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Abstract: The growing demand for green and, therefore, sustainable technologies present
new challenges for our society. The European Union (EU) identified the critical raw
materials (CRMs) and strategic raw materials (SRMs) necessary for these technologies and
introduced policies to reduce reliance on external suppliers, which includes investigating
the recovery of CRMs from extractive waste. This study assesses the recovery potential
of mine waste collected in the Traversella mine district (Piedmont, Italy), known for
its polymetallic Fe-Cu-W deposit. The characterization of waste rock samples involved
chemical and mineralogical analyses, revealing metallic-bearing minerals such as magnetite
and scheelite. Laboratory-scale magnetic and gravity separation tests were carried out and
compared. Magnetic separation resulted in a recovery of 75.4% of Fe, 72.3% of Cu, and
83.7% of W, with a weak concentration. Instead, gravity separation produced high-grade
Fe (67.6%) and W (1289 ppm) concentrate with lower recovery rates.

Keywords: critical raw materials; strategic raw materials; mine waste; reprocessing;
magnetic separation; gravity separation; recovery; critical raw materials

1. Introduction

Mining sites represent a unique combination of industrial, historical, and natural
heritage. These sites have been fundamental to the formation of social groups and commu-
nities, creating the conditions for economic and social development [1]. In recent years, the
extractive industry has faced significant challenges and difficulties in Italy. The depletion
of mining resources, together with higher production costs compared with other countries,
has caused the decline of the mining industry, especially for base metal production, which
has had an economic and social impact on the country [2]. The European Union has defined
34 critical raw materials, 16 of which are also considered strategic due to their relevance
in ecological and digital transition [3-5], intended for aerospace and defense, for the pro-
duction of electric batteries, solar panels, and wind turbines [6-8]. Italy has 15 of these
34 critical raw materials, specifically lithium, cobalt, barite, beryllium, nickel, tungsten,
copper, and zinc. In Italy, metallic critical raw materials (CRMs), which represent the
majority of critical materials, are not currently extracted, and for their supply, the country
is dependent on foreign markets [9,10].

The CRM Act, approved by the European Council on March 2024, requires that by
2030, the annual consumption of the EU must be composed of at least 10% locally extracted
minerals; at least 40% of the EU’s annual consumption should be from EU-processed
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minerals; and at least 25% of the supply should be obtained from recycled minerals [11,12].
The implementation of policies to secure a stable supply of CRMs and SRMs to minimize the
volume of waste sent to disposal sites and landfills encourages the recovery and recycling
of resources from waste within the extractive industry, such as in abandoned mining sites,
referred to as mining waste or tailings [13].

Mine waste and tailings represent a significant environmental concern for present and
past mining activities and a potential opportunity for reprocessing and obtaining valuable
minerals and CRMs [14-18]. Various technologies and methodologies are being applied and
developed for the reprocessing of mine waste and tailings, including mineral processing
and hydrometallurgical and bio-hydrometallurgical techniques [19-21]. However, many
challenges remain in terms of technical difficulties, economic viability, and regulatory
frameworks due to the complex conditions of these liabilities [22]. The success of mine
waste reprocessing projects depends on factors like detailed preliminary mineralogical and
chemical characterization and the development of tailored recovery solutions [19,23].

In the literature, numerous applied examples of the laboratory-scale reprocessing of
mine waste can be found. For instance, Abaka-Wood et al. [24,25] described a methodology
for characterizing and recovering valuable iron oxides and rare earth element (REE) miner-
als from iron ore tailings in South Australia. Their approach utilized preliminary detailed
mineralogical analyses, while wet high-intensity magnetic separation and flotation were
tested for separation and concentration. Iron-bearing minerals were successfully recovered,
but REE minerals faced problems with their concentration due to their varying magnetic
properties. Similarly, Mulenshi et al. [26] investigated beneficiation options for tungsten re-
covery from mine waste in Sweden. This study involved a preliminary sampling campaign,
chemical and mineralogical characterization, and magnetic separation tests employing
both low- and high-intensity magnetic separation for iron-bearing minerals and gravity
separation for the recovery of tungsten minerals. However, there are still few published
works on mine waste recovery from former base metal mines in Italy. Among these, Mehta
et al. [27] described sampling methodologies and laboratory-scale reprocessing trials using
froth flotation and a shaking table to recover cadmium, gallium, and zinc compounds from
mine waste collected in a mining district in Northern Italy. Their work also explored the
potential reuse of processed tailings as soil additives to reduce the environmental impact of
polluting minerals.

This study aims to explore, for the first time, the potential recovery of CRM and SRM-
bearing minerals from a selected mine waste dump area in the historical Traversella mine
district (Piedmont, Italy). This site, listed in the National Registry of Extractive Waste Facil-
ities, was identified as containing significant mining waste [28,29]. Additionally, this work
supports the preliminary study of alternative raw material supplies from relevant Italian
mine waste areas, which have not been investigated in recent times for waste valorization.

