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Abstract: Critical raw materials (CRMs) supply is a challenge that EU countries have to face, with
many thinking about domestic procurement from natural ore deposits and anthropogenic deposits
(landfills and extractive waste facilities). The present research focuses on the possibilities linked
to the supply of CRMs and the potential for exploiting rare earth elements (REEs), investigating a
large variety of extractive waste and siliceous rocks in the Piedmont region (Northern Italy). Indeed,
the recovery of REEs from the extractive waste (EW) of siliceous quarries and other siliceous ore
deposits can be a valuable way to reduce supply chain risks. Starting with a review of the literature
on mining activities in Piedmont and continuing with the sampling and geochemical, mineralogical,
petrographic, and environmental characterization of EW facilities connected to siliceous dimension
stones, of kaolinitic gneiss ore deposits, and of soils present near the investigated areas, this study
shows that the degree of REEs enrichment differs depending on the sampling area (soil or EW)
and lithology. The concentration of REEs in the EW at some sampling sites fulfils the indicators of
industrial-grade and industrial recovery; the high cumulative production and potential market values
of EW and the positive recovery effects through proven methodologies indicate a viable prospect
of REE recovery from EW. However, REE recovery industrialization faces challenges such as the
difficulty in achieving efficient large-scale recovery due to large regional differences in REE abundance,
the mismatch between potential market value and waste annual production, etc. Nonetheless, in the
future, EW from dimension stone quarries could be differentially studied and reused based on the
enrichment and distribution characteristics of trace elements. The present paper shows investigation
procedures undertaken to determine both CRMs potentialities and environmental issues (on the basis
of literature data employed to select the more-promising areas and on sampling and characterization
activities in the selected areas), together with procedures to determine the waste quantities and
tentative economic values of REEs present in the investigated areas. This approach, tested on a large
area (Piedmont region), is replicable and applicable to other similar case studies (at EU and non-EU
levels) and offers decision makers the possibility to acquire a general overview of the potential
available resources in order to decide whether and where to concentrate efforts (including economic
ones) in a more detailed study to evaluate the exploitable anthropogenic deposits.

Keywords: rare earth elements; critical raw materials; geochemistry characterization; circular
economy; extractive waste

1. Introduction

Rare earth elements (REEs) are used in many important fields connected to energy and
ecological transition (such as solar cells [1], wind turbines [2], and new energy vehicles [3])
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and represent a great share of the EU’s economic growth and competitiveness enhance-
ment [4]. Due to the high demand and the heavy dependence on imports, engendering
high-risk situations such as geopolitical conflicts and resource monopolies [5], REEs are
listed in Europe as critical raw materials (CRMs), together with other 33 commodities.
Europe has been taking measures to eliminate its dependence on third-party countries
for CRMs, such as via the “Critical Raw Materials Act (2023)”, which sets goals for the
domestic procurement (from natural and anthropogenic deposits), processing, and recovery
of CRMs from waste recycling, together with other actions more connected to political and
strategical agreements with third countries [6,7].

Commodities coming from waste recovery and recycling (circular economy approach)
are not enough to guarantee the needed raw materials (RM) and CRM supply; thus,
mining and quarrying activities remain the first activities with which to exploit resources
fundamental to guaranteeing EU development. Mining and quarrying are accompanied
by the generation of extractive waste (EW), which, for a long time, has been stocked in
uncontrolled sites, exposed to erosion and weathering processes, and causing potentially
severe risks to the environment and humans [8-10]. In the European Alps and worldwide,
many active or abandoned mining and quarrying sites have left behind large amounts of
EW, often not rehabilitated. On the one hand, EW fine particles could be easily transported
by weathering and precipitation, could settle on surfaces, and could become components of
surface soils [11-13]. Thus, soils near extractive areas are likely to be affected by quarrying
and mining activities. On the other hand, EW exploitation can positively contribute to
guaranteeing RM and CRM supply, simultaneously reducing the potential environmental
impacts associated with EW facilities. The potential RM/CRM recovery from EW facilities
and the potential environmental impacts associated with EW facilities were analyzed in
this study.

Several recent studies have investigated the presence of REEs in EW connected to
Italian siliceous rocks (granite, gneisses, kaolinitic sands) [14-16] and shown that they
enclose interesting contents of REEs ore minerals (e.g., monazite and allanite). These make
these rocks potential resources for the recovery and extraction of REEs.

In some cases, part of the EW is currently being exploited for ceramic production (after
mineral processing to separate femic minerals not appropriate for ceramic products). If the
REEs content is estimated as “worth being exploited”, joint exploitation for raw materials
(RMs) (for ceramic) and CRMs (REE minerals associated with femic minerals in siliceous
rocks) could be planned.

There have been cases of REEs recovery from various mining solid wastes, such as
tailings [17], waste rocks from the carbonatites [18], and mining residual sludge [19], etc.
However, there is currently a lack of studies that comprehensively assess the industrial
potential and value of REEs recovery from EWs associated with dimension stones and
siliceous rocks at large in the European Alps. The potential and challenges of REEs recovery
from siliceous rock waste are currently unknown.

The present paper, which shows investigation procedures undertaken to determine
both CRMs potentialities and environmental issues (on the basis of literature data employed
to select the more promising areas and the sampling and characterization activities in the
selected areas), together with procedures to determine the waste quantities and tentative
economic values of CRMs present in the investigated areas, focuses on siliceous rocks, EW
facilities, and kaolinitic gneiss ore deposits present in the Piemonte region (Northern Italy).

In particular, starting from the investigation and characterization of a wide potential
anthropogenic deposit (intended as “EW facilities”) connected to siliceous dimension stone
wastes produced at the Piedmont level—as well as of ore deposits for kaolinitic gneiss
exploitation (associated with waste EW deposits of quartzite)—to determine challenges
and potentialities for the exploitation of REEs from silicate rocks, the aim of this paper is
to evidence where major concentrations of REEs are present and where the amounts of
exploitable materials can guarantee an adequate quantity to be processed. The approach
applied in this study can be replicated in other research areas characterized by the presence
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of siliceous dimension stones (and consequently EW facilities) and /or by the presence of
kaolinitic sands and gneisses.

In this context, this paper focuses on the connections between EW facilities and soils.
In areas where EW facilities are not known or are no longer visible, as in rehabilitated quarry
dumps, the presence of REEs in soils could be useful in defining the areas potentially of
interest due to the presence of rehabilitated EW facilities. Furthermore, the characterization
of soils is also aimed at the investigation of potential emerging pollutants.

In detail, mineralogical, petrographic, geochemical, and environmental characteriza-
tion of the EWs (granite, gneiss, diorite, and quartzite), kaolinitic gneiss deposits, and soils
near quarries in the Northwest Italy region were carried out. The potential connection
between soil and EW was revealed based on the presence of trace elements (mainly poten-
tially toxic elements: CRM and REE); then, the industrial potential and challenges of REEs
recovery from quarry EW were studied, and future work was prospected.

