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Abstract
Extractive waste (EW) from former mining activities poses long-term environmental impacts while representing a potential 
secondary resource. Within a circular economy framework, EW can be valorised to recover raw materials (RMs) and critical 
raw materials (CRMs) contributing to the supply of strategic resources. In the Anzasca Valley (Piedmont, Italy), gold mines 
of Crocette and Pestarena operated until the mid-20th century, producing large amount of EW. These materials have caused 
persistent contamination of soils and waters, particularly with As and other potentially toxic elements (PTEs). The aims of 
the study are i) to assess environmental contamination and ecological risk, and ii) to evaluate the potential for recovering 
CRMs from EW. To do so, the study combines mineralogical and geochemical data of soils and EW from different sampling 
campaigns. Results revealed significant enrichment of CRMs, particularly As, followed by W, Sb, Bi, and minor enrichment 
of some light REEs (La, Ce, Pr, Nd). The environmental impact assessment identified As as the main pollutant, classifying 
soils as heavily to extremely contaminated, with additional moderate contamination by Pb and Co, and indicating an overall 
moderate ecological risk. The estimated volumes of EW and residual amounts of selected CRMs (A, Bi, Sb, W) indicate 
a potential for concurrent recovery, with As as the primary target. The findings suggest that this approach can represent a 
sustainable intervention within remediation projects, combining environmental risk mitigation with the recovery of valuable 
resources and supply security.
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PE	� Pestarena
PERI	� Potential ecological risk index
PTE	� Potentially toxic element
REE	� Rare Earth Element
RM	� Raw material
TA	� Tailings
UCC​	� Upper continental crust
WR	� Waste rock

Introduction

Mining activities legacy is often associate to the presence 
of abandoned mine sites, which are widespread all over the 
world (Venkateswarlu et al. 2016). These sites pose signifi-
cant long-term risks to human health and the environment 
due to a lack of management, monitoring and rehabilitation 
(Candeias et al. 2019; Spitz and Trudinger 2019).

Mining activities represent an important source of waste 
production and, if not managed properly, can cause signifi-
cant environmental impacts. At the European level, mining 
and quarrying represent the second largest source of waste 
generation, constituting 22.7% of the total waste by economic 
activities (Eurostat 2024), with almost 500 million tonnes of 
waste in 2022. The two main types of extractive waste (EW) 
generated from mining activities are waste rock (WR) and 
tailings (TA). Waste rock is defined as rock material excavated 
from underground workings or removed during preliminary 
sorting operations. It contains ore minerals at concentrations 
that are not economically recoverable but may nonetheless 
host significant amounts of raw materials (RMs) and criti-
cal raw materials (CRMs), often associated with the primary 
exploited ore mineral and either unrecognized or not utilized 
in the past. Tailings are defined as fine-grained waste materi-
als produced during the mineral processing; these result from 
physico-chemical processes for the separation and concentra-
tion of ore minerals (BRGM 2001; Lottermoser 2010).

At abandoned mine sites, EW can be discarded in open 
air making it susceptible to erosion and leaching processes 
that impact the surrounding environment (Passariello et al. 
2002; Mourinha et al. 2022). In the context of Au mines, EW 
typically contains sulfide minerals that can oxidise to produce 
acid mine drainage (AMD), or neutral mine drainage (NMD) 
when acid-neutralising minerals are present, which lead to the 
release of potentially toxic element (PTEs) (Ritcey 2005; Craw 
et al. 2015). Indeed, high concentrations of metals and metal-
loids in EW, such as As, Cd, Co, Cu, Ni, Pb, Zn, as well as ore 
processing chemicals such as cyanide and Hg can be mobilised 
in the environment (Barcelos et al. 2020; Laker 2023).

Contamination has been widely documented in soils sur-
rounding former mining sites (Ferreira da Silva et al. 2004; 
Hou et al. 2023), in groundwater and surface water (Car-
valho et al. 2014; Guerrieri et al. 2023), and across terrestrial 

and aquatic ecosystems, affecting microbial communities, 
vegetation, and bioindicators (Clark et al. 2021; Munford 
et al. 2023). These impacts may persist for decades after 
mine closure, posing ongoing risks to human health through 
direct and indirect exposure pathways (Coelho et al. 2007; 
Ngole-Jeme and Fantke 2017).

The social awareness on the environmental consequences 
of mining, as well as the growing demand for more sustain-
able practices to guarantee resources supply, fundamental 
for countries’ development (e.g. green and digital transition), 
is becoming increasingly relevant (Adiansyah et al. 2015; 
Aznar-Sánchez et al. 2018).

In the European context, Directive 2006/21/EC estab-
lishes specific obligations for safe and sustainable man-
agement of waste from extractive industries to minimise 
environmental and human health impacts (Garbarino et al. 
2020). This approach is in line with the Circular Economy 
Action Plan (CEAP), which promotes sustainable production 
and the waste hierarchy (reduce, reuse, recycle, recover) to 
reduce pressure on natural resources (European Commission 
2020). Based on this framework, the traditional 4R model 
has evolved into a 5R approach, in which waste is viewed 
as a resource and landfills are considered as anthropogenic 
deposits, enabling the recovery of valuable materials (Dino 
et al. 2018; Tayebi-Khorami et al. 2019; Kalisz et al. 2022).

In parallel, the increasing demand for CRM is addressed 
by the European Critical Raw Materials Act which empha-
sises the need to secure a sustainable and competitive supply 
of critical and strategic RM essential for clean energy and the 
EU’s climate and energy objectives (European Commission 
2023a). In this context, EW represents a secondary source 
of RM, offering both economic and environmental benefits 
(Dino et al. 2018; Mancini et al. 2024; Machairas et al. 2025).

To minimise environmental risks and maximise the val-
orisation and recovery of EW, qualitative and quantitative 
characterisation is essential. This characterisation should 
be based on a multidisciplinary approach, collecting useful 
information to understand the composition, characteristics, 
and potential recovery of RM and/or CRM. To do so, it is 
necessary to undertake a comprehensive investigation into 
the history of the mining site, the type of the EW, and their 
volumes. Furthermore, a detailed waste characterisation 
through mineralogical and geochemical analyses is required 
(Amos et al. 2015; Lindsay et al. 2015).

