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Transmission-based muography (TM) is an innovative imaging technique based on the
measurement and analysis of the cosmic ray muons flux attenuation within the target under
investigation. This technique allows imaging inner-body density differences and has suc-
cessfully been applied in a wide range of research fields: geology, archaeology, engineering
geology and civil engineering. The aim of this study is to show the reliability of TM as an
innovative, noninvasive geophysical method for ore body prospecting and other mining
related studies. The measurements were carried out at the Temperino mine in the San
Silvestro Archaeological and Mining Park (Campiglia Marittima, Italy), where several
magmatic and metasomatic geological units are embodied. Among them, a Cu-Fe-Zn-Pb(-
Ag) sulfide skarn complex primarily composed by hedenbergite and ilvaite minerals. Using
the acquired muon imaging data obtained with the MIMA (Muon Imaging for Mining and
Archaeology) detector prototype (cubic detector of 0.5 x 0.5 x 0.5 m®), the presence of a
high-density vein inside the skarn body within the rock volume above the muon detector was
identified, localized and interpreted. Applying a back-projection algorithm to the obtained
2D transmission map made it possible to estimate and visualize as point cloud data, in a 2D
or 3D environment, the identified high-density body and its relative distance from the
detector. The results of this study highlight the potential of muography as a support tool to
other geophysical methods in the field of mining exploration.

KEY WORDS: Muon radiography, Muography, Skarn ore body prospection, Mining exploration,
Geophysical imaging.
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INTRODUCTION
Muography and Applications

Muon radiography also known as muography is
a noninvasive and passive imaging technique that, by
measuring the natural muon flux, can provide
information on the internal structures of a target
(from metric to kilometric scale) under study. The
muon (™) is an elementary particle with charac-
teristics similar to the electron but with a mass 200
times larger. Muography exploits atmospheric
muons that hit the Earth’s surface at a rate of about
100 Hz/m? at European latitudes (Bonechi et al.,
2020a, 2020b; Zyla et al., 2020). Muons are naturally
produced in the upper layers of the Earth’s atmo-
sphere (~15-17 km above sea level) by the inter-
actions between high-energy primary cosmic rays,
i.e., particles and atomic nuclei coming from outside
the planet, and atmospheric nuclei such as nitrogen
and oxygen. Subnuclear particles produced by these
collisions, mainly pions and kaons, then decay into
muons (Olive, 2016; Zyla et al., 2020). Muons are
unstable particles with average lifetime 7 ~ 2.2 us
(Zyla et al., 2020). Such high lifetime allows high-
energy muons to reach the Earth’s surface and cross
hundreds of meters of rocks. Thus, they are suit-
able for imaging because they are highly penetrating
particles characterized by low interactions with
matter, which follow relatively straight line trajec-
tories (Bryman et al., 2014). Muography measures
the average density along various directions, or line
of sight (LoS), usually identified by two angles: the
zenith angle (0) and the azimuth angle (¢).

The angular distribution of the atmospheric
muons flux is proportional to cos”6 (Lin et al., 2010;
Zyla et al., 2020), where 7 is a parameter dependent
on the particle energy and the location on the
Earth’s surface. Generally, the ground level overall
muon angular distribution is proportional to cos?0
(Grieder, 2001; Lin et al., 2010).

Muography comes in two flavors: transmission-
based muography (TM) also known as transmission
muography and scattering-based muography (SM).
The former was employed in this study, as it is gen-
erally used to study large and extended targets such as
mountains, volcanoes, or mine sites (Schouten &
Ledru, 2018; Saracino et al., 2019; Schouten, 2019),
while the latter is usually employed to image smaller
sized targets such as nuclear waste casks or lorry
containers (Mahon et al., 2019; Vanini et al., 2019).
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One of the first applications of muon radiogra-
phy was in 1955, where ice thickness above a tunnel
(Edward Pelham, 1955) was measured. Since then,
the TM has been applied in a wide range of research
fields. The first archaeological application was in the
1960s, when Alvarez et al. (1970) excluded the
existence of hidden chambers in the Chephren
Pyramid in Egypt. In 1979, a simulated study tested
the reliability of muon radiography for mining
exploration evaluating in situ rock density (Mal-
mgqvist et al., 1979). These pioneering applications
triggered a worldwide spread of muography. In the
last 20 years, particular attention was given to vol-
canology applications in Italy (Carbone et al., 2014;
Tioukov et al., 2017; Bonechi et al., 2018;
D’Alessandro et al., 2019; Tioukov et al., 2019), in
Japan (Tanaka et al., 2007, 2014; Tanaka, 2016) and
in France (Lesparre et al., 2012; Jourde et al., 2016).
There were also archaeological studies (Menichelli
et al., 2007; Saracino et al., 2019), mining deposits
exploration, rock density measurements (Bryman
et al., 2014; Tanaka, 2015; Guardincerri et al., 2017,
Schouten, 2019) and civil and environmental engi-
neering investigations (Baccani et al., 2021). Inter-
ested readers are referred to the many excellent
reviews of the literature (Saracino & Carloganu,
2012; Tanaka, 2017; Procureur, 2018; Kaiser, 2019;
Tanaka & Oléh, 2019; Bonechi et al., 2020a, 2020b).