2. Materials and Methods
2.1. Investigation and Description of Sampling Area

Northwestern Italy, and the Piedmont Region in particular, is characterized by a wide
presence of dimension stones (igneous, metamorphic, and sedimentary). Different EWs
in four quarrying areas (Figure 1), linked to specific dimension stones, were investigated.
A brief description of the four quarrying sites (Luserna Stone quarry basin, the VCO
quarrying area [15,20], the Traversella quarry area [21,22], and the Monte Bracco quarrying
and mining area [20,23]) follows.
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Figure 1. Sampling location.

The Luserna Stone quarry basin is located on the border of Cuneo and Torino and
has 72 active quarries (data from 2017 census), mainly mining Luserna Stone, a lower
Permian leucogranitic orthogneiss pertaining to the Dora Maira Massif, which outcrops in
a quite-large area in the Cottian Alps.

The VCO quarrying area, close to the border with Switzerland, shows 36 authorized
quarries (data from 2017 census). The investigated EW are related to White Montorfano
and Pink Baveno granites and Serizzi and Beole gneisses (a heterogeneous group of or-
thogneisses, with relatively similar mineralogical compositions but different textures and
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microstructures). Two processing plants that treat granite EW are present in the area and
produce a quartz—feldspar concentrate for the ceramic industry and several by-products
(rich in Fe minerals) for building and environmental purposes.

Traversella diorite quarries (3 active quarries in 2017) are located nearly 60 km north
of Torino; the Traversella area is characterized by a very important but no longer operating
mining district for iron exploitation (from the only exploited skarn-type mineralization
in the Alps present at the point of contact between a dioritic body and the pre-existing
host rocks).

Finally, the Monte Bracco area is located in the Dora Maira Massif; it is represented
by an isolated relief, north—south elongated, and mainly formed by phengite-bearing
orthogneisses, paragneisses, and some lenses of quartzite that crop out in the uppermost
part of the mount. At the southern of Monte Bracco (Tre Fontane quarry and other regions),
a deep clayey alteration (“kaolinization”) of the gneisses occurs.

2.2. Sampling Criteria

Sampling location and specific information on sampled EW, kaolinitic gneisses (from
Monte Bracco), and soil are shown in Table 1 and Figure 1. The sampling activities of EWs
took place in both abandoned and active quarries (Serizzi and Beole gneisses, Montorfano
and Baveno granites, Traversella diorite, Bargiolina quartzite, and kaolinitic gneiss from
Monte Bracco, Luserna Stone gneiss) and stone processing plants for granite quarry waste
exploitation present in VCO quarry areas. To obtain representative samples of each solid
waste pile, a systematic sampling strategy was adopted [24]. Each solid waste dump was
sampled at an interval of 5 m to cover the entire sampling site (producing representative
samples for each investigated area). The field sampling process for the fine-sized and coarse
samples is shown in Figure 2a.

Table 1. Sampling information.

EW No. EW Lithotype and Size Quarrying Area Soil No.

R1 Granite waste (0-60 mm) Montorfano, VCO
R2 Granite waste (60-300 mm) Montorfano, VCO
R3 From granite processing (not magnetic concentrate) Montorfano, VCO MS15
R4 From granite processing (magnetic concentrate—sand) Montorfano, VCO MS16
R5 From granite processing (magnetic concentrate—fine) Montorfano, VCO
R6 From granite processing (not magnetic concentrate) Montorfano, VCO
R7 Granite waste, coarse Baveno, VCO

. . . MS12
R8 From granite processing (powder fraction) Baveno, VCO MS13
R9 From granite processing (magnetic concentrate) Baveno, VCO
R10 Gneiss waste, coarse Crevoladossola, VCO MS14
R11 Residual sludge from gneiss Trontano, VCO -
R12 Kaolinitic sand, fine Monte Bracco
R13 Kaolinitic sand, fine Monte Bracco
R14 Kaolinitic sand, fine Monte Bracco MS3
R15 Kaolinitic sand, fine Monte Bracco to
R16 Kaolinitic sand (brown), fine Monte Bracco Ms511
R17 Quartzite waste, coarse Monte Bracco
R18 Gneiss waste, coarse Rora, Luserna
R19 Gneiss waste, coarse Rora, Luserna Ms1
R20 Gneiss waste, coarse Rora, Luserna MS2
R21 Diorite waste, coarse Traversella
R22 Diorite waste, coarse Traversella MS517
R23 Joint filling in diorite, brown fine fraction Traversella ﬁgig
R24 Filled clasts in Diorite joint, brown coarse fraction Traversella
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Figure 2. Procedures for field sampling (a) and sample preparation in the laboratory (b).

The sampling activities of the soil were performed in proximity of the quarrying zones
and /or the EW facilities. To this end, 19 topsoil samples (depth 0-20 cm) were collected in
the four investigated areas; the number of sites for each area was chosen according to the
number of waste areas and their variability. Each sample consists of 5 subsamples collected
at one meter from another.

Laboratory activities included the drying, sieving, quartering [25], grinding, and
testing of all samples. For each sampling site, a representative sample was stored for
backup [26]. The preparation process of samples and sub-samples in the laboratory is
shown in Figure 2b.

2.3. Materials Characterization
2.3.1. Mineralogy and Petrology

Rock samples were characterized for mineralogy and petrography via the combined
use of polarized light microscopy (PLM) on thin sections and X-ray powder diffraction
(XRPD); soil samples were investigated only via XRPD. Rock fragments were cut by a
diamond disk cutter to obtain the thin sections for PLM analysis. The mineral chemistry of
REE-bearing phases was preliminary assessed by SEM in combination with an EDS analyzer
on carbon coated samples. The instruments, methods, and parameters used in PLM, XRPD,
and SEM + EDS analysis can be found in previously published references [15,20].

2.3.2. Geochemistry

Rock and soil samples were characterized geochemically for their total (rocks) or aqua
regia (soils) content of inorganic elements, including REEs and potentially toxic elements.
EW and natural ore (kaolinitic gneisses) samples were digested using a four-acid digestion
(HE, HCI, HNOs, HCIOy); thus, the samples were digested first by hydrofluoric acid,
then by a mixture of nitric and perchloric acids, and then heated using a high-precision
temperature control system in numerous ramping and holding cycles until dry. After
drying, samples were brought back to solution with hydrochloric and nitric acids, while
the soil samples underwent a pseudo-total digestion. Thus, an amount of 0.5 g of soil was
digested using Aqua regia inside a microprocessor-controlled digestion block. The samples
were diluted and analyzed using ICP-MS and ICP-OES techniques from an accredited
laboratory (Actlabs LTd., Ontario, Canada). Quality insurance methods used duplicate
analyses and different certificate reference materials (OREAS 47, OREAS 45d, OREAS 907).
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Based on trace element test results, the upper continental crust (UCC) (Wedepohl
1995) was used as a reference by which to normalize the CRM and REE abundances of
soil and rock samples from each sampling site. The geochemical characteristic parameters
of REEs, such as 6Eu, 6Ce, (La/Yb)N, (La/Sm)N, (Gd/Lu)N, and } LREE/Y HREE, were
calculated using chondrite normalization (Boynton 1984). The calculation methods of dEu
and 8Ce are as shown in Equations (A1) and (A2) in the Appendix A. (La/Yb)N, (La/Sm)N,
and (Gd/Lu)N are the ratios of La and Yb, La and Sm, and Gd and Lu, respectively, after
chondrite normalization [27-29].

