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Abstract: Mining wastes are often both a potential source of Strategic and Critical Raw Materials
(SRMs and CRMs) and a threat to the environment. This study investigated the potential of mining
wastes from the Montevecchio district of Sardinia, Italy, as a source of SRMs and CRMs. The tailings
from Sanna mine processing plant were characterized by X-ray diffraction, Scanning Electron Mi-
croscopy, and Plasma Mass Spectometry, showing contents of 1.2 wt% of lead, 2.6 wt% of zinc, and
about 600 mg/kg of Rare Earth Elements (REEs). White patinas formed in the riverbed, composed
by Zn-bearing minerals (hydrozincite and zincite), also contain about 2900 mg/kg of REEs. Char-
acterization of white patinas along the Rio Roia Cani evidenced that their precipitation from water
also involves an uptake of Rare Earth Elements, enhancing their contents by an order of magnitude
compared with tailings. The process of REEs concentration in Zn-bearing minerals of white patinas is
a candidate as a tool for the economic recovery of these elements. These findings suggest that mining
wastes from the Montevecchio district could be considered a potential resource for extracting SRMs
and CRMs.

Keywords: metal recovery; critical raw materials; green economy

1. Introduction

The search for Critical Raw Materials (CRMs) for the energy transition and an ever-
greener economy is increasingly important for the European Union in order to secure
supplies and reduce dependence on unsafe sources. Since 2011, the EU updates its list
of CMRs every three years, now including 35 raw materials of critical and strategic rele-
vance [1]. This prompted the European Commission to support new exploration activities
in the old mine districts of the EU members. A specific target of this new research is
represented by mining wastes and tailings, whose exploitation may allow the recovery of
neglected resources, enhancing at the same time the environmental quality of the involved
areas by removing large volumes of contaminated materials [2].

Tailings are different types of waste materials produced by the processing of ore bodies,
containing economic metals and minerals, which pose a threat to the environment and
various ecosystems. That implies that tailings represent an important source of contami-
nation for the environment for various ecosystems and for the people. A solution could
be the re-treatment of these tailings for the extraction of these metals and metalloids if
these are contained in economic contents, implicating the removal of a source of contami-
nations. This solution has several advantages: it allows the recovery of valuable resources
that would otherwise have been lost; it reduces the amount of tailings that need to be
stored, thus reducing the risk of environmental contamination; and it improves the overall
sustainability of the mining sector. Tailings reprocessing must adhere to responsible and
sustainable practices, minimizing environmental impact, ensuring worker and community
safety, and maintaining cost-effectiveness through market price recovery of metals and
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metalloids. An essential phase for the definition of these projects consists in the mapping
and characterization of the various mining landfills, to define their volumes, surfaces, and
concentrations of raw materials [3-5].

Sardinia was a relevant mining region at the European scale, particularly for the
extraction of lead and zinc ores. The Montevecchio district, located in SW Sardinia, was
one of Italy’s most important mining areas for over a century. Mining activities in the
district ended in 1991 [6]. Today, it is one of Sardinia’s most historically significant mining
sites, featuring architecturally valuable abandoned mining buildings and shafts. Beyond
this legacy of industrial archaeology, in Montevecchio there are numerous and very large
mining dumps that represent a serious environmental problem on a national scale [7]. At the
same time, it is increasingly evident from recent studies and geochemical/environmental
characterizations [8,9] that these materials may contain significant amounts of base metals
and strategic elements, thus becoming a potentially relevant target for CRM research.

The mining area is located between the municipalities of Arbus and Guspini, in South-
western Sardinia (Figure 1). The intense underground mining activity deeply exploited a
huge, NE-SW-directed mineralized vein system, producing about 2 million cubic meters
of excavations voids and over 2 million cubic meters of mining dumps. Moreover, the
processing plants produced over 6 million cubic meters of tailings [10]. The mining activity
was focused on the extraction of minerals containing lead, zinc, and silver, but a large set of
associated metals (Cu, Ni, Co, Bi, Sb, In, Ga, Ge, etc.) was recovered in the metallurgical
cycles. The mine exploited two types of mineralization, sulfide, and oxidated ores, that
required two different treatments to be recovered. Accordingly, two different plants were
built in the mine area: the eastern plant (named the Principe Tommaso plant) processed
the sulfide minerals, and the western plant (named the Sanna plant) processed the oxidate
minerals. Thus, very different tailing materials are currently accumulated in the two old
plant areas.

Legend:
Mining dumps

D Mining excavation

A Hydrographic network
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Figure 1. The study area. The main elements related to mining operations (mining dumps and
excavation) are evidenced.

