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Abstract 

Sulfidic mine waste can pose environmental and human health risks, especially when it contains high levels 

of mobile metal(loid)s. To assess the environmental and health risks of mine waste originating from three 

historic and active sulfidic Pb-, Zn- and/or Cu-mines in Europe, mineralogical and chemical 

characterizations were conducted in combination with in vitro bioaccessibility tests, sequential extractions 

and leaching tests. Results indicated that most samples contained highly elevated levels of metal(loid)s and 

key minerals consisting of pyrite, sphalerite and cerussite. The orally bioaccessible fraction varied amongst 

samples: Cd (13-100%), Zn (9-69%), Pb (4-67%), Cu (8-41%) and As (1-11%). Given these bioaccessible 

levels, the human health risk assessment indicated carcinogenic and non-carcinogenic risks for most 

investigated samples in a worst-case exposure scenario. The leaching tests revealed the high mobility of 

metal(loid)s, especially Pb, posing potential environmental risks. The sequential extractions coupled with 

mineralogical analyses highlighted the highly mobile levels of Cd, Pb and Zn, posing environmental and 

health risks. Cerussite dissolved in the easily exchangeable fraction, releasing elevated levels of Pb, while 

pyrite never completely dissolved. In conclusion, the studied wastes pose environmental and health risks; 

the high mobility of some elements provides opportunities for the valorization of the waste. 

Keywords: Metal(loid) mobility; Cerussite; Iberian Pyrite Belt, Freiberg, Plombières 

List of Abbreviations here 

1. Introduction 

Mine waste, which includes tailings and waste rock, can contain high levels of metal(loid)s and can persist 

centuries after mining activities have ceased. The risks that these metal(loid)s pose are dependent on the 

leachability, bioavailability and toxicity of the elements. Sulfidic mine waste is especially a concern for the 

environment and human health because it can cause acid mine drainage. There are many historical mining 

sites worldwide, which are frequented by visitors (e.g., mining sites turned into nature preserves) or are 

close to agricultural lands and neighborhoods. Certain metals are considered essential for human life (e.g., 

Co, Cu, Cr, Fe, Mg and Zn), however, excess amounts can cause serious health issues (Plumlee and Ziegler, 

2003). Other metal(loid)s considered biologically nonessential (e.g., As, Cd, Pb, and Ni) can be toxic to 

living organisms even in small concentrations (Plumlee and Ziegler, 2003; Shakir et al., 2017). Given these 

circumstances, humans can be at risk to metal(loid)s, present within the mine waste, through inhalation, 

ingestion, or dermal contact. Only mine waste particles <10 µm in diameter are potentially inhalable by 

humans, and the larger particles are likely trapped and cleared through the mucociliary escalator, swallowed 

and transported into the gastrointestinal tract (Ettler et al., 2019). 

Furthermore, with the switch to cleaner technologies (e.g., electric cars, solar and wind energy, etc.), the 

demand for critical and valuable metals and mining will only increase; therefore, the need for enhanced 

metal recovery and mine waste management/valorization is paramount. 
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To determine the appropriate mine waste management approaches of a site, the waste must first be 

characterized and subjected to an environmental and health risk assessment based on metal(loid) mobility. 

The mobility of metal(loid)s is dependent on various factors (e.g., pH, mineralogy, L/S ratio) and thus, it is 

useful to pair different characterization methods. Leaching tests and sequential extraction procedures (SEP) 

can be useful in evaluating potential environmental risks. These tests are often performed to simulate 

processes in nature, such as acidification and oxidation, providing semi-quantitative information on 

elemental distributions (Cappuyns et al., 2007). The modified 3-step Community Bureau of Reference’s 

(BCR) SEP (Rauret et al., 1999) is commonly chosen to assess the potential release of toxic metal(loid)s. 

The method was originally developed for soils and sediments; however, it is also widely applied to 

characterize mine waste materials (e.g., Khelifi et al., 2019). In that regard, some issues associated with 

BCR SEP, include non-selectivity of reagents and re-adsorption phenomena (Cappuyns et al., 2007). Also, 

when BCR SEP was applied to heavily contaminated mining residues, Caraballo et al. (2018) found that 

there was an underestimation of metal mobility due to the incomplete dissolution of metal-bearing minerals. 

