signal penetration
maintaining at the same time high resolution of radargrams
(Annan 2001). The latter would be allowing the detection and
discretization of shallow diffractions (e.g. network of utilities)
from reflected events or interferences of reflections/
diffractions originated by bigger cavities. In fact, as typically
happen in historical urban centre, a dense distribution of pipes,
wires and welded meshes in the shallow subsurface may po-
tentially generate echoes hampering the detection of deeper
targets. A grid of 2D GPR lines crossing the western sector of
the square was designed in order to test the GPR efficiency in
terms of penetration and resolution limits and verify the pres-
ence of possible unknown voids (Fig. 10). The GPR profiles
were collected in N-S directions and were laterally spaced 10
m, whilst other three radargrams (5 m spaced) were collected
in NE-SW direction. We have positioned the GPR profile’s
start and end points through metric strings, triangulating the
distances from some reference points at the surface (e.g. build-
ings corner and other infrastructures). We have also used an
odometer wheel connected to the antenna to trigger the acqui-
sition and measure the distance between each GPR trace. The
lines have variable length due to surface obstacles within the
survey area and due to the buildings surrounding the square.

The acquisition parameters of the SEG-Y data collected are
summarized in Table 1. The data acquisition and processing
were performed with Prism software (RadSys). We have used
a conventional flow (Jol 2009) including amplitude recovery
function, bandpass filter and background removal filter to
eliminate low- and high-frequency noise components and hor-
izontal ringing (processing parameters summarized in

Table 2). The time-to-depth conversion was done after using
an average EMwave velocity of 11.7 m/ns (εr = 6.5), obtained
after a velocity analysis (diffraction hyperbola fitting, e.g.
Ercoli et al. 2013).

The processed data allow us to visualize several GPR
anomalies in the subsurface of the square, including many
diffractions at shallow depth and several deeper high-
amplitude reflectors characterized by good lateral continuity.
Figure 11 provides a clear image (profile 2L in Fig. 10) rep-
resentative of the main GPR anomalies, with polygons of
different colours above the targets drawn to aid the interpre-
tation. A subhorizontal reflector within the first 0.50–0.6 m of
depth (green dashed line) depicts the shallower subsurface,
including the pavement and its base layer, which include small
diffractions (yellow circles). Under this level, the radargram
displays wide hyperbolic anomalies (red circles). Their signa-
ture, characterized by strong amplitudes, suggests, in most
cases, the presence of voids of metric-submetric width. The
depth of such anomalies is included in the range 0.5–2.5 m,
and even if the top generally corresponds to the shallower
strong diffraction, the identification of the base is more com-
plex due to the numerous reverberations typical of air-filled
voids. More accurate and complete identification of the targets
across the Piccinino square would require extensive and dens-
er GPR profiling, particularly to delineate their spatial extent
and orientation, which, in some cases (e.g. blue box), might
not be perpendicular to the actual profile’s direction.

Discussion

The non-invasive techniques employed in this study showed
strong complementarity of the resulting data.

Fig. 10 Location map of the 2D
GPR profiles collected in the
Piccinino square. The green lines
are the N-S lines (L series), whilst
in pink colour (T series), the NE-
SW ones
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The TLS has provided an accurate 3D model of the well
and access routes; moreover, the improvements in the render-
ing phase have reached an optimal viewing level. The overall
model of the Etruscan Well, obtained integrating of different
geomatic techniques, is characterized by an extended and ar-
ticulated development of the underground spaces both hori-
zontally and vertically. Three-dimensional continuous surface
models with triangular meshes (TIN) have been acquired,
allowing a more realistic and homogeneous visualization of
details. These models have been currently used to create vir-
tual tours, contributing to increasing the site museum visit
experience. The 3D point cloud could provide metrical data
information, and a series of detailed CAD drawings (plans,
sections, internal elevations) has been obtained, useful for
providing quantitative mapping and stability analysis (Ercoli
et al. 2016) and for further geological or archaeological stud-
ies. In detail, the 3D point cloud allows to extract geomorpho-
logical and stratigraphic properties of the deposits with a great
accuracy and reliability, for analysis and mapping purposes.
This aspect could be very useful where the access is forbidden.
The TLS revealed a complex network of underground spaces
surrounding the Etruscan Well, allowing also to access other
underground spaces that might develop in different directions
beneath the square. This aspect could be very useful where the
access is forbidden. Following this consideration, the GPR
survey was used to extend the investigation across the study
area, actually bringing to light the presence of numerous un-
derground structures.