This work is focused on the tailings of the Sanna plant, whose composition and current
arrangement are a product of the technological evolution of the processing systems for over
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a century. In detail, oxidate minerals from the whole Montevecchio district were initially
processed in the earlier Sanna-Eleonora plant (1869-1936). The process involved a first
hammer-sorting, a second hand-sorting, and finally, a separation using jigs and shaking
tables. Starting from 1937 and up to 1980, the ores were treated in the new Sanna plant
where minerals were first comminuted by jaw and gyratory crushers, then finely grounded
by ball mills, and finally enriched by flotation [11]. Both the old and the new plants were set
along the valley of the Rio Roia Cani stream, which flows from the mine area towards the
west. The resulting tailings, of variable grain size, are now accumulated along the valley
and are affected by important erosional phenomena that imply instability of the dumps
and produce solid and chemical transport of potentially polluting materials, generating
contamination over a large area downstream. Several past studies in the Montevecchio
district pointed out that rivers of the area may carry high amounts of metals in solution after
having interacted with the mining environments [12-17]. Evidence of the extent of these
phenomena are the mineral precipitates (white patinas) that frequently encrust outcropping
rocks, pebbles, and sediments at the bottom of the Roia Cani riverbed. They appear
analogous to the hydrozincite bio-precipitates induced by bacterial activity, extensively
documented in another mining area of the same district (Ingurtosu Mine) along the Rio
Naracauli [18,19]. With the dual objective of verifying the possible presence of metals and
CRMs in the tailings and the environmental conditions of the area, the study starts from
a mineralogical and chemical characterization of the wastes of the Sanna plant but also
encompasses some representative minerals of the ore that fed the plant, the Rio Roia Cani
waters that directly interact with the wastes, and particularly, the white patinas along the
Rio Roia Cani riverbed. Indeed, these latter not only may be considered as markers of the
grade of diffusion of pollutants and of their biologically mediated interactions with the
natural environment but also may provide interesting information about natural processes
of re-concentration of metals and CRMs that may have potential economic implications.

2. Geological Setting

The Montevecchio mine area is located in the external nappe zone (allochthonous
Arburese unit) of the Palaeozoic basement of Southwestern Sardinia, close to the contact
with the Variscan Foreland (Autochthonous Iglesiente Unit). These low-grade metamorphic
units are intruded by the granitoids of the Arbus pluton (304 +/— 1 Ma), which determined
only moderate thermometamorphic effects in a relatively thin aureola [20].

The geology of the area is dominated by the Upper Cambrian-Lower Ordovician rocks
of the Arenarie di San Vito Formation (Arburese tectonic Unit), consisting of fine metasand-
stones, metasiltstones, and metargillites [21]. This sequence is unconformably covered by
Middle-Ordovician felsic metavolcanic rocks of rhyolitic-rhyodacitic composition [22,23].

The Palaeozoic rocks are in turn unconformably covered by Tertiary clastic sediments
of the Ussana Formation, consisting of conglomerates, breccias, and sandstones with a
red-purple clayey-sandstone matrix [21], and by the Oligo-Miocene calc-alkaline sequences
of the Monte Arcuentu volcanic complex [23].

3. The Montevecchio Ore Deposits

The large Montevecchio hydrothermal vein system [6] consists of a series of mineral-
ized veins that follow with a “pinch-and-swell” attitude the northern contact of the Arbus
pluton for a length of over ten kilometres in a NE-SW direction (Figure 2). The vein field has
held great economic importance in the past, having been among the largest in Western Eu-
rope; the thickness of the mineralized veins could reach 25-30 m at some points. From east
to west, the veins are called: Sant’ Antonio, Piccalinna, Sanna, Telle, and Casargiu. Although
dominated by lead and zinc sulfides, the composition of the ore may vary significantly from
one vein to another, and sometimes even within the same vein, characterized by banded to
brecciated textures. In order of abundance or frequency, the economic minerals at Montevec-
chio are sphalerite [ZnS], galena [PbS], fahlore [(Cug[Cug(Fe,Zn);](As,Sb)4S13], chalcopyrite
[CuFeS,], bournonite [PbCuSbS;], Ni-Co sulfoarsenides, and pyrite [FeS,]. The nature of
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the minerals forming the gangue is equally variable, they are quartz [SiO;], barite [BaSOy4],
siderite [FeCOg3], Zn carbonate [ZnCOs], calcite [CaCOs], ankerite [(Ca,Mg,Mn,Fe)(CO3);],
and goethite [FeO(OH)] [24-26].
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Figure 2. Geological sketch map of the study area.

The Sanna Vein

The Sanna vein was the primary feeder of the Sanna processing plant in Western
Montevecchio. The vein displays a smaller longitudinal extension than the other veins
of the district (about 300 m), but it has a considerable thickness (15-20 m). A distinctive
feature of the Sanna vein is its composition, dominated by supergene minerals. Supergene
oxidation processes strongly affected the vein, with an average portion of the oxidated
ore reaching about fifty meters in depth and oxidized columnar portions that go down
up to 200 m below the topographic surface. The development of supergene processes has
deeply transformed the primary sulfide ore (basically: galena, sphalerite, chalcopyrite, and
fahlore, with Zn grades of 5-6 wt%, and Pb grades of 1-2 wt%) into secondary phases as
anglesite [PbSOy4], cerussite [PbCOs], iron hydroxides, zinc, and copper secondary minerals
(Figure 3). The gangue is mainly sideritic with subordinate quartz; barite may become
relatively abundant in the upper parts of the vein; the lead tends to increase at depth while
remaining subordinate to zinc [27].
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Figure 3. Mineral assemblage of the Sanna vein. (A) Yellow chalcopyrite (Ccp) growing at the edge
of galena (Gn). (B) Galena (Gn) brecciated and deformed (as evidenced by the various orientations
assumed by the triangular pits), probably grown during a dynamic phase. (C) Tetrahedrite (Ttr) and
chalcopyrite (Ccp) included in sphalerite (Sp), in contact with galena (Gn). (D) Sphalerite (SI) in
transmitted light, transparency suggests low iron content. (E) Quartz crystals (Qz), inside galena (Gn),
surrounded by chalcopyrite (Ccp) and tetrahedrite (Ttr). (F) Breccia texture with a host rock fragment
(H.R.) surrounded by quartz fragments (Qz). (G) Siderite (Sd) crystals surrounded by quartz crystals
(Qz) forming a mosaic texture. (H) Cerussite (Cer) aggregate growing on galena (Gn). (I) A crystal of
anglesite (Ang) grown within galena (Gn). (J Iron hydroxides (Fe-Hyd) precipitated between quartz
crystals (Qz). (A-C,E H): plane-polarized reflected light; (D,F,G,LJ): plane-polarized transmitted
light. Mineral abbreviations according to Warr (2021) [28].