Mine waste samples were collected from a selected waste rock dump in the Traversella
mine area and subjected to mineralogical and chemical characterization using optical
microscopy (OM), X-Ray powder diffraction (XRPD), scanning electron microscopy (SEM-
EDS) and portable X-Ray fluorescence (p-XRF). Laboratory-scale reprocessing tests were
performed in order to assess the possibility of recovering CRMs and SRMs by magnetic
and gravimetric separation methods. Finally, the separation performance of the obtained
concentrates containing iron (Fe) and minor critical and strategic elements such as copper
(Cu) and tungsten (W) was assessed and compared.
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2. Materials and Methods
2.1. Site Description

The Traversella mine district is situated about 55 km north of Turin, Piedmont, on
the left bank of the Bersella River, within the Chiusella Valley. The deposit is defined as
a polymetallic Fe-Cu-W—with accessory Mo, As, Sb, Bi, Au, and U—pyro-metasomatic
deposit occurring in the metamorphic aureole and generated at the contact between an
intrusive body and the metamorphic rocks of the Sesia-Lanzo geological unit [30]. The
ore body is considered a “skarn” deposit in which the mineralized veins are hosted in the
mica-schist, gneiss, and lenses of carbonate rocks [31,32].

The Traversella deposit was exploited starting from the Roman period and Middle
Ages, initially targeting visible surficial mineralized outcrops in the area with small-scale
open-pit operations or exploration tunnels. During the 1500s, exploitation developed with
chaotic and artisanal underground methods, including tunnels and small shafts, causing
several stability problems to the rock mass. These pre-industrial mining activities were
mainly used to deliver raw materials for the essential economy of local communities.
During the XVIII century, the Traversella-Brosso district started to be exploited with
industrial and planned underground operations. It brought a thriving production of the
magnetite resource, accounting for about 340,000 metric tons of ore extracted between
1723 and 1824. Furthermore, from the 1930s, other types of ore minerals were exploited,
such as scheelite, chalcopyrite, and uraninite, thanks to the implementation of innovative
technologies in mineral processing plants [32,33]. In the final years of production, the
mines produced 100 tons of iron ore per day in 1965, yielding 6 tons per hour of iron
concentrate from the processing plant, with a maximum Fe3O4 grade of 68%. Additionally,
the mineral dressing plant produced 750 kg per year of scheelite concentrate, with a
maximum WOj3 grade of 60%, and 250 kg per year of radioactive mixed minerals and
uraninite concentrate [34]. The amount of Light Rare Earth Elements (LREEs, including Y,
La, Ce, Pr, Nd and Sm) and Heavy Rare Earths Elements (HREESs, including Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb and Lu), measured in the scheelite exploited in Traversella, was 1036 ppm
(min 101 ppm, max 2125 ppm) and 144 ppm (min 30 ppm, max 208 ppm), respectively, as
reported by [35]. The mining activity ceased in 1971 due to economic difficulties in the
exploitation of orebodies [32,33].

In this area, ISPRA underlined the presence of waste rock piles potentially containing
As, Cd, Co, Mn, Ni, Pb, Cu, V, Fe, and W in the areas near the former mine adits and
processing plants. Furthermore, ISPRA classified this mining waste as having a medium-
high ecological and sanitary risk [28,29]. Some references to dumping areas are also
reported in the minor works published in journals of mineral collectors [36]. Moreover,
no published data are available regarding the volumes or quantities of material present in
these mining dump areas.

2.2. Sampling

Hand sampling of the waste material was carried out in the Piano degli Svedesi
landfill area, located close to the old mineral processing plant in Val Bersella, within the
municipality of Traversella (Figure 1). This sampling aimed to evaluate the mineralogical
composition of the material, quantify the metallic mineral content, and define a treatment
process at the laboratory scale. The area was chosen for its potential to yield economically
valuable raw materials from mining waste.

According to the site setting shown in Figure 2a, an imaginary grid of 9 rectangular
elements, each one measuring approximately 9 m in width and 3 m in height, was used to
collect a representative sample from the accessible and free-of-vegetation portion of the
waste area. About 3 kg of material was hand-picked from each identified grid element, care-
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fully selecting appropriate portions of materials according to field-observed characteristics
(Figure 2b). A reconstituted sample of approximately 30 kg of material was obtained.

Legend:

[ 0ld Processing Plant
1 Mine Area

* Sampling point

3 000'EOF

5,041,000 N

Figure 1. Buildings of Traversella’s old processing plant (blue line), the Piano degli Svedesi area (red
line), and sampling location (green star) (WGS84/UTM Zone 32N coordinates).

(@) : o (b)

Figure 2. (a) Photograph of the sampling area with an imaginary 3 x 3 grid overlaid on the image.
(b) Close-up of sampling site Section #4 (Photos credit: Baldassarre G.).

Before characterization and laboratory testing, the material was split using the coning
and quartering technique to obtain representative subsamples. About 6 kg of the initial
sampled material was divided into subsamples of about 1.5 kg each and subjected to
preliminary size reduction operations using a hammer.

The collected sample showed oxidative mineralization visible on the surface, while
the internal sections exhibited a gray matrix interspersed with black veins, as presented
in Figure 3.
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Figure 3. Detail of a portion of a waste rock sample collected from the Piano degli Svedesi dump site.
(Photo credit: Baldassarre G.).

2.3. Chemical and Mineralogical Characterization

Chemical and mineralogical characterizations were performed to understand the
primary properties and composition of the sampled material and separation products. Var-
ious analytical methods and equipment were employed to assess the mine waste matrix’s
elemental composition, mineral phases, and textural features. This multiple approach pro-
vided detailed insights into the chemical and structural attributes essential for evaluating
the material’s potential for further processing and the recovery of valuable minerals and
the effectiveness of the proposed re-processing approach.