The Anzasca Valley (Piedmont, NW Italy) hosts one of 
the main historical Au mining districts in the Western Alps. 
Abandoned EW facilities and associated EW discarded 
around processing plants have resulted in environmental 
contamination. At the same time, these EW deposits may 
constitute a valuable source of RM and CRM. The objec-
tive of this study is to evaluate whether and how WR and 
TA from the Anzasca Valley can be considered as second-
ary resources. Specifically, the research aims to: i) provide 



Environmental Science and Pollution Research	

a qualitative and quantitative characterisation of WR and 
TA in terms of mineralogical and geochemical composi-
tion, extension, and volumes; ii) assess the current soil and 
sediment contamination and ecological risk; iii) explore EW 
potential for CRM recovery. The approach of treating EW as 
a RM resource can supports sustainable remediation, thereby 
mitigating environmental impacts.

Study area

The present study focuses on two abandoned Au mines in the 
Anzasca Valley: Crocette and Pestarena (Fig. 1). The first offi-
cial document attesting the presence of underground mining 
dates to the end of the 13th century. The mine ceased operations 
in 1961 due to a decline in ore grade and rising operational 
costs (Bruck 1985; Cerri and Fantoni 2017). The ore bodies 

are hosted in paragneisses and micaschists in the Pestarena 
area, and in orthogneisses in the Crocette area. Mineralised 
veins are dominated by quartz and less abundant carbonates. 
Au is associated with sulphide minerals, mainly pyrite and 
arsenopyrite, with subordinate galena, sphalerite, pyrrhotite, 
and chalcopyrite (Lattanzi et al. 1989; Piana et al. 2017). The 
two main methods historically used in the Anzasca Valley for 
Au extraction were Hg amalgamation and cyanidation, intro-
duced in the late 1880s (Bruck 1985; Cerri and Fantoni 2017).

Although no detailed records of historical waste man-
agement practices exist, some information can be recon-
structed based on previous studies and field surveys. All 
these mining processes generated significant amounts of 
EW. Waste rocks were generally accumulated upstream 
of processing plants, while TA were accumulated down-
stream and in concrete basins near the respective facili-
ties. Several years after mine closure, part of the TA were 

Fig. 1   Geographical setting of the Pestarena and Crocette mines, with details of EW (WR dumps, TA dumps, TA concrete basins) and mining 
facilities
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capped with HDPE geomembrane covers. However, it is 
believed that a considerable amount of EW was dispersed 
or abandoned in the surrounding areas close to the pro-
cessing facilities (Fig. 1).

Previous studies have documented contamination linked 
to historical mining activities in the Anzasca Valley. Regard-
ing the Crocette mining area, according to Allegretta et al. 
(2018), the soils and EW are heavily contaminated with As, 
with concentrations ranging from 145 to 40 220 mg/kg. The 
soils are characterised by low pH values ranging from 3.6 to 
4.3. Integrated geochemical and mineralogical characterisa-
tion techniques revealed an absence of primary As-bearing 
minerals and the presence of amorphous Fe oxide-hydrox-
ides, suggesting a high level of chemical weathering, as well 
as low leachability and bioavailability under stable condi-
tions. However, a significant amount remains potentially 
mobilizable due to possible shifts in soil redox conditions 
and interactions with organic matter or biological activity.

The large scale study of Caviglia et al. (2015) investi-
gated As concentrations in soil and surface water along 
the Quarazza stream, where Crocette is located, and 
downstream along the Anza River near Pestarena. They 
calculated, for these areas, the natural background value 
for soils, using different statistical methods. Applying 
the Upper Tolerance Limit (95 %) they found a value 
of 477 mg/kg As, much higher than the contamination 
threshold set by Italian legislation (20 – 50 mg/kg) (L.D. 
152/2006). Moreover, many values found in soils near the 
mining areas were higher than the background by some 
orders of magnitude. Furthermore, surface water samples 
collected from the Quarazza Stream and the Anza River 
indicate that As concentrations in the most contaminated 
samples exceed the Italian limits for water (10 μg/L), 
reaching a maximum of 279 μg/L. The highest concen-
trations were found in areas close to mining facilities.

Zaniboni et al. (2025) analysed surface and groundwa-
ter quality at Crocette and Pestarena. The study revealed 
that 75% of the groundwater and surface water samples 
were contaminated with As (up to 70 μg/L). Although 
other PTEs remained at low concentrations in surface 
water, threshold values for Al, Mn, Fe, Ni and Pb were 
exceeded in Pestarena groundwater downstream of the 
TA, underscoring the persistent influence of EW.

In this context, the study also evaluates the current 
contamination of soil and sediment caused by mining 
activities, as well as the associated ecological risks.

Materials and methods

The study combines data from unpublished works with 
results from a new sampling campaign. The previous stud-
ies (Bruno 2005; Nepote Valentin 2007; Rolando 2008) 

have investigated the Pestarena and Crocette mining area, 
collected and analysed samples of WR, TA, soil and sedi-
ments. Based on these datasets, we decided to conduct 
a new sampling campaign in 2024, focusing on areas 
where TA and WR seems to be present and expanding 
the investigation to include new areas. In total, 28 new 
samples were collected and mineralogical and geochemi-
cal analyses were performed on the new samples. Due to 
the complexity of the site and evidence of the dispersion 
and mixing of EW with surrounding soils, both earlier and 
newly collected samples were classified as WR, TA or soil 
under two alternative scenarios. This classification was 
based on geochemical and mineralogical results, as well as 
descriptions and information in the unpublished works and 
sample localisation. Based on the results, CRM abundance 
in EW was evaluated for recovery potential, and environ-
mental impacts were assessed by applying contamination 
and ecological risk indices to soils and sediments.

Previous samples collection and analyses

The study by Bruno (2005) included samples collected 
at Pestarena and Crocette from the 0–10 cm depth using 
a spatula, comprising soils, EW and sediments. At Pes-
tarena, sediments were collected from both the drain-
age channel of the mine gallery and alluvial deposits 
of the Anza River, whereas at Crocette they were taken 
from a drainage channel discharging into the Quarazza 
River, likely draining the ore-processing area. Samples 
were air-dried, disaggregated, sieved at 2 mm, and quar-
tered. A representative subsample was sieved at 0.5 mm, 
and the fraction retained between 2 mm and 0.5 mm was 
ground in an agate mortar. As, Cd, Co, Cr, Cu, Fe, Mn, 
Ni, Pb and Zn concentrations were determined following 
aqua regia digestion and analysis by Inductively Coupled 
Plasma–Atomic Emission Spectroscopy (ICP-AES). Min-
eralogical characterization was performed by X-ray dif-
fraction (XRD) and Scanning Electron Microscopy cou-
pled with Energy-Dispersive Spectroscopy (SEM-EDS).