4. The Sanna Plant Area

The Sanna plant area (about 130,000 m?) is characterized by the remnants of two
past mineral processing plants, consisting of tailings, jigging residues, and waste rocks
accumulated along the Rio Roia Cani. During mining operations, tailings were discharged
as sludge from the treatment plant to the stream, through a drainage tunnel. Initially,
sludge was blocked by a series of dams to form tailing ponds. In past mining operations,
dams were opened periodically to make space in the ponds. After the mine closure, the
main dam collapsed, and the tailings were partially eroded and washed away. Evidence
of a consistent solid transport of these materials may be easily traced several kilometres
downstream. Currently, the drainage tunnel is damaged, and tailings are affected by rills
and gullies that induce instability and small landslides. Tailings preserve the original flat
attitude of the pond surface, whilst the jigging wastes form large heaps along the flanks of
the valley (Figure 4), quite unstable and incised by surface waters. In the field, tailings and
jigging residues are also easily distinguishable by their granulometry; tailings vary from
fine sands to clays, while jigging residues vary from gravel to coarse sand. The tailings
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cover a surface of about 46.800 m?, attaining a thickness of more than 10 m. They display a
positive gradation that is interpreted as resulting from sedimentation processes into the
tailing pond where the waste materials from the plant were discharged. In addition to
the solid transport of the waste materials, evidence of solution transport of elements in
the water of the Rio Roia Cani is provided by the frequent occurrence of reddish mineral
precipitates and white patinas along the riverbed, particularly where the drainage gallery is
broken (Figure 4). The area downstream the Rio Roia Cani is low-populated: main potential
targets of contamination are surface- and groundwaters and, in general, the flora and fauna
present along the river valley, whose habitat and whose development could be conditioned
by the presence of pollutants.

Figure 4. The interaction between the flow of the Rio Roia Cani and the mining wastes.

To complete the environmental frame of this old industrial area, also the mine exca-
vations, located upstream close to the plant area must be considered. They constitute an
environment of interaction between surface water and mineralized, potentially polluting
rocks. Only part of these waters is now conveyed to the Rio Roia Cani, the great part feeds
the groundwater system through the underground mining works.

5. Materials and Methods
5.1. Sampling

Eight samples were collected from the tailings of the Sanna processing plant (Figure 5).

Sampling was carried out following the stratigraphic overlap of different materials,
distinguished by chromatic differences and different granulometry (Figure 6).

Nine samples of the white patinas present along the bed of the Rio Roia Cani (Figure 7)
were also collected. Sampling was realized paying particular attention to avoid the removal
of detrital material present under the patinas.
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Figure 5. Map with the collected samples. In green, the samples of tailings; in orange, the samples of
cerussite; in red, the samples of water; in blue, the samples of white patinas.

Figure 6. The eight sampled layers of tailings along the Rio Roia Cani.

Some cerussite specimens were collected from the oxidate ore in the mine excavations
close to the Sanna plant. Moreover, some water samples were taken on the same day of
the white patinas sampling, at different points of the Rio Roia Cani, downstream from the
processing plant, to have the same environmental conditions for the two sampling sets
(Figure 5).

5.2. X-ray Diffraction Analyses

The eight samples of tailings underwent granulometric analyses at first, then they
were analysed by an X-Ray Diffractometer (XRD) to detect the main mineralogical phases.
An X'Pert Pro PANalytical diffractometer (Malvern Panalytical, Malvern, UK) with an
X-ray tube with Cu anticathode (Cu-K«1 A = 1.54060 A), nickel monochromator filter, and
X'Celerator detector, was used; data were acquired at 40 kV and 40 mA in an angular range
of 5-70 °26.
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Figure 7. Sampling of the white patinas of the Rio Roia Cani riverbed.

5.3. Scanning Elecron Microscope Analyses

The nine samples of white patinas were analysed by XRD, then by Scanning Electron
Microscope (SEM) Quanta Fei 200 unit equipped with a ThermoFischer Ultradry EDS
detector (Thermo Fischer Scientific, Waltham, MA, USA) operating under low-vacuum
conditions, 25-30 KeV voltage, and variable spot size) to study their structure and assess
their composition. Samples were not carbon-coated.

5.4. Inductively Coupled Plasma Spectrometry

Chemical analyses of tailings were performed by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS, Perkin-Elmer Elan DRC-e, Shelton, CT, USA), after solubilization
through acid digestion by aqua regia and hydrofluoric acid, to detect the possible presence
of critical materials, metals, and Rare Earth Elements. Eight tailing samples were analysed,
together with a certified reference sample (SRM2711), and a blank. Some samples (C04, C07
and C08) were analysed two times, to verify the correctness of the analytical procedures
and analyses performed After acid digestion using aqua regia, cerussite samples were
analysed for trace elements by ICP-MS.

White patinas samples were analysed by Inductively Coupled Plasma-Optical Emis-
sion Spectroscopy (ICP-OES, Thermo Scientific ARL-3520B Waltham, MA, USA) and ICP-
MS, after solubilization by acid digestion by aqua regia and hydrogen peroxide to break
down the organic matter component. The water samples were analysed by ICP-MS and by
ICP-OES.