In Fig. 10, a meaningful radargram summarizes the infor-
mation derived by the GPR survey for the study area. Moving
in depth from the topographic surface, the first level of anom-
alies (yellow circles) marks the utilities, possibly including
pipes andwires of the electricity, water and sewerage network.
The bibliographic research confirmed the location of these
networks by some photos which portrayed the road paving
works carried out in 1988, before being covered with porphy-
ry briquettes. This group of anomalies is delimited to the bot-
tom by a subhorizontal discontinuity (green dotted line), likely
representing the bottom surface of the excavated ground.

A wavy interface between 0.7 and 0.9 m depth (blue box),
characterized by adjacent interfering diffractions, could reveal
the layout of an ancient paved Roman road. Segments of this
road were found under the Cathedral of San Lorenzo (where
they are still visible today), below the Cavallotti square and
proceeding eastwards along Bontempi Street (see Fig. 3 for
the position). By reconstructing the layout of the road, it is
plausible that traces of this pavement are present underneath
the actual main road on the southern side of Piccinino square
in the position highlighted by the GPR.

Finally, the most relevant structures detected are the
deepest ones, consisting of large diffractions above the afore-
mentioned strong reverberations (red circles in Fig. 10). This
is comparable with air-filled voids interpretable as tunnels or
rooms as supposed by previous archaeological studies
(Stopponi 1991). The amount of GPR anomalies detected
suggests the possible presence of an additional complex net-
work of cavities, currently unknown, potentially connected
with the Etruscan Well.

Due to the abundance of groundwater rising, which still
today give widespread problems of flooding of the basement
of some houses and to the evidence of this phenomenon in the
Etruscan Well too, the most probable interpretation is the
presence of at least one underground water drainage tunnel.
This tunnel could have been done to convey excess water
toward the lower area near the Etruscan Arch (where other
vertical and historical drainage wells are present) and the un-
derlying basin of the Bulagaio River.

The GPR survey has therefore provided promising results,
demonstrating the excellent performance and potential of the

Table 1 Acquisition parameters
used during the GPR surveying Profiles/

parameters
Profile length
(m)

Time window
(ns)

Samples/trace
(n°)

Trace distance
(m)

Sampling time
(ns)

1L 17.65 100 1024 0.02 0.098

2L 22.00 100 1024 0.02 0.098

3L 20.00 100 1024 0.02 0.098

1T 22.00 100 1024 0.02 0.098

2T 19.50 100 1024 0.02 0.098

3T 19.80 100 1024 0.02 0.098

Table 2 Customized flow and a detail of the parameters used during the
GPR processing

Processing flow Parameters

Amplitude recovery Manual (customized curve)

Bandpass filter Cutoff frequencies: 100/250/750/1000 MHz

Background removal Time window: 3–100 ns

Spatial filter (smoothing) 3 traces

Velocity analysis Hyperbolic fitting

Time-depth conversion Vem = 11.7 m/ns (εr = 6.5)
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GPR in identifying underground voids in urban environment.
The instrument guaranteed high-resolution images, showing
buried targets of different sizes and, at the same time, a metric
range of penetration depth (about 2.5 m); however, in some
areas, there are numerous interfering echoes which increase
the complexity and uncertainties of a 2D survey.

Conclusion

Two-thirds of the global population will live in the city by
2050. Urban areas are a crucial challenge for human health,
and a high level of sustainability is mandatory. However, it is
well evident that to achieve this aim, citizens and visitors
should share the city in its complexity. Urban areas are not
only “places” where human people live, work and have fun,
but a multifaceted space made of territory and history. Cities
should be better known and lived in their four dimensions: the
two dimensions defining our position in the topographical
surface, a third dimension from the topographical surface up-
wards where the buildings develop and the last one toward the
depths of the subsoil. In this direction, the geological reasons
of cities’ location reveal the early natural context which ini-
tially influenced the choice of location and then the subse-
quent expansions of the urban building over the centuries.
The actual urban landscape that we often live without being
aware of is a delicate balance between structural factors,
modelling agents, climatic conditions and human presence.
Each territorial planning that is intended to be implemented
to improve living conditions in the cities should take into
account the natural context. This approach is fundamental to

limit or avoid natural risks affecting urban areas such as
flooding, landslide, subsidence and seismic or volcanic
events. However, research is going toward a new perspective,
considering the cities a resource for the geoheritage and, in-
side our daily places, a unique opportunity to discover the
abiotic component of the territory. Some objective difficulties
are evident. The urbanization over time masks or erases the
natural background, in particular in the downtown where the
historical changes are often more numerous and severe and
where the natural soil do not emerge at all.