2.3.1. Optical Microscopy

Optical microscopy (OM) was performed on uncovered, polished 30 um thick sections
prepared from rock sample slices. A Leica Ortholux II POL-MK optical polarized-light
microscope (Leica Camera AG, Wetzlar, Germany) equipped with a DeltaPix (Deltapix,
Smoerum, Denmark) camera and DeltaPix (Deltapix, Smoerum, Denmark) InSight software
ver. 6.2.11 for image processing was used. Both normal and polarized transmitted light
modes were applied to identify the main mineralogical features of the collected samples.

2.3.2. Scanning Electron Microscopy

Scanning electron microscopy (SEM) analyses were conducted using an FE1l QUANTA
INSPECT 200LV microscope (FEI Company, Hillsboro, OR, USA) equipped with an En-
ergy Dispersive Analysis X-Ray (EDAX) detector, controlled by xT Microscope Control
software and interfaced with GENESIS Spectrum version 6.04 (Edax Inc., Mahwah, NJ,
USA). Measurements were taken in high-vacuum mode at 5.00 kV using a backscat-
tered electron detector (BSED). Analyses were performed on the selected size class
(0.250-0.125 mm) epoxy-mounted granular samples obtained after preliminary crushing
and grinding tests.

2.3.3. X-Ray Powder Diffraction Analysis

X-Ray powder diffraction (XRPD) analysis was performed using a Rigaku (Tokyo,
Japan) model SmartLab SE diffractometer, with Copper K-Alpha Radiation (CuKw) at 40 kV
and 30 mA in a 5-90° 26 range, 0.02° step width, and 4°/min scan speed equipped with a
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D/teX Ultra 250 (H). The detector’s “X-Ray Fluorescence (XRF) Reduction” mode was en-
abled to mitigate the fluorescence effect of Fe-bearing minerals and enhance the acquisition
data quality [37]. Rigaku (Tokyo, Japan) software SmartLab Studio II ver. 4.1.0.133 package,
combined with the ICDD PDF-5+ 2024 (International Center for Diffraction Data, Powder
Diffraction File™) database [38], was used for qualitative spectrum analyses and main
mineral phases detection. For specimen preparation, a side-loading technique was used
following the manual grinding of oven-dried samples using an agate pestle and mortar.

2.3.4. Portable X-Ray Fluorescence Spectroscopy

Portable X-Ray fluorescence spectroscopy (p-XRF) analyses were conducted using
a SciAps X-555 handheld XRF (SciAps Inc., Andover, MA, USA) equipped with a 5 W,
maximum 55 kV, 200 pA, Au anode X-Ray source, and a 140 eV resolution 20 mm? silicon
drift detector. The instrument was operated with the proprietary “Mining” program using
the two-beam mode, set for a total acquisition time of 60 s. A portable docking station
supported the instrument in the laboratory setting. Samples were manually milled using
an agate pestle and mortar and then transferred to XRF cups.

2.4. Grain Liberation Determination

Grain morphology and free-grain size assessment have been evaluated with SEM-EDS
images: for sample preparation, approximately 3 g of the ground material, taken from
the particle size 0.250-0.125 mm, was embedded in epoxy resin using a trans-vertical, 3D-
printed mold designed to minimize the effect of the gravitational settling of heavier grains,
customizing and optimizing the sample molds designed by Grant et al. [39]. Following a
48 h curing period, the exposed surface was polished and subsequently gold-coated. SEM
images were acquired in the BSE mode, covering different image fields. MATLAB (The
MathWorks Inc., Natick, MA, USA) R2024b software [40] and Image Processing Toolbox
ver. 24.2 [41] plug-ins were used for the processing and analysis of BSE images obtained.
According to the preliminary investigation on single grains, two different binary masks
were manually created using the Segment Anything Model function included in the Image
Segmenter plug-in [41] and run as input data. This script was designed to automatically
calculate the grain-by-grain liberation of magnetite grains according to overlapping ratios
between valuable and associated gangue areas.

2.5. Crushing, Grinding, and Separation Equipment

As shown in Figure 4, crushing and grinding equipment was used to reduce sample
dimensions, producing material suitable for subsequent separation trials. Separation pro-
cesses were conducted using a low-intensity magnetic field separator to isolate magnetic
phases. Additionally, gravitational concentration was performed with a shaking table to
separate minerals based on density differences. This sequence of size reduction and separa-
tion aimed to efficiently classify the sample material into fractions based on mineralogical
and physical properties relevant for recovery trials.

2.5.1. Crushing

Sample crushing was performed using a Magutt CR-25 (Loro & Parisini S.p.A., Milan,
Italy) jaw crusher powered by a 4.5 kW electric motor operating at 440 rpm. The feed
opening, with dimensions of 260 x 100 mm, limited the maximum input material size to
80 mm. The crusher was set to a closed-side setting (CSS) of 7.5 mm and an open-side
setting (OSS) of 15 mm. The material exceeding the input size limit was pre-crushed
manually using a hammer.
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Figure 4. Sample preparation and separation testing procedure layout.

2.5.2. Grinding

The milling of the material was conducted using a lab-scale rod mill equipped with
a drum measuring 193 mm in diameter and 267 mm in length, containing nine steel rods
with a diameter of 8 mm. The mill was powered by a 0.45 kW electric motor. The drum
was filled with 1 kg of material at a 30% volume/volume filling ratio, and grinding was
performed for 7 min at a rotation speed of 50 rpm.

