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Abstract: Transmission muography is an imaging technique that allows us to obtain
two-dimensional and three-dimensional average-target density images by measuring the
transmission of atmospheric muons. Through this technique, it is possible to observe
density anomalies inside a target volume and locate them three-dimensionally. In this work,
the potential of the technique will be illustrated through the description of the results of
two measurements carried out in the tourist path of the Temperino mine (Livorno, Italy) in
an area where a higher concentration of Radon gas is measured. This section of the gallery,
located at a depth of about 50 m and dating back to the Etruscan period, might contain
ancient cavities not yet discovered that could represent preferential conduits into which
Radon gas is released into the tourist route. The muographic results are illustrated, focusing
on the search for low-density anomalies attributable to cavities. The measurements are
part of the MIMA-SITES project aimed at ensuring the safety of specific zones within the
Temperino mine.

Keywords: experimental particle physics; muons; cosmic rays; transmission muography;
imaging technique; mine; cavities

1. Introduction

The transmission muography technique [1,2] exploits the penetrating power of atmo-
spheric muons to create images of large targets such as volcanoes, pyramids and archaeo-
logical or geological sites [3-10]. Atmospheric muons are generated by the interaction of
primary cosmic rays [11] with the nuclei of the atmosphere of the Earth, and are present
at the sea level in the vertical direction with a rate of about 70s~! per square meter [12].
The flux increases with altitude and decreases as a function of the zenith angle 0 as cos” (6)
where n depends on the muon energy range (for E, ~ 3GeV, n = 2). The muon energy
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spectrum peaks at about 3 +- 4 GeV and extends from hundreds of MeV up to a few TeV.
Compared to other particles produced in the atmosphere (i.e., protons, neutrons, electrons,
photons, nuclei, neutrinos, kaons and pions) by primary cosmic rays, muons are the most
abundantly charged particle at the ground level (for E, > 1GeV) and are also the only
one that can penetrate significantly through materials (up to hundreds of meters of rock).
The main contribution to energy loss during the interaction with matter is by ionization.
Radiative contributions become dominant at momenta above 100 GeV /¢ [12].

The transmission muography technique exploits the penetrating power of muons by
measuring the number of particles transmitted or absorbed by the target to create two-
dimensional images of its inner parts, indicating any anomalies. Currently, the technique
has spread in many fields: geological and mining for the search for cavities or dense
bodies [6,7,13-15], archaeological for the search for tombs or cavities [4,9,10,16], industrial
for monitoring blast furnaces or nuclear waste [17-21], and civil security for dams, bridges,
and building monitoring.

In this work, transmission muography was applied in the Archaeological and Mining
Park of San Silvestro (Campiglia Marittima, Tuscany, Italy) [22,23], which is part of the
Parchi Val di Cornia system. The San Silvestro Park preserves abundant traces of historical
mining activities, particularly focused on copper, lead and silver extraction. The mining
activity ended with the closure of the Temperino mine in 1976 [24]. Among the most
distinctive attractions of the park, it is possible to visit the first level of the mine, allowing
visitors to immerse themselves in the geological history of the area. In the gallery opened
to the public, which reaches a maximum depth of 50m, annual checks are carried out
on the concentration of Radon gas. Radon gas is naturally produced by rocks through
the decay chain of uranium. The products of its decay are also radioactive and are fixed
in the atmospheric dust, leading to a correlation between exposure to Radon and lung
cancer. In closed environments, it is important to keep its concentration under control,
because if it exceeds a certain limit, it becomes dangerous for human health. Inside a
mine, its presence is natural and can be higher than in cellars or buildings. These checks
at the Temperino mine touristic path showed that, in a particular area, there is a higher
concentration (always within the safety limits). This area also corresponds to an area of
Etruscan ancient excavations where there may be unknown cavities.

The muography technique is employed in this context to search for any undiscov-
ered cavities in the rock layer between the tourist gallery and the Earth’s surface. These
ancient cavities could represent a source of Radon gas that could enter the tourist route
through small conduits (such as fractures). In a muographic image, as will be explained in
Section 2.1, the cavities can be seen as angular regions with higher muon counts or, af-
ter comparison with simulations, as regions with low density compared to the typical
densities of the rocks present in the mine.