Nepote Valentin (2007) investigated soils, EW and sedi-
ments from the drainage channel of the Pestarena mine 
gallery at Pestarena and Crocette. Samples were manu-
ally collected from the 0–15 cm depth, air-dried, disag-
gregated, sieved at 2 mm and quartered. A representative 
subsample was sieved at 0.5 mm and the fraction between 
2 mm and 0.5 mm was ground in an agate mortar. Arsenic 
extraction was carried out using acid digestion according 
to EPA Method 3050B (HNO₃–H₂O₂), and concentrations 
were measured by ICP-AES. Mineralogical analyses of the 
fine fractions were conducted by XRD.

Rolando (2008) analyzed a sample of mineralized vein 
collected within a mine gallery at Pestarena. Prior to 
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mineralogical investigation by XRD, samples were ground 
in an agate mortar to obtain very fine grains. For SEM-
EDS analysis, the material was first cut using a circular 
saw and then prepared as a thin section approximately 
25 μm thick. In addition, the study incorporated envi-
ronmental characterization data from the Pestarena area 
produced by Regional Environmental Protection Agency 
(ARPA Piemonte), including borehole investigations and 
geochemical soil analyses aimed at quantifying PTEs and 
comparing their concentrations with the regulatory thresh-
old values for contaminated sites established by Italian 
Legislative Decree 152/2006 (Sb, As, Be, Cd, Co, Cr, 
Cr(VI), Cu, Hg, Ni, Pb, Se, Sn, Tl, V, Zn, CN, F⁻).

The geochemical data produced by these previous stud-
ies were used in the present work to assess the environ-
mental impact of the mining activities  and to evaluate the 
potential for CRM recovery.

New samples collection

A total of 28 new samples of WR, TA, soil and sediments 
were collected during two field campaigns in May and July 
2024. Samples were taken using a hand shovel at 0-30 cm 
depth. The samples were then quartered to separate rep-
resentative portions for analysis. The portions were then 
air-dried and milled (the coarser fraction having been 
previously crushed), then further quartered to obtain two 
subsamples: one for mineralogical analysis and one for 
geochemical analysis.

Geochemical analyses

For geochemical analyses, the new samples were sent to 
Activation Laboratories Ltd. (Actlabs), an accredited labo-
ratory where they were digested using a four-acid mixture 
(HF, HClO₄, HNO₃, and HCl). The resulting solutions 
were analysed by Inductively Coupled Plasma-Atomic 
Emission Spectroscopy ICP-AES for major elements, with 
additional trace elements determined by Inductively Cou-
pled Plasma Mass Spectrometry (ICP-MS) for Ag, Al, As, 
Ba, Be, Bi, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd, 
Ge, Hf, Ho, In, K, La, Li, Lu, Mg, Mn, Mo, Nb, Nd, Ni, P, 
Pb, Pr, Rb, Re, S, Sb, Sc, Se, Sm, Sn, Sr, Ta, Tb, Te, Th, 
Ti, Tl, Tm, U, V, W, Y, Yb, Zn, Zr.

Mineralogical analyses

Mineralogical analyses on new samples were carried out 
using X-ray Powder Diffraction (XRPD) and SEM-EDS.

The XRPD analyses were performed using a PANa-
lytical X’Pert PRO PW3040/60 X-ray diffractometer with 

Ni-filtered Cu Kα radiation at 40 kV and 40 mA, ½◦ diver-
gence and receiving slits, and step scan of 0.02° 2θ, in the 
3–80° 2θ range; the limit of detection of XRPD is approxi-
mately 0.5 % wt. The qualitative phase analysis was per-
formed using the PANalytical HighScore Plus software 
version 2.2c using the ICSD PDF2-2008 database; quanti-
tative phase analysis was carried out running the FULLPAT 
software (Chipera and Bish 2002). SEM-EDS analyses were 
carried out on carbon coated samples using a SEM (Vega 
TS Tescan 5163 XM) in combination with an EDS analyzer 
(EDAX Genesis 400), with 200 pA and 20 kV as standard 
conditions, using a series of minerals as standards (ompha-
cite for Si and Ca; kaersutite for Al, K, Na and Ti; fayalite 
for Mg; spessartine for Fe and Mn; monazite for REE).

Samples classification

To conduct a complete characterisation of the waste for envi-
ronmental impact assessment and potential CRM recovery, 
the samples had to be distinguished (both new and previ-
ously collected) into the following categories: EW (i.e. 
TA and WR), soil, and sediments. Evidence from previous 
studies indicate that EW has dispersed throughout the area 
and progressively mixed with surrounding soils over time. 
Consequently, some samples could potentially fall into both 
the EW and soil categories. To account for uncertainty about 
past waste management and current condition, we hypoth-
esised two scenarios:

a)	 First scenario: a conservative approach, in which only 
samples that were clearly identified as TA or WR were 
classified as EW. These samples were considered EW as 
they were collected at, or in the immediate vicinity of, 
EW dumps. All other materials were classified as soil. 
In this scenario, the EW samples represent “indicated 
resources” when estimating recoverable CRMs.

b)	 Second scenario: in addition to the EW identified in the 
first scenario, were also classified as TA or WR samples 
i) located in areas adjacent to the EW dumps; ii) with 
characteristics typically observed in the field, such as 
being in a vegetation-free area, having fine or coarse 
grain size (for TA and WR, respectively), or showing 
blue coloration indicative of the use of cyanide in the ore 
processing; iii) displaying high concentrations of met-
als and metalloids in geochemical analyses. All other 
samples were considered soil. In this scenario, the EW 
samples represent “inferred resources” in the assessment 
of recoverable CRMs.