6. Analytical Results

Results of the analyses performed on the various types of samples collected on-site
are presented below. Samples of tailings were taken in different layers of the old tailing
pond, based on chromatic and granulometric variations evidenced in erosional surfaces
and gullies along the valley of Rio Roia Cani (Figures 5 and 6). The white patinas were
sampled at various points of the riverbed, based on the type of precipitate (Figure 7). The
cerussite samples were sampled in the upper part of the Sanna vein, where the primary
mineralization was strongly affected by supergene phenomena. The water samples were
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Counts

collected near some inflows and emergencies, trying to maintain a regular interval between
the various sampling points.

6.1. Tailings

Mineralogical analyses (X-ray diffraction) on tailing samples (Figure 8 and Table 1),
revealed a composition mainly consisting of host rock and gangue minerals, such as quartz
and muscovite (present in all the samples), siderite and barite (found in some samples: C04
and C08 siderite, C03, C04 and CO05 barite), and montmorillonite. Primary ore phases are
represented by galena and sphalerite. Only one sample (C05) shows the presence of zincite,
a secondary phase.

Counts
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Figure 8. XRD patterns of the mineral phases detected in the different tailing samples. Counts in the
y-axis are reported in square root to highlight minor peaks.
Table 1. Summary table of the main characters of sampled tailing layers. Qz = quartz, Ms = muscovite,
Dol = Dolomite, Gn = galena, Brt = barite, Sd = siderite, Znc = zincite, Sp = sphalerite,
Mnt = montmorillonite. Abbreviation as in [28].
Layer Approximately. Sample Granulomet Mineralo
y Thickness P Y 8y
1 50 cm co1 Moderately graded sand with clays Qz, Ms, Dol
2 70 cm C02 Poorly graded sand with clays Qz, Ms, Gn
3 40 cm Co3 Poorly graded sandy silt with clays Qz, Ms, Brt
4 50 cm Co4 Poorly graded sand with clays Qz, Ms, Sd, Brt
5 20 cm C05 Poorly graded sandy silt with clays Qz, Ms, Znc, Brt
6 40 cm Co06 Poorly graded gravelly sand with clays Qz, Ms, Sp, Gn
7 10 cm co7 Moderately well-graded sand with clays Qz, Ms
8 50 cm C08 Poorly graded sandy gravel, with clays Qz, Ms, Sp, Mnt, 5d

Chemical analyses on the tailing samples show significant amounts of base metals
and Rare Earth Elements. A selection of data from the analytical set is reported in Tables 2
and 3. Overall, the dataset displays high Lead and Zinc values, ranging between 760 and
12,300 ppm, and 6600 and 26,500 ppm, respectively. Critical elements once exploited as
byproducts in the mine concentrates (Cobalt, Gallium, Indium, Germanium, Antimony,
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etc.) show low contents (from 15 to 36 ppm of Co, from 8 to 24 ppm of Ga, from 1 to 13 ppm
of In, from 4 to 15 ppm of Ge, from 14 to 170 ppm of Sb). On the other hand, the Rare Earth
Elements contents show ranges between 69 and 576 ppm. The highest values are shown by
Cerium (26-190 ppm), Lanthanum (10-97 ppm), and Neodymium (11-92 ppm).

Table 2. Analytical data for trace elements in tailings. Values are in mg/kg (ppm).

Sample Al As Ba Bi Cd Co Cu Fe Ga Ge In Mn Ni Pb Sb Sn A% W Zn
Co1 19,000 78 1400 ND 47 15 140 61,000 ND ND ND 3100 25 2400 28 ND ND ND 6800
C02 20,100 55 1200 ND 100 15 110 75,400 10 5 2 4300 35 3000 20 2 27 2 7500
Co03 19,000 57 1700 ND 110 22 90 80,200 12 4 2 4500 39 2300 19 3 34 3 8700
C04 17,200 58 2000 ND 70 26 65 93,000 8 4 1 5900 34 760 14 2 21 2 6600
C05 22,700 60 3800 ND 140 25 83 88,200 13 4 2 5800 42 1100 19 3 37 3 11,300
C06 18,700 430 270 5 180 24 2070 135,000 24 15 13 6700 23 12300 170 10 25 2 26,500
Co7 16,700 83 5200 ND 150 36 280 154,000 8 5 2 8000 48 5200 40 2 17 2 15,500

C08 17,200 79 2300 ND 57 15 180 64,600 ND ND ND 3300 28 3800 34 ND 31 ND 8700

Table 3. Analytical data for Rare Earth Elements in tailings. Values are in mg/kg (ppm).

Sample Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y REEs +Y
co1 9 12 30 3 12 3 1 3 ND 2 ND 1 ND 1 ND 77
C02 27 45 81 10 38 9 4 10 1 6 1 2 ND 2 ND 236
Co3 65 83 180 20 83 22 10 26 4 17 3 6 1 3 ND 523
C04 64 97 180 22 86 23 10 25 3 15 2 5 1 3 ND 536
C05 76 91 190 23 92 26 11 29 4 19 3 6 1 4 1 576
Co6 35 73 130 16 65 16 6 17 2 9 1 3 ND 2 ND 375
Cco7 48 88 140 19 74 19 8 20 3 11 2 4 ND 3 ND 439
Co8 8§ 10 26 3 11 3 1 3 ND 2 ND 1 ND 1 ND 69