2.5.3. Low-Intensity Magnetic Separator (LIMS)

Dry magnetic separation tests were conducted using a laboratory-scale-induced disk
low-intensity magnetic separator (LIMS) Davies Model 45 (Davies Magnet Works Ltd.,
Ware, Herts, UK). The magnetic field was adjusted using the instrument’s built-in fingertip
control for magnet gap adjustment and the rheostat to control the electromagnet’s input
current. Magnetic field intensity was measured with an MG-3002 (Lutron Electronic
Enterprise Co., Taipei, Taiwan) portable AC/DC magnetic meter. The separation tests were
conducted in two steps in series, using different magnetic field intensities of 0.20 T and
0.35T at a mass rate of 1 kg/h.

2.5.4. Shaking Table (ST)

Gravity separation was performed using a Krupp (Humboldt Wedag GmbH,
Cologne, Germany) lab-scale shaking table (ST) with a rubber-coated surface measuring
1000 x 500 mm. The oscillation was generated by an eccentric mass driven by a 0.25 kW
electric motor. The feeding material was introduced at a rate of 50 g/min, with a water
discharge of 2.5 L/min and an inclination angle of 7°.

2.6. Experimental Design and Testing Procedure

The mineralogical and chemical characterization of the material guided the selection
of the re-processing test route, as well as the sequencing of operations and the application
of the necessary technology to obtain the mineral concentrates, according to the physical
characteristics of target minerals identified in the waste samples.
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Physical treatment tests of samples were conducted using laboratory-scale equipment
described in detail in the following sections. Preliminary tests on representative material
were performed by sieving the crushing and milling products and obtaining three different
particle size classes (>0.250 mm, 0.125-0.250 mm, and <0.125 mm) to determine the free
grain size of valuable minerals using optical macroscope observations.

The particle size class 0.250-0.125 mm was selected based on the requirements of the
available separation equipment. Separation tests were conducted in batch mode, and the
testing procedure layout shown in Figure 4 provides an overview of the equipment used.
Mass balances were evaluated only for the single separation tests.

The activities performed can be summarized as follows:

e  Jaw crushing and bar milling;

e Sieving;

e  Dry magnetic separation using an LIMS;
e  Gravity separation using an ST.

Separation output materials were named and obtained as follows:
e  LIMS output:

O Non-Magnetic 1 (LIMS-NM1): non-magnetic material after separation at 0.2 T;

O Non-Magnetic 2 (LIMS-NM2): non-magnetic material resulting after repeated
separation of 0.35 T on the intermediate magnetic concentrate;

O Magnetic (LIMS-M): final magnetic concentrate.

e ST output:

o Heavy concentrate (ST-H);
0 Middling product (ST-M);
o Light product (ST-L).

2.7. Separation Evaluation

To evaluate and compare the separation techniques described, three key parameters
were calculated for each test. The yield (Y), recovery (R), and enrichment ratio (ER), as
defined by Wills et al. [42], were calculated according to the following formulas:

Y (%) = % % 100%, )
R((Vo) = 1(-—:'; X 100(70, (2)
ER = & ®)

f

where C represents the mass of the concentrate, and ¢ denotes the grade of the concentrate.
F represents the mass of the feed, and f denotes the grade of the feed. The grades of the feed
and concentrate were determined using chemical assays obtained from p-XRF analyses.

3. Results

3.1. Original Sample Characterization
3.1.1. Optical Microscopy

Normal and polarized transmitted light was used to identify the mineral structures
and species associated with ferrous mineralization on the 30 pm thin sections realized.
Figure 5a—-d show the images obtained from the petrographic observation of the thin
sections in transmitted light. The sample appeared highly heterogeneous, characterized by
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a matrix of silicate minerals such as talc and lizardite, interspersed with chlorite crystals.
The mineralization was characterized by opaque magnetite crystals with a regular cubic
shape. In some cases, magnetite grains were included in apatite grains.

Figure 5. Optical microscopy of thin section images in parallel transmitted light (PL) and cross-
polarized transmitted light (XPL): (a) thin section nr. 1 in PL; (b) thin section nr. 1 in XPL; (c) thin
section nr.2 in PL; and (d) thin section nr.2 in XPL. Identified minerals: Ap—apatite, Mag—magnetite,
Tlc—talc, Chl—chlorite, Lz—lizardite (abbreviation according to [43]).

Figure 6a,b show a feature visible to the naked eye on the sample (see Figure 3), namely
a banded inclusion of malachite. This inclusion was surrounded by chlorite minerals and
embedded in a matrix composed of talc and lizardite.

(b)

Figure 6. Optical microscopy thin section images in parallel transmitted light (PL) and cross-polarized
transmitted light (XPL): (a) thin section nr. 3 in PL; (b) thin section nr. 3 in XPL. Identified minerals:
Ap—apatite, Mag—magnetite, Tlc—talc, Chl—chlorite, Lz—lizardite, Mlc—malachite (abbreviation
according to [43]).
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3.1.2. X-Ray Powder Diffraction (XRPD)

XRPD analyses performed on an untreated and representative portion of the initial
sampled material detected the presence of seven mineral phases: amphibole, andradite,
calcite, clinochlore, magnetite, quartz, and talc. The XRPD spectrum is reported in Figure 7.

® Amphibole
B Andradite
] & Calcite
¥ A Clinochlore
¥ Magnetite
- ® Quartz
=) Tal
el * Tale
2
‘D
[ =
8
£ *
v
\ 4
o |
MM
10 20 30 40 50 60 70 80
28 (°)

Figure 7. X-Ray powder diffraction (XRPD) spectra of the bulk-sampled material.