2. Materials and Methods
2.1. The Muon Transmission Imaging Technique

Transmission muography allows us, in a non-invasive way, to obtain two-dimensional
or three-dimensional images of the target internal structure by measuring the muon trans-
mission. By comparing with simulations, the measured transmission can be converted
into an average density value, obtaining an image of the target density. To obtain the
measured muon transmission, two muographic measurements need to be performed: one
in the presence of the target and one in the absence of the target. The latter serves as a
normalization factor for the target flux and to remove the dependence on the detector’s
geometry and efficiency.
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The muon flux ®(6, ¢, S, t) detected on a sensitive surface S at the time ¢ in a solid
angle AQ) centered in the direction (6, ¢), with the zenith angle 6 and the azimuth angle ¢,
is defined as:

N(0, ¢)

@095 = KA 1(8,9,5)e(6, )20 @

where N(0, ¢) is the number of muons that are detected, A.fs = S - cos(0) is the detector
effective surface in the direction perpendicular to the observation direction and ¢ is the
detector’s efficiency. The measured muon transmission Tyeqs can be expressed as a ratio of
counts between the two measurements normalized to the acquisition times At (once the
number of counts has been corrected for the efficiency):

Typone (9’ QD) . Ntarget(gr (P> Atno—target . (2)

N Nnoftarget(e/ §0) Attarget

Through a simulation that contains the known geometric structure of the target
and a cosmic ray flux model on the ground, we obtain the expected muon transmission
Texp (6, ¢, p), which, in turn, depends on the expected target density p, settable via software.
By varying the target density in the simulation so as to obtain an expected transmission
equal to the measured one, we obtain the average density p(6, ¢) associated with the target
in the direction (6, ¢). Through these steps, we create a two-dimensional angular target’s
average density distribution. The density observed in each direction is the average density
of all the materials that the muon passed through.

To obtain three-dimensional information, several measurements can be taken at dif-
ferent points in the same measurement site and the triangulation or inversion algorithms
can be applied [25]. When it is not possible to take more than one measurement, the back-
projection algorithm can be used [26] and it allows us to extract three-dimensional informa-
tion from a single measurement [14]. This algorithm has already been successfully applied
to the Temperino mine for the localization of cavities [14] and ore bodies [13].

2.2. The MIMA Muon Tracker

The detectors employed in transmission muography measurements are charged par-
ticle trackers. The detector used for this case study is MIMA (Muon Imaging for Mining
and Archaeology) [27] assembled at the National Institute for Nuclear Physics (INFN) in
Florence. MIMA is a cube of 50 cm per side with a rotating platform, allowing us to define
the orientation in elevation and azimuth. The small size allows for easy installation in small
and narrow places. MIMA consists of plastic scintillator bars assembled in such a way as to
have three tracking planes XY with an angular resolution of 0.3°. Details of the detector
can be found in [27]. With the MIMA tracker, it is possible to reconstruct the muon track
and count, in each direction that falls inside its acceptance, the number of muons N (6, ¢)
that arrive on the detector.

2.3. The Case Study of the Temperino Mine

The mining activity at the Temperino mine (Campiglia Marittima, province of
Livorno) [28] dates back to at least the Etruscan period and was then developed inter-
mittently during the Middle Ages [29], the Renaissance and the Industrial Revolution,
until its definitive closure in 1976 [24]. The ore bodies were exploited for different com-
modities such as Cu, Pb, Zn and Ag.

Currently, the Temperino mine has several levels that are located at different depths
below the Earth’s surface (Figure 1a). The most superficial level (50 m deep) about 360 m
long is now used as a tourist route. The mine has been the subject of in-depth geological
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studies [30] that have allowed for the creation of three-dimensional models of the strati-
fication of the rock overburden. In the area of the Temperino mine, there are calcareous
rocks with a density of 2.4 = 2.7 g /cm?, porphyries with a density of 2.5 + 3 g/cm?, skarn
rock with a density of 3.3 + 3.7 g/cm? and other rocks associated with high-density ore
minerals such as magnetite, pyrite, chalcopyrite, galena and sphalerite [13].
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Figure 1. (a) The section of the Temperino mine where several levels are visible. At the first level
(enclosed by a blue dotted line), there is the tourist path where the muographic measurements were
carried out. (b) A photograph of the detector installation in the area with the highest concentration of
Radon gas.