2.3.3. Environmental Risk

Based on the trace element results, the potential environmental risks of soil and EW
were comprehensively evaluated. The characterization indicators include the geoaccumu-
lation index (GI), the pollution load index (PLI), the ecological harm coefficient (EHC),
the human health risk index with non-carcinogenic (HI), and the carcinogenic risk index
(CR) [30-32]. The calculation methods, meanings, and values of each index are shown in
Equations (A3)—(A10) and Tables Al and A2 (Appendix A). Among them, GI and PLI are
only calculated for soil. Since the quarry is far away from residential areas, only the health
risks of adult workers in the quarry were assessed, assuming that adult workers would
work in the quarry for 250 days per year and for 30 years during their lifetime. Due to the
lack of carcinogenic slope factors, only the carcinogenic risks of individual metals under
different intake pathways were evaluated. The reference value of a metal element i refers to
the average metal concentration of natural topsoil in the Piedmont region [33]. Due to the
lack of reference concentration of the As element, only the GI, PLI, and EHC of Cr, Cu, Zn,
Cd, Pb, and Ni elements in the soil were calculated. The reference value of metal element
iin EW refers to the continental crustal abundance [34]. The Cd elemental concentration
is lower than the instrument detection limit of 0.3 ppm; so, a value of 0.2 ppm is used
for estimation.

3. Results and Discussion
3.1. Mineralogical and Petrographical Characterisation

The results of the mineralogical analysis via XRPD are shown in Figure 3 for rock and
soil samples, respectively. Considering the nature of the materials, a composition of only
crystalline phases is assumed (there is no evidence of the presence of amorphous/glassy
phases). Figure 4 shows SEM back-scattered electrons image with the EDS spectrum of
some EW samples.

Granite EW (R1-R9) are composed mainly of quartz, K-feldspar (orthoclase and
microcline), plagioclase (oligoclase), and smaller amounts of biotite (frequently altered
in chlorite). Typical accessory minerals are zircon, apatite, monazite (REE-rich mineral),
and opaques (pyrite, Fe oxides, arsenopyrite). Similarly, the orthogneisses EW (Beola
and Serizzo) are composed of quartz—feldspar. However, compared to the granites, the
proportions of K-feldspar and plagioclase changed, and greater amounts of white mica
and biotite (R10 and R11) are present. Subordinate amounts of chlorite and allanite, an
REE-rich variety of epidote, are present in gneisses; accessory minerals are the same as
granite rocks. The kaolinized gneiss in Monte Bracco also derive from quartz—feldspathic
protoliths, but they contain variable (sometimes appreciable) amounts of kaolinite and/or
illite and a lack of biotite. Accessory minerals are apatite, zircon, and xenotime. In contrast,
diorite EW are basic rocks with significantly reduced quartz content, composed mainly of
plagioclase (andesine to oligoclase), amphibole (hornblende, sometimes partially altered
into tremolite-actinolite), biotite (partially chloritized), and sometimes small amounts
of pyroxene (clinopyroxene). Accessory minerals are apatite, zircon, titanite, opaques
(oxides and sulphides), and trace amounts of monazite. They are medium-to-fine-grained,
generally homogeneous, with massive texture, sometimes slightly foliated.
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Figure 3. Main minerals present in soil and EW samples: (a) EWL; (b) soil. Qtz = quartz; P1 = plagio-
clase; Kfs = K-feldspar; Bt = biotite; WM = white mica (muscovite)—illite; Chl = chlorite; Amph = am-
phibole (mainly hornblende); Clay = illite, kaolinite, mixed clays; Carb = carbonates (calcite); Zeo = ze-
olites; Kao = kaolinite; Sep = sepiolite; Amph = amphibole (mainly hornblende). Some mineral
contents are lower than limit of detection and are ignored here.
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Figure 4. PLM micrograph (A) and SEM back-scattered electrons images with EDS spectrum of
EW (B,C): (A) allanite (Aln) crystal of a Serizzo Antigorio gneiss sample, PLM micrograph, and
crossed polars; (B) SEM back-scattered electrons image of a monazite-Ce (Mnz) crystal of a Baveno
granite sample; (C) SEM back-scattered electrons image of a Xenotime-Y (Xtm) crystal of a kaolinitic
sand sample from Monte Bracco.

The soil samples basically reflect the nature of the underlying bedrock. However,
in addition to the abundance of quartz, plagioclase, K-feldspar, and white mica, varying
amounts (3-11 wt.%) of clay minerals (e.g., illite, kaolinite, and mixed clays) are present
in soil, depending on pedogenesis. In some cases, small amounts or traces of accessory
and/or secondary minerals are present in soil, such as carbonates (sample MS7), zeolites
(sample MS8), and clay minerals.

As for REE minerals (Figure 4), traces of minerals resistant to meteoric alteration were
found, mainly monazite, in the EW and soils, with lesser amounts or traces of xenotime-Y. A
special case is represented by Monte Bracco, where appreciable amounts of xenotime-Y are
present, and where REEs are sometimes concentrated by clay minerals (mainly on illite and
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kaolinite) [35]. Allanite-Ce is an REE-bearing variety of epidotes, which is quite common
especially in the “Serizzo” and “Beola” gneisses, whose components are Ce;O3, LayOs3,
Nd,O3, and traces of Y,03, Pr,O3, and Sm,0O3. Monazite-Ce is the most common REE
mineral in granites and diorites, with its main composition being similar to Allanite-Ce
and a small amount of Pr;O3. ThO; and U3Og are also present, with 8.7 wt.% and 1.5 wt.%,
respectively. Xenotime-Y is quite common, especially in the Monte Bracco samples, where
the main component is Y,03, as well as traces of Gd,O3, Dy,03, and Er,Os (up to 8.8 wt.%);
this area is also characterized by light rare earth element (LREE)-enriched clay minerals,
especially illite and kaolinite.

In summary, mineralogical and petrographic analyses showed the presence of valuable
REE minerals (monazite and allanite), with mineral-chemical, dimensional, and textural

characteristics suitable for possible exploitation, albeit with different characteristics de-
pending on locations and lithologies.