In detail (Tables 2 and 3), some elements such as Cu (65-2070 ppm) and Pb
(760-12,300 ppm) vary greatly between the various samples, while others, such as As
(55-430 ppm), Ba (270-5200 ppm), Cd (47-180 ppm), Fe (64,600-154,000 ppm), Ga (8-24 ppm),
Ge (4-15 ppm), In (1-13 ppm), Sb (14-170 ppm), Sn (2-10 ppm), and Zn
(6600-26,500 ppm) vary by only one order of magnitude or zero orders of magnitude,
such as Al (16,700-22,700 ppm), Co (15-36 ppm), Mn (3100-8000 ppm), Ni (23—48 ppm),
V (17-37 ppm), and W (2-3 ppm). Rare Earths Elements show little variability between
samples. The C06 sample is particularly enriched in As, Bi, Cd, Cu, Ga, Ge, In, Pb, Sb, Sn,
and Zn, the C02 sample shows the highest contents in Al, the C05 in Ba, W, and REEs, and
the C07 in Co, Fe, Mn, and Ni. The samples C01 and C08 display the lowest REEs contents.

6.2. The White Patinas

From XRD mineralogical analyses on white patinas, only slight compositional differ-
ences between all the samples are found (Figure 9). They are essentially represented by
hydrozincite [Zn5(CO3)2(OH)s], except for the CBM03 and CBMO05 samples, consisting of
zincite [ZnO].

Based on XRD results, SEM-EDS analyses were performed on the selected CBMO01
(hydrozincite) and CBMO5 (zincite) representative samples. The morphological study
evidenced in the CBMO1 sample abundant organic filaments (Figure 10). The EDS spectrum
and the EDS compositional maps (Figure 11), show filaments that are made of carbon
(C) and oxygen (O). Mineral grains recognizable in the sample are made of zinc (Zn)
and oxygen (O), thus confirming the abundance of hydrozincite. Organic filaments are
considered to be indicative of biologically mediated formation, as reported for similar
occurrences in the same district [18].
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Figure 9. XRD patterns with the mineral phases detected in white patinas. Y-axes report counts in
square root to highlight the minor peaks, except the first XRD pattern.
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Figure 10. SEM images of CBMO01 sample.
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Figure 11. Compositional EDS maps and spectrum for the sample CBMO1. The blue square indicates
the analysed point.

The CBMO05 sample displays a texture dominated by <20 um elements of globular
shape (Figure 12). EDS spectra and compositional maps (Figure 12), confirm the composi-
tion reported by the XRD analyses. Moreover, SEM-EDS maps identified grains with traces
of arsenic, lead, iron, and oxygen contents, and presence of aluminum-silicates grains.
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Figure 12. Compositional EDS maps and spectrums for the sample CBMO05. The blue and yellow
squares indicate the analysed points.
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Chemical analyses were performed on each white patinas sample, except for the
CBM09, completely utilized for the previous analyses. Trace elements, such as Rare Earth
Elements, were analysed by ICP-MS, while major elements were analysed by ICP-OES
(Tables 4 and 5).

Table 4. Analytical data for trace elements in white patinas. Values are in mg/kg (ppm).

Sample Al As Ba Cd Co Cu Fe Mn Ni Pb Sb Sr Zn
CBMO01 1770 23 31 610 11 850 27,700 360 150 14,800 8 8 433,200
CBMO02 1800 41 310 580 18 730 26,700 650 130 14,600 8 14 415,000
CBMO03 10,400 920 16,500 550 84 1430 355,200 14,400 190 33,000 42 200 82,400
CBMO04 550 14 120 640 14 300 4870 290 170 6400 5 7 509,000
CBMO05 9010 270 1530 400 46 1690 199,800 7450 90 74,500 67 55 90,300
CBMO06 10,020 230 11,300 680 29 1490 91,400 4100 92 55,600 110 76 274,300
CBMO07 880 23 250 450 10 570 9350 340 130 20,650 13 9 512,200
CBMO08 1350 29 860 460 9 660 15,100 400 120 23,370 1 10 489,000
Table 5. Analytical data for Rare Earth Elements in white patinas. Values are in mg/kg (ppm).
Sample Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y REEs +Y
CBMO1 250 250 140 61 270 63 24 89 11 45 7 15 1 8 1 1235
CBMO02 200 200 110 45 200 44 17 65 8 34 6 12 6 1 949
CBMO03 250 550 970 120 520 130 52 140 18 72 10 20 2 11 2 2867
CBMO04 100 86 38 15 61 13 5 22 3 12 2 5 ND 2 ND 364
CBMO05 140 180 280 47 220 56 22 68 8 36 5 11 1 6 1 1081
CBMO06 91 140 220 33 140 35 14 40 5 2 3 6 1 3 ND 733
CBMO07 84 86 41 13 51 11 4 17 2 9 2 4 ND 2 ND 326
CBMO08 100 100 54 17 69 15 6 23 3 13 2 5 ND 2 ND 409
Some elements such as Al (550-10,400 ppm), Ba (31-16,500 ppm), Fe
(4870-355,200 ppm), Mn (290-14,400 ppm), Sb (1-110 ppm), and Sr (7-200 ppm), vary
by two or three orders of magnitude between the various samples, while others, such as As
(14-920 ppm), Cd (400-680 ppm), Co (9-84 ppm), Cu (300-1690 ppm), Ni (90-190 ppm),
Pb (6400-74,500 ppm), and Zn (82,400-512,200 ppm) vary by only one order of magnitude.
The CBMO03 sample is particularly enriched in Al, As, Ba, Co, Fe, Mn, Ni, and Sr, the CBM05
sample is the richest in Cu and Pb, the CBM06 in Cd and Sb, and the CBM07 in Zn.
REEs analyses (Table 5) show little variability among the samples, except for the
sample CBMO03 which appears to be consistently enriched in REEs (2867 ppm).
6.3. Cerussite
To investigate the origin of the REEs contents found in the tailings of the Sanna
plant, a study of supergene mineralization of Sanna vein, which was among the main
suppliers of the plant, was performed. An interesting aspect of this mineralization is
its predominantly carbonate composition, given that from the most recent literature on
Sardinian low-temperature hydrothermal ores [29], high concentrations of REEs are found
in carbonate phases. Three samples of cerussite ore, prevalently composed of cerussite and
goethite, were collected in the upper part of the Sanna vein (Figure 5). Cerussite crystals
were therefore selected from the ore by hand picking, and then analysed by ICP-MS, after
acid digestion, to investigate their REEs contents (Table 6).
Table 6. Analytical data for Rare Earth Elements in cerussite. Values are in mg/kg (ppm).
Sample Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y REEs +Y
MVS_1 ND 110 4 ND 120 20 4 6 1 1 ND ND ND ND ND 266
MVS_2  ND 96 3 ND 100 17 4 5 ND 1 ND 1 ND ND ND 227
MVS_3 ND 61 2 ND 64 10 2 3 ND ND ND ND ND ND ND 142
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In Table 6 the results of analyses are reported. Lanthanum and Neodymium show the
higher values among the REEs.