In the uppermost part of the mine, between the tourist route and the surface, there
are ancient Etruscan excavation voids and a large tunnel called Gran Cava, which has
two surface entrances. The presence of ancient shafts, excavated in a more or less vertical
manner to follow the development of the deposit, was crucial for geologists and mining
engineers who resumed mining exploration in the 19th century, further developing it in
depth. The intensification of the latest mining activities to provide access to the deepest
parts, partially obliterated traces of ancient workings but did not entirely erase them, allow-
ing for the recovery, safeguarding and enhancement of the most significant archaeological
and mining features of the area, ultimately leading to the creation of the park. The location
of ancient unmapped cavities in this layer would be important not only for archaeological
reasons but also for the safety of the tourist route. In fact, any cavities above the tourist
route can be included in the calculation of the stress and strain that they cause on the tourist
route, indicating the critical points where possible fractures or small landslides may occur.

During the periodic checks of Radon gas emissions within the tourist route of the Tem-
perino mine, it emerged that in a particular area of the mine, there is a greater concentration
of this gas (within safety limits). Radon gas has a high permeability and is highly harmful
if present in high concentrations. It is therefore good practice to monitor its concentration
in every closed environment, in particular in a touristic gallery in which rocks represent
sources of this gas. The Temperino gallery is well ventilated, but it could be connected
through small cracks to hidden cavities inside which Radon gas might develop in high
concentrations. This area of the tourist route is located below an area that we know to have
been subject of ancient excavations dating back to the Etruscan era. The presence of cavities
located above the tourist route could explain the different concentrations of Radon with
respect to the other areas of the mine.

3. Results
3.1. Muographic Measurements at the Temperino Mine

Within the tourist route of the Temperino mine over the years (from 2018 to 2023),
seven muographic measurements were carried out. Some of these were focused in an
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area where the known Gran Cava cavity is visible. These measurements were used to
test the technique and test three-dimensional reconstruction algorithms on low- and
high-density signals [13,14].

The measurements 4 and 7 were performed in the area of the greatest presence of
Radon gas, which is the subject of this article (Figure 1b). The numbering follows the chrono-
logical order of the measurements. The area of interest is located approximately halfway
along the tourist route near the area called “pillar chamber”where the measurements 4 and
7 were taken (Figure 2a).

- N
tourist route

plan view

Section

| 90m | lateral view

(a) (b)

Figure 2. (a) The muographic measurement positions within the tourist route for the localization of
cavities attributable to the greater presence of Radon gas. The green point cloud was acquired with
a laser scanner. (b) At the top, the detail of the reciprocal position of the two measurements; at the
bottom, the acceptance cones of the detector from the two chosen installation points.

In Figure 2b, at the top, details of the mutual distance of the two detector’s positions
are shown. The difference in height is about 7 m, with point 4 being higher than point 7.
The installation points were chosen so as not to obstruct the tourist path and to be able
to observe as much as possible the same angular regions from the two different points
of view, as shown in Figure 2b at the bottom, to eventually apply the three-dimensional
reconstruction algorithms described in Section 2.1. In both measurements, the detector was
pointed vertically.

3.2. Identification of Low-Density Anomalies with the Muon Imaging Technique

The two muographic measurements lasted about 1 month with a rate of approximately
0.5Hz and were compared with a free-sky measurement carried out on the roof of the
INFN building in Florence for a duration of approximately 2 weeks with an acquisition
rate of about 19 Hz.

The simulations were carried out using the known geometry of the mine and the
geometry of the tourist route. These geometries were acquired by means of unmanned close-
range methods in collaboration with the Department of Earth Sciences of the University of
Florence. It is very important to include a known detailed geometry in the simulations in
order not to have artifacts or false positives in the search for cavities during the comparison
with the measurements [8].

