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Abstract

The Palazzone Necropolis, located southeast of the hill of Perugia (Italy), is an Etruscan archaeological site
open to the public, and well-known thanks to the numerous finds and its (∼)200 tombs from the Hellenistic
age and 5 from the Archaic period. The most important tomb is represented by the Volumni Hypogeum.
The Palazzone Necropolis is also defined as an archaeogeosite as it has been the subject of geological stud-
ies which, through the observation of the walls of the tombs, has made it possible to expand the geological
framework for the interpretation of the formation of the Perugia hill. However, in the Palazzone Necrop-
olis, the presence of other tombs is not excluded, especially in the eastern area of the archaeological site
which is currently not open to visitors. The muography technique, thanks to the great penetrating power of
atmospheric muons, fits into this context for the noninvasive identification of undiscovered cavities. This
contribution will present the preliminary results of the muographic campaign carried out at the Palazzone
Necropolis in which the observation of an entire hill was carried out. The results are also inserted in a
geological context for the verification of the densities of the sediments that are present in this territory.
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1. INTRODUCTION: MUON RADIOGRAPHY TECHNIQUE AND
IMAGING METHODOLOGY

The transmission muography technique allows, through the penetrating power of atmospheric muons, obtaining a noninvasive
transmission image of the target in a similar way to X-ray radiography. With this technique, it is possible to monitor the inside of
large structures such as mountains, pyramids [1], or volcanoes [2, 3, 4, 5]. The detectors used for these measurements are trackers,
i.e., detectors developed in the field of high energy physics that allow us to reconstruct and count the number Nµ(θ, φ) of tracks
associated with muons coming from a certain direction of observation identified by the zenith angle θ and the azimuth angle φ.
This quantity depends on the flux Φ(θ, φ) of atmospheric muons coming from the direction identified by the solid angle ∆Ω, on the
acquisition time ∆t, and on the characteristics of the detector (efficiency ϵ and sensitive surface of the detector Aeff perpendicular
to the direction of view) following the following relationship: Nµ(θ, φ) = Φ(θ, φ)·∆t· ϵ(θ, φ, t)· Aeff(θ, φ)·∆Ω.

Atmospheric muons [6] (mµ ∼ 105.6 MeV/c2 ≃ 200 me, where mµ and me are, respectively, the mass of muon and electron) are
the most penetrating charged particles generated by the interaction of primary cosmic rays with our atmosphere and one of the
few charged particle types that reach the Earth’s surface. The energy spectrum of atmospheric muons is peaked at about ∼3 GeV
reaching values of the order of TeV and shifts toward higher energy values the more the observation direction is inclined with
respect to the vertical direction [6, 7]. Furthermore, the muon flux varies with the zenith angle as ∝ cosn(θ) where n = 2 for
Eµ ∼ 3 GeV. The average integrated rate over the whole solid angle at sea level is about 100 Hz/m2 [6]. The rate depends on the
altitude, the latitude, the longitude, and the atmospheric conditions of temperature and pressure [7]. The muon is a charged particle
with a high penetrating power in matter, being the radiative losses of bremsstrahlung and of pair production (e−e+) reduced for
particles with large masses.

The imaging methodology is implemented following three phases:

(i) target measurement: performed at the site of interest by pointing the detector toward the observation structure (target) at the
angles (θ, φ);

1



Journal of Advanced Instrumentation in Science JAIS-467, 2024

(ii) free-sky measurement: performed without objects between the detector and the sky, pointing the detector at the same angles
as the target measurement (θ, φ);

(iii) simulations: they must describe a realistic model of cosmic ray flux on the ground, a geometric model of the target structure,
the position of the detector (the same as the target measurement), and the pointing direction (θ, φ).

It can be understood how important it is to estimate with good precision the position of the detector in the measurement site and its
pointing direction, so as to be able to reproduce it in the free-sky measurement (pointing direction) and in the simulations (position
and pointing direction) and avoid shifts between measurements and simulations.