In the last four years, seven measurement
campaigns were carried out by our group at the
Temperino Mine in the San Silvestro Archaeological
and Mining Park (Campiglia Marittima, Italy) using
the MIMA (Muon Imaging for Mining and
Archaeology; Fig. 1) muon detector. Among the
campaign results were the finding of previously un-
known chambers and the observation of high-den-
sity plumes within the mine body (Borselli, 2018;
Baccani et al., 2019; Bonechi et al., 2020a, 2020b).

The apparatus used for the measurements was
the MIMA detector, a small and rugged prototype
(0.5 x 0.5 x 0.5 m®) muon tracker developed by
physicists of the National Institute for Nuclear
Physics (INFN) and the Department of Physics and
Astronomy of Florence (Fig. 1b) (Baccani et al.,
2018). The front-end electronics and DAQ of the
MIMA detector was implemented thanks to the
knowledge and expertise acquired on the MUR-
AVES experiment (MUon RAdiography of VESu-
vius) (Cimmino et al., 2017; Bonechi et al., 2018).
The aim of the MIMA project is to investigate muon
imaging techniques, applied to mining, archaeology,
civil engineering, and engineering geology issues
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Figure 1. Characteristics of the MIMA detector: (a) coordinate system with zenith and azimuth angles; (b) cubic structure of the detector
(0.5 x 0.5 x 0.5 m®) consisting of three modules composed by two orthogonal tracking plane X-Y; (c) section showing the 21 plastic
scintillator bars inside each X planes and an example of a track reconstruction process in Z-Y view. The color scale values represent the
range of intensity detected on the single bars crossed by a muon. ADC counts are the analog-to-digital converted values.

(e.g., identification of cavities or volumes with den-
sity anomalies. The present study validates and
confirms the reliability of TM, using the MIMA
detector, both for mining exploration purposes and
also for preliminary ore bodies prospection in Cu—
Fe-Pb-Zn(-Ag) skarn ore deposits. This study
shows how muographic surveys could become a
complementary tool to other traditional geophysical
methods (Bryman et al., 2014; Zhang et al., 2020;
Okada, 2021) like gravimetric, seismic and magnetic
surveys; a detailed review of this subject is made by
Okada (2021).

Geological and Structural Setting of the Area
of Campiglia Marittima

The area of Campiglia Marittima is character-
ized by lithologies belonging to the Tuscan Units,
Ligurian Units and the more recent magmatic and
hydrothermal units (Fig. 2). The municipality of
Campiglia extends above a horst structure with N-S-
orientated Mesozoic carbonate rocks belonging to
the Tuscan Nappe, surrounded by a Jurassic ophi-
olitic-flysch sequence of the Ligurian Units (Dini
et al., 2005; Vezzoni et al., 2018). The carbonate
succession consists of Rhaetian platform carbonates
(Calcari a Rhaetavicula Contorta Formation),
Jurassic massive limestone (Calcare Massiccio For-
mation) and red nodular limestone with ammonites

(Rosso  Ammonitico Formation) (Vezzoni et al.,
2018).

The Miocene—Quaternary extensional tectonics
of the inner part of the Northern Apennine (oro-
genic chain with thrust and folds) led to the forma-
tion of a high-angle NW-SE normal fault system and
to crustal anatectic and mantle-derived magmatism
products (Acocella et al., 2000).

In Campiglia Marittima, the Mesozoic sedi-
mentary carbonate succession was intruded by a
granitic pluton around 5.7 Ma, which nowadays crop
out at Botro ai Marmi (Borsi et al., 1967). Following
this magmatic and metasomatic event, which formed
the primary skarn bodies of the area around 4-5 Ma,
new intrusions of subvolcanic igneous rocks took
place (Borsi et al., 1967, Da Mommio et al., 2010;
Vezzoni et al., 2016; Paoli et al., 2019).

Felsic and mafic porphyritic dikes crosscut the
older contacts and host rocks, forming ore deposits
of Cu-Fe-Pb-Zn(-Ag) in contact surfaces with the
skarn bodies (Figs. 2, 3). Thus, the magmatic and
hydrothermal succession of events can be summa-
rized by the following stages (Da Mommio et al.,
2010; Vezzoni et al., 2016): (1) emplacement of the
Botro ai Marmi monzogranite pluton, which created
an extended contact-metamorphic aureole (marble
host rocks; MAS) and triggered the metasomatic
processes that created several skarn bodies (SKA)
with no symmetrical mineralogical zoning; (2)
intrusion of mafic porphyry dikes (PM) in the
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Figure 2. Case study location: (a) the area of Campiglia Marittima (Italy); (b) schematic geological map of the study
area modified from (Da Mommio et al., 2010) and (Vezzoni et al., 2018); (¢) satellite image with interpretative land-
drawing of the skarn body of the Temperino mine and the emplaced felsic dikes.

Temperino mining area, which are associated with
the skarn bodies and never directly intruding the
MAS; (3) intrusion of felsic (acid) porphyry (Co-
quand felsic dike PFC and Ortaccio felsic dike
PFO), which cross all previous contacts and
lithologies, forming epidosite in contact with the
skarn.

Skarn Deposits and Magmatic Units

The area of Campiglia Marittima is a well-
known case study for skarn-related mineralization
linked to magmatic events. Since Etruscan times till
the end of the twentieth century, a location where
Cu, Fe, Pb, Zn, Ag were mined was located (Sciarra
et al., 2015; Vezzoni et al., 2016). Over the years,
several scientists proposed many models to describe
the outcropping rocks and to understand miner-
alogical zonation spatial relationships and genesis of
the metasomatic rocks (Da Mommio et al., 2010;
Vezzoni, 2014). In the last decade, a new conceptual
model was proposed by Vezzoni et al. (2016)

describing the skarn body as a deposit with no-
symmetrical mineralogical zone with respect to the
central axis of the skarn itself, which could be an
example of distal Zn—-Pb(-Ag) skarn characterized
by a reverse telescoping process.

