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Abstract

Transmission-based muography (TM) is becoming an innovative and nondestructive imaging technique
based on the measurement of the cosmic ray muon flux attenuation within matter, allowing the recon-
struction of two- or three-dimensional transmission and density polar maps. This paper presents our most
recent findings on TM measurements applied to ore shoot prospecting. All measurements and results were
obtained during the MIMA-SITES project years of research. The case study was the Temperino mine in the
San Silvestro Archaeological and Mining Park (Campiglia Marittima, Italy). Here, several magmatic and
metasomatic geological units outcrop. Among them is a Cu-Fe-Zn-Pb(-Ag) sulfide skarn complex primar-
ily composed of hedenbergite and ilvaite minerals.
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1. INTRODUCTION

Geologists, mining experts, and rock engineers have always desired to “visualize” the internal structure of rock masses, analogous
to how X-ray radiography techniques penetrate the human body, allowing the reconstruction of an image. Currently, there are
only a few methods for imaging the inner parts of a rock mass. These include core drilling, which involves the direct extraction of
rock cores, as well as conventional nondestructive geophysical methods such as seismic imaging, gravity measurements, ground-
penetrating radar, electromagnetic techniques, and gravity-based approaches. Underground core drilling encounters significant
logistical and spatial challenges because of its cost-prohibitive nature, thereby restricting the feasibility of conducting numerous
investigations and perpetuating an inherent level of uncertainty. Conversely, noninvasive geophysical techniques encounter com-
plexities when employed in underground mining and rock engineering settings owing to factors such as logistical expenses, limited
resolution, and installation intricacies. Despite this, they can provide a larger but less specific insight into the geological structure
of the surrounding rock formations. In this context, the muon imaging technique is developing as a cost-effective and trustworthy
booster for both invasive and noninvasive consolidated survey techniques in the underground mining field [1, 2, 3, 4]. For this pur-
pose, the MIMA detector prototype (Muon Imaging for Mining and Archaeology; a cubic detector of 0.4 x 0.4m? active surface),
implemented during the MIMA-SITES research project, was used [1, 4, 5]. The MIMA tracker is a small and rugged muon tracker
developed by physicists of the National Institute for Nuclear Physics (INFN) and the Department of Physics and Astronomy of Flo-
rence [6, 7, 8]. The front-end electronics and DAQ of the MIMA detector were implemented based on the knowledge and expertise
of the muon radiography of Vesuvius experiment MURAVES [9, 10].

The case study was the Temperino mine in the San Silvestro Archaeological and Mining Park (Figure 1) [1]. The geological
succession of events that characterize this area, allowing the enrichment of the skarn body with Cu-Fe-Zn-Pb(-Ag) sulfide, can be
summarized as follows [11, 12, 13]:

(1) emplacement of the Botro ai Marmi monzogranite pluton that created an extended contact-metamorphic aureole (marble
host rocks) and triggered metasomatic processes that created several skarn bodies,
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(2) the intrusion of mafic porphyry dikes in the Temperino mining area, associated with skarn bodies (never directly intruding
the marble),

(3) the intrusion of the felsic porphyry (Coquand felsic dike and Ortaccio felsic dike) that crosses all the older contacts and
lithologies, forming epidosite in contact with the skarn.
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FIGURE 1: Case study location. Left: Temperino mine area in Tuscany region. Center: zoom on the Temperino mine hill. Right: a
sketch of the first level of the mine, modified from [11].

2. TRANSMISSION-BASED MUOGRAPHY

The transmission-based muography (TM) technique used to obtain transmission and density maps relies on an accurate track
reconstruction of hitting muons arriving within the MIMA muon detector acceptance cone (approximately £60° with respect to
the zenith; Figure 2).
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FIGURE 2: A cross section of the Temperino mine hill, modified from [4]. The red square indicates the measurement point. The
green cone indicates the acceptance cone of the used tracker (approximately +60°), and the color scale on the left represents the
height, in meters above sea level, of the digital terrain model.

The TM relies on two configuration measurements [4, 5]: target and free-sky. The former refers to the muon flux measurement
conducted inside the mine gallery, where the rock mass between the detector and the surface is defined as the target, whereas the
latter refers to the muon flux measurement conducted outside the mine, only pointing to the sky (free-sky), while maintaining the
same orientation as the underground target measurement.

We define the measured muon transmission as Tj;:

T, — Pmsarget(0,9) .