By comparing the results of the first two points, we obtain the measured transmission of muons:

tmeas(θ, φ) =
Φtarget(θ, φ)

Φfree-sky(θ, φ)
=

Nµtarget (θ, φ)

Nµfree-sky (θ, φ)
·

∆tfree-sky

∆ttarget
, (1)

where it was assumed, in the second equality, that the efficiency of the detector and its geometrical conditions remained the same
in the two measurements. The transmission value (dimensionless and less than unity) depends not only on the materials that make
up the target but also on the geometry of the structure of interest; in particular, it depends on the opacity X(θ, φ) = ρ(θ, φ) · l(θ, φ),
where ρ is the average density and l the material depth encountered in the (θ, φ) direction. Therefore, in order to take into account
the known details of the target and to be able to convert the measured muon transmission distributions into average density
distributions, a comparison with detailed simulations that consider the known geometry of the target is carried out. From the
simulations, we obtain the expected muon transmission tsimu(θ, φ).

By comparing the measurements with the simulations, it is possible to identify any anomalies with respect to the known
geometry of the target. Furthermore, by varying the density of the simulation, it is possible to estimate the average density value of
the materials encountered. A two-dimensional map of average density is generated. In the particular case of the search for cavities
in an archaeological site, areas will be sought in which the density is significantly lower than the density of the surrounding
materials, since the average density defect due to the presence of cavities affects the opacity by lowering it proportionally to the
average density itself.

To obtain three-dimensional information and therefore find the distance between the detector and the detected anomaly, inver-
sion and triangulation algorithms [8, 9, 10, 11] are used, which implies being able to carry out more than a single measurement, or
exploiting a single measurement using focusing algorithms [12, 13, 14].

2. EXPERIMENTAL APPARATUS: THE MIMA MUON TRACKER
The MIMA (Muon Imaging for Mining and Archaeology) tracker [15, 16] was assembled between 2016 and 2017 by the muography
group of the INFN of Florence division and the Department of Physics and Astronomy of the University of Florence and until now
has acquired data in geological [17], archaeological [18], and civil security [19] applications. MIMA consists of 3 tracker modules
X-Y made of scintillator bars with triangular sections arranged to form a sensitive plane of dimensions (40 × 40) cm2. The bars X
are orthogonal to bars Y. Each triangular face of a bar is coupled with a SiPM (Silicon PhotoMultiplier) which collects the weak light
signals developing inside the bar and carries them to an electronic board. The modules are enclosed in an aluminum mechanics
on which the electronic boards are housed. The details of the electronics and trigger logic are described in some previous works
[15, 16]. Given the triangular shape of the bars, it is possible to reconstruct the impact point of the particle in the scintillator plane
through a center of gravity algorithm. The spatial resolution of the single plane is about 1.6 mm, and the angular resolution is
about 6 mrad. The modules are housed in an aluminum cube of approximate dimensions (50× 50× 50) cm3 with a weight of about
80 kg and mechanics that allow the altazimuth orientation. These characteristics make MIMA a detector particularly suitable for
installation in difficult-to-access places such as shafts or tunnels. Figure 1 shows MIMA measuring at the Palazzone Necropolis.

3. THE PALAZZONE NECROPOLIS
The Palazzone Necropolis [20] is located near the Perugia hill southeast of the city and is currently open to visitors. The necropolis
contains about 200 Etruscan tombs (Figure 2(a)) from the Hellenistic period (3rd and 1st century BC) and 5 from the Archaic period
(second half of the 6th–early 5th century BC). The most significant tomb is the Volumni Hypogeum belonging to the Velimna family
which has a structure similar to that of a Roman house: a main room from which other secondary rooms branch off. The necropolis
tombs are found at an average depth of a few meters after a corridor that starts from the surface, and in some cases, as happens
for the Volumni Hypogeum, it is possible to reach depths of around 10 m. The tourist route is articulated both outside, where it is
possible to visit and enter some tombs directly from the surface, and inside where the Antiquarium and warehouse rooms house
many archaeological finds and laboratories.