Reference spectra selected from the consulted database [38] were compared to experi-
mental ones. The detected peaks of the main mineral phases are reported in Table 1.

Table 1. Identified mineral phases in XRPD analysis on bulk-sampled materials before processing.

Mineral Phase Peak Positions (26, °) Reference
Amphibole 10.48, 28.47, 33.09 [44]
Andradite 29.60, 33.19, 57.10 [45]

Calcite 29.41,47.53,48.52 [46]
Clinochlore 6.20,12.42,24.99 [47]
Magnetite 30.15, 35.51, 62.68 [48]
Quartz 20.86, 26.64, 50.15 [49]
Talc 9.45, 19.54, 28.60 [50]

Detected minerals in the initial non-treated waste sample confirmed the presence of
mineral phases identified by OM.
3.1.3. Portable X-Ray Fluorescence (p-XRF)

P-XRF analyses investigated the chemical grades of 21 elements in the sampled mate-
rial, as reported in Table 2.



Mining 2025, 5, 21

11 of 24

Table 2. Portable XRF analytical results for the initial material.

Sample Al As Ca Co Cu Fe Hg K Mg Mn Nb P Pb S Si Sr Ti w Y Zn Zr
P (%) (ppm) (%)  (ppm) (%) (%)  (ppm) (ppm) (%) (ppm) (ppm) (%) (ppm) (ppm) (%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
Mine 1.8 186 4.0 62 1.3 16.9 3 334 114 1235 12 1.5 54 2607 17.2 28 544 96 5 56 82

waste
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The elemental composition of the non-treated material showed that Si and Fe were the
most abundant elements, respectively, with grades of 17.2% and 16.9%. Among other major
elements, Mg was present in significant amounts (11.4%), while Ca, Al, and P showed
lower concentrations of 4.0%, 1.8%, and 1.5%, respectively. S was assayed at 0.3%.

Regarding critical and strategic metals, Cu was the most abundant, with a grade of
1.3%. Mn, Ti, As, and W were present in traces, with concentrations of 0.1%, 544 ppm,
186 ppm, and 96 ppm, respectively. Additionally, Zn and Pb were quantified at 56 ppm
and 54 ppm.

3.2. Crushing, Milling, and Sieving

After crushing and milling, sieving was performed to obtain three different granulo-
metric classes. Table 3 shows the weight fraction of the obtained materials.

Table 3. Weight fractions of obtained size classes after crushing, milling, and sieving processes.

Size Class (mm) Mass Rate (%)
>0.250 5.6
0.125-0.250 423
<0.125 52.1

The size class 0.125-0.250 mm was selected as the feeding material for the separation
tests as it was the most suitable size class for the selected equipment. This material was
further investigated in order to better define the mineralogical and chemical features. In
addition, the liberation of target minerals was also investigated to confirm the selection of
the most suitable feeding material.

3.3. Feeding Material Characterization—0.250—0.125 mm

Following grinding, two size classes were produced and characterized as feeding
material for separation tests. Mineralogical characterization was realized by performing
XRPD qualitative analysis; the acquired spectra are reported in Figure 8.

Intensity (a.u.)

Amphibole
Andradite
Calcite
Clinochlore
Magnetite
Quartz

Talc
Dolomite

+%o<4dpOHO

+@

0 3% 49 & e 70 8

26 (%)
Figure 8. XRPD spectra for separation feeds 0.250-0.125 mm size class.

Qualitative mineralogical analyses were performed on the acquired spectra, comparing
the identified peaks with the reference database [38]. The mineral phases identified are
reported in Table 4.
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Table 4. XRPD results for separation feed materials.

Size Class (mm) Mineral Phase Peak Positions (20, °©) Reference
Amphibole 10.48, 28.47, 33.09 [44]
Andradite 29.60, 33.19, 57.10 [45]
Calcite 29.41, 47.53, 48.52 [46]
Clinochlore 6.20,12.42,24.99 [47]
0.250-0.125 Dolomite 30.87, 41.06, 50.94 [51]
Magnetite 30.15, 35.51, 62.68 [48]
Quartz 20.86, 26.64, 50.15 [49]
Talc 9.45,19.54, 28.60 [50]

In the size class 0.250-0.125 mm, eight mineral phases were detected. These phases
were comparable to the non-treated bulk material sampled in the field. P-XRF analyses were
performed to obtain chemical data useful for assessing the grade of the feeding material
before separation. Analytical results are reported in Table 5.

Table 5. P-XRF chemical data for separation of feeding materials.

Size Class Al As Ca Co Cu Fe Hg K Mg Mn Nb
(mm) (%) (ppm) (%) (ppm) (%) (%) (ppm) (ppm) (%) (ppm) (ppm)
1.9 198 7.6 119 1.3 18.3 6 815 10.2 2697 16
P Pb Rb S Si Sr Ti \4Y Y Zn Zr
0.250-0.125 (%) (ppm) (ppm) (ppm) (%) (ppm) (ppm) (ppm)  (ppm) (ppm) (ppm)
1.3 180 7 6942 15.7 47 469 204 6 581 44

Based on the XRPD and p-XRF results, SEM Energy-Dispersive Spectroscopy (EDS)
analyses were performed to better identify the valuable and accessory minerals that may
contain valuable elements but which are challenging to detect using XRPD due to their
low concentrations.

Figure 9a—d show a BSE image, EDS spectra, and chemical composition of epoxy-
embedded size class 0.250-0.125 mm material.