‘pm,free—sky (Or 4’) ’

where ¢ target is the muon flux measured underground, Pim free-sky is the muon flux measured at the surface in the free-sky con-
figuration, and (6, ¢) are the zenith and azimuth angles, respectively: 6 is the angle between the vertical direction and the line of
sights (LoS), and ¢ is the clockwise angle from North direction.
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The measured flux is defined as follows:
N, ¢)

T tAw(0,9)

where N(6, ¢) is the number of reconstructed muon tracks coming from various directions,  is the acquisition time, and A.¢(6, @)
is the effective area of the tracker and depends on the acceptance of the detector and the trigger efficiency.

For the target and free-sky configuration measurements, the acceptance surface remains the same and variations in trigger
efficiency are negligible. For this reason, Aq (6, ¢) remain constant and Ty, can be simplified as follows:

Ty (0 (P) o Ntarget(gf 47) ] tfree—sky
" Nfree-sky(gl 4’) ttarget .

®)

The T, (6, ) values can then be compared to those obtained from the simulations carried out using some custom algorithms.
The simulations were performed using the available three-dimensional data obtained from the digital terrain model (DTM) of the
area and a terrestrial laser scanner (TLS) survey of underground accessible spaces (Figure 2). These three-dimensional data allowed
us to obtain the rock thickness along each LoS of the tracker.

The opacity X is defined as follows, assuming that there are no voids or anomalies in the traversed rock:

X(0,9.0) = [ _pdL=p(0,0)-L(0,9), @

where p is the traversed matter density, p(6, ¢) is the average density along the LoS, and L(#6, ¢) is the distance between the terrain
surface and the center of the tracker.

In this study, a single TM measurement location dataset was analyzed. The simulated transmission Ts (6, ¢, ) is defined in the
same way as Ty, (6, ¢) but with simulated muon fluxes:

_ $s target (6/ ¢, p)

Ts(0,0,0) = —/—=——F——. 5

S( ¢ P) ¢S,free-sky (9/ 99) )
The latter are defined as follows:
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where j(6, ¢, E) is the differential muon flux as a function of muon trajectories (6, ¢) and muon energy (E). The lower integral
limit Epjn (X) is the minimum energy that a muon must have to be detected by the MIMA tracker in the target configuration and
is calculated by using tabulated values present in the literature [14]. The lower integral limit Ey provides the same information as
Emin(X) but for the free-sky configuration considering the opacity of the detector itself. For the differential muon flux, the values
measured by the ADAMO experiment were used [1, 7, 15]. Therefore, the TM technique quantifies the reduction of the muon
flux intensity owing to the thickness and density of the studied target and, through the comparison with the Ts(6, ¢, o), making it
possible to associate density values to each LoS.

The TM technique is usually exploited to study relatively large objects such as mines, volcanoes, and mountains [16, 17, 18, 19]
and provides two-dimensional transmission and density maps of the studied target within the LoS of the tracker. The analysis of
these output maps enables the identification of density anomalies that may be associated with unknown cavities or dense objects
(ore shoots) between the tracker and the terrain surface [5]. Furthermore, starting from the two-dimensional data of the final maps,
it is possible to reconstruct in a three-dimensional way the objects of interest, namely, anomalies corresponding to denser areas (ore
shoots) or less dense ones (cavities). To delve into this process, please refer to the works listed in the bibliography [5, 20].

3. RESULTS

For this work, the data acquired by the MIMA tracker at the measurement point shown in Figure 2 were analyzed. The detector
was located inside the first level of the Temperino mine, about 50 m below the terrain surface, and acquired more than 1 x 10°
events in 67 days. The choice of this measurement point was not random but has been defined based on three criteria: proximity
to the tourist path, the presence of one known cavity above the detector (Gran Cava; Figure 2), and the potential presence of Fe-
Cu enriched veins. The first reason was related to the MIMA-SITES project, through which these measurements were conducted,
aiming to verify this imaging technique for safety, archaeology, and mining assessments aligned with the park’s interests. The
second reason was the presence of a known cavity that allowed for a real comparison of muography’s cavity identification and
reconstruction capabilities. The third reason pertains to the hypothesis of the presence of Cu-Fe enriched veins never exploited
during mining activities. Furthermore, accessibility was also considered for the electrical supply, but not as the main criterion,
since we wanted to test the detector and our technology, even in less favorable environments, such as narrow and humid spaces.
Regarding constraints linked more closely to muon physics, we primarily considered the potential acquisition times relative to
depth to ensure obtaining a valid statistical sample within a reasonable timeframe for the duration of the MIMA-SITES project.
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The TM-obtained maps are shown in Figure 3. In Figure 4, it is possible to visualize a two-dimensional cross section extrapolated
from the three-dimensional environment.