The necropolis represents an archaeogeological site [21]: in fact, the walls of the tombs are a three-dimensional environment
within which it is possible to study the area and give a geological interpretation of the territory. These geological studies highlight
the presence of two main units [21, 22]: the Volumni unit and the Palazzone unit (Figure 2(b)). The two units are made up of sands
and conglomerates, but while in the Volumni unit the conglomerates prevail over the sands, in the Palazzone unit the sands prevail
over the conglomerates. The typical densities of the materials that make up the area are in the range of 1.8–2.3 g/cm3 with slightly
higher values for the Volumni unit.
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FIGURE 1: The MIMA tracker located in the installation tunnel inside the Palazzone Necropolis warehouse.

FIGURE 2: (a) The top view of the Palazzone Necropolis with the map of the known voids. The area open to the public is the West;
the area that cannot be visited but is of interest for muographic measurements is to the East. (b) The geological map (taken from
[21]) of the necropolis area in which the two main lithologies are highlighted: the Volumni unit and the Palazzone unit. (c) Some
images of tombs: above, the Volumni Hypogeum and the entrance to some tombs accessible from the tourist route are visible;
below, Tomb n. 11 and the columbarium in the area of muographic interest are shown. Tomb n. 11 represents the reference void for
muographic measurements.

The necropolis of Palazzone can ideally be divided into two parts (Figure 2(a)): the western area, which is better known and
open to the public, and the eastern area, which is partially known and not open to the public. The eastern area, although not yet
included in the archaeological park, contains some archaeological structures: Tomb n. 11 which has an articulated shape similar to
the Hypogeum of the Volumni, the columbarium, which is a partially collapsed structure, which allowed the deposition of some
remains (Figure 2(c)), and in the area at south of Tomb n. 11, two other tombs are observed with collapsed ceilings. In the northern
area, the presence of archaic tombs is known but they have not yet been geolocalized due to the dense vegetation. This area not
accessible to visitors is precisely the area of interest from the point of view of the muographic surveys for the search for tombs
whose existence is certain from the literature but has not yet been found. Furthermore, Tomb n. 11 represents the known void on
which one can crosscheck the results of the technique in this archaeological application.

4. FEASIBILITY STUDY
Before the measurement at the archaeological site, a feasibility study was carried out to estimate a suitable installation point and
to estimate the necessary acquisition time. The area of interest stands on a hill characterized by a height difference of about 45 m.
In order to take advantage of the relation seen in Section 1, that is, Φ ∝ cos2(θ), it is important to find an installation point from
which the area of interest is seen from an elevation angle (α = 90 − θ) as large as possible.

3



Journal of Advanced Instrumentation in Science JAIS-467, 2024

From a logistical point of view, the best place for installation due to the availability of power mains and ethernet network
resulted in the warehouse structure. This structure is partly underground and the lower floor is about 10 m below the hill’s surface.
Preliminary simulations were therefore made by positioning the detector inside the warehouse and pointing it in the direction of
the hill toward Tomb n. 11, at an elevation angle of 45◦. To estimate the required measurement time, the void relating to Tomb
n. 11 was taken as a reference, which was schematized, in this preliminary simulation, with a parallelepiped that reproduces it
approximately in size and position. The geometry of the hill was acquired via Laser imaging Detection and Ranging (LiDAR) with
a resolution of (1 × 1)m2. Also, the distant geographical features are included by taking a Digital Terrain Model (DEM) with a
resolution of (5 × 5)m2. The details of the geometry used in the simulation are found in Figure 3(a). The simulation tool used is a
custom tool [23] based on an atmospheric muon generator calibrated on the data acquired by the magnetic spectrometers ADAMO
[25] and DEIS [26], and the interaction of muons with the matter is calculated by using the tabulated values present in the literature
[27]. Two simulations of data collection lasting 14 days were carried out: the first one including the volume reproducing the tomb
and the second one without this volume. The transmissions twith-tomb, derived from the first simulation, and twithout-tomb, derived
from the second one, have been used to obtain the relative transmission Trelative in order to highlight the presence of the tomb:

Trelative =
twith-tomb

twithout-tomb
, (2)

where t is the muon transmission defined in Section 1. In Figure 3(b), the relative transmission distribution obtained from the
simulations described above is reported. After 14 days of data taking with the MIMA detector inclined at 45◦ of elevation, Tomb
n. 11 should therefore be visible with a difference of transmission with respect to the surrounding areas of 25–30%. Furthermore,
the tomb can be seen under elevation angles of about 20◦, and therefore, in order to maximize acceptance in this direction, it was
decided, during the measurement phase, to point the detector at this elevation value. Any other tombs may be located at similar
or lower values of elevation angles; therefore, the data acquisition time will have to be greater than that used for the preliminary
simulation. It was observed that even distant mountains can influence the measurement at elevation angles below about 10◦.

FIGURE 3: (a) The geometry used for a preliminary simulation in which a fictitious volume that reproduces Tomb n. 11 (the
reference void) was inserted. The colors indicate the altimetry of the observation hill. (b) The relative transmission map obtained
with a simulation of data collection lasting 14 days with the MIMA detector in the warehouse, pointed in the direction of Tomb n.
11 and oriented at 45◦. The black-dotted plot denotes the profile of the distant hills as seen by the detector.

5. TWO-DIMENSIONAL IMAGING AT THE PALAZZONE NECROPOLIS: RESULTS
The two-dimensional angular results obtained with the muon imaging procedure described in Section 1 to search for voids within
the area of interest of the Palazzone Necropolis are reported. At the Palazzone Necropolis, only one muographical measurement
has currently been carried out which has made it possible to estimate, through a blind data analysis procedure, the areas with the
greatest probability of finding any accesses to the searched cavities. A preliminary successive on-field inspection allowed us to
highlight a good correspondence of the muographic results with the voids that develop from the surface. Furthermore, the results
will be interpreted taking into account the geological context of the Palazzone site.

5.1. Measured Muon Transmission
A single muographic measurement was carried out at the Palazzone Necropolis with the detector pointed at an elevation angle of
20◦ and oriented perpendicular to the wall of the warehouse (Figure 1) which looks toward the area of interest (azimuth ∼ 41.2◦).
Figure 4(a) shows the position of the detector in the warehouse projected on the surface. In Figure 4(b), the map of the detected
tracks Nµ(θ, φ) in the target configuration after a data collection of about two months is reported. During the data taking, the
status of the detector (operation, environmental conditions, and efficiency of the detecting planes) was monitored thanks to a
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FIGURE 4: (a) The installation point projected onto the roof of the warehouse. In (b) and (c), respectively, the angular maps of
detected tracks Nµ(θ, φ) in the target configuration and the measured transmission tmeas(θ, φ) obtained from the comparison of the
target and free-sky measurements. A linear smoothing filter was applied to the two distributions.

remote connection. A series of on-field campaigns performed with laser scanner, drone, and GPS mapping were carried out during
the data taking in order to obtain the precise location and orientation of the detector inside the warehouse and to acquire as precise
as possible the geometry of the area of interest. During these campaigns, a point cloud of Tomb n. 11 was also acquired, in order to
verify the alignment between the measurement and the simulation. The reference measurement in the free-sky configuration was
carried out in the following months on the roof of the INFN (National Institute of Nuclear Physics) building in Florence due to the
impossibility of a view free from mountains or hills in the area around the necropolis. The free-sky flux was obtained by pointing
the detector at an elevation angle of 20◦ in a South direction without distant hills.