Figure 2 shows sample location, categorisation and data 
source; additional information are reported in Supplemen-
tary Information (Table S1). As a complementary check, 
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Fig. 2   Sample location and classification. Circles indicate new sam-
ples (2024), stars indicate samples from previous studies. Colours 
represent sample types: orange = indicated EW, yellow = inferred 

EW (considered as soil in the first scenario and as EW in the second 
scenario), brown = soil, blue = sediment
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Principal Component Analysis and hierarchical clustering 
on multi-element compositions were also performed for 
both sites (Supplementary Information, Figs. S1–S2); the 
resulting statistical groupings did not correspond to the field-
based classification, consistent with the extensive mixing of 
EW with surrounding soils discussed above.

Data comparability

The dataset combines geochemical analyses from previ-
ous studies with those obtained from the new samples col-
lected in 2024. The different sample collection, preparation 
and digestion procedures adopted across the datasets are 
described in the previous sections. These include involv-
ing different sample collection, preparation and digestion 
protocols: aqua regia digestion (Bruno 2005); EPA Method 
3050B (HNO3–H2O2) for As only (Nepote Valentin 2007); 
official ARPA Piemonte analyses for regulatory site charac-
terisation under Italian Legislative Decree 152/2006 (incor-
porated via Rolando 2008), for which the specific labora-
tory protocol is not reported in the available documentation, 
Italian regulatory practice for this type of characterisation 
is standardly based on aqua-regia acid digestion; and a four-
acid (HF–HClO4–HNO3–HCl) digestion for the new 2024 
samples.

To assess the comparability of the combined dataset, 
a Mann-Whitney U test was performed for each element 
measured in both the data from previous studies and the 
2024 campaign, with a Benjamini-Hochberg correction for 
multiple comparisons (Table S2). No statistically signifi-
cant difference was found between the two subsets for As, 
Cd, Cu, Ni, Pb, Sb and Zn (adjusted p > 0.05). This result 
supports the potential comparability of the two datasets 
for these elements, although it should not be interpreted 
as evidence of complete equivalence, given the differences 
in samples, spatial distributions, preparation and digestion 
procedures. Co, Cr and V showed a statistically significant 
difference (adjusted p < 0.05), with higher concentrations 
measured in the 2024 samples than in the historical subset. 
This pattern may partly reflect the greater effectiveness of 
four-acid digestion in recovering silicate-associated elements 
compared with aqua regia or EPA Method 3050B (US EPA 
1996; Actlabs 2026). However, differences in sampling dis-
tribution and sample preparation may also have contributed 
to the observed pattern, and the relative contribution of ana-
lytical and spatial factors cannot be fully disentangled from 
the available dataset.

These results were used to guide the pooling of previous 
and new data in the subsequent analyses. For the environ-
mental impact assessment, data were used for As, Cd, Co, 
Cr, Cu, Ni, Pb and Zn; results are reported as distributions 
and ranges rather than single point estimates, preserving the 

variability associated with the combined dataset. For Co and 
Cr, the higher concentrations observed in the 2024 samples 
may indicate that the historical data provide lower measured 
concentrations under the analytical and sampling conditions 
used. Accordingly, the resulting Igeo, CF and ERI/PERI val-
ues for these two elements are conservative, and their true 
contribution to ecological risk may be marginally higher 
than reported. The same approach was adopted for the CRM 
recovery potential assessment, where previous and new data 
were pooled for As, Co, Cu, Sb and V. For As, Cu and Sb, 
the absence of statistically significant differences between 
the subsets supports their combined use. For Co and V, the 
higher concentrations observed in the 2024 samples may 
result in lower UCC-normalised enrichment estimates when 
the previous data are included. However, this potential effect 
should be interpreted cautiously, as the observed differences 
may reflect both analytical and sampling conditions. The 
reported enrichment values for these elements should there-
fore be regarded as potentially conservative estimates, while 
acknowledging that their actual enrichment in the EW may 
be higher than indicated by the combined dataset.

Environmental impacts

Contamination was assessed using the following indices for 
both soils and sediments (Hou et al. 2023; Di Duca et al. 
2024; Dantas et al. 2025): geo-accumulation index (Igeo), 
contamination factor (CF), ecological risk index (ERI) and 
corresponding potential ecological risk index (PERI).

The geo-accumulation Index (Igeo) used to evaluate soil 
and sediments contamination using as reference the back-
ground values, to determine whether these pollutants are of 
natural or anthropogenic origin. It is calculated using the 
Eq. 1 (Muller 1969).

The contamination factor (CF) is an index used to evalu-
ate the degree of pollution in soils and sediments for a single 
contaminant. Combining the CF with the toxicity factor of 
each element results in the ecological risk index (ERI). The 
sum of the ERI values for different contaminants yields the 
potential ecological risk index (PERI), accounting for the 
combined effects of multiple PTEs. CF, ERI, and PERI are 
calculated using the Eqs. 2–4 (Hakanson 1980).

(1)Igeo = Log2
[

Ci∕1.5 × Bi

]

(2)CFi = Ci∕Bi

(3)ERIi = Ti
r
× CFi

(4)PERI =

n
∑

i

ERIi
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 where CFi is contamination factor of the i PTE; Ti
r
 is the 

toxic-response coefficient of the PTE (As = 10, Cu = 5, Cd 
= 30, Ni = 5, Pb = 5, Cr = 2, Zn = 1, Mn = 5).

ERI < 5 low risk; 5 ≤ ERI < 10 moderate risk; 10 ≤ ERI 
< 20 significant risk; 20 ≤ ERI < 40 high risk; ERI ≥ 40 
very high risk.

PERI ≤ 150 low risk; 150 < PERI < 300 moderate risk; 
300 < PERI < 600 high risk; PERI ≥ 600 significantly high 
risk.

Potential recovery

The concentrations of CRMs listed by the European Union 
(European Commission 2023a) in previous and new samples 
were normalised to upper continental crust (UCC) values 
(Rudnick and Gao 2014) to identify elements enriched in 
EW that are suitable for recovery.

The following Eq. 5 and Eq. 6 were used to estimate the quan-
tity of selected residue CRMs in EW under the two scenarios:

where QI is the residual quantity of the considered CRM in 
the first scenario, where indicated resources correspond to 
EW dumps; QII is the residual quantity of the considered 
CRM in the second scenario, where inferred resources also 
include a wider area assumed to potentially be EW; VI is the 
volume of indicated resources; VII is the volume of indicated 
resources; ρ is the bulk density of EW (1.5 g/cm3 for WR 
and 1.8 g/cm3 for TA (Dino et al. 2018); c is the average 
concentration of the considered CRM from geochemical 
analyses.