Figure 9. Cont.
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Figure 9. (a) SEM-BSE image from epoxy-mounted samples of the granulometric size class

0.25-0.125 mm (yellow dot: pyrite grain; blue dot: magnetite grain; green dot: gangue mineral
grain); (b) EDS spectrum and quantification for pyrite (yellow dot); (c) EDS spectrum and quan-
tification for magnetite (blue dot); (d) EDS spectrum and quantification for silicate gangue mineral
(green dot).

BSE images and EDS spectra showed the widespread presence of grains containing
heavy elements, as indicated by the increased brightness intensity, which correlates with a
greater average of the atomic number contained in the sample [52]. Among these minerals,
the majority were magnetite (Figure 9a,c), while pyrite (Figure 9a,b) grains were sparsely
present in the material. Magnetite grains were predominantly observed as single grains,
occasionally associated with gangue minerals. Gangue minerals were generally identified
as silicates, possibly amphiboles, based on the EDS spectra reported in Figure 9d.

Similarly, Figure 10a—d show the BSE images recorded, identifying the main and
accessory minerals contained in the samples.

CRM-bearing minerals were detected in the samples, including scheelite, observed
as sparse single grains. These grains were characterized by a high brightness in the BSE
images and as having relevant W content, as indicated in the EDS spectrum (Figure 10a,b).
Malachite was also detected as the most abundant Cu-bearing mineral in the samples
(Figure 10c,d).

Free-Grain Size Identification and Liberation Assessment

According to the BSE image quality and the extended presence of magnetite grains,
BSE images acquired from size class 0.250-0.125 mm were selected as the input images for
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Figure 10. SEM-BSE images, EDS spectra, and EDS quantification with size class 0.250-0.125 mm:
(a) scheelite grain; (b) EDS spectrum and quantification for scheelite; (c) malachite grain; and (d) EDS
spectrum and quantification for malachite.

The manual selection of the areas associated with valuable grains on the images was
performed by selecting magnetite-bearing grains on the original BSE image (Figure 11a),
producing two different binary masks: the first represented the total magnetite-bearing
minerals (Figure 11b), while the second represented the gangue inclusion of the first image
(Figure 11c).

The output binary masks were processed using the script provided in the Supplemen-
tary Materials, which was designed to automatically calculate the grain-by-grain liberation
of magnetite grains.

The script calculated the total area of each grain, determined the magnetite area by
subtracting the area of gangue minerals from the magnetite-bearing grains mask, and
quantified the proportion of magnetite in each grain to assess the overlap percentage of
these areas. Single grains were categorized into three classes based on the following thresh-
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olds: liberated grains (>80% magnetite area), middling grains (<80% and >30% magnetite
area), and locked grains (<30% magnetite area). Additionally, the script calculated the
granulometric distribution using the equivalent diameter derived from the grain-by-grain
analysis. Overall, three different BSE images were considered for this evaluation, for a total

number of 84 magnetite-bearing grains considered.

mag| det | WD | vacmode
20.00 k| 200 x| BSED | 10.5 mm| High vacuum

Figure 11. (a) SEM-BSE image from epoxy-mounted samples of the granulometric size class
0.25-0.125 mm; (b) binary mask for magnetite-bearing minerals; and (c) binary mask for gangue
minerals associated with magnetite.

Figure 12 shows the results of the grain-by-grain evaluation, indicating the portions of
the areas assigned to magnetite and gangue minerals.

| mag | det WD vac mode —". ") }_J_f_\'l.
200 x| BSED | 10.5 mm | High vacuum|

Figure 12. TD-BSE2 sample BSE image of 0.250-0.125 mm material with grain contours overlapping
(green contours: magnetite; red contours: gangue).

In Figure 13, the liberation analysis outcomes for the 0.250-0.125 mm size class are
reported. Magnetite grains were, on average, 85.8% liberated (range 80.5-92.3%), with
middling grains accounting for 13.5% (range 7.4-18.7%). Locked magnetite was negligible,
averaging 0.6% (range 0.3-0.8%).
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Magnetite Liberation, size class 0.250-0.125 mm

100%

9%

8%

7066

60%

5066

4%

308

20%

10%

0%
TD_BSE1 TD_BSE2 TD_BSE3 Average

® Liberated mMiddling Locked

Figure 13. Liberation characteristics of magnetite in size class 0.250-0.125 mm obtained from BSE
image fields TD_BSE1, TD_BSE2, and TD_BSE3, and average liberation values.

The liberated grain size was evaluated according to the equivalent diameter extrapo-
lated from the identified areas of liberated magnetite grains, which are shown in Figure 14.
According to this granulometric distribution, P80 and P50 were calculated for each sample,
as reported in Table 6.

| - T0_B5E1 —d— TD_BSE2 -0-m_nsr:|

Figure 14. Liberated magnetite-free grain size distribution calculated with an equivalent diameter
from image analysis.

Table 6. Liberated grain size analysis percentiles calculated from granulometric distributions.

Percentile TD-BSE1 (um) TD-BSE2 (um) TD-BSE3 (um) Mean (um)

P80 158 169 153 160
P50 109 113 110 111

For P80, values ranged from 153 pum to 169 um, with a mean value of 160 pm. For P50,
values ranged from 109 pm to 113 pm, with a mean of 111 um.
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3.4. Separation Tests and Concentrate Characterization

The two size classes were subjected to separation tests based on their physical and
chemical properties after the preliminary characterization.