The Campiglia Marittima is characterized by
the presence of several distal skarn deposits, hosted
in marble, and outcropping on at least 10 km?
Among them, the most common are: Zn-Pb(-Ag)
skarn body in the Lanzi Mine area and two peculiar
Cu-Fe-Zn-Pb(-Ag) skarn bodies in the Temperino
mine area (Fig. 3). The skarn bodies are primarily
composed of monomineralic massive and rhythmi-
cally layered ilvaite and fibrous-radiating heden-
bergite facies. Based on relative abundances of the
latter, Vezzoni et al. (2016) identified three skarn
facies: (1) rhythmically layered hedenbergite-ilvaite;
(2) fibrous-radiating hedenbergite; (3) massive il-
vaite.

Typical densities of the lithologies and minerals
present at the Temperino mine are reported in Ta-
ble 1. Due to the variability of the % by weight
values of each mineral inside the considered thick-
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ness of rocks, it is often possible to obtain different
density values for the same lithology within the
skarn body, thus giving rise to possible uncertainties
in the TM interpretation. Ore bodies are dominated
by sphalerite, galena, chalcopyrite, pyrrhotite, pyrite
and magnetite (see density values in Table 1).

The mafic porphyry intrusions are irregularly
distributed as subvertical dikelets and as infilling of
the primary skarn cavities for about 10% of the
Earle skarn total volume (Fig. 3). Instead, the felsic
porphyry intrusions span entirely across the central

Table 1. Typical density values p,yerage for lithologies and
minerals assemblage present at the Temperino mine, data from
Temperino mine and literature (Yang et al., 2013; Baccani et al.,

2019)
Lithology and minerals paverage(g/
cm
Marble 2.4-2.7
Felsic Porphyry 2.5-2.8
Mafic Porphyry 2.6-3.0
Skarn hedenbergite + ilvaite 3.3-35

Skarn with Cu-Fe sulfides (associated with mafic 3.5-3.7
porphyry intrusion)

zone of main skarn body with similar spatial orien-
tation (Fig. 2c). A peculiar feature of the Campiglia
skarns is the primary macroporosity (presence of
voids in 2-15% of the skarn total volume) that al-
lowed the intrusion of the mafic porphyry and the
deposition of sulfide ores (Dini et al., 2013; Vezzoni
et al., 2016).

Case Study: Temperino Mine

The Temperino mine area had a long history of
mining activity since the Etruscan—Roman times
(seventh to first century BC) until the end of the
twentieth century (Brocchini et al., 2017). Different
mining techniques were used during the three main
exploitation periods: narrow vertical shafts dug from
the surface following the ores underground (Etr-
uscan and Middle Age period), opencast mines often
cutting across the mine works of the previous period
(sixteenth century period), and horizontal galleries
excavated in the Cu-Fe rich ore bodies (modern
period) (Fig. 3). During the last period, the mine

ﬁass%"e ,}ied?nbergite Nf’"g produced 12,000 tons of galena (average Ag content
C;:fcl(v);;;f; te :4'0 of 0.1%), 26,000 tons of sphalerite (average Zn
Pyrrhotite 41-42 content of 54%) and 30,000 tons of chalcopyrite
Pyrite 4.8-5.0 (average Cu content of 24%). In 1983, the last
Magnetite 5.0-52 mining permit expired and the whole mining area
(Temperino-Lanzi—Ortaccio-Manienti) became
NNW SSE
Earle shaft Gran Cava
Gowet Shaft
g
3
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Figure 3. Geological section NNW-SSE of the outcropping Cu-Fe-Zn-Pb(-Ag) skarn bodies in the Temperino mine area between the
Earle shaft and Le Marchand shaft (modified after (Vezzoni et al., 2016)). The yellow square indicates the measure point of MIMA

detector inside the touristic tunnel.
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part of the San Silvestro Archaeological and Mining
Park (Da Mommio et al., 2010; Sciarra et al., 2015).
The importance given to this mining area for more
than 2,000 years is due to the presence of the skarn
bodies.

Skarn ore deposits are one of the major sources
of Cu, Pb, Zn, Ag and Au on Earth. For this reason,
mining exploration of skarn complexes and systems
plays an important role in scientific and industrial
research (Meinert et al., 2005; Tinagli et al., 2021).
The Temperino mine levels and galleries were carved,
vertically and horizontally, within the Campiglia’s
skarn bodies searching for Cu-Fe rich ore deposits
(Fig. 3). Among them, the main Cu-Fe ore deposits
are hosted within the skarn body, while but rarely the
skarn—marble contact surfaces are mineralized. In the
Temperino and Lanzi mines, three different ore types
were mined: (1) Zn-Pb(-Ag) type (sphalerite, galena,
pyrite); (2) Cu-Fe type (chalcopyrite, pyrrhotite,
pyrite, magnetite); and (3) Zn-Pb-Cu(-Ag) type. The
Zn-Pb(-Ag) type, exploited at the Lanzi mine, is not
associated with mafic rocks; the Cu—Fe type is strictly
associated with the intruded mafic porphyry masses
(and plays a key role in the interpretation process of
the presented study), and the Zn-Pb(-Ag) type only
occurs associated with the Cu-Fe type ore and the
mafic porphyry dikes (only at the Temperino mine).
Focusing on the Cu-Fe type, it is represented by
massive chalcopyrite—pyrrhotite—pyrite (density in
Table 1) and can contain up to 10% by weight of Cuin
decametric narrow bands between skarn and mafic
intrusion (Vezzoni et al., 2016). Cu-Fe ores can reach
4-5% by weight in vein systems extended inside the
skarn for meters to ten of meters. The Cu—Fe ores are
spatially associated with mafic intrusions, whose
shapes and locations depend on the primary skarn
macroporosity mainly present in the internal portions
of the skarn (Fig. 3). The average percentage of Cuin
Cu-Fe ore type was in the range of 1.9-2.7% by
weight.