To assess the theoretical economic value of EW the fol-
lowing Eq. 7 and Eq. 8 were used:

where EVI is the economic value under scenario I; EVII is the 
economic value under scenario II; R is the recovery rate; mv 
is the market value (in €) of the considered CRM, based on 
the average price reported for 2000–2021 (European Com-
mission 2023b).

Ci is the concentration of the i PTE measured in the soil 
sample (mg/kg), Bi is the background value of the i PTE 
(mg/kg). The Bi values for Co, Cr, Cu, Ni, Pb, Zn refer to the 
natural background values for soils as calculated for homo-
geneous concentration areas in the Piedmont region (ARPA 
Piemonte 2019). The Bi value for As refers to the background 
value identified in the mining areas (Caviglia et al. 2015).

(5)QI = VI × ρ × c

(6)QII = VII × ρ × c

(7)EVI = QI × R ×mv

(8)EVII = QII × R ×mv

Igeo ≤ 0 Practically uncontaminated; 0 < Igeo ≤ 1 uncon-
taminated to moderately contaminated; 1 < Igeo ≤ 2 mod-
erately contaminated; 2 < Igeo ≤ 3 moderately to heavily 
contaminated; 3 < Igeo ≤ 4 heavily contaminated; 4 < Igeo 
≤ 5 heavily to extremely contaminated; Igeo > 5 extremely 
contaminated.

Results and discussion

Mineralogical analyses

The mineralogy of the mineralized veins provides critical 
insights into the original conditions of the ore minerals prior 
to any processing. In the Au-bearing vein sample, the main 
minerals were arsenopyrite, pyrite, quartz, rutile, sphalerite 
and covellite, which potentially resulted from the alteration 
of chalcopyrite.

The mineralogical composition of EW samples collected 
from the Crocette and Pestarena mining areas comprised 
mainly quartz, feldspars (both plagioclase and K-feldspar), 
and micas (muscovite, biotite, and/or illite); chlorite is fre-
quently present as well, formed by the hydrothermal alteration 
of biotite. This mineralogical composition reflects that of the 
host rocks and mineralised veins, consistent with the literature 
for the Anzasca Valley (Curti 1987; Lattanzi et al. 1989).

Secondary minerals identified include: (I) Scorodite: 
originates from the alteration of As-bearing primary miner-
als such as arsenopyrite (Craw and Chappell 2000; Assaw-
incharoenkij et al. 2018). (II) Jarosite: forms under high 
concentrations of Fe and SO₄2⁻ through oxidation processes 
involving pyrite and pyrrhotite (Sracek et al. 2004; Lind-
say et al. 2015). (III) Alunite: a secondary mineral formed 
through the alteration of aluminosilicates (Amos et al. 2015; 
Jamieson et al. 2015).

Minor minerals include amphiboles, zeolites, rutile, gar-
net, dolomite, scheelite, and other clay minerals. Scheelite, 
a calcium tungstate, is one of the main W ores and among 
the easiest to dissolve (Li et al. 2017)

Detailed mineralogical results for the newly collected 
samples are shown in Fig. 3. At Crocette, the inferred coarse 
WR (CR3, CR9) show the presence of scorodite, jarosite, 
and alunite indicative of sulphide oxidation processes. 
The inferred fine WR (CR1, CR2, CR4, CR5) are richer in 
micas and clays. In the TA (CR7, CR8, CR10, CR11, CR13, 
CR14), secondary minerals alunite, jarosite and scorodite 
are more frequently observed, although often only in trace 
amounts. In general, no significant mineralogical differ-
ences emerge among the samples. Similarly, at Pestarena, 
no clear mineralogical differences are observed among the 
samples. The TA (PE01, PE02, PE04, PE05, PE06, PE09, 
PE10, PE12, PE13) have a similar composition, with high 
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contents of quartz and feldspars, abundant micas, and occa-
sional occurrences of alteration secondary minerals such as 
alunite, jarosite, and traces of scorodite. The WR (PE11, 
PE14), in contrast, are less altered and lack these phases. 
Among the sediments, those from the drainage of the mine 
tunnel (PE03) show evidence of alteration, with the presence 
of alunite, jarosite, and scorodite.

SEM-EDS analyses also revealed (Fig. S3): (I) Monazite-
(Ce), a REE-bearing phosphate mineral, typically contain-
ing up to 70% REE oxides, in granules ranging in size from 
approximately 60 to 180 µm. Its composition is dominated 
by Ce, with significant amounts of La, Pr and Nd (Jordens 
et al. 2013). (II) Traces of residual arsenopyrite and pyrite. 
(III) In some cases, traces of ilmenite. Ilmenite and rutile are 
the main minerals from which titanium is produced (Force 
1991). (IV) Traces of zircon and barite.

Geochemical analyses

The concentrations of the identified CRMs (as listed by 
the European Union) in the samples were normalised to 

the UCC values (Rudnick and Gao 2014). Normalization 
helps to identify which elements are significantly enriched 
or depleted in EW (Singh et al. 2011; Dai et al. 2016). This 
analysis was conducted under two previously defined sce-
narios: the first scenario considered the indicated EW only, 
while the second scenario also included the inferred EW.

At Pestarena (Fig. 4a), As shows high enrichment, with 
a median values 1700 times higher than the UCC in the first 
scenario and up to 2000 times higher in the second scenario. 
For both scenarios Bi, W and Sb also exhibit enrichment, 
with median values of about 100, 35 and 15 respectively. 
Be exhibits slight enrichment with median value of 1.3. In 
some samples Cu, Co, Ga, and Ge in values exceed 1 but the 
median values are close to the UCC, while the values for the 
other elements are below 1.

For what concerns REEs abundance (Fig. 4b), Tm, Yb, Lu, 
Y, Ho, Er, Tb, and Dy show values below 1, while Eu is close 
to 1. La, Ce, Pr, Nd, Sm, and Gd show slight enrichment, with 
median values ranging from 1.14 to 1.26 in both scenarios.