3.2. Geochemical Characterization
3.2.1. CRM Abundance

The CRM abundance in EWs, kaolinitic gneisses, and soils after UCC standardization
is shown in Figure 5a—d.
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Figure 5. CRM abundance of EW, kaolinitic gneisses and soils from different areas: (a) Monte Bracco;
(b) Luserna; (c¢) VCO; (d) Traversella.
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Almost all samples showed As enrichment, with abundances in soils from all areas
ranging from three to eight times higher than the UCC values, while lower concentrations
were found in EWs. Except for the depletion of Ga in quartzite EW samples and Co in
some kaolinitic gneisses samples from Monte Bracco, Be, Co, and Ga in EWs showed a
noticeable enrichment.

In the Monte Bracco area, the abundance of As, Be, Li, Co, Cu, Ga, and Mn in brown
kaolinitic gneiss sample R16 are significantly high. The concentrations of As, Be, Li, and
Mn are 33 times, 7.7 times, 4.7 times, and 3.5 times higher than those of UCC, respectively.
This may be attributed to the fact that the sample was taken from brown sand covered
by white kaolinitic sand, and elemental ions migrate downward and accumulate under
conditions such as precipitation and weathering [36,37]. Co in soil samples also shows
significant enrichment. In the Luserna Stone quarry basin, Li is significantly enriched in
the soil samples. In the VCO area, the CRM distribution pattern in granite waste samples
from different sampling sites showed a high degree of consistency, as did the soil. Li, Co,
and Cu in granite waste from Montorfano and Baveno show an enrichment, in which the
abundance of Li generally exceeds 2.5 times the UCC values. In addition, the Mn content
of R4, R5, and R9 is between 1050 and 1130 ppm, which is significantly higher than other
samples with the same lithology from the same sampling area, such as R3 (108 ppm) and
R8 (296 ppm). The high contents of Mn and Li in the samples could be attributed to the
magnetic separation process during EW processing [38]. In the previously mentioned areas,
Mn, Nji, St, and V in EWs with different lithologies and soils generally show significant
depletion. In the Traversella area, Ga and Sr show an enrichment trend in diorite waste and
joint filling, while Li, Mn, and Ni show depletion characteristics. As, Be, Co, and Cu are
highly enriched in joint filling compared to diorite waste. For instance, Cu is 26-75 times
more highly enriched than the UCC concentration and 3-5 times more highly enriched
than that of diorite waste. Cu in soil also shows a significant enrichment. It is speculated
that the joint filling contains soil components, which favor the precipitation of Cu.

3.2.2. REEs Abundance

The REEs abundance in EWs, kaolinitic gneisses, and soils after UCC normalization is
shown in Figure 6a—d.

In Monte Bracco, heavy rare earth elements (HREEs) in kaolinitic gneiss (such as
sample R14-16) generally show significant enrichment characteristics. In particular, the
abundance of Tb, Ho, Er, Tm, Yb, and Dy in R15 is 5.0-5.7 times that of UCC. In the Luserna
Stone quarry basin, gneiss EW is basically consistent with the enrichment trend of REEs
in soil and is highly similar to the enrichment trend of REEs in kaolinitic gneiss from
Monte Bracco. Among them, the most significantly enriched REE is Dy, whose maximum
abundance in gneiss EW and soil exceeds UCC by 4.2 times and 2.4 times. The REE
enrichment trend in the soil from this quarrying area indicates its potential geochemical
connection with the presence of gneiss from EW facilities and the bedrock. In the VCO
area, all soil samples and EW samples from Crevoladossola generally show depletion
characteristics of REEs. Granite EW samples from processing plants in Montorfano and
Baveno areas show REEs enrichment, except for Sc and Eu in sample R9, collected in the
Baveno processing plant (magnetic fraction); REEs concentrations are significantly higher
than those of the same lithology and in other areas due to magnetic separation processing
(REE minerals tend to concentrate in the magnetic fraction coming from mineral processing
to obtain the non-magnetic fraction, rich in feldspar and quartz, for the ceramics industry).
The same is true for samples R4 and R5 from the processing plant in Montorfano (magnetic
concentrates, where the presence of monazite is recognizable). Interestingly, the EW from
Montorfano (white granite) is more enriched in LREEs than the EW from Baveno (pink
granite), which is more enriched in HREEs. The abundance of Sc and Eu in EWs and soil in
the above three areas generally showed significant depletion characteristics. In Traversella,
the patterns of REE abundance in diorite EW and joint filling are consistent and are similar
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to the soil pattern, which may indicate the close origin connection between soil, diorite,
and joint fillings [39,40].

In summary, large differences were present in REEs concentrations between soil and
EW samples in the same sampling area, which may be attributed to differences in the sam-
pling locations, vegetation present on the surface, or humus and soil composition [41,42],
or may be related to the REE and accessory minerals content in the soil parent materials or
the migration of elements under physical and chemical effects [43,44].
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Figure 6. REEs abundance of EW, kaolinitic gneisses, and soils from different areas: (a) Monte Bracco;
(b) Luserna; (c¢) VCO; (d) Traversella.

3.2.3. Geochemical characteristics

The geochemical characterization parameters of REEs for all samples are as shown in
Figure 7.

In all sampling areas, the SEu of most samples is less than 0.8; the negative Eu anomaly
is significant and may be related to complex geological movements or the evolution of
feldspar mineral crystals [16,45]. The exception is sample R6, which has a positive Eu
anomaly due to the enrichment of Eu during the magnetic separation of the samples in the
processing plant. In the Luserna, Baveno, and Traversella areas, the 5Ce values of some EW
and soil samples are greater than 1.2, showing positive anomalies in Ce. In Monte Bracco,
most EW and soil samples show strong positive Ce anomalies, among which the maximum
dCe value is 2.2 for kaolinitic sand sample R16. However, individual samples, such as R15
and R17 and soil MS10, show significant negative Ce anomalies. The drastic variations in
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the Ce values of samples located in the same area might be caused by several natural factors,
such as the weathering and pedogenesis of the rocks and soil or rock alteration [29,46].

The (La/Yb)N values of all samples are greater than 1. Their value in the soil is
generally higher than those in EW, with a maximum value of 84 (MS6 Monte Bracco). This
is translated into a right-skewed partitioning curve and an enrichment of LREEs. The
(La/Sm)N and (Gd/Lu)N values of all samples basically fluctuate in the range of 1-5, and
the changing trends show a high degree of consistency. The (La/Sm)N value is generally
higher or comparable to the (Gd/Lu)N value. The highest (La/Sm)N value is found in the
soil sample MS6 from the Monte Bracco area, indicating that this sample has the highest
degree of fractionation of LREEs. The soil sample from Montorfano and the EW sample
R20 from the Luserna area are the exceptions. The (La/Sm)N values of these samples
are slightly smaller than the (Gd/Lu)N values, indicating that the degree of fractionation
between HREEs is higher than that of LREEs.