MATERIAL AND METHODS

The MIMA detector was used in 2019-2021 to
measure the underground muon flux along the tun-
nel used for tourist visits at the Temperino mine.
Opverall, seven measurements were carried out, but
only the measured point shown in Figure 4 was used
for this study. Detailed field surveys and reviews of
the previous geological surveys and studies were
performed. Detailed terrestrial laser scanner (TLS)

T. Beni et al.

surveys were carried out inside and outside the mine
to obtain a georeferenced three-dimensional (3D)
model of the first level of the mine tunnels and of the
Gran Cava cavity (a big known cavity). The TLS
output data consist of a georeferenced point cloud
composed of tens of millions of points. Then, the
TLS data were merged with a 1 x 1 m resolution
digital terrain model (DTM) of the area (Regione
Toscana, 2022) to perform the muon flux simulations
used for image reconstruction. This georeferenced
3D model was used to define the coordinates of the
MIMA detector inside the gallery with decimetric
accuracy (Fig. 4a): X = 631,494.21, Y = 477,044.10,
Z = 184.90 in the EPSG:32,632 WGS 84 / UTM zone
32N reference coordinate system.

MIMA Detector and Tracks Reconstruction

The MIMA detector (or tracker) was designed
for mining and archaeological applications, and its
main characteristics are its small size (0.5 x 0.5 x 0.5
m?), low weight (~50 kg), low power consumption
(~30 W) and angular resolution (gy) of about 7 mrad.
Thus, in principle, it enables to distinguish, at a dis-
tance of 50 m, objects about 30 cm apart. MIMA is
made up of three modules composed of two orthog-
onal tracking planes (X-Y) each composed of 21
plastic scintillator bars (Fig. 1b, ¢). Each module has a
40 x 40 cm? active detection surface, and all six
planes are identical and independent. These three
modules are inserted in a cubic aluminum box
mounted on an altazimuthal platform so that the
detector can be pointed at the object of interest.

Further details on the construction of the
MIMA detector are reported in (Baccani et al.,
2018; Bonechi et al., 2018; Baccani et al., 2019). The
X-Y coordinate points—one per module—allow to
reconstruct the passing muon trajectory in three
dimensions. Only single muon event tracks are se-
lected and, to increase the detector acceptance to
approximately £ 60°, muons passing through only
two modules are also accepted. The detector struc-
ture and an example of track reconstruction are
shown in Figure 1.

Transmission-based Muography Imaging Data
The TM technique used for this study relies on

an accurate track reconstruction of the muon events
arriving from various LoS (Fig. 5a, b) within the
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mine emt

™ y I**. Temperino mine entrance

MIMA (X: 631494121 Y: 477044.10 Z: 184.90)

Figure 4. Spatial location of the Temperino mine tunnel in the study area and 3D data: (a) surface and mine point
clouds, data from the DTM and the TLS survey, the yellow square indicates the MIMA detector measure point
inside the first level of the mine and the color scale represents the meters above sea level; (b) E-W section showing
the acceptance cone of the MIMA detector, the Gran Cava cavity falls within the cone.

muon detector acceptance (about £ 60°; Fig. 4b).
This technique is mainly based on two configuration
measurements: target and free-sky. The former re-
fers to the muon flux measurement carried out inside
the mine, where rock strata between the detector
and the surface constitute the target, while the latter
refers to the muon flux measurements carried out
outside the mine, without any target interposed be-
tween the detector and the sky (free-sky), keeping
the same orientation of the target one. In addition to
these field measurements, simulations of the under-
ground muon flux measurement were done using the
detector center and the surface DTM to evaluate the
expected transmission values for different rock
density values. These simulations are based on a
custom code that relies on DTM and muon trans-
mission tables obtained from various sources
(Bonechi et al., 2005; Zyla et al., 2020). Several
simulations were performed considering the rock

between the detector (considered as a point-like
detector) and the surface as a homogeneous mate-
rial. These types of simulations consider only the
loss of energy in a material of a certain assigned
density and do not consider the details of muon-
matter interactions. This could cause a non-negligi-
ble bias for rock thickness greater than 300 m
(Lechmann et al., 2018), but not in our study at the
Temperino mine, where MIMA was placed at about
50 m depth.