For example, this method may be commonly suitable for divalent metals, such as Cd, Cu, Pb and Zn, but 

have a poor recovery for metalloids, such as As. Therefore, it is important to also perform SEP in 

combination with other characterization methods, such as XRD, XRF, FEG-EPMA, and to use rigorous 

quality control. Previous studies have performed SEP on mine waste in combination with leaching and/or 

bioaccessibility studies, to effectively evaluate metal(loid) mobility (e.g., Khelifi et al., 2019; Król et al., 

2020). For example, Macías et al. (2012) and Khelifi et al. (2019) performed a sequential extraction 

procedure in combination with leaching tests, while performed an in vitro bioaccessibility test paired with 

sequential extractions. However, it is not a common practice to perform a mineralogical characterization of 

the sequential extraction residues, even though this mineralogical characterization is paramount in 

determining which minerals dissolved during each step of the SEP.  

The bioavailable fraction of soil or mine waste is the proportion of a contaminant that is absorbed into the 

bloodstream from the gastrointestinal tract (Ruby et al., 1999), which is typically determined with expensive 

and ethically controversial in vivo testing (Karadaş and Kara, 2011). Alternatively, the bioaccessible 

fraction can be used as an approximation for bioavailability (Ruby et al., 1999). Therefore, in vitro 

bioaccessibility (IVBA) tests mimicking gastrointestinal conditions are commonly executed to study the 

behavior of metal(loid)s, such as the ingestion of mine waste particles. Many different IVBA tests have 

been developed and have also been validated by in vivo studies, most commonly using swine or rats with 

comparable gastrointestinal conditions to humans (e.g., Casteel et al., 2006; Juhasz et al., 2014; Li et al., 

2014). Given the overall significant correlation with in vivo studies, these IVBA tests demonstrate a viable 

alternative to in vivo models. The mobility and bioavailability/bioaccessibility of metal(loid)s depends on 

the mine waste characteristics (e.g., mineralogy, metal speciation, pH, sulfide content) as well as the 

potential environmental (e.g., high rainfall, pH of rain, neighboring streams) and human factors (e.g., 

frequented by visitors, close to homes or agriculture).  

Human health risk assessment (HHRA) is widely used to assess the potential risks associated with exposure 

to contaminated soils and sediment (US EPA, 2011). Traditionally, HHRA was evaluated based on total 

concentrations of potentially toxic elements. However, using the total concentrations of metal(loid)s has 

proved to be an overestimation of the bioavailable metal(loid)s and health risks (Boim et al., 2020; Du et 

al., 2020). Therefore, it is useful to pair HHRAs with IVBA tests to adjust for the bioaccessible fraction 

(Boim et al., 2020; Du et al., 2020; Mehta et al., 2020). It is evident that the inclusion of metal(loid) 

bioaccessibility in HHRA is crucial to avoid overestimations in HHRA, however, it is still not a common 

practice (Kumpiene et al., 2017; Mehta et al., 2019). Limited studies, such as Mehta et al. (2020) and Darko 

et al. (2019) have applied this method to mine impacted areas to effectively evaluate the human health risks 

associated with bioaccessible metal(loid)s. Furthermore, there is still limited application comparing this 
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bioaccessibility corrected HHRA with the leaching and environmental risks of mine waste. This is 

concerning because they are based on the same principles, e.g., the solubility of metal(loid)s and influencing 

factors. The significance of the comparison of the bioaccessibility tests (human health) with leaching tests 

(environment) is that one is indicative of the other. Additionally, SEP and leaching tests are not 

systematically combined with a detailed mineralogical characterization, even though it is essential in 

understanding which minerals dissolve/precipitate.  

Thereby, the present study aims to include the bioaccessibility adjusted HHRA and compare the results 

from the IVBA tests with the leaching tests and SEP, combined with a mineralogical characterization, to 

assess the environmental and health risks posed by sulfidic mine waste from three different sites (both 

operational and historical mining sites). The combination of these different approaches should contribute 

to a better understanding of the influence of different parameters (mineralogy, pH, physiological conditions, 

etc.) on environmental and health risks of the mine waste. Based on these insights, possibilities for the 

management and valorization of this waste were evaluated. 

2. Study areas 

Samples were taken from three different mining sites: an operational Cu-Zn mine in Neves-Corvo, Portugal; 

a historical Pb-Zn mining site in Plombières, Belgium; and a historical Cu-Pb-Zn mine in the Freiberg 

mining district, Germany.  

The Neves-Corvo mine is located within the western part of the Iberian Pyrite Belt (IPB) in southern 

Portugal. More specifically, the deposit is a Volcanogenic Massive Sulfide (VMS) ore deposit (Newall et 

al., 2017). This mining region is one of the world’s largest massive sulfide provinces (Hunt et al., 2016). 