At Crocette, under the first scenario, enrichment is 
observed for some CRMs. Arsenic shows the highest 

Fig. 3   Main minerals in the new samples from Crocette (CR) and 
Pestarena (PE): Qtz = quartz; Pl = plagioclase (abite); Kfs = K-feld-
spar; Micas = muscovite and biotite (and/or illite); Chl = chlorite; 

Amph = amphibole (mainly hornblende and/or tremolite); Zeo = 
zeolites; Scor = scorodite; Jar = jarosite; Clay = clay minerals (other 
than illite and chlorite); Alu = alunite; Dol = dolomite; Grt = garnet
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Fig. 4   Abundance of CRMs (a) and REEs (b) at the Pestarena site. The first scenario is represented by boxplots showing the distribution of nor-
malized concentrations (concentration/UCC) for each element, and the second scenario by red markers indicating the normalized median values
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enrichment, with a median value around 4000 times higher 
than the UCC. This is followed by median enrichment val-
ues of 50 for W, 40 for Sb and 26 for Bi. Be exhibited slight 
enrichment (median 2), whereas Al, Co, Ga, Ge and Li show 
values close to 1, indicating no significant enrichment. Other 
analysed elements have values below 1. Under the second 
scenario, the overall trend remains consistent, with a slight 
decrease in median enrichment values for As, Bi, Sb, and 
W, and a minor increases in Be concentrations (Fig. 5a). 
The REEs are generally not enriched in either scenario, with 
mean values below or near 1 (Fig. 5b).

Environmental impacts

Environmental impacts were assessed on sediments and soils 
under the two scenarios. In the first scenario, only the sam-
ples collected within the EW dumps were used (indicated), 
while in the second scenario, a larger number of samples 
were classified as EW (inferred), thereby expanding the area 
considered. Only the outermost samples, which were slightly 
more distant from the dumps, were categorised as soil.

Sediment

The river sediments were found to be uncontaminated 
and not to represent a potential ecological risk (Igeo ≤ 
0; PERI ≤ 150). Instead, the large oxidisable surface area 
exposed by mining excavation in the tunnels, as well as 
leaching from EW results in ecological risk in sediments 
samples collected at the drainage of the mine tunnels in 
Pestarena and at the drainage channel flowing out from 
the TA dumps in Crocette (Table S3). For these samples 
at Pestarena Igeo values indicate heavily to extremely As 
contamination, moderately to heavily Pb contamination, 
and moderate Co and Zn contamination. The PERI val-
ues indicate a high ecological risk, with the main contri-
bution from As, that shows very high risk, followed by 
a high risk associated with Pb and Cu, and a significant 
risk associated with Co. At Crocette, Igeo values indicate 
heavy As contamination. Moderate PERI values reflect 
high risk for Pb and very high risk for As. PTEs asso-
ciated with the contaminated sediments, which repre-
sent potential ecological risk, may be subject to changes 
in mobility and availability in response to variations in 
hydrological and geochemical conditions (Sanchez et al. 
2025). During low-flow periods, the oxidation of sul-
phide-bearing materials by oxygenated water promotes 
the release of PTEs, while the formation of secondary Fe 
(hydr)oxides act as a contaminant sink through adsorp-
tion and co-precipitation (Bidone et al. 2016; Craw and 
Pope 2017; Gomes and Valente 2024). During periods of 
increased discharge, high-flow events may promote the 

erosion and resuspension of these sediments, enhancing 
the downstream transport of particle-bound PTEs (Dedieu 
et al. 2014; Zhang et al. 2014). In sediments, local redox 
condition can also influence PTEs mobility, as prolonged 
water saturation and organic matter degradation promote 
reducing conditions, the reductive dissolution of Fe (hydr)
oxides may release previously sequestered PTEs into the 
water column, while dissolved organic matter may fur-
ther affect their mobility and transport (Bauer and Blodau 
2006; Valente et al. 2011; Yang et al. 2015; Santos et al. 
2023). Downstream of the drainage PTE concentrations 
are expected to progressively decrease through dilution of 
uncontaminated waters (Larkins et al. 2018). Therefore, 
the contaminated sediments may act as a long-term sink 
for PTEs, contributing to the persistence of contamination, 
while also representing a potential secondary source of 
PTEs to downstream waters.

Soil

Regarding the soil samples from the Pestarena area, the Igeo 
values for the first scenario indicate a mean As value of 3.5, 
with some samples showing values exceeding 5.0 (Fig. 6a). 
This classifies the soils as heavily to extremely contami-
nated. Samples show moderate Pb contamination, with mean 
values of 1.5. Although some values for Co, Cr, Cu, Ni and 
Zn exceed zero, the soil are generally uncontaminated by 
these elements. In the second scenario, As and Pb remain the 
main contaminants with slightly lower mean values.

For the Crocette area the Igeo is similar for both scenarios 
(Fig. 6b). Arsenic is the main contaminant, with mean values 
falling within the moderately to heavily contaminated category 
(2.8 for the first scenario and 2.0 for the second scenario). 
Slight Co contamination was observed in some samples, 
however mean values remained within the non-contaminated 
range, as was also the case for Cr, Cu, Ni, Pb and Zn.

Potential Ecological Risk Index for Pestarena (PE) and 
Crocette (CR) under the first (I) and second (II) scenarios 
was also calculated, where PERI represents the cumulative 
ecological risk obtained as the sum of the ERI for each PTE 
(Fig. 7).

At the Pestarena site, As is the dominant contributor to 
ERI, showing very high ecological risk in both scenarios. 
Pb contributes a significant to high risk in the first scenario 
and a high risk in the second. In both scenarios Co displays 
moderate risk in a limited number of samples, while Cr, Cu, 
Ni, Zn show low risk.

As a result of these contributions, the overall PERI indi-
cates a moderate ecological risk under the first scenario, 
with a mean value of 296.4. Under the second scenario, 
mean PERI values are slightly lower but remain within the 
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Fig. 5   Abundance of CRMs (a) and REEs (b) at the Crocette site. The first scenario is represented by boxplots showing the distribution of nor-
malized concentrations (concentration/UCC) for each element, and the second scenario by red markers indicating the normalized median values
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moderate risk category reflecting a slight reduction in As 
and Pb ERI values.

Similarly, at the Crocette site, As is the main driver of 
ERI. In the second scenario, the mean values for As are 
lower than in the first but still fall within the very high 
risk category. Co contributes moderate to significant risk, 
whereas Pb shows moderate risk only in a few samples. Con-
sequently, PERI values indicate moderate ecological risk 
in both scenarios, with mean values of 251.1 and 189.4, 
respectively.