The target and free-sky measurements, being performed in two different geographical locations (the first one in Perugia and
the second one in Florence, with a distance of approximately 120 km) with different geographical features, differ in latitude and
longitude (δ ∼ [(−39◦)lat, (+1◦28◦)long]) and in the azimuth pointing direction (138◦). The former brings a negligible variation
effect on the cosmic ray flux [7]; the latter, closely linked to the East-West effect, can lead left-right difference in the measured fluxes
of about 20%. The free-sky measurement is affected by the East-West effect which mainly concerns the low-energy muons [7], and
therefore, before making the comparison with the target measurement, a symmetrization procedure was carried out for the free-sky
tracks. The symmetrization procedure took place with respect to the pointing direction by applying a reflection with respect to the
azimuth angle.

From the comparison between the target measurement and the free-sky measurement (equation (1)) we obtain the measured
transmission of Figure 4(c) which also shows the profile of Tomb n. 11. It can be observed that the target hill is visible at elevation
angles below about 50◦, and it can be observed how this decreases from North to South compatibly with the trend of the hill (visible
in Figure 3(a)) which, rising in altitude to the North, presents more material in these directions. Furthermore, the profile of Tomb
n. 11 overlaps with a high transmission area, indicating a good alignment between the measurement and the real position of the
reference tomb.

5.2. Simulations
For the simulation, it is necessary to use a geometry as realistic as possible. In the case study of the Palazzone Necropolis, the
surface is covered by a dense layer of vegetation (Figure 5(a)) which has a negligible effect on muon transmission. This layer must
be eliminated in the target geometry used for simulations in order to have no artifacts in comparison with the measurement. Thanks
to the geometries of the observation hill already available [28, 29] and to the laser scanner, drone, and GPS campaigns carried out
at the Palazzone Necropolis, it was possible, through their comparison and their merging, to construct a precise geometry despite
the thick vegetation that covers almost the entire hill of interest [24]. The GPS points were taken as a reference for the estimation of
the geometry error acquired for the simulation which turned out to be approximately ±50 cm in vertical direction. Figures 5(b) and
5(c), respectively, show the geometry of the simulation and the simulated transmission distribution for a homogeneous density of
the hill of 2.1 g/cm3 in the density range of the materials that make up the hill. The simulation carried out for the generation of this
distribution is a custom simulation in which the effect of multiple scattering in the matter is not included.

Before proceeding to the generation of the angular distributions of average density, we evaluated how much the error of ±50 cm
on the geometry can affect the muographic images [24]. The difference in material thickness observed from the MIMA point of view
between the nominal case and the case of geometry fully raised by z = 50 cm was evaluated. The angular regions correspond to the
areas of the surface in which the observation directions of the detector are perpendicular to the normals of the simulated surface;
the difference in thickness of material encountered between the simulation and the real trend of the hill reaches values of the order
of tens of meters generating artifacts. Figure 5(d) shows the outline of areas at greatest risk of artifacts with values between 1 m
and about 10 m due to the difficult removal process of vegetation from the simulation geometry. Since the anomalies searched for
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FIGURE 5: (a) A photograph of a stretch of road that runs along the Palazzone hill with thick vegetation. (b) The geometry used for
the simulation after the removal of vegetation from the point clouds acquired with a laser scanner and drone campaigns. (c) The
simulated transmission with a hill density of 2.1 g/cm3. (d) The zones, in the detector acceptance, with the highest risk of artifacts
due to the difficulty in removing the vegetation obtained by raising and lowering the geometry along z by ±50 cm. This value was
estimated based on a comparison between the geometry used for the simulation and the GPS points taken as reference.

(tombs) are of the same order of magnitude as the error due to the imperfect geometry of the hill, these areas will be excluded from
the search for low-density anomalies.