Pyrite (FeS2) is the main ore mineral in this region; sphalerite, galena, chalcopyrite and arsenopyrite are 

also found (Hunt et al., 2016). Drilling started at Neves-Corvo in 1977 and has developed as an underground 

operation (Newall et al., 2017). As an operational mine, it produces two types of mining residues: waste 

rock and tailings. There is a constant generation of tailings as a result of the beneficiation stage at the Cu 

and Zn processing plants. The waste rock production is variable as sometimes it is used as a backfill in 

mining operations. In the present study, three types of samples from this site were focused on: the fresh 

waste rock which was hoisted from the underground mining operations; the stored waste rock which, after 

being hoisted from underground, was stored in an open-air waste rock storage pile exposed to weathering; 

and the fresh thickened tailings, which consist of homogenized wet sludge. The mining operator, 

SOMINCOR, reported the following quantities in 2019: 3.1 Mt of waste rock stored in the waste pile and 

7.3 Mt of waste rock stored at the Cerro do Lobo Tailings Management Facility (TMF).  

The ores mined in the historical Freiberg mining district were extracted from the hydrothermal polymetallic 

vein-type deposit almost continuously from about 1168 to 1969 (Seifert and Sandmann, 2006). In the 20th 

century, the principle of flotation was used to process ores (Fritz and Jahns, 2017). The flotation tailings 

were deposited from 1951 to 1964 in the Davidschacht mine tailings impoundment (situated to the north of 

its shaft), which covers approximately 6.3 ha and has an average thickness of 20-30 m (Fritz and Jahns, 

2017). The estimated volume of tailings stored on-site is approximately 1.3 Mt, with an average content of 

Pb, Zn and S in the heap of 0.25 wt%, 0.24 wt% and 5.57 wt%, respectively (GEOS, 1993). Currently, there 

is a thick vegetative cover (with well-established trees) above the tailings; however, there are some exposed 

areas (the dam walls and small sections with little coverage or grass; Figure 1B) and a stream passing 

nearby. For the present study, a fresh tailings sample was taken from the Davidschacht mine tailings 

impoundment at less than 50 cm from the surface.  

The Mississippi Valley Type (MVT) ore deposit from Plombières was mined and processed from 1844 

until 1882, followed by the processing of imported ores once the mined closed, until 1922 (Dejonghe et al., 
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1993). There is approximately 11.4 Mt of mining waste present on site (Helser and Cappuyns, 2021). Bricks 

from the former processing factory as well as pipes remaining from ore processing and fragments of slags 

have been found mixed with the tailings (Bevandić et al., 2021). Currently, there is a thin layer of vegetation 

and soil before reaching the different layers of tailings. Indicator plants (e.g., zinc violets) have also been 

sighted in the area, signifying the high levels of Zn at the surface, since these species can only grow in Zn-

rich soil.  

Today, the mining area of Plombières is a public nature preserve and the Freiberg mining site has occasional 

visitors, especially in the neighboring areas. For the safety of the visitors and residents of the historical 

mining sites, it is crucial to understand the human health risks associated with the inhalation and ingestion 

of the small mine waste particles. Although the Neves-Corvo mine is not accessible for the public because 

it is still operational, and many safety measures are adopted to protect the workers on-site, an environmental 

and human health risk assessment was also performed.  

Figure 1 here (in color) 

3. Materials and methods 

3.1 Samples  

The studied mine waste consists of three samples from Neves-Corvo (NC_1, NC_2, and NC_3), one from 

Freiberg (FR_1), and three from Plombières (PL_55I, PL_55J and PL_62I) (Table 1). These samples were 

chosen based on their representativeness for waste streams considered for the potential recovery of metals 

and valorization into green building materials. Additionally, water samples from Freiberg and Plombières 

were taken from the on-site or nearby streams/rivers. The water was sampled from the river/streams midway 

between the surface and the bottom of the river/stream (WS_FR_1, WS_PL_1 and WS_PL_2; Table 1). 

Sample WS_FR_2 (Table 1) was taken from a stream flowing from a corroded pipe into the river (where 

WS_FR_1 was sampled). The samples were sealed and transported to the lab. The pH of the water samples 

was measured within 1 week and the elemental composition was analyzed with inductively coupled plasma-

optical emission spectroscopy (ICP-OES). Before ICP-OES analyses, the water samples were acidified to 

pH <2 with HNO3 and stored at 5-10 °C.  