Summarising the results, the comparison of the two sce-
narios shows that Igeo values are generally equal or lower in 
the second, indicating a general reduction in contamination. 
Although both sites remain within the moderate ecological 
risk category, PERI values also decrease in the second sce-
nario. Expanding the area classified as EW slightly reduces 
environmental impact but increases the volume of material 
that needs to be treated. Conventional remediation technolo-
gies offer limited advantages, focusing mainly on contain-
ment and stabilisation rather than valorisation. In contrast, 

Fig. 6   Box plots of Igeo values of soil samples at the Pestarena (a) and Crocette (b) site under the first and second classification scenarios
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treating EW as a resource enables RM and CRM recovery, 
while also reducing ecological risk and contamination.

Potential recovery

To make a preliminary assessment of the potential for 
CRM recovery, the concentrations detected in the analysed 
samples were compared with values reported in studies on 
secondary resources such as EW. As they depend on site-
specific factors, including the type of material, available 
recovery technologies, market conditions and economic 
parameters (Cairns and Shinkuma 2003), these reference 
values are not absolute thresholds, nevertheless they provide 
a useful benchmark. The focus was on As, Be, Bi, Sb, W and 
REE, which showed enrichment (based on the normalised 
concentration to the UCC). Key statistics compared with 
minimum reported values are summarised in Table 1, while 
a summary of the relevant literature data are provided in the 
Supplementary Information (Table S4).

Arsenic is present at high levels, suggesting substantial 
recovery potential, whereas Be, Bi, Sb, W, and REE gener-
ally occur at concentrations below the thresholds reported 
in these studies. This does not preclude the possibility of 
improving extraction efficiency or exploring the simultane-
ous recovery of multiple elements, which could enhance 
overall economic viability. Nevertheless, the presence of 
these elements in EW is noteworthy and warrants further 
investigation to develop valorisation strategies for their 
potential recovery as associated CRMs.

Examples of the concurrent recovery of As, Sb, Bi, and 
W from different types of mining and processing residues 
have been reported in the literature. Case studies are briefly 
summarised below, with further details provided in the Sup-
plementary Information. Recovery of As and Sb has been 
reported from Sb flotation waste via acid leaching (Dembele 
et al. 2024), and from Cu smelter flue dusts via acid chlo-
ride leaching, with subsequent hydrolysis to precipitate Sb 
and Bi (Zhang et al. 2012) or As reduction and Sb recovery 
(Xue et al. 2021). Copper electrorefining residues are treated 
to stabilise As as scorodite and selective precipitate of Sb 
and Bi as oxychlorides (Luo et al. 2023a). Similarly, copper 
smelter dust is processed through hydrometallurgical leach-
ing and selective precipitation to achieve Bi recovery as a 
oxychloride precipitate, while concurrently generating sta-
bilized As (Córdoba et al. 2026). From W-bearing mineral 
residues, different hydrometallurgical processes have been 
applied to recover W and As: alkaline leaching with pressure 
oxidation and organic solvent extraction (Wu et al. 2023), 
deep eutectic solvent leaching combined with electrodialysis 
(Almeida et al. 2020), and acid leaching followed by extrac-
tion, precipitation, reduction to recover W as an ultrafine 
powder and As in elemental form (Cao et al. 2024).

A range of processes to recover As in association with 
Sb, Bi and W are illustrated by these studies. However, the 
recovery efficiency is strongly dependent on the character-
istics of the initial residue, which emphasises the need for 
more detailed characterisation of EW and further evalua-
tion of the most sustainable technologies to be applied. 

Fig. 7   Potential Ecological 
Risk Index for Pestarena (PE) 
and Crocette (CR) soil samples 
under first (I) and second (II) 
scenarios. The bars show the 
percentage distribution of mean 
ERI values relative to the total 
PERI. PERI mean value is 
indicated by the red
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Furthermore, As represents a particular challenge for its 
recovery because it simultaneously constitutes a valuable 
secondary resource and a major environmental and health 
risk. As a CRM, As is relevant for several specialised appli-
cations, particularly in gallium arsenide (GaAs) semicon-
ductors and other electronic and photovoltaic technologies 
(USGS 2021; European Commission: Directorate-General 
for Internal Market et al. 2023b; SFA 2026). At the same 
time, the high toxicity and mobility of As make its long-term 
management a major environmental concern, as exposure 
may occur through contaminated water, food and industrial 
processes and can result in severe chronic health effects 
(ATSDR 2007; WHO 2022). The recovery of commercially 
viable As products and co-associated metals should there-
fore be coupled with the safe management of the As remain-
ing after processing. This residual As fraction may require 
appropriate stabilisation strategies, such as precipitation as 
scorodite or vitrification, to prevent its long-term release into 
the environment (Lemos et al. 2023a; Luo et al. 2023b; Sun 
et al. 2026). The environmental sustainability of the com-
plete system must therefore consider both the recovery of As 
from the EW and the long-term behaviour and stability of 
the As residues, as well as the environmental and economic 
liability associated with the storage and management of As 
waste (Zhang et al. 2021; Córdoba et al. 2026). Future stud-
ies should therefore further investigate the economic aspects 
associated with the production process and the related safety 
requirements, which were beyond the scope of the present 
research, in order to provide a more comprehensive assess-
ment of the overall economic sustainability of the proposed 
approach.

Estimation of recoverable CRMs

To complete the characterisation, it is also important to 
estimate the volumes of EW to be treated and the quantity 

of residual CRMs. This improves the understanding of the 
value of the resources and enables to conduct an initial eco-
nomic assessment, assuming the recovery of As, Bi, Sb, and 
W. To perform the volume calculations, it was necessary to 
identify and define the areas of the dumps. At Pestarena, 
the first scenario includes one WR dump, three TA dumps 
and two TA concrete basins. In the second scenario, areas 
adjacent to the TA dumps and concrete basins are added. At 
Crocette, the first scenario includes one TA concrete basin 
and one TA dump. The second scenario adds one inferred 
TA dump and one inferred WR dump. Deposit thicknesses 
were estimated based on visual observations and available 
stratigraphic data from ARPA Piemonte. The quantity (kg) 
of residual CRMs (see Eq. 5 and Eq. 6) and their theoretical 
economic value (€) (see Eq. 7 and Eq. 8) were also calcu-
lated and reported in Table 2.