The measured muon transmission (7,,) depends
on the observation direction (Fig. 5¢), identified by
the zenith angle (0), which is the angle between the
vertical direction and the LoS, and the azimuth an-
gle (¢), which is the clockwise angle from North
direction; and 7, is defined as:

d)m,target(ga (P)

T,y = —omlarget’ 7 77
" ¢m.freefsky(07 QD)

(1)
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<«Figure 5. TM data plotted in polar reference frame maps. The
center is the vertical direction from the center of MIMA
detector, the dotted circles correspond to direction with same
zenith angle 0 and the radial dotted lines indicate azimuth
directions ¢, both angles are represented with a 10° step: (a)
track angular distribution for the target configuration; (b) track
angular distribution for the free-sky configuration; (¢) measured
transmission inside the Temperino mine; (d) example of
simulated transmission assuming an uniform density p(6, ¢)=
3.2 g/em’, this is just an arbitrary value that falls within the
density range of skarn hedenbergite/ilvaite and mafic porphyry
(see Table 1); (e) relative transmission polar map for 5(0, ¢) =
3.2 glem?; (f) reconstructed average density distribution.

where @, 1y 18 the muon flux measured by the
MIMA tracker inside the mine gallery (Fig. 5a) and
P free—sky 18 the muon flux measured in the free-sky
configuration (outside the mine with the same

underground orientation; Fig. 5b). The measured
flux is defined as (Baccani et al., 2019):

N(0, ¢)

Gm(0,0) = (0, 0)

(2)

where N(0, @) is the number of tracks with (0, ¢)
direction, ¢ is the acquisition time and Ay (0, @) is
the effective area of the detector.

For the two measurement configurations (target
and free-sky), the acceptance surface is identical,
and trigger efficiency variations are negligible for
this study. Thus, A, (0, ¢) is constant and the mea-
sured transmission equation can be simplified as:

Niarget (0, @) Uree—sky
T 0, = . 3
m( QD) Nf”C’C’*Sky(a (:0) ttarget ( )

The T,,(0, ) values can then be compared to
the ones obtained from the simulations (Fig. Sc, d).
The simulation was performed using the DTM of the
area and the TLS survey data of the underground
gallery. This additional 3D information allows to
calculate rock thickness along the detector LoS
(Fig. 4). Defining L(6, ¢) the distance between the
center of MIMA and the terrain surface, assuming
no cavities or anomalies in the matter traversed by
the particles, the opacity X is defined as:

x@%m:/ pdL =5(0,0)-L(0,0)  (4)

LoS

where p is the traversed matter density and p(6, @) is
the average density along the LoS. Thus, even a
single TM measurement can in principle provide
information about the traversed overburden matter.

Often it is not possible to carry out more than one
TM measurement for several reasons: data acquisi-
tion time (could be several weeks), mining planning
problems and/or underground logistic problems. In
this study, only one measurement site dataset was
analyzed to confirm how useful even a single TM
measurement could be for mining activities. The
simulated transmission 7T5(0, ¢, p) is defined in the
same manner as T,,(0, ¢) but with simulated muon
fluxes for both free-sky and target configurations
(Fig. 5d). The simulated muon fluxes are defined as:

b O0.9) = [ j0.0.ENE (5
Em[n(X)
¢S.freefsky(07 QD) - /E ](97 ?, E) (6)
0

where j(0, ¢, E) is the differential muon flux as a
function of muon trajectories (0, ¢) and muon en-
ergy (E). The lower integral limit E,,;,,(X), obtained
from the opacity (X) exploiting the tabulated values
available in the literature (Groom et al., 2001), is the
minimum energy that a muon must have to be de-
tected by MIMA in the target configuration (about
23 GeV considering an overlying standard rock with
a density of 2.7 g/cm® (Borselli, 2018)). The lower
integral limit Ey is equal to E,,;,(X), but for the free-
sky configuration, taking into account the opacity of
the detector itself, the energy needed by a muon to
cross the detector is about 130 MeV. For the dif-
ferential muon flux, the values measured by the
ADAMO experiment were used (Bonechi et al.,
2005; Borselli, 2018; Baccani et al., 2019). Two main
reasons justify the employment of these data: (1)
ADAMO measurements were carried out at a sim-
ilar latitude of the Temperino mine application (in
Tuscany, respectively, in the municipality of Flor-
ence the former and municipality of Livorno the
latter) at a roughly similar height above sea level;
and (2) several published works have successfully
relied on the ADAMO measurements (Bonechi
et al., 2005; Baccani et al., 2019, 2021; Bonomi et al.,
2022; Gonzi et al., 2022).

The simulated transmission ( 7') values depend
on the constant average density assigned to the rock
above the detector. For this study, several simula-
tions were carried out using different density values
ranging from 0.5 to 7 g/cm®. For each chosen den-
sity, the simulated transmission was compared to the
measured one, obtaining the density profile values
along the LoS in the target configuration.
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Figure 6. Geological model of the Temperino mine area: (a) 3D model of the area under study; (b) focus on the geological setting of the
skarn body and felsic dike near to the Gran Cava; (¢) land-drawing of the lithology outcropping on the hill area overlying the

underground measurement.