All mine waste samples were dried (at max. 45°C), crushed with a hammer (for larger fragments), and then 

ground to a powder with a mortar and pestle to ≤500 µm. The moisture content was determined according 

to ISO 11465 (1993). Sample NC_2 was received as a slurry, with added water, to prevent oxidation during 

transportation; therefore, the excess water was first decanted (and analyzed separately; results presented in 

Supplementary Table S4) before drying the sample. 

A mineralogical (XRD) and chemical (AR digestion/ICP-OES and XRF) characterization of the samples 

was performed and they were subjected to IVBA tests, sequential extractions and leaching tests. Two 

different IVBA test methods were applied with varying liquid-to-solid (L/S) ratios to study the influence of 

potential ingestion of mine waste particles. Sequential extractions and leaching tests consisted of the BCR 

SEP, the TCLP, and a pH-dependent leaching test.  

Table 1 here 

3.2 Reagents and apparatus 

All chemicals and acids used during experiments were analytical and ultrapure grade, respectively. 

Ultrapure water (>18.2 MΩ.cm) supplied by Milli-Q® Academic System was used. IVBA tests were 

performed using 80 ml Nalgene polycarbonate tubes shaken upright at 250 rpm in a Grant GLS Aqua 18 
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plus water bath set at 37°C. Sequential extractions and leaching tests were performed using 50 ml Nalgene 

polypropylene tubes and shaken at 100 rpm on a reciprocal shaker (SM-30 Edmund Bühler GmbH). All 

extracts were centrifuged (GS-6 Centrifuge Beckman) for 15 min at 3200 rpm. Electrochemical 

measurements (pH and electrical conductivity) were performed using Eijkelkamp (The Netherlands) 

equipment. All supernatants were filtered using a syringe and a 0.45μm Chromafil® PET45/25 filter and 

stored in the refrigerator (at 5–10 °C) until analysis.  

For elemental analyses, a Varian/Agilent 720-ES (simultaneous ICP-OES with axially viewed plasma) 

supplied with double-pass glass cyclonic spray chamber, concentric glass nebulizer SeaSpray and extended 

“high solids” torch was used.  

Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sb, Sr, V, and Zn were analyzed from 

one single run with 3 replicates, 5 seconds each. Fitted background correction was used. The detection limit 

(DL mg/L), analytical precision (RSD %) and accuracy for each element were determined by repeated 

analyses of procedural blanks, Multi-Element ICP QCS-27E standard solution (Chem-Lab NV), standard-

4 (Agilent) and ISB-104 (Inorganic Ventures, Inc.). The typical wavelength, detection limit and analytical 

error for the elements of focus in this study determined with ICP-OES are presented in Supplementary 

Table S1. 

3.3 Physical, chemical and mineralogical sample characterization 

The pH of the mine waste samples was measured in a water suspension (L/S ratio: 10 l/kg). The loss on 

ignition (LOI) was determined by firing the mine waste samples to 1000°C. The particle size distributions 

of the tailing samples, FR_1 and NC_2, were measured using a Beckman Coulter LA 13320 laser diffraction 

particle size analyzer (results are presented in Supplementary Figure S1). Before the particle size analysis, 

the tailings samples were treated using the method developed by Jackson (1975) to liberate the particles. 

Tailings samples, NC_2 and FR_1, did not require much additional grinding because only 1% of the 

particles were above 500 µm in size (Supplementary Figure S1). Respectively, around 35% and 25% of the 

grains of waste rock samples NC_1 and NC_3 were larger than 500 µm pre-processing (Simão et al., 2021). 

The particle size distribution of sample NC_3 after crushing can be found in Supplementary Figure S2. 

Furthermore, scanning electron microscopy (SEM) was used to study large grains (>2 cm) and fine powder 

from sample NC_1, in which the larger grains contained pyrite encapsulated in quartz as well as quartz 

veining with Fe-oxides (Helser et al., 2021). Upon weathering or manually crushing the samples, the 

particle size is reduced, and the formerly locked minerals such as pyrite and hematite are liberated. 

Similarly, Bevandić et al. (2021) found Pb-bearing minerals, pyrite, goethite, and slags entrapped within 

grains from the Plombières mine waste samples. Upon grinding or weathering, the mentioned Pb-bearing 

minerals, pyrite, goethite and slags could be liberated and consequently increase acidity and metal(loid) 

mobility.  

Aqua regia (HCl/HNO3, 3:1 solution) digestion was performed on each of the samples to determine the 

pseudo-total elemental content according to the modified ISO 11466 method. The residue remaining after 

the AR digestion was saved for XRD analysis. 