By comparing the acquired data with the simulations, following the procedure de-
scribed in Section 2.1, the two-dimensional angular average-density distributions of
Figure 3a,b were obtained from the two measurements.
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The two maps are represented in angular coordinates and the center corresponds
to the vertical direction. Comparing the density values obtained with the density of the
rocks present in the Temperino mine (described in Section 2.3), which are in the range
2.4-5.2 g/cm3, some areas of lower density can be identified in both maps (surrounded by
a white dotted line). These angular regions have been identified as low-density anomalies
attributable to hidden cavities that are located above the tourist route.

Measurement 4 Measurement 7
Density distribution g/cm?3 Density distribution
3.2

b
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Figure 3. (a) and (b), respectively, the two-dimensional average-angular-density distributions ob-
tained from the installation points 4 and 7. The observed low-density angular regions attributable to
possible cavities are enclosed within white lines.

In the angular distribution obtained from measurement point 4 (Figure 3a), some
low-density signals are observed: one inside an area with density of about 2.5 g/cm?, with
the lowest density values (2.2 +2.3g/ cm?), that starts from the center (i.e., the detector
vertical direction) and extends in the south—east direction; the other one that follows the
edge of the detector acceptance between west and south. In the distribution obtained from
measurement point 7, three low-density anomalies are identified: one at the edges of the
acceptance that extends from west to south; one at low elevations that is located at azimuth
angles of 150-170° with the lowest density values (1.9 + 2.0 g/cm?) and one with the same
south—east orientation as the first cavity observed from measurement 4.

The two muographic measurements therefore show the presence of two or more
cavities above the Temperino tourist route, which had not yet been identified and which
could be linked to the higher levels of Radon gas in this area of the tourist route. The two
maps provide only an angular two-dimensional localization of the cavities; to be able to
locate them in three dimensions and to understand if the cavities observed by the two
measurements are the same, it is necessary to apply the 3D reconstruction algorithms
mentioned in Section 2.1.

4. Discussion

This study includes many areas of application: archaeology, mining and civil security.
The technique used is the transmission muography that non-invasively—through muon
transmission measurements—creates images of the target’s inner parts. The case study
is the Temperino mine located in Tuscany (Italy). The first level of this mine intersects
Etruscan mining excavations, which are visible in certain parts of the accessible tunnels.
The main metals produced at Temperino mine were Cu, Pb, Zn and Ag. The mining activity
is currently closed and a tourist route has been set up in the first level of the mine.
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The muographic study involved the observation of a rock layer of about 50 m located
between the first level of the Temperino mine and the Earth’s surface. The aim of the
measurements was to observe any low-density anomalies that could be linked to the
presence of cavities above a particular area of the tourist route. Such cavities may be
related to the presence of Radon gas measured in greater concentration in this area (within
safety limits). Furthermore, the entire area above the gallery was subject to extensive
mining activity during the Etruscan period, making probable the presence of ancient shafts
or small-closed unknown cavities above the gallery, which were not taken into account
during the more modern excavations as the extraction activity was concentrated at the
lowest levels.

Two muographic measurements were taken at two different points along the tourist
route in order to observe the area of interest from two different points of view. The results
highlighted the presence of angular regions with low average density visible from both
measurements. The densities observed in these areas have values lower than the typical
rocks, and therefore, can be identified as cavities. Currently, the cavities have been lo-
cated only angularly in two-dimensions. Studies for the three-dimensional localization
are underway.

Knowledge of some cavities above the tourist route, in addition to explaining the
presence of a higher concentration of Radon gas, is also important both from the safety
of the tourist route and from the archaeological point of view. The three-dimensional
reconstruction of any cavities can be inserted into a model for the evaluation of the stress—
strain on the rocks, and in this way, it is possible to evaluate the risk factors for the stability
of the tourist gallery.
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Abbreviations

The following abbreviations are used in this manuscript:

INFN  National Institute for Nuclear Physics
MIMA  Muon Imaging for Mining and Archaeology
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