The presence of high-density bodies is high-
lighted by a deficit in the T,,(0, @) relative to the
simulated one, T,(0,¢,p), and it is visible in the
relative transmission, 7., polar map (Fig. Se). The
latter is defined as:

Tn(0,0)
T.0,0.7) @)

It follows that, for bins in the polar map where
the value of T, is near unity, the assigned density of
Ts(0, ¢, p) along the relative LoS must correspond to
the actual measured one. To ensure that the relative
transmission is not affected by the acceptance of the
detector, it is necessary to avoid any possible
misalignment between the measured configuration

Trel(ea ®, ﬁ) =

(target) and the simulated one. Therefore, a laser
scanner survey was used to precisely locate the
detector inside the mine. The position (orientation)
of the detector extracted from the laser scanner has
a centimetric uncertainty which can result in a up to
10-15 mrad (about 0.5-1°) uncertainty on the ori-
entation of MIMA. Given the aim of this study,
namely the investigation of targets of tens of meters
at a reduced distance from the detector, this preci-
sion was more than enough.

From the comparison between the polar maps
of Ty, and T (Fig. 5c, d), one can easily discern
high- and low-density regions with respect to the
average simulated values. The results of this analysis
are the 2D transmission maps and the 2D average
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density polar maps shown in Figure 5e and f. Using
custom algorithms, an estimate of the relative dis-
tances between the high-density region bins in the
2D density polar map and the MIMA detector was
derived, and a 3D cloud of points corresponding to
the anomalous density regions (Borselli, 2018) was
obtained. To this end, a back-projection algorithm
(Bonechi et al., 2015, 2019; Borselli et al., 2022) for
muon imaging was applied to the single TM mea-
surement taken in the mine. In particular, the back-
projection method made it possible to estimate the
3D profile of the dense body ‘““floor”, one point for
each bin of the polar map. The thickness/height of
the dense body was estimated by combining the
information obtained with the density map and
information on the thickness of the material along
the LoS crossing the dense body. In this way, two 3D
point clouds were created: one representing the
“floor”” of the dense body and the other the ‘ceil-
ing”’. Using these point clouds, it is possible to
reconstruct a mesh of the high-density body profile,
thus obtaining a 3D shape of the ore body using only
the TM data from one site. The collected in situ
geological information and the created 3D geologi-
cal model were then used to validate the extent and
shape and to infer the possible genesis of this
reconstructed high-density body.

3D Data and Field Surveys

In the TM workflow, an important role is played
by the underground and surface 3D surveys. In fact,
the most reliable transmission simulations rely on an
accurate and georeferenced DTM of the overlying
hill and a 3D model of the mine gallery. In 2019, a
detailed TLS survey was carried out at the Tem-
perino mine (Baccani et al., 2019) and all the
accessible and known cavities were mapped (the first
level of the mine and the Gran Cava cavity). A point
cloud of more than 50 M points was obtained, and it
was utilized to compute rock thickness values be-
tween the MIMA detector underground and the
overlying terrain surface. The more accurate are the
point clouds/meshes employed for the simulations,
the more reliable are the outputs of the muographic
data analysis. Figure 4 shows the 3D environment
created by merging the DTM and the TLS point
clouds, with the position of MIMA and its accep-
tance. A review of most past studies in the Tem-
perino mine area (Da Mommio et al., 2010; Dini
et al., 2013; Vezzoni, 2014; Vezzoni et al., 2016, 2018;

Tinagli et al., 2021) was also performed to obtain
fundamental geologic underground data of deeper
galleries that are not anymore accessible. Moreover,
a field survey was carried out inside the accessible
tunnels in the Temperino mine and on the overlying
hill, from the Earle shaft to Gowet shaft area, with
the aim of understanding the chronological and
spatial relationships among lithologies (host marble,
skarn, mafic porphyry, and acid porphyry) and to
collect outcrop photographs and rock samples.
Therefore, it was possible to create a 3D geological
map and a georeferenced 3D geological model of
the Temperino mining area (Fig. 6), which consti-
tutes a useful and detailed reference frame for the
display, validation and interpretation of the TM
data.

The 3D geological model created for this study
(more details in the following section) was generated
using Leapfrog Geo Seequent software through
implicit 3D geological modeling (Copyright© See-
quent Systems, Incorporated) (Seequent Software,
2022). This geological model relies on the available
underground geological surveys data carried out by
the last mining companies in the last half of the
twentieth century. Nowadays, these surveyed mine
levels are closed for safety issues. Because of this,
the interpretation of the old data during the mod-
eling process became important given the absence of
a direct geognostic campaign survey. A reliable
quantification of the possible systemic failures
affecting the created geological model is not always
possible. However, in this case, the rock mass within
the detector acceptance, where the studied target
was located, was easily accessible through the Gran
Cava cavity and so it was possible to have a direct
confirmation of the presence and the extent of the
snake-shape body imaged with the TM data.

RESULTS
3D Data Interpretation and Visualization

For this study, the data acquired by the MIMA
detector at the measurement point shown in Fig-
ure 4 were analyzed. The tracker was placed inside
the tourist tunnel of the Temperino mine, about
50 m below the surface (184.9 m above sea level)
and acquired about 1 x 10° events in 67 days. The
results of the muon imaging method are reported in
Figure 5. The obtained average density values
p(0, ) ranged from 1.8 up to 3.4 g/cm’ (see average
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Figure 7. Insitu survey photographs and point cloud data visualization at the Temperino mine: (a) 3D visualization of the Gran Cava and
tunnels TLS surveys (white point clouds) together with the red point cloud that has been created using the TM acquired data to locate the
snake-shape body; (b) in situ geological survey points and photographs taken inside the Gran Cava area and underground to verify the
presence of the reconstructed mafic porphyry (PM) and the related Cu-Fe mineralization. In particular, photographs 1.1-1.2 (white arrow)
and 1.3 show outcrops of PM inside the large Gran Cava cavity to small tunnels that were carved near the upper part of the reconstructed
snake-shape body. Photographs 2 and 3 show the presence of Cu—Fe-bearing ore (the presence of chalcopyrite (CuFeS,;) was well
observed) and several little tunnels carved all around the reconstructed snake-shape body relatively.

density polar map in Fig. 5f). A unique georefer-
enced 3D environment was then developed to carry
out the interpretation of the TM data taking into
account all the acquired data.