The total elemental content was determined by X-ray fluorescence (XRF; Panalytical Axios-Minerals, using 

superQ software with Omnian module) for each of the samples (ground and sieved to <250 µm). The pearls 

for XRF were made using Perl’X. 1g of sample was mixed with a 7g flux (Spectromelt A12) and a glass 

bead was obtained when heated. Results are expressed as oxides: SiO2, Al2O3, Fe2O3, TiO2, CaO, MgO, 

Na2O, K2O, Mn3O4/MnO, and Cr2O3. 
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In addition to the chemical characterization, the mineralogy was determined using X-ray diffraction (XRD; 

Philips PW1830 diffractometer with Bragg/Bretano θ-2θ setup, CuKα radiation, 45 kV and 30 mA, graphite 

monochromator). The samples were prepared for XRD analysis by wet grinding with approximately 5 ml 

of ethanol in a McCrone micronizing miller for 5 min. For quantification, an internal standard (10% of 

zincite (ZnO)) was added to the sample before milling. Then, the samples were transferred to porcelain 

bowls and air-dried for at least 24 h under the fume hood. Once dried, the samples were disaggregated in 

an agate mortar and sieved at 180 µm before being packed into the sample holders for XRD analysis. The 

mineral phases were identified with Profex 4.0 software using the Rietveld refinement method (Bergmann 

et al., 1998).  

XRD was also used to determine the mineralogy of the residue that remained after the leaching tests, AR 

digestion and sequential extractions. However, due to the small amount of residue remaining, the samples 

were prepared using a mortar and pestle. In some cases, less than 0.5 g of residue remained, and only a 

qualitative analysis was performed (i.e., no internal standard was added).  

3.4 In vitro bioaccessibility tests 

An IVBA physiologically based extraction test (PBET) modified from Ruby et al. (1999) was performed. 

This modified PBET test followed the same methodology as described in Helser and Cappuyns (2021) and 

Poggio et al. (2009), which mimics the conditions of the gastric and intestinal systems. For comparison, the 

US EPA's (2007) protocol, also referred to as the Solubility Bioavailability Research Consortium (SBRC) 

method, was performed for just the gastric phase (i.e., SBRC-G). Both tests use 0.4 mol/l of glycine adjusted 

to pH 1.5 by HCl for the extraction fluid of the gastric phase; however, the L/S ratio for the modified PBET 

method is 50 l/kg, whereas the SBRC method is 100 l/kg. 

The bioaccessible fraction (Bf%) of each metal(loid) was calculated according to: 

 𝐵𝑓% = 100 ×
 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑃𝐵𝐸𝑇 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

(𝑝𝑠𝑒𝑢𝑑𝑜)𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 
 (1) 

in which the maximum concentration (mg/kg) leached during the modified PBET IVBA test is divided by 

the (pseudo) total concentration (mg/kg) for each element.  

3.5 Sequential extractions and leaching tests 

The improved BCR sequential extraction procedure (Rauret et al., 1999) developed by the Community 

Bureau of Reference (BCR), of the European Union (EU), consists of three different extraction steps to 

examine different environmental conditions for metals released. The procedure was performed according 

to the improved BCR SEP (Rauret et al., 1999) and consists of three extraction steps: Step 1 (CH3COOH 

0.11 mol/l) targets the exchangeable and weak acid-soluble fraction, Step 2 (NH2OH · HCl 0.5 mol/l 

acidified with 2.5% (v/v) HNO3) targets the reducible fraction, and Step 3 (H2O2 8.8 mol/l, and 

CH3COONH4, acidified to pH 2.0 with HNO3), the oxidizable fraction. Additionally, a fourth step was 

added, in which the residue from Step 3 was digested with AR. Six replicas were included to allow for XRD 

analysis after each step.  

The U.S. Environmental Protection Agency’s Method 1311 Toxicity Characteristic Leaching Procedure 

(TCLP) (US EPA, 1992) was performed to simulate the worst-case scenario of co-disposal in municipal 

landfills (Hageman et al., 2015). The extraction fluid was prepared according to the protocol (Extraction 

fluid #1; US EPA, 1992). The prepared extraction fluid was added to the samples at an L/S ratio of 20 l/kg 

and shaken for 18 h.  
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To evaluate the effect of pH on the mobility of metal(loid)s, a pH-dependent leaching test (similar to 

CEN/TS 14429 (2005) and US EPA Method 1313 (2012)) was performed, over a pH range between 