5.3. Density Distribution at the Palazzone Necropolis
The two-dimensional angular density distribution was obtained, as described in Section 1, by comparing the measured transmis-
sion with the simulated one. The obtained average density distribution is reported in Figure 6(a). The overlap with the areas at
greatest risk of artifacts in Figure 5(d) is also reported, and it can be observed that some low-density areas overlap with these. The
columbarium area also has artifacts in the superficial part, due to the fact that, in the columbarium gorges, the vegetation has not been
completely removed from the reconstructed geometry. This was also confirmed by a comparison with acquired GPS points. The
arc-shaped low-density structure (denoted by Arc in Figure 6(a)) at high elevation angles is due to the presence of a corridor on the
roof of the warehouse which is not present in the geometry of the simulation, and therefore, it is visible as if it were a cavity.

FIGURE 6: (a, b) The angular distribution of average density in which the angular areas at greatest risk of artifacts and the possible
signals attributable to real cavities have been, respectively, highlighted. Low-density signal n. 1 is Tomb n. 11. In (c), the low-density
angular directions as seen from the point of view of the detector are reported on the Earth’s surface.

The sensitivity on the density values found in the areas where there are no artifacts or cavities is about ±0.1 g/cm3 estimated
starting from a direct comparison with extracted material samples in the area and adding in quadrature the statistical error and the
error due to the imperfect geometry of the simulation. This latter contribution equal to ±0.03 g/cm3 was estimated considering a
geometry with a vertical error of z = ±50 cm (in the same way as the estimation of the areas defined as artifacts described previ-
ously). In areas where the detector’s observation directions are parallel to the surface (artifacts) and therefore the error associated
with the topology is larger, errors in the density values found can reach up to ±0.6 g/cm3.

The obtained average density values, excluding the artifacts, are compatible with the range of values expected from lithological
knowledge. It can also be observed that in the East direction, under elevation angles of 15◦, the density values are slightly higher
than in the rest of the map. This may be due to the presence of the Volumni unit (slightly denser than the Palazzone unit) in this
area and to the presence of some buildings below ∼5◦.
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5.4. A Preliminary Estimation of the Areas with a Higher Probability of Containing Cavities
Being interested in the search for cavities and excluding the areas with artifacts, it is possible to identify in Figure 6(b) some low-
density angular regions indicated by a number between 1 and 6 which may point out the presence of cavities. These signals were
identified by looking for the lowest density areas respect with the neighboring angular regions by inserting cuts on the density.
Region n. 1 corresponds to the reference Tomb n. 11. This distribution only gives us two-dimensional information, and we do not
know how far away from the detector they are. To obtain three-dimensional information, other measurements are generally carried
out on the same site and the triangulation technique can be applied.

Preliminary, it is possible to identify the areas most likely to have cavities by combining the information obtained from the two-
dimensional distribution of average density with the knowledge of the Etruscan method of excavating tombs in the Hellenistic and
Archaic periods. In particular, the Etruscans in the Hellenistic age, in analogy to the tombs present in the archaeological site open
to the public, excavated a horizontal corridor called dromos from the surface which led to the completely buried body of the tomb.
The dromos can be a few meters long and can have a slight downward slope. Surface areas with a higher probability of cavity access
can be identified by drawing rays that start from the center of the detector in the target measurement and travel in the directions
of view identified by the low-density bins (Figure 6(c)). The areas of the surface where the rays intersect are then sought. Some of
these rays head toward Tomb n. 11, toward the north where archaic tombs are being sought, and the southern area where there
are two known tombs with collapsed ceilings. Other signals not attributable to known voids were also identified. In cases where
the point of installation and the conformation of the site are such that the rays, traveling in depth, intersect the surface only once,
this procedure allows for limiting the areas where it is most likely to find access. Otherwise, for example, if the ray crosses the
surface two or three times, the potential signal areas can double or triple. In the particular case of the Palazzone Necropolis, all the
rays intersect the surface only once. This procedure can be further optimized by knowing the thickness of air associated with each
low-density signal. Knowing the thickness of air and knowing that the tombs sought are all underground, it is possible to exclude
some areas from others and also to estimate the depth to which they reach.