With the exception of samples R12, R14, and R15, most of the EW samples and all soil
samples had a } LREE/HREE value higher than 1 and 1.5, indicating a significant differ-
entiation characteristic of LREE and HREE. The quartzite waste sample R17 from Monte
Bracco has the greatest differentiation degree of LREEs and HREEs (}_LREE/HREE = 8.5).
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Figure 7. Geochemical characteristic parameters of REEs in all samples. The diamond shapes
represent individual samples.

3.3. Environmental Risk

The concentration of potentially toxic elements (PTE) is shown in Tables A3 and A4
(Appendix A). The calculation results of the GI, PLI, EHC, and HI of soil heavy metals, as
well as the EHC and HI of EW, are shown in Figure 8.

As shown in Tables A3 and A4, compared to samples from other sampling areas, both
EW and soil from Traversella show high concentrations of Cu and Ba. In particular, the
GI values of the soil samples from Traversella range from 1 to 3, indicating moderate Cu
pollution [47]. It can be seen from the soil PLI that there is no regional contamination in the
sampling area as a whole (PLI—zone < 1), but moderate contamination occurs in soil from
the individual sampling site, such as MS19 from Traversella (PLI—site = 1.1). The ecological
hazard risk of soil is generally low, but the EHC of Cu in soil samples from Traversella
is relatively high. Among them, the EHC of Cu in the MS17 is as high as 52, showing
a moderate ecological hazard risk [47]. The EHCs of Cd (concentration lower than the
detection value) in most EW samples indicate low-to-moderate contamination. It should
be noted that sample R16 has moderate-to-high ecological hazard risks of various PTE,
such as Zn, Cd, and As, and EW samples R9 and R23 also have moderate ecological hazard
risks of Cd and Cu, respectively. Human health risk assessment results indicate that the
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non-carcinogenic and carcinogenic risks of all soil samples under three exposure pathways
are negligible. Although the non-carcinogenic risks of EW samples are extremely low, some
EW samples show unacceptable carcinogenic risks, such as R11 and R16 [48]. Overall,
there are no regional environmental risks associated with soil and EW in the Luserna Stone
basin, VCO, and Monte Bracco regions, but potential contamination risks of point-source
or single PTE appear in soil and EW near the quarry, which may be related to external
input and other factors. The soil and EW in Traversella are more challenging in terms of
environmental risks compared to other areas, especially the regional risks brought by Cu,
which may be related to local mining activities, as Traversella is also an important metal
mining area in Piedmont.
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4. REEs Recovery Potential of EW
4.1. Industrial Recovery Grade of REEs

Compared to soil, EW and kaolinitic gneiss from Monte Bracco showed a significant
enrichment of REE. For this reason, EW samples were selected to be the subject of REEs
potential recovery tests. Figure 9a shows the total content of REE, the content of critical
REE, and the contents of HREEs. Figure 9b depicts the REEdef,rel-Coutl graph; REEdef,rel
is the proportion of critical REEs in total REE, and Coutl is the outlook coefficient. Details
of its calculation method and meaning can be found in the reference [49].
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Figure 9. Assessment of REEs industrial recovery potential: (a) contents of REEs with different
classifications; (b) REEgef re] and outlook coefficient.

As displayed in Figure 9a, the total REEs concentration of the sample R9 from the
processing plant in the Baveno area is the highest (919 ppm), followed by samples R4 and
R5 from the processing plant in the Montorfano area. While sample R6 has the lowest REEs
concentration at 71.4 ppm, samples R6 and R4 came from the same processing plant, but the
REEs concentration differed by nearly 10 times, which is related to the magnetic separation
processing of the sample (R6 is a non-magnetic concentrate for feldspar-quartz production
for the ceramic industry and R4 is a magnetic concentrate arising from the processing plant;
at present, it is used in civil and building applications).

It is generally believed that the minimum industrial grade necessary for the REEs
recovery from a secondary resource is 300 ppm. Thus, such solid waste samples can have
considerable economic benefits through REEs recovery [50,51]. In this study, there are
a total of 12 groups of EW samples with REEs concentrations higher than 300 ppm. It
is worth noting that the REEs concentrations of EW from Traversella are all higher than
300 ppm, showing regional characteristics.

Generally, EW with an outlook coefficient greater than 0.7 and a critical REEs account-
ing for more than 0.3 of the total REEs can be considered to have high industrial recovery
potential [49,52]. As displayed in Figure 9b, the EW samples with Coutl under 0.7 and
REE4ef re1 under 0.3 are diorite waste and joint filler samples R21-R24 from Traversella and
the gneiss residual sludge sample R11 from Trontano. These five samples have low REEs
industrial recovery potential; however, their REEs concentration is not low, ranging from
220 to 350 ppm. Other samples have outlook coefficients greater than 0.7 and REEdef,rel
greater than 0.3, indicating high recovery potential. The samples with the greatest industrial
recovery potential are kaolinitic sand samples R15 and R14 from Monte Bracco. Meanwhile,
the critical REEs concentration and total REEs concentration in these two samples are not
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the highest. The mathematical relationship between REE 4. re] and Coutl, fitted to guide the
assessment of REEs recovery potential in EW from Piedmont, Italy, is shown in Equation (1):

y=AeY 1)
where y is REEef rel; X is Coutl; yp =0.61 £ 0.03; A= —0.70 £ 0.03; t = 0.95 £ 0.16.

4.2. Potential Market Value for REEs Recovery

Through the REE-recoverable amounts of each EW sample and the REEs market price,
the potential market value for REEs recovery from EW is analyzed (Figure 10a). Assuming
that the potential market value of each sample is the total market price P_total of REE
recovered from the disposal of 1000 tons of EW, the calculation equation is as follows:

Potal = ZkREECW x 108 x PReE/ )

where krgp is the recovery rate of each REE in the waste. For the convenience of calculation,
it is assumed in this study that the REEs recovery rate is 100%; c,y is the concentration of
single REE in EW, mg/kg; Y krgg cw is the recoverable amount of REEs per kilogram of
EW, mg; prgg is the market price (CNY/kg) of each REE in the form of metal (except Eu in
oxide form) before 30 November 2023 (as shown in Table A5, Appendix A).
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Figure 10. Assessment of potential market revenue from REEs recovery: (a) potential market value of
REE in each sample; (b) total market value and stock quantity of EW.