The Leapfrog Geo Seequent software (See-
quent Software, 2022) and the CloudCompare (CC)
open-source software (CloudCompare, 2022) were
used for point cloud data management, visualization
and analysis. Using the whole of the available geo-
logical data (TLS point cloud data, TM back-pro-
jection point cloud data and the 3D geological

model) led to a more reliable interpretation of the
TM data. Several structures were observed within
the acceptance of the MIMA detector and thanks to
the created 3D geological model, the in situ surveys
(Fig. 7) and the knowledge on the geological history,
it was possible to correlate the density differences
shown in Figure 5f with the surveyed geological
units as well as to validate the TM measurement.
Some of the very low-density zones are both
unknown and known cavities (such as the Gran
Cava); other intermediate density values are where
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the marble host rocks (MAS) and felsic porphyry
dike (PFC) lie embedded, as confirmed by the
underground/on-the-surface  geological  surveys
(Fig. 6), while the high-density zone is a potential
Cu-Fe ore body. The latter was the object that the
MIMA detector was looking for, i.e., possible high-
density ore body of mining interest. This ‘‘snake-
shape” body is characterized by a well-defined
NNW-SSE orientation and a sub-vertical geometry
(Fig. 5f), which is consistent with the general setting
of the emplaced metasomatic (skarn) and igneous
bodies (mafic porphyry) exploited in the past in the
Temperino mining area (Da Mommio et al., 2010;
Vezzoni, 2014). As reported by Vezzoni (2014), the
mafic porphyry bodies (PM) have stronger varia-
tions in orientation (from N-S to E-W) and exten-
sion (unit of meters), which are different from the
acid one (PFC) that are elongated NW-SE at the
center of the skarn body for hundreds of meters with
thickness of 5-10 m. By correlating these features
together with the TM data, it was possible to observe
that the ‘“‘snake-shape” body had a thickness of
about 2-4 m, with relative average density values
along the LoS, ranging from 3.0 to 3.4 g/cm®. It is in
contact with lower density host rocks of about 2.5-
2.9 g/cm® (Fig. 5f) and can be interpreted as a mafic
porphyry intrusion associated with the relative
metamorphic contact rocks generated through
interactions with the host skarn body (Fig. 8). The
Cu-Fe ores have overprinted the skarn rocks at the
contact with the mafic porphyry intrusions and dikes
with mineral assemblages dominated by chalcopy-
rite, pyrite and pyrrhotite (see density values in
Table 1). Obviously, the TM technique returns
average density values along the various LoS of the
detector (Fig. 8), and so these density values often
underestimate the higher density value present
along each LoS. Indeed, the average density of each
LoS depends on the complexity of the geological
structures relations; the more complex is the geo-
logical setting, the noisier and more unclear the TM
transmission and density maps become.

At the Temperino mine, the skarn mining
exploitation was often driven by the presence of
these mafic porphyry intrusions because economi-
cally useful minerals, enriched in Cu-Fe—Pb-Zn, are
associated with them. In fact, the data show that
some existing cavities (Figs. 7a, 8, 9) have been
excavated close to the ‘“‘snake-shape” body where
the Cu-Fe-Pb-Zn ores were exploited.

To validate these observations, we calculated
the identified high-density vein locations in the 3D

model by applying the back-projection method to
the TM data (Bonechi et al., 2015, 2019; Borselli
et al., 2022). This method allowed us to create a 3D
point cloud of the “base’ and ‘““vault” of the high-
density body with average accuracy of about 0.5-1 m
(Fig. 9). An in situ inspection inside the Gran Cava
and the adjacent small tunnels confirmed the upper
part of the identified mafic porphyry intrusion out-
crops, the snake-shape body outcrops (Fig. 7). Also,
the presence of a Cu-Fe-bearing ore (primarily
chalcopyrite) at the bottom of the snake-shape body
inside the Temperino mine, nearby the MIMA
detector, points to a potential ore body (Fig. 9).

DISCUSSION

In the last two decades, muography has been
applied to a wide range of research fields and in
several multidisciplinary projects with promising
results mainly for volcanological applications (Ta-
naka et al., 2007; Saracino & Carloganu, 2012;
D’Alessandro et al., 2019; Tioukov et al., 2019) but
also in the field of mining exploration (Schouten &
Ledru, 2018; Schouten, 2019). For the latter, muog-
raphy has the advantage that, with a passive, non-
invasive method, 2D/3D mine density maps can be
obtained at relative low cost with respect to other
direct methods (e.g., drilling). Moreover, a higher
accuracy (meters/tens of meters) depending on the
dimensions of the studied target and on the target-
detector distance, may be achieved with respect to
the other available geophysical methods (Kaiser,
2019;). There are also disadvantages in the method,
mainly due to logistics related to the safe transport
and installation of the used detector, and to the
lengthy data acquisition period (from days to
months) that directly depend on underground depth,
on tracker altazimuthal configuration and on crossed
matter within the studied target (Bonechi et al.,
2020a, 2020b). Moreover, the reliability of the sim-
ulations output used to obtain the relative trans-
mission and average density along the LoS depends
on the complexity of the studied geological setting
and on the ancillary data of the studied area, e.g.,
resolution and extension of available DTM and
geological information. It follows that, to achieve a
reliable interpretation of the muon imaging results,
it may be useful to have the most detailed DTM
possible and a preliminary geological model (which,
if not available, could be created) that could give
some advice to the interpretation phase. To this day,
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<«Figure 8. TM point cloud density data visualization. (a) Orthogonal
view of the LoS p(6, ¢) values from muon imaging data together
with the geological map and the two section traces A’B’ and A”B”.
The geological interpretation process allowed us to recognize the
geometry of a mafic porphyry dike PM (the snake-shape body), the
Coquand felsic porphyry dike PFC and unknown and known
cavities. It is noteworthy that the Gran Cava cavities developed
around the “‘snake-shape’” body for mining exploitation. In the two
sections, the whole available data are reported to spatially
understand the relationship between the point cloud density
values obtained using the TM technique and the TLS survey and
geology. (b) Section A’B’ shows these 3D-like shapes because it
does not across the center of MIMA detector. (¢) Section A”B”,
crossing the center of MIMA, shows a clearer directional p(0, ¢).

the great challenge in the muon imaging process is
being able to really understand what the 2D trans-
mission and average density maps and the 3D point

clouds density data show and how reliable they are.
In fact, the appearance of the transmission maps
depends on the geometry of the used detector
(shape and dimensions of the detection surface), the
studied target and the surrounding environment
(materials properties and thicknesses). Also, some
errors could be introduced by muon physics related
issues, during the acquisition and analysis steps. In-
deed, it is known that, during the free-sky configu-
ration measurement, the obtained data could be
characterized by a non-muon background noise
different from the underground one, and that the
muon flux can change during the acquisition time as
a result of seasonal cycles and solar variations,
especially for low energy muons. Also, in the pre-
sented study, we had to deal with these potential
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Figure 9. TM point cloud data modeling and visualization. (a) 3D view of the reconstructed “‘snake-shape” ore body from TM imaging
applying the back-projection algorithm. (b) The same view of (a) with addition of a mesh modeled on the snake-shape body point cloud.
(¢) Geological map with geological section AB shown in (d). In the section (d) is shown the identified high-density vein modeled on the
TM point cloud data acquired with the MIMA detector inside the skarn body at the Temperino mine.
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errors, but it was pointed out that the effect of the
solar modulation on the muon flux at the Temperino
latitude was relatively smaller than the statistical
errors typical of our measurements. It also resulted
in underestimation or overestimation of all mea-
sured densities and thus had no significant effect on
their relative comparison.

Moreover, systematics errors rising from the
ratio between the underground and free-sky mea-
surements, due to the changing of muons spectrum
with depth, could affect the output. The evaluation
and quantification of these kind of potential errors
(usually considered negligible) is one of the main
topics we are dealing with to quantify correctly
uncertainties related with muon imaging results.
Among the future challenges for the presented case
study, we will deepen the understanding of how the
outcomes of the muon imaging technique could
change using different available muon flux dataset
instead of the ADAMO one.

For the purpose of this study, i.e., muography
applied for mining activities, it was fundamental to
have as clear knowledge as possible of the geome-
tries and densities of the rock distributions in the
area to correctly take advantage of TM data and to
verify the method. However, although the presented
workflow needs improvement, the results of this
study highlighted the potential of TM muon imaging
as a complementary geophysical method to the other
ones already employed in mineral ore prospecting
and mining activities.

CONCLUSIONS

Transmission-based muography was used to
image an inner part of the Cu-Fe-Zn-Pb(-Ag)
sulfide skarn body at the Temperino mine (Campi-
glia Marittima, Italy) in the San Silvestro Archaeo-
logical and Mining Park. This work represents one
of the first examples of a muon radiography appli-
cation for skarn ore bodies prospecting in the field of
mining exploration. To achieve this goal, it was
essential to combine in-depth geological knowledge
of the area together the physics results from muog-
raphy. The obtained results highlight the potential of
muon radiography for mining activities. This study
has allowed to:

(a) verify the reliability of TM for the visualiza-
tion of the inner structures, belonging to the
rock bodies overlying the muon detector;

T. Beni et al.

(b) validate muography as a support tool for other
mining exploration methods, to visualize
underground rock density differences distri-
butions, to indicate the presence of potential
ore bodies (or cavities), and to give indications
for the directions of future excavations or
drilling;

(c) demonstrate that even one TM measurement
can give useful information about ore deposits;
and

(d) demonstrate the usefulness of 3D management
of muographic data in interpreting the results
together with 3D geological modeling.

The workflow presented in this paper is appli-
cable to all cases where a mine gallery already exists.
In the future, further measurements will be per-
formed in other locations of the Temperino mine
with the aim of implementing the simulations envi-
ronment for a more complex geological setting. The
same workflow will be tested using additional muon
flux datasets from literature for further validation of
the used one, i.e., ADAMO. In conclusion, the main
future goals of this research concern the speeding up
of the muographic data analysis and processing, the
understanding of the influence that field surveys and
topographical data play on the created 2D/3D
muographic results in terms of accuracy.
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