Figure 7(left) shows the areas identified in the archaeological site of Palazzone as the areas most likely to find access to cavities.
After a very preliminary inspection, good correspondences were found with holes partially covered by vegetation and soil that
could correspond to entrances to tombs. In Figure 7(right), some images are shown. Further inspections are planned in these areas
with the collaboration of archaeologists. It was not possible to access some areas due to the very dense vegetation. More targeted
inspections will be carried out in the future by a team of archaeologists.

FIGURE 7: Left: the areas most likely to find access to cavities are shown, obtained by combining muographic results with knowl-
edge of the Etruscan excavation technique. Right: a series of photographs depicting some surface voids found in these areas during
a preliminary inspection are reported.

6. DISCUSSIONS
Given the complex geometry of the observation site due to the dense vegetation present and the unfavorable measurement con-
ditions: low elevation angles, large detector-target distances (up to 120 m), and relatively small anomalies (below 10 m), before
searching for anomalies linked to the presence of tombs, it was necessary to evaluate the contribution of the reconstructed imper-
fect geometry of the observation area to the muographic images.

Various point cloud acquisition campaigns were carried out with different close-range remote sensing methods to create the
geometry that better reproduced the observation hill after the removal of the vegetation. The details of this procedure can be found
in [24]. Through the acquisition of GPS points with centimeter precision taken as reference, it was possible to evaluate the average
deviation between the geometry chosen for the simulation and the real development of the hill.
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It has been observed that an average vertical deviation of 50 cm can lead, for certain detector directions of view, to differences
in material observed along the line of sight of up to 10 m. These values are of the same order of magnitude as the extension of
the cavities sought and therefore the errors are not negligible for this type of application. The viewing directions most affected by
this phenomenon are those parallel to the surface, and it is precisely in these angular regions that anomalous density values are
observed with errors of up to ±0.6 g/cm3. These angular areas referred to as artifacts were excluded from the analysis of possible
cavity signals. Excluding artifacts, the density values have an error of about ±0.1 g/cm3 and are compatible with those expected
from previous geological studies of the area.

The intersections of the low-density angular regions with the Earth’s surface were preliminary identified extending their angu-
lar directions in space and, given the superficial nature of the tombs researched, they identify the areas with the highest probability
of finding cavities.

7. CONCLUSIONS AND FUTURE DEVELOPMENTS
This article reports a preliminary muographic study within the archaeological site of the Palazzone Necropolis located in Perugia
(Italy). The measurement was concentrated on a still partially known area of the necropolis and involved the search, through
muographic imaging, for the presence of undiscovered voids. The measurement was carried out by pointing the detector at low
elevation angles (20◦). The acquisition time was about two months. The application of the noninvasive technique of muography in
this archaeological site was affected by some problems related to the presence of dense vegetation which led to the identification of
artifacts in the maps generated despite the careful search procedure for the best geometry that would reproduce, for the simulations,
the observation hill. The two-dimensional angular distribution of average density obtained has values that are compatible with the
materials that make up the target hill. Some low-density areas have been highlighted as areas with the potential presence of cavities.
In particular, the known void of Tomb n. 11, taken as a reference, was identified in the correct direction. Preliminarily, the areas
on the Earth’s surface most likely to contain accesses to voids were estimated by combining the two-dimensional angular average
density distribution by extending the low-density directions observed by the detector and taking into account the technique used
in the Etruscan age to build tombs.

Currently, in order to have a more precise three-dimensional localization, the reconstruction with the back-projection technique
[12] of the low-density signals and the estimation of the thickness of air of these signals is in progress. Further on-site inspections
are planned in the future for the direct localization of these unknown voids identified with the muon transmission muography
technique.
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