6.4. Water Analyses

Water samples collected together with the white patinas were analysed by ICP-MS.
Overall, water shows a calcium-magnesian sulphate composition [30], characteristic of
sulphide mining areas, and amounts of total REEs plus Y of thousands of ng/L (Table 7),
several orders of magnitude below the values reported in the literature for mine drainage
waters in Montevecchio area [14].

Table 7. Analytical data for Rare Earth Elements in water. Values are in ng/L.

Sample T[°Cl pH [1511\1/] [fs(/:cm] [;Z/SL] Y la Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 1NO™
TO 164 63 49 1318 989 1130 730 300 90 340 82 30 130 15 8 17 40 4 19 3 3019
TI 175 61 491 1301 1071 190 620 750 36 150 34 17 43 4 21 3 5 1 3 ND 1877
T2 166 57 320 1390 1060 1990 1490 830 240 1040 240 97 400 43 220 35 72 7 45 6 6755
T3 186 54 471 1365 1030 880 800 290 78 270 64 25 91 10 55 11 22 2 11 1 2610
T4 200 47 414 139 1036 450 580 180 57 220 47 25 64 7 34 6 15 1 8 2  16%

From Table 7, the most concentrated REEs in waters are: Y (190-1990 ng/L), La
(580-1490 ng/L), Ce (180-830 ng/L), Pr (36240 ng/L), Nd (150-1040 ng/L), Sm
(34-240 ng/L), Gd (43-400 ng/L) and Dy (21-220 ng/L). The sample TO, collected in
the stream flow on the tailings immediately downstream to the Sanna processing plant, is
among the richest samples in REEs. The sample T1, sampled near a large encrustation of
white patina precipitate, is among the poorest samples in REEs. The sample T2 is the richest
in REEs, it was sampled where the water leaked off from a collapsed zone of the drainage
tunnel of the old tailing pond. The sample T3, among the richest in REEs, was sampled
downstream of sample T2. Sample T4, the poorest in REEs, was sampled downstream of
other samples and near two tributaries of the Rio Roia Cani (Figure 5).

7. Discussion

Understanding the chemical and mineralogical properties of mining wastes is crucial
for the assessment of their economic potential, improving environmental risk assessment,
and optimizing the design and execution phases of remediation operations [31]. Raw
materials recovery from mining wastes is a specific target for EU policies to improve the
supply of CRMs to the Union for the next years [1]. At the same time, these activities
provide fundamental contributions to solving environmental issues in abandoned mine
areas, as they result in effective remediations of the polluted sites. Effectual recovery of
raw materials requires significant technological insight but also requires a strong effort
in mineral characterization of waste materials. For the reprocessing of these tailings, it is
important to know in detail the initial composition of the ore, the methods used in ore
processing, the chemical additives used for mineral beneficiation, how and where tailings
were discharged, their current mineralogical composition, and the elements of economic
interest contained in them [32]. In environmental studies, tailings characterization generally
starts from studies of their granulometry and mineralogy. These characteristics provide
essential information on the behaviour of the tailings when they encounter the water [33].
The mineralogy of tailings may change through a single deposit, which may constitute a
very heterogeneous system. Minerals in tailings may be very reactive and often soluble in
waters under a wide range of environmental conditions; mineralogical characterization of
reactive phases (e.g., sulphide and carbonate minerals) allows for predicting the extension
and intensity of phenomena such as acid drainage and leaching [31].

7.1. Environmental Issues and Resilience Factors

Several environmental issues emerge from the study in the Sanna plant area. The
occurrence in mine wastes, tailings, and secondary precipitates (i.e., the white patinas)
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of anomalous geochemical contents of metals (i.e., Fe, Al, Zn, Pb, Mn, Cu, Cd, and Hg)
and metalloids (As and Sb), represents a supply of several contaminants having various
grades of toxicity that imply different threats for the environment. Depending on the
physicochemical conditions of the different interactions of these materials with the Rio Roia
Cani waters and with atmospheric agents, it may be produced a prevailing dispersion in
solution of metalloids (high-pH interaction), or metals and metalloids (low-pH interaction),
followed by diffusion in the environment [34—40]. This chemical transport combines with
the solid transport of waste constituents due to high erosion rates in poorly consolidated
materials.