These values are preliminary estimates based on 
the assumption of 60%, 70%, 80% and 100% recovery. 
Reported recovery and extraction efficiencies for com-
parable secondary resources range from 77–99% for W 
(Almeida et al. 2020; Wu et al. 2023; Cao et al. 2024), 
81–99% for As (Almeida et al. 2020; Xue et al. 2021; 
Wu et al. 2023; Dembele et al. 2024), up to 98% for Sb 
(Dembele et al. 2024), and 76–99% for Bi (Khmelnits-
kaya and Beskrovnaya 2007; Córdoba et al. 2026) (see 
Supplementary Information). Considering the variability 
associated with the characteristics of the raw material, 
mineralogical associations, pre-treatment and processing 
technologies, a conservative recovery range of 60–80% 
was therefore adopted for the evaluation of the theoreti-
cal economic values, with 100% considered as a theoreti-
cal upper bound rather than an expected metallurgical 
recovery. As expected, higher CRM quantities and values 
are obtained under the second scenario, which considers 
larger volumes. While As is the most abundant CRM, Bi, 
Sb and W, are also present in significant quantities. This 

Table 1   Concentrations of As, Be, Bi, Sb, W, and REE (mg/kg) in 
EW samples collected from the Crocette and Pestarena sites. For each 
element and site, the mean (MEAN), minimum (MIN), maximum 
(MAX) and standard deviation (STD) are reported. The 'Literature 

Reference' column shows the minimum concentrations reported in the 
literature for EW and is used as an initial threshold for recovery pro-
cesses

Unit As Be Bi Sb W ∑REE

Pestarena MEAN mg/kg 15 386.8 2.7 20.2 8.6 76.2 185.8
MIN mg/kg 19.8 1.5 0.6 0.1 5.1 114.2
MAX mg/kg 78 726.3 3.1 55.3 36.6 146.0 231.6

Crocette MEAN mg/kg 20 505.7 6.1 3.1 8.6 83.6 109.6
MIN mg/kg 426.0 4.1 0.3 0.5 15.9 41.6
MAX mg/kg 89 110.9 13.1 7.2 19.9 159.0 134.3

Literature reference MIN mg/kg 330.0 140.0 180.0 800.0 480.0 580.0
(Choi et al. 2016) (Lohmeier 

et al. 2021)
(Radu et al. 

2024)
(Lemos 

et al. 
2023b)

(Han et al. 2025) (Fleming 
et al. 
2021)
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estimation provides an initial understanding of the scale 
of available resources and the potential for future recovery 
using efficient technologies; however, is not sufficient to 
assess the economic feasibility of potential exploitation. 
Several cost components must be considered: i) remedia-
tion of the areas (partially offset by CRM recovery rev-
enues); ii) processing of EW; iii) disposal of new resi-
dues generated during reprocessing. Only by considering 
both the costs of conventional remediation and the costs 
associated with EW processing for CRM recovery can a 
realistic economic evaluation of this approach be made. In 
addition, environmental and social impacts may also occur 
during processing and should be assessed.

Conclusion

This study investigates the environmental impact and poten-
tial as secondary resources of EW from former Au mines 
in the Anzasca Valley (NW Italy). The study carries out a 
comprehensive characterisation of EW with the aim of pro-
viding an integrated understanding of their current state of 
EW produced from historical mining operations. To address 
uncertainties in paste EW management, two scenarios were 
applied, reflecting different EW volumes and dispersion.

Geochemical analyses showed enrichment of CRMs. Both 
mining sites denoted very high As enrichment, followed by 
W, Sb, and Bi, and a slight enrichment of Be and some REE 
at Pestarena (La, Ce, Pr, Nd). Environmental impacts assess-
ment showed that As is the main pollutant at both Pestarena 
and Crocette, with Pestarena also showing moderate Pb 

contamination. PERI indicated an overall moderate ecologi-
cal risk, driven mainly by As, with contributions from Pb and 
Co. In the first scenario, the Igeo and PERI values were both 
higher. Conversely, expanding the EW area in the second sce-
nario slightly reduced the Igeo and PERI values, but increased 
the volume of material requiring management. This suggests 
that treating EW as a secondary resource could provide a sus-
tainable waste management within remediation projects.

Assessment of the potentially recoverable CRMs from EW 
indicates that As occurs in elevated concentrations, making it 
the main element with recovery potential while Be, Bi, Sb, W 
and REEs are generally present at levels below the economic 
thresholds defined for primary or secondary deposits, although 
their presence is significant. Several treatment processes in lit-
erature demonstrated the feasibility which enable the concurrent 
recovery of As, Sb, Bi and W from mining residues. Preliminary 
estimates of EW volumes enable an approximate quantification 
of the residual contents of As, Bi, Sb, and W, thereby allowing 
an evaluation of their economic value and indicating that signifi-
cant quantities of CRMs are still present for potential recovery.

The results suggest that, rather than being managed as waste 
to be removed or stabilised, abandoned EW can be reframed as 
secondary deposits. They can provide the strategic materials 
that are essential for the EU’s green and digital transition. This 
integrated approach provides a more sustainable alternative to 
conventional interventions for contaminated waste by aligning 
he mitigation of environmental impacts with resource recovery 
and supply security. Further research is required to characterise 
these materials more accurately, study efficient treatment pro-
cesses and evaluate the economic and environmental sustain-
ability of potential recovery strategies.

Table 2   Estimated volumes (m3) of EW, quantities of residual CRMs (kg), and economic values (€) estimated assuming 100%, 80%, 70%, and 
60% processing recovery at Pestarena and Crocette under the first (I) and second (II) scenarios

Pestarena Scenario I EW volume (m3) CRM quantity (kg) Theoretical total EV(€) Total EV (€) Total EV (€) Total EV (€)
100% 80% 70% 60%

7 413.6 As 239176.0 38 3317.5 30 6654.0 268 322.3 229 990.5
Bi 36.2
Sb 100.3
W 975.1

Scenario II 18 341.0 As 642546.1 1 029 779.3 823 823.4 72 0845.5 617 867.6
Bi 97.1
Sb 269.5
W 2619.6

Crocette Scenario I 968.0 As 26810.0 43 901.0 35120.8 30730.7 26 340.6
Bi 35.2
Sb 15.0
W 132.8

Scenario II 5878.0 As 160675.1 263 104.6 210 483.7 184 173.2 157 862.8
Bi 210.9
Sb 89.8
W 795.7
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