According to the Mining Activities Database of the Production Activities Directorate
in the Piedmont region and published studies [23,53], a tentative evaluation of potential
total stock quantity of the EW, corresponding to the investigated materials, was conducted
(investigated period: 2005-2017). The total stock quantity of gneiss includes the stock
quantity of Serizzo, Beola, and Pietra di Luserna. The waste production coefficient in
the quarrying process is generally 0.4-0.8 [54,55]; a value of 0.4 is assumed in this study
(considering the minimum waste production—potentially stored in EW facilities). The
potential total market value (MVtotal) of waste with different lithologies is calculated based
on stock quantity, as shown in Equation (3):

MViotal = Wiotar X Preg, 3)

where Wg_, , is the total stock quantity of EW with lithology a; and Py, is the REEs market
value (per kiloton) of EW with lithology al the maximum and minimum value of sample
(including magnetic separation sample) with the corresponding lithologies were taken,
respectively, in this study. The calculation results are shown in Figure 10b.
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For our sites, an interesting positive association between the potential market value
for REEs recovery and the REE-recoverable amounts in EW is visible (Figure 10a). For
example, the REE recoverable amount in samples R4, R5, and R9 from the VCO area is
significantly higher, and their potential market value is also high, exceeding 10 x 10* EUR.
This highlights the economic effect of magnetic separation for REE recovery from EW. The
lowest potential market values were found for sample R6 from the VCO area and R17 from
the Monte Bracco are (below 1 x 10* EUR). Interestingly, the total REE recoverable amount
of sample R17 is not significantly low; however, its potential market value for REE recovery
is lower due to the lower concentrations of the more valuable HREEs.

Figure 10b demonstrates that there is a certain positive correlation between the total
stock quantity of EW with different lithologies and its potential total market value of REE,
indicating that the huge EW stock quantity is very conducive to the industrial recovery of
REE. In the Piedmont region, the total stock quantity of quartzite waste, diorite waste, and
gneiss residual sludge is less than 100 x 10° tons. If all the REE reserves in it are recov-
ered, the potential maximum market value that can be obtained is near 1000 x 10* EUR.
Magnetic separation can increase the total revenue of REE recovery. For example, after
the magnetic separation of granite waste, its total potential market value of REE increased
by nearly 1000 x 10* EUR. The total accumulated amount of gneiss waste and kaolinitic
gneiss waste is estimated to be about (3500-5000) x 102 tons in the period of 2005-2017;
if all the REEs in EW are recovered, it is expected to have a potential market value of
(7000-26,000) x 10* EUR, which is a very considerable income for a company.

5. Challenges Facing REE Recovery

Despite the REE presence in gneiss and granite EWs in many areas, and the good REE
industrial recovery prospects and potentials (Appendix B), several challenges still exist for
future applications.

Potential environmental risk results show that the individual PTE concentration in
some EWs may exceed the environmental standard limits for waste discharge and violate
occupational labor environmental safety standards [42]. Samples with the highest REEs
concentration and recovery market value—in particular, samples R9 and R16 from granite
waste processing—have, paradoxically, higher ecological hazard and human carcinogenic
risks. It has to be highlighted that the EWs, as such, do not cause environmental risks or
risk for human safety in terms of metals (instead, issues connected to SiO, have to be faced
in case of EW recovery and management, particularly for fine fractions), but such risks can
be present in by-products (magnetic concentrate) produced during dressing activities. This
positive and negative conflict will greatly hinder EW from carrying out large-scale REE
recovery in a safe and environmentally friendly way. When carrying out REE recovery or
other reuse work for these EW materials, it is necessary to take certain protective measures
to reduce human health risks (particularly for workers) and contamination risks to the
surrounding soil. All of these measures would undoubtedly increase the environmental
protection cost of material disposal.

CRM and REEs in EWs from different sampling areas are unevenly distributed; even in
the same sampling area, the concentrations of REEs could vary due to different lithologies.
There are also significant differences in the REEs concentration of EWs from the same
sampling area and the same lithology in the quarry (such as gneiss waste samples R20
and R19 in the Luserna area) due to the effects of metamorphism, weathering, alteration,
accessory minerals, and other factors. For example, the kaolinitic sand samples R15 and
R14 from the Monte Bracco area have very high REE recovery potential, whereas the REE
recovery potential of the kaolinitic sand sample R13 within 50 m of the R15 sampling site
is not significant, bringing certain difficulties to the efficient and large-scale industrial
recovery. For EW with an REEs concentration below 300 ppm, not interesting for REE
exploitation, a potential method for the collaborative recovery of REE and other CRMs or
valuable metals can be used to improve the economic benefits of the recovery industry. The
potential recovery method has already been stated in previous studies [56,57].
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REEs recovery from waste also faces the problem of a mismatch between the potential
market value and the annual waste production. The high REEs recovery potential is not
only reflected in the high-grade of the waste but also in its high production [58,59]. The
annual production of waste with different lithologies in the three provinces (the data refer
to 2017) was compared with the potential market value of REE recovery for the collected
samples, and the results are shown in Figure 11. Ref. ,in, Ref.max, and Ref.ave, respectively,
refer to the minimum, maximum, and average REEs concentration [15,23,25]. Equation (2)
was used to calculate the potential market value of REEs recovery. Due to the lack of data
on Sc and Y concentration in the literature, and based on the above-mentioned calculations
of the potential market value of REE recovery for all EW samples, the potential recovery
market value of Sc and Y in all samples was estimated for more than 50-70% of the total
value. This study selects 60% for a conservative estimate.
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Figure 11. Potential REE recovery market value and EW annual production. The circles represent
individual samples; the triangles show the Ref. i, Ref.max, and Ref.,ye, referred to the minimum,
maximum, and average REEs concentration.

Samples with generally greater potential market value for REE recovery (Figure 11) are
granite from Montorfano and Baveno (VCO area), diorite from Traversella (Turin Province),
and brown kaolinitic gneiss from Monte Bracco (Cuneo Province). However, the annual
production of these wastes results in a production that is insufficient to meet long-term
sustainable REEs recovery on an industrial scale in a later stage (after EWs stock quantity is
consumed). Although the annual production of EWs from Serizzo quarrying is significantly
high, the maximum potential market value of its REEs recovery is less than 6.5 x 10* EUR.
Similarly, with a high annual production, Pietra di Luserna has a low potential market
value for REEs recovery.

At present, CRM and REEs recovery technology from waste is still at the labora-
tory stage (the potential REE recovery process is presented in Appendix C); the recovery
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processes are usually lengthy with intensive chemical properties and low recovery effi-
ciency [60]. Furthermore, the selective separation and purification of individual REEs is
more challenging due to their chemical similarities [61]. The technology for large-scale
recovery of REEs is not yet mature, and industrial application faces many challenges, such
as cost, environment, and policy. A common problem in the hydrometallurgy process is
the harmless treatment and safe reuse of a large amount of waste liquids and extraction
solvents [62]. Large amounts of highly acidic waste liquids and solvents are more likely
to cause environmental pollution, occupational hazards, and additional treatment costs.
The use of pyrometallurgical processes to recover REEs from wastes faces the problem of
high energy consumption and high carbon footprint [63]. Even with biohydrometallurgy,
the efficiency of REEs recovery is not ideal [64]. If the economic benefits of recovered REEs
cannot cover the operating costs, it could be difficult for companies to maintain operations
in the long term without policy subsidies and financial support.