X-ray diffraction analyses on the tailings of the Sanna plant identified several metallic
minerals which must be regarded as fundamental sources of pollution. Indeed, secondary
oxidated phases as zincite are more soluble than sulphides, easily releasing zinc in solution,
which is confirmed by the frequent occurrence of hydrozincite/zincite mineral precipitates
(white patinas) along the riverbed. The equilibrium between the release of contaminants
and their precipitation is influenced by the hydrological regime of the Rio Roia Cani, the
temperature, the concentration of metals in the solution, and the Eh-pH conditions.

The co-precipitation of Iron and Lead oxy-hydroxides with zincite, suggested by the
red colour of the waters and of the riverbed at the sampling point, is confirmed by SEM-EDS
in some white patinas samples (i.e., CBM05 sample), which detected Lead, Iron, and Oxy-
gen. Moreover, precipitation of iron-bearing phases is predicted by saturation calculations
(Phreeqc Interactive 3.6.2-15100 software) of the water samples collected along the Rio Roia
Cani (Figure 5). Where the T2 water sample was collected, the water was oversaturated in
ferrite-Zn and goethite, with saturation indexes of 11.54 and 5.94, respectively.

According to Dore et al., 2020 [41], the microscopic processes that control the dis-
solution and precipitation of minerals in a polluted mining area may act both positively
and negatively towards the environment, favouring the natural abatement or, conversely,
the dispersion of pollutants. These microscopic processes may be fundamental for the
increase or decrease in metal loads in a river; when positive processes dominate, the load
decreases or is limited, but, when negative processes dominate, the load increases, and
the dispersion of pollutants can become significant. Overall, metal-enriched precipitates
such as white patinas may act as resilience factors in a positive process for the natural
environment of the area, removing and fixing relevant amounts of pollutants from the Rio
Roia Cani waters. This shows the importance of biologically mediated processes as natural
remediation agents, as already observed in the waters of Rio Naracauli [42].

7.2. Raw Materials Potential

Chemical analyses of the Sanna plant tailings (Tables 2 and 3) show that they contain
high grades of lead and zinc (up to 1.23 wt% and 2.65 wt%, respectively). The highest
Pb grades are attained for sample C06, which is also arsenic and antimony-rich (430 and
170 ppm, respectively), representative of a tailing layer which may have been derived
from a fahlore-rich primary ore. Although the materials show generally relatively high
contents in total REEs, there is no apparent correlation between the metals present in the
highest grades (Pb and Zn) and the REEs. On the other hand, the primary source of REEs
in the ore has not yet been discovered; this may lead to the conclusion that the REEs are
contained in the gangue and/or in the host rock minerals included in the exploited ore,
as reported by Moroni et al., 2019 [20] for the five element-type veins of the southern part
of the Montevecchio vein system. The analysed cerussite samples (Table 6) show a slight
anomaly in lanthanum and neodymium, indicating a possible role of supergene processes
in concentrating these elements in secondary phases. Although the role of weathering
processes in REEs mobilization and reconcentration is extensively recognized in lateritic
and regolith-hosted, ion-adsorbed-type deposits as well as in weathered carbonatite envi-
ronments [43,44], REEs behaviour in supergene ore zones of hydrothermal vein deposits is
less documented [45].
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The white patinas in the Rio Roia Cani are made of Zn-carbonate minerals, thus
displaying high Zn contents up to 51.22 wt% (Table 4). Remarkably, they show high
contents of REEs (up to 2867 ppm ) REEs + Y) (Table 5), which display little correlation
with Zn and good correlations with As, Fe, and Mn (Figure 13). The zincite samples
(CBMO03 and CBMO05) show the highest values of REEs. A possible role of biological
processes in concentrating REEs from waters in the Rio Roia Cani environment can be
inferred. Studies on REEs mineralizing processes in exogenic environments evidenced
the role of microorganisms in REEs mobilization from primary minerals (phosphates,
carbonates, silicates, etc.) to waters, their capabilities in uptaking REEs from waters and
fractionating LREEs from HREEs, and to favour and accelerate REEs concentrations in
secondary (bio-) minerals [46,47].

Figure 13. Correlation graphics between some metals and REEs contained in white patinas. Values
are in ppm.

The relatively low REEs contents resulting from water analyses of Rio Roia Cani are in
good agreement with an effective process of removal of these elements by precipitation of
white patinas.

Further insights into the behaviour of REEs in the studied systems are provided by
REEs patterns from tailings, white patinas, cerussites and waters, normalized to Post-
Archean Australian Shales (PAAS) [48] (Figure 14). Tailings, white patinas, and waters
display similar trends: patterns show a flat trend, with a slight enrichment in MREEs and
a positive Eu anomaly. They show a good agreement with the patterns reported for the
Montevecchio primary ore [6]. Conversely, the cerussite samples show an evident w-type
tetrad effect, with strong depletions in Ce, Pr, and HREESs, confirming different paths of
REEs fractionation during supergene processes and formation of the secondary ore.
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Figure 14. PAAS-normalized REEs patterns for tailings, white patinas, cerussite and waters of the
Sanna area.

7.3. Insights for Metals Recovery

Mineral and chemical characterization may also provide some insights into different
raw materials recovery from wastes.