The polar maps show the calculated relative transmission and average density values along each LoS of the MIMA tracker. Both
maps clearly show areas of lower density corresponding to known (the Gran Cava cavity) and unknown cavities. The latter are
believed to correspond to ancient voids created during mining cultivation, inaccessible for a long time, and absent in the mapping
of tunnels related to mining activities in the last century. The isolation of these unknown cavities is mainly due to the collapses
of unstable ceilings. Moreover, an oriented ore shoot is visible. The latter was called “snake-shaped” body and was confirmed by
several underground and surficial field surveys. This high-density body is characterized by a well-defined NNW-SSE orientation
and a subvertical geometry, which is consistent with the general setting of the emplaced skarn and mafic porphyry exploited in
the past in this mine [11, 21]. By correlating geological knowledge with the TM results, it was possible to observe that the “snake-
shaped” body has a 2-4 m thickness, with average density values along the LoS, ranging from 3.0 to 3.4 g/cm?>. This high-density
body is in contact with lower-density host rocks of approximately 2.5-2.9 g/cm?3. All these data allowed us to interpret the “snake-
shaped” body as a mafic porphyry intrusion associated with the relative metamorphic contact rocks generated through interactions
with the host skarn body. The Cu-Fe ores overprinted the skarn rocks at contact with the mafic porphyry intrusions and dikes, with
mineral assemblages dominated by chalcopyrite, pyrite, and pyrrhotite (density up to 4-5g/ cm3). Obviously, the TM technique
returns average density values along the various LoS of the detector; therefore, these density values often underestimate the higher
density value present along each LoS.

4. CONCLUSIONS

This study shows a real application of TM to image the inner portion of a skarn body outcropping at the Temperino mine in the
San Silvestro Archaeological and Mining Park (Italy). This work shows one of the first applications of muon radiography for skarn
ore shoot prospecting in the field of mining exploration. To accomplish this objective, it was necessary to combine the TM output
with an in-depth geological understanding of the study area. The obtained results highlight the potential of muon radiography for
mining activities.

This study allowed us to verify the reliability of TM for the visualization of the inner structures belonging to the rock bodies
overlying the muon detector and to validate muography as a support tool for other classical mining exploration methods to visual-
ize underground rock density difference distributions, to indicate the presence of potential ore bodies (or cavities), and to provide
indications for the directions of future excavations or drilling. Furthermore, we confirm that even a single TM measurement can
provide useful information about ore deposits.

In this proceeding, we deliberately present only 2D results to simplify understanding, making the potential of the technique
clear to future readers even with just the 2D results (Figures 3 and 4). As explained in [4] (and [19]), it is possible to achieve a 3D
reconstruction in addition to the typical 2D output for both ore-body and cavities, relatively. The interested reader can freely delve
deeper into the articles listed in the bibliography, which explain the 3D reconstruction technique. Nevertheless, there are some
issues to be resolved:

(i) to find a way to make tracker installation more rapid and easier,
(ii) to plan topographical and field surveys correctly to achieve reliable simulations,

(iii) to correctly assess errors in the muon imaging process and results, particularly those related to potential bias introduced by
misalignments, during the comparison with the free-sky configuration.
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FIGURE 3: Left: polar map of the relative transmission for 5(6, ¢) = 3.2 g/cm?, the red ellipse highlights the high-density ore shoot,
the dotted black lines identify two unknown cavities, and the continuous black line shows the perimeter of the Gran Cava cavity.
Right: polar map of the average densities. Modified from [4].
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FIGURE 4: Right: orthogonal view of the geological map at the Temperino mine with the directional density values obtained from
the muography survey. AB identifies the section shown on the right. Right: AB cross section showing the results of TM-obtained
density values along the various LoS of the MIMA tracker. LIM: Calcare Selcifero di Limano Formation; RSA: Rosso Ammonitico
Formation; STO: Tuscan succession; MAS: Calcare Massiccio; PFC: Coquand Felsic dike; PFO: Ortaccio Felsic dike; SKA: Skarn.

The workflow described in this paper is suitable for scenarios in which a mine gallery already exists. Further measurements
will be conducted in the Temperino mine gallery to better understand the shape and extension of the identified ore shoot.

The major future objectives of our research group concern the speeding of muographic data analysis and processing, as well as
the comprehension of the impact of field surveys and topographical data on the reliability of the muon imaging results.
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