At present, various countries have no significant support for the technical application
of REEs recovery from waste. Although the EU has proposed non-mandatory documents
such as the Critical Raw Materials Act and the Circular Economy Action Plan, it has not
invested sufficient subsidies to support companies in carrying out work on REEs recovery
from EW. As the global supply of REEs has not yet experienced severe shortages, rare earth
prices have not been extremely high, and REEs recovery from waste has not yet become
mandatory, most companies have no incentive to recover REEs from waste [65,66].

6. Future Prospects

The results in this study provide a scientific basis for the recovery of EWs as resources
and lay the foundation for the next research work.

Some EWs have potential environmental risks, but this requires comprehensive verifi-
cation via the occurrence forms and leaching amounts of PTE, as well as the content of other
pollutants. The next step is to analyze fractionation and mobility; in material with excessive
pollutant leaching or strong migration, measures such as passivation, solidification, and
adsorption can be taken to reduce risks.

REEs concentration in EW is related to the lithology, occurrence conditions, and
location of the EW. The potential for REEs recovery from other quarry EWs is unknown
due to the large variation of spatial REE abundance in the EW. A database showing the
REEs concentration and recovery potential indicators of EWs from the whole Alps area
could provide a scientific basis for the comprehensive assessment of the REEs recovery
potential in the European region.

For EW samples rich in REEs and CRM, such as kaolinitic gneiss from Monte Bracco
and granite from the Baveno processing plant, the next step should involve concentrating
and extracting REEs. So far, few studies have been conducted on the extraction and
recovery of REEs from gneiss and granite waste; the actual recovery rate is unknown, and
the recovery process should be optimized by changing process parameters, reagent types,
and extraction methods. Another determinant factor is the type and grade of ore minerals
in the EW [67].

Some EWs with low abundance and recovery rates of REE, such as quartzite waste
from Monte Bracco, could be of engineering and industrial use with respect to environmen-
tal protection, safety, and economic principles. For example, quartzite EW can be used as
RM in the glass and ceramics industry [25], while granite or gneiss EW, when not processed
to obtain feldspar—quartz concentrate for the ceramics industry, can be used in building
materials [68]. The dumped EW in quarries could have adverse effects on the surrounding
environment and landscape aesthetics and stability. These EWs with low REE recovery
rates and low pollution risk can be used to backfill pits in abandoned quarries or can be
mixed with soil and used for ecological restoration [69,70]. Furthermore, when mixed with
natural soil and organic materials, EW could be transformed into an artificial substrate to
promote site greening and to restore abandoned quarries [53].
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7. Conclusions

Individual PTE in EWs from different sampling sites present varying degrees of
potential environmental risks. EWs with different lithologies from the Monte Bracco,
Luserna, and VCO areas generally show enrichment of As, Be, Co, and Ga. Be, Co, and
Cu in diorite joint filling from Traversella are more enriched than diorite waste. HREEs in
kaolinitic sand wastes from Monte Bracco generally show significant enrichment, which is
very similar to the enrichment trend of REEs in gneiss wastes and soil from the Luserna
Stone quarry. EW from Montorfano is richer in LREEs; whereas the EW from Baveno
is richer in HREEs. Diorite wastes and joint fillings from Traversella show a prevalence
of LREEs at the expense of HREEs. Geochemical characterization parameters of most
samples show that the LREE fractionation is high, with significant differentiation of LREE
and HREE.

This study proves that the REE recovery from EW is a promising topic. REEs concen-
tration in half of the EW samples reaches industrial recovery grade, and most samples have
good REE industrial recovery indicators. EW with high HREEs concentration also has a
higher recovery rate. This trend is characteristic of gneiss and kaolinic gneiss wastes due to
their huge total stock quantity. A potential and feasible process flowsheet for REE recovery
from EW is developed, and REE recovery from EW is expected to achieve good laboratory
and industrial effects.

However, REE recovery from EWs still faces some challenges in applications. Some
EWs coming from processing activities pose ecological hazards and human health risks.
REE abundance in EW is affected by factors such as weathering, alteration, parent rock,
and minerals, and there are significant regional and lithological differences, which is not
conducive to efficient and large-scale industrialization. The process of recovery could also
be affected by the mismatch between the potential market value of REE recovery and the
annual production of EW and the corresponding lithology in the later stage. Cost and policy
challenges could be faced as well via the industrial application of existing technologies for
REE recovery.
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where Euy, Smy, Gdy, Cen, Lay, and Pry are, respectively, the abundance values of each
element after chondrite normalization.
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ADD'
HI =) : (A9)
RfD'
CR = Y_ADD' x SF' (A10)
Table Al. Units, meanings, and values in equations [1-3].
Parameters Unit Meaning Value
Ci ppm Concentration of element Tables A3 and A4
C;' of ppm Reference value of element i Table A2
T - Toxic response coefficient for i Table A2
ADD%,1 < mg/(kg-d) Average daily exposure doses of element i (ingestion) -
ADD: , mg/(kg-d) Average daily exposure doses of element 7 (inhalation) -
ADD; erm mg/(kg-d) Average daily exposure doses of element i (dermal) -
IngR mg/d Ingestion rate 100
EFing = EFjnn = EFgerm day/yr Exposure frequency 250
EDing = EDjnn = EDgerm yr Exposure duration 30
BW kg Body weight 60
AT day Average exposure time 7500
PEF m3/ kg Particle emission factor 1.36 x 10°
InhR m3/d Inhalation rate 20
CF kg/mg Conversion factor 0.000001
SA cm? Exposed skin area 5700
AF mg/ cm? Skin adherence factor 0.07
. 0.001
ABS, - Dermal absorption factor 0.03 (for As)
RfD' mg/(kg-d) Reference dose of i Table A2
SF per mg/ (kg-d) Cancer slope factor of i Table A2
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Table A2. Value of various parameters for the different elements.

RfD' Value (mg/(kg-d)) [2,4]

SF' Value (per mg/(kg-d)) [2,6,7]

Cief Value (ppm) [8,9]

i T* Value [5]

Ingestion Inhalation Dermal Ingestion Inhalation Dermal Soil EW

Cr 0.003 0.0000286 0.00006 2 0.42 42 20 74 120

Cu 0.04 0.0402 0.012 5 - - - 25 60

Zn 0.3 0.3 0.06 1 - - - 69 70

Cd 0.001 0.00001 0.00001 30 6.1 6.3 20 0.47 0.15

Pb 0.0035 0.00352 0.000525 5 0.0085 0.042 - 42 14

Ni 0.02 0.00009 0.0054 5 - 0.84 - 46 84

As 0.0003 0.000123 0.000123 - 1.5 15.1 3.66 - 1.8

Table A3. Elemental content of potentially toxic elements in soil samples (ppm).