The measured contents of Zn and Pb in the tailings may support a project for the
recovery of these base metals [49]. In this view, the application of processing techniques
essentially depends on different physical (i.e., granulometry) and mineralogical characteris-
tics of waste materials. Due to their fine-grained nature, sulphide-bearing tailings can be
effectively treated by flotation, although a large amount of fines increases the consumption
of reagents, causing the so-called slime coating phenomenon, hampering the effectiveness
of the treatment and, often, making it unfeasible [50]. Successful application of advanced
flotation techniques in the processing of the lead and zinc sulphide-bearing tailings of the
Principe Tommaso plant in Montevecchio has been recently described in Mercante et al.,
2021 [51] and in Sogos et al., 2022 [52]. Different approaches may be required for waste
materials in which lead and zinc are contained as oxidate minerals (cerussite, anglesite,
smithsonite, hemimorphite, hydrozincite, zincite, etc.), for which metal recovery can be
also obtained by leaching techniques (e.g., with sulfuric acid, caustic soda, etc. [53,54]).

The limited presence of economic deposits of REEs and the serious environmental
issues related to REE minerals beneficiation [55-59] promoted the studies on alternative
and more sustainable treatment techniques, such as biohydrometallurgy, to extract REEs
both from primary ores and from secondary resources, as industrial and mining wastes.
Recovery of base metals from low-grade ores by bioleaching is a common technique used
in the mining industry since the 1970s; it was used with success to leach REEs from mining
wastes [60]. As in classical processing techniques, the efficiency of bioleaching is closely
linked to the physical and mineralogical composition of the waste materials; actually, the se-
lection of a suitable microorganism depends on the type of REEs minerals (e.g., phosphates,
carbonates, etc.) present in the waste, which present different degrees of solubilization in
presence of the chemical agents (i.e., organic acids) secreted from microorganisms as chemo-
heterotrophic bacteria. Biosorption and bioaccumulation processes have been documented
for various microorganisms, capable of REEs uptake from leachates [61,62]; conversely,
REEs-bearing biomineralization is documented only in a few studies [57,58].

The REEs contents measured in the tailings from the Sanna plant are currently sub-
economic, even if with a view to an integral recovery of raw materials from these mine
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wastes they must certainly be taken into consideration. The current limited knowledge
of Rare-Earth-bearing minerals in the Montevecchio system, however, makes treatment
hypotheses for the recovery of these metals premature. Nevertheless, the identification
of secondary processes of REEs enrichment in the white patinas constitutes a significant
incentive to improve biologically mediated techniques for the recovery of REEs elements
from suitable mineral phases. To achieve these goals, the characterization of the REEs min-
eralogical carriers from primary ore to tailings and the identification of the microorganisms
associated with hydrozincite forming the white patinas is of primary importance. Until
now, a large part of recent investigations on waste materials in Sardinian mine sites was
almost exclusively oriented to the environmental aspects [12-19,41,63]; only a few studies
faced the wastes as potential sources of raw materials and CRMs [64-66]. The data acquired
in this study allow a series of considerations regarding both the raw material potential and
the environmental issues of the Sanna-Rio Roia Cani area.

8. Conclusions

The mineralogical and chemical studies on the tailings of the Sanna processing plant
area in Montevecchio confirm that these materials constitute sources of environmental risk.
At the same time, they must be regarded as potential economic sources of raw materials,
primarily Zinc and Lead. The chemical analyses on the various materials present in the
site also highlighted specific layers of REEs-enriched fine-grained products along the
stratigraphic sequence of the old tailings pond. The mineralogical carrier of REEs is not
yet identified, but an origin from gangue and/or host rock minerals may be reasonably
inferred. Some indication of supergene REEs-enrichment of the ore mineralization comes
from analyses on cerussite from Sanna mine works. Further evidence of remobilisation
processes of REEs in the studied area is provided by the analyses on the white patinas
precipitated into the riverbed of the Rio Roia Cani, which display 7.45 wt% of Pb, 51.2 wt%
of Zn and about 2900 mg/kg of REEs + Y.

Among the various waste materials present on the site, tailings are confirmed as a
primary source of contamination, due to their high contents of pollutants (Pb, Zn, Fe, etc.).
Contaminants are transported in solution by rainwater and by the flow of the Rio Roia Cani
that erodes the mining dumps. Contamination is partially buffered by white patinas that
allow the precipitation of Zn in solution as hydrozincite and zincite, a situation similar to
the one currently underway in the Rio Naracauli (Ingurtosu mine, west of Montevecchio),
where the riverbed is covered by hydrozincite bio-precipitates [18,63]. Furthermore, the
analyses indicate that these white patinas retain other metals, preventing them from
remaining in solution and from being dispersed into the environment, generating a sort of
remediation process.

This study highlights the presence of CRMs in the tailings, suggesting the possibility
of considering these materials as sources of secondary raw materials, as also proposed by
recent studies in the Eastern Montevecchio area [66]. REEs found in tailings and white
patinas are present in sub-economic to economic values, deserving further studies and
insights, for defining their origin, and their processes of mobilisation and concentration in
the Rio Roia Cani environment.

Overall, the amount of Zinc, Lead, and CRMs found in the solid matrix led to a
hypothesis of evaluation of re-treatment of these solids by various techniques of mineralur-
gical processing. This re-treatment would entail two benefits: one environmental, through
the removal of a primary source of contamination, and the other of an economic nature,
through the implementation of a circular economy chain linked to the sale and re-use of
these raw materials.
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