The yield of each separation product was calculated according to the mass balance,
considering a net calculation of losses. The Fe, Cu, and W grades were obtained using
p-XRF analyses. XRPD analyses on concentrate were performed to qualitatively assess
the mineralogy of the product. Table 7 summarizes the data collected for the separation
tests performed.

Table 7. Yield, target element grade (p-XRF), and qualitative XRPD mineralogical characterization of
LIMS and ST concentrates.

Metal Assay (p-XRF)

Separator Output Y (%) Fe (%) W (ppm) Cu (%) Mineralogy (XRPD) 1
NM1 67.5 7.6 218 0.8 Adr, Amp, Cal, Clc, Dol, Lz, Qz, Tlc;
LIMS NM2 5.7 12.3 280 0.9 Adr, Amp, Clc, Dol, Mag, Qz, Tlc;
M 26.8 66.2 47 0.6 Clc, Mag, Tlc.
H 12.1 67.6 1289 0.3 Adr, Clc, Mag, Qz, Tlc;
ST M 55.3 22.2 256 0.8 Adr, Amp, Cal, Clc, Di, Dol, Mag, Qz, Tlc;
L 32.6 12.3 119 1.1 Adr, Amp, Cal, Clc, Di, Dol, Qz, Tlc.

1 Adr = andradite; Amp = amphibole; Cal = calcite; Clc = clinochlore; Di = diopside; Dol = dolomite; Lz = lizardite;
Mag = magnetite; Qz = quartz; Tlc = talc. (abbreviations according to [43]).

The LIMS test performed on the 0.250-0.125 mm size class produced a magnetic
concentrate (LIMS-M) with a yield of 26.8%, characterized by a high Fe grade of 66.2%, and
a low W concentration of 47 ppm. XRPD analysis identified magnetite with the presence
of gangue minerals such as talc and clinochlore. The non-magnetic products (LIMS-NM1
and LIMS-NM2) accounted for 73.2% of the LIMS output, with LIMS-NM1 being the most
abundant, with a 67.5% yield. LIMS-NM1 and LIMS-NM2 products contained significantly
lower grades of Fe (7.6 wt% and 12.3 wt%) but were characterized by a higher presence of
W, respectively, at 218 ppm and 280 ppm. The mineralogy of these materials is characterized
by andradite, amphibole, calcite, and dolomite. The Cu grade remained relatively constant
across all LIMS outputs, ranging between 0.6% and 0.9%.

The gravity separation test performed by ST produced a heavy concentrate (ST-H)
with a yield of 12.1%, characterized by high Fe and W grades of 67.6% and 1289 ppm,
respectively. The mineralogical analysis of this concentrate highlighted the presence of
magnetite and andradite, which is associated with the presence of gangue minerals such as
clinochlore, talc, and quartz. Notably, scheelite was not identified by XRPD. The middling
material (ST-M), which accounted for 55.3% of the output, had a moderate Fe grade of
22.2% and a W grade of 256 ppm, with a mineralogy that included silicates, carbonate, and
magnetite. The light material (ST-L), accounting for 32.6% of the yield, was characterized
by low Fe (12.3%) and W (119 ppm) contents but showed the highest Cu grade among
the ST outputs at 1.1%. The mineralogy of the light concentrate included amphibole, talc,
carbonates, and andradite.

3.5. Separation Outcomes Evaluation

Following the characterization of the output separation concentrates, ER was calcu-
lated for target metals (Fe, W, and Cu), as reported in Table 8.
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Table 8. ER values for separation concentrates obtained after LIMS and ST.

Separator Output ERFe ERw ERcy
NM1 0.3 1.2 1.1
LIMS NM2 0.5 1.6 1.3
M 2.8 0.3 0.8
H 2.8 3.8 04
ST M 0.9 0.8 1.0
L 0.5 04 1.3

The LIMS test produced a magnetic concentrate (LIMS-M) with an enrichment in
the Fe grade of 2.8 times while showing very low ER values for W and Cu, 0.3 and 0.8,
respectively. The non-magnetic products (LIMS-NM1 and LIMS-NM2) showed comparable
results, with ER values for W ranging between 1.2 and 1.6, and for Cu, the values ranged
between 1.1 and 1.3. Fe was poorly concentrated in LIMS-NM1 and LIMS-NM2 outputs
with an ER of 0.3 and 0.5, respectively.

Gravimetric separation using ST produced a significant enrichment of Fe (2.8) and W
(3.8) in the heavy concentrate (5T-H). The middling product (ST-M) showed no significant
enrichment in any of the target elements analyzed. The light product (ST-L) showed a
minimal concentration of Cu (1.3), while it was not enriched in Fe and W, with an ER of
0.5 and 0.4, respectively.

Table 9 shows the recovery rate (R) values calculated according to the mass balance
and grades obtained (Table 7).

Table 9. Recovery (R) rates for Fe, W, and Cu across separation concentrates.

Separator Output Rge (%) Rw (%) Rcy (%)
NM1 21.6 83.7 72.3
LIMS NM2 3.0 9.1 7.2
M 75.4 7.2 20.5
H 33.4 46.3 4.3
ST M 50.2 42.1 52.8
L 164 11.6 42.9

The LIMS test achieved a recovery rate of 75.4% for Fe in the magnetic LIMS-M
product, with partial recovery of Cu (20.5%) and low recovery of W (7.2%). Most of the
W and Cu recovered in the LIMS-NM1 concentrate, with recovery rates of 83.7% and
72.3%, respectively. The LIMS-M2 concentrate exhibited low recovery rates for all three
target elements.