Sample Cr Cu Zn As Cd Pb Ni Ba
MS1 15 7 57.7 7.3 0.05 28.5 8.7 20.4
MS2 15 10.8 85.5 14.9 0.2 41.6 10.6 41.8
MS3 46 18 53.7 13.6 0.15 425 21 64.2
MS4 14 20 28 8.6 0.05 29.2 19.6 72.6
MS5 36 18.2 57.1 10 0.33 51.1 19.8 85.5
MS6 20 12.7 414 6.1 0.13 51.4 12.5 51.3
MS7 8 5.6 12.5 25 0.03 28.2 6.3 9.2
MS8 44 17.6 58.1 11.6 0.13 49.9 30.1 65.8
MS9 8 10.3 12.8 3.9 0.03 45.7 6.7 10.5

MS10 28 15.5 50.5 4.2 0.06 45.8 25.1 24.3
MS11 37 24.1 113 12 0.34 44.8 29 124
MS12 26 14.3 47.7 6.2 0.24 21.6 15.2 29.3
MS13 23 19.3 48.4 7.8 0.18 439 14.6 24.3
MS14 36 29.1 115 8.3 0.32 39.2 25.8 76.2
MS15 14 13.1 64.8 53 0.25 444 9.2 38

MS16 19 29.4 150 6.1 0.37 81.5 14.3 113
MS17 19 260 45.2 7 0.13 57.2 15.2 236
MS18 19 141 54.8 8.9 0.19 39.7 14.9 103
MS19 81 141 52.9 6 0.12 33.8 90.6 118

Table A4. Elemental content of potentially toxic elements in EW samples (ppm).

Sample Cr Cu Zn As Cd Pb Ni Ba
R1 7 3 65 34 0.2 33 7 435
R2 14 2 59 1.9 0.2 30 4 421
R3 4 2 20 29 0.2 28 4 333
R4 13 2 198 1.5 0.2 43 8 433
R5 17 29 187 1.7 0.2 37 8 439
R6 0.9 1 12 1.3 0.2 27 4 412
R7 8 1 66 3.6 0.2 33 2 75
R8 71 10 93 57 0.2 43 4 95
R9 32 12 340 3.9 0.4 77 4 89
R10 9 5 53 2 0.2 25 4 213
R11 149 159 67 4.5 0.2 14 83 453
R12 7 5 31 2.8 0.2 66 3 27
R13 2 3 15 14 0.2 45 4 104
R14 3 9 22 3.2 0.2 53 2 161
R15 6 10 35 7.7 0.2 54 4 379
R16 42 42 123 56.3 0.5 244 29 523
R17 17 6 28 3.7 0.2 16 5 644
R18 7 1 32 3.3 0.2 18 3 52
R19 13 4 30 4.2 0.2 16 2 44
R20 7 6 55 3.7 0.2 23 3 116
R21 8 122 25 3 0.2 14 4 1840
R22 11 80 33 2.8 0.2 16 6 2040
R23 11 1880 44 6.7 0.2 22 13 2050
R24 10 671 35 49 0.2 15 9 2150
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Table A5. Market value of REEs.

REE Price (EUR/kg) REE Price (EUR/kg) REE Price (EUR/kg)

La 3.21 Gd 31.41 Yb 12.82

Ce 3.33 Tb 1243.59 Lu 711.54
Pr 83.33 Dy 439.10 Sc 3461.54

Nd 78.21 Ho 70.51 Y 30.13

Sm 11.03 Er 36.28

Eu,O3 25.00 Tm 500.00

Appendix B. Potential REEs Recovery Process

Although there is currently no clear technical process route for REEs recovery from
quarry EW, the REEs recovery process for solid wastes, such as mining tailings, can provide
a reference. According to previous studies [71,72], a potential process flowsheet for REEs
recovery from quarry EW is shown in Figure A1l. This process route does not have any
special technical difficulties, but it requires further verification and optimization of REE
leaching parameters in the future.
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Figure A1. Potential flowsheet for REEs recovery from EW.

The potential process flowsheet of REEs recovery from quarry EW mainly includes
steps such as classification, magnetic separation, leaching, separation, and purification.
X-ray transmission sorting is an optional procedure before particle size classification, which
can preliminarily sort out material with high concentrations of REEs [51]. Samples that
are not sorted via X-ray transmission can be directly reused. Particle size classification
consists of grinding EW into powder and sieving it into different particle sizes, such as
0.063 mm, 0.125 mm, and 0.25 mm, etc. Samples in the particle size range where REEs
are enriched are used for the magnetic separation process. Samples in other particle size
ranges can be ground again and reprocessed. Samples rich in REEs are magnetically
separated at different magnetic susceptibilities to select the magnetic susceptibility that
best enriches REEs to improve magnetic separation efficiency. Non-magnetic or weakly
magnetic samples can be reused. The samples after magnetic separation are subjected
to pre-treatment or leaching procedures. If economically feasible, EW can be chemically
treated or calcined before leaching to improve REE leaching efficiency [73]. In the final
stage, methods such as precipitation, solvent extraction, or membrane separation can be
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used to separate and purify REEs [74]. The specific method needs to be selected based on
the purification efficiency and recovery effect, as well as economic applicability.

Appendix C. Potential Recovery Rates

Due to the lack of research on REEs concentrations and recovery rates of dimension
stones in Italy and the EU, the concentrations and recovery/extraction rates of REEs in dif-
ferent wastes from countries such as Portugal [75], Greece [76], Sweden [77], China [78-80],
Tunisia [81], Brazil [82], the United States [83-86], Indonesia [87], and Canada [88,89] were
collected and compared with EW samples with REEs concentrations higher than 300 ppm
in this study to determine potential REEs recovery rates from EW (Figure A2). In these
studies, different recovery or extraction methods (including different experimental con-
ditions, parameters, reagents, equipment, etc.) were used, with results from 30 to nearly
100% recovery.
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Figure A2. Comparison of EW in this study with waste from different countries and types. The circles
represent individual samples.

Compared with the EW samples, REEs concentration in mining drainage and some
coal-based and phosphate tailings is significantly lower than 300 ppm, but REEs recov-
ery/extraction rates higher than 60-70% are generally still achieved at laboratory scale,
providing the possibility for conducting a recovery experiment on EW with low REEs
concentrations. It should be explained that coal gangue from the coal seam roof and floor
(Guxu, China) contains a high REEs concentration (up to 770 ppm), but its REEs recov-
ery/extraction rate is as low as 30%. This is attributed to the fact that the REEs in the sample
mainly exist in the form of florencite, which hinders the leaching of REE. Fortunately, no
significant presence of florencite mineral was found in the EW sample. Not only are the
potential recovery/extraction rates generally significant, the industrial recovery of REEs
in EW also has great potential to bring about circular economic benefits. Coal refuse from
West Kentucky (USA) contains an REEs concentration of 324 ppm. Its pilot-scale REEs
recovery trial shows that the return-on-investment period of REEs recovery is 5.5 years, the
internal rate of return is 27%, and the economic benefits are considerable. Also, the higher
the REEs concentration in the waste, the more industrial value REEs recovery has. This
pilot trial provides a potential route to the economic recovery of REEs from wastes with
REEs concentrations no lower than 300 ppm [51].
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