For this reason, the hypogean artificial cavities, when they
are not covered along the perimeter walls, are the perfect place
providing the opportunity to touch, view and understand the
“geological reason” for urbanization, including the initial set-
tlement choice.

One of the best opportunities for enjoying the cities’ un-
derground is linked to the geoarchaeological values that could
be translated in the geotouristic activities, as guided visits,
urban trekking and didactic or public events that find in the
underground spaces a perfect frame (Asrat and Zwoliński
2012; Premangshu and Rahul 2019). Geotourism is a key to
get geology out of the academic sphere and make it become a
cultural theme usable by all, on a par with archaeology, archi-
tecture and history.

This paper describes a multidisciplinary approach for the
investigation, enhancement and promotion of archaeo-
geosites in urban areas, assuming such places as sites where
only non-invasive techniques may be employed. The study
case, an Etruscan Well dated to the second half of the third
century B.C., located in the heart of the historic centre of
Perugia City and one of the most relevant Etruscan artefacts

 

Fig. 11 GPR results of radargram 2L collected during the survey at the Piccinino square. The profile displays several high-amplitude anomalies
suggesting the presence of numerous unknown air-filled voids in the subsurface. See the text for the symbols legend
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in Central Italy, is a meaningful example of archaeo-geosite.
Located under the actual road pavement and situated in the
core of the Etruscan and later Roman city, it is surrounded by
other ancient artefacts, not all known and mapped. The access
road to the Well is also dug into the bedrock, and several
stratigraphic sequences of the fluvial and lacustrine deposits
which make up the hill of Perugia are recognizable. The Well
is already one of the touristic attractions in the downtown, but
exploiting the geological component could bring an added
value to the touristic tours. The examination of the sedimen-
tary deposits is the starting step for a storytelling of the geo-
logical and geomorphological arrangement of the area and a
perfect link to understand the reasons of the human presence
on the hill.

To complete the reconstruction of the surrounding area,
non-invasive methods have been required. Ground-
penetrating radar (GPR) surveys revealed other artefacts
around the Well, such as buried tunnels or possible fragments
of ancient roads. Moreover, the 3D model resulting from ter-
restrial laser scanner (TLS) is an incisive output for the visu-
alization of the underground spaces.

Clearly, a further 2.5 or 3D GPR investigation would be
highly desirable to shed light on the spatial relationships be-
tween the shallow utilities, the cavities and tunnels. Moreover,
additional GPR investigations using lower-frequency anten-
nas (e.g. 100 MHz or 300 MHz) might be useful to extend the
investigation range and focus the study on the bigger and
deeper targets.

In Fig. 12, a comparison between the geological compo-
nent and the anthropic ones in the investigation of the hypo-
gean geosites in urban area is proposed.

For each natural geological factor, the corresponding an-
thropic component is suggested: the geological substratum is

explored by considering the lithological exploitation. The geo-
morphological arrangement is relevant for the reconstruction
of the topographic variation in time and space. The
hydrographical and hydrogeological resources are at the base
of the hydraulic works on the city and the presence of wells,
tanks and springs. The geocomponent and the anthropic com-
ponent should be both taken into account for the knowledge,
modelling and enhancement of the geosites (Del Monte et al.
2013; Pica et al. 2016). This approach is the best solution to
allow urban geology to become an economic resource for the
enhancement of the geological heritage in the city. The digital
data as images, movies and 3D reconstruction of the sites, are
at the base of virtual tours both on websites and on site for the
promotion of the underground heritage. The integration of
these sites with the traditional and well-consolidated touristic
attractors offers a new perspective for the fruition of the urban
spaces with virtual and real trekking in the cities.
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