ST gravity separation recovered 46.3% of W and 33.4% of Fe in the ST-H product. The
middling concentrate (ST-M) exhibited the highest recovery rates for Fe and Cu at 50.2%
and 52.8%, respectively, while W recovery in this fraction was 42.1%. The light product
(ST-L) accounted for 42.9% of Cu recovery, but Fe and W recovery rates were the lowest, at
16.4% and 11.6%, respectively.

4. Discussion and Conclusions

Mine waste and tailings could represent a potential opportunity to create alternative
sources of CRMs and SRMs [14-18]. Due to the high mineralogical and chemical variability
of these materials, detailed preliminary characterization and a tailored reprocessing solution
could enhance the possibility of the successful recovery of raw materials [23-25].

This study investigated the possibility of recovering valuable CRM- and SRM-bearing
minerals from waste dumps in the historical Traversella mine (Piedmont, Italy) district,
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considering the lack of studies in the literature on mine waste recovery potential in this
region for officially reported dump areas [28,29].

Mineralogical and chemical characterizations of the collected samples from the Pi-
ano degli Svedesi area were performed and were in accordance with previous studies
about characteristics of the Traversella’s ore bodies described by Costa et al. [32] and
Nimis et al. [31].

The semi-automated liberation analysis using Matlab showed that in the
0.250-0.125 mm size class, about 86% of magnetite minerals were liberated. This method
was proven to be a cost-effective alternative to commercial liberation analysis methods
and appeared to be effective in accounting for the liberation grade of target minerals
considered [53,54].

According to characterization, the primary target mineral was identified as magnetite,
while scheelite, as a source of CRMs, was considered an accessory target mineral. Malachite
was also considered a minor source of copper. The 0.250-0.125 mm size class was tested
using LIMS to concentrate magnetic minerals and evaluate the potential enrichment of
scheelite and malachite in the non-magnetic fraction. Additionally, gravimetric separation
using ST was performed on this size class to explore concentration strategies for recovering
magnetite and scheelite due to their high specific gravity.

In Figure 15, the grades of target elements and the recovery rates of different output
products of LIMS and ST were compared. In addition, products showing an ER higher than
one are highlighted.
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Figure 15. Grade of output product as a function of the recovery rate for the metals assayed (Fe, W,
and Cu). ER is shown only for values higher than 1 (assuming an upgrade in the concentration) for
the separation test performed on size class 0.250-0.125 mm.

Assessing the separation performances of the proposed methodologies, LIMS resulted
in the production of a magnetic concentrate characterized by a high grade in Fe, recov-
ering about 75% of the total available element in the feed and achieving a concentration
2.8 times that from the beginning. This was proved by mineralogy, in which magnetite was
the predominant mineral in the output. Similarly, the non-magnetic product, especially
Non-Magnetic 1, reached a recovery of about 85% of W, even if not enriched in this ele-
ment, resulting in an overall grade (218 ppm) comparable to the original feed (204 ppm).
Moreover, in the non-magnetic product, the Fe content decreased from 18.2% to 7.6%. For
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Cu, more than 75% of this metal was recovered in the LIMS_NM1 non-magnetic product,
but no relevant enrichment was achieved (ER = 1.1).

These outcomes from LIMS separation tests highlight the good liberation achieved
of magnetite from W-bearing and Cu-bearing minerals, remarking differences in the mag-
netic susceptibility between magnetite, scheelite and malachite, among other gangue
minerals. These results seem to be consistent with the work of Nzeh et al. [55], which
indicates that the effective separation between target minerals could be attributed to this
physical characteristic.

ST produced a highly enriched heavy concentrate product, containing 67.6% of Fe and
1289 ppm of W, and showing an ER of 2.5 for Fe and 3.8 for W. Recovery rates remained
limited only to 33.4% for Fe and 46.3% for W. The middling product did not succeed in
enriching any of the target elements but recovered 50.2% of Fe, 42.1% of W, and 52.8% of Cu.
In addition, a slight enrichment in W (1.3) and Cu (1.3) was obtained in the light fraction.

Gravity separation using ST showed typical behavior in enhancing the concentration of
heavy minerals at the expense of yield and overall recovery, making it efficient in separating
coarse light particles from small dense particles [42,56]. In addition, a small difference
in density between magnetite (5.15 g/cm?) and scheelite (6.01 g/cm?) could result in the
inefficient separation of these minerals, which is in agreement with the attempt to recover
scheelite from iron-ore mine waste described by Mulenshi et al. [26].

The present study raises the possibility of recovering CRMs and SRMs from mine
waste, promising domestic alternatives for their supply in the EU. However, this work
comprised sample collection in a limited accessible sector of the Piano degli Svedesi dump
site in the Traversella mine district. Indeed, scientific efforts should be addressed to a wider
characterization of mine waste in this area.

Future work should be focused on the assessment of blended separation tests, com-
bining LIMS to efficiently separate magnetite from scheelite and malachite. ST should be
tested for the recovery of W-bearing minerals on the non-magnetic product of LIMS in
order to enhance the recovery of heavier CRM-bearing minerals. In addition, alternative
gravity separation methods, such as mineral jigs [57] or falcon concentrators [58] and froth
flotation [59-62], should be considered for enhancing tungsten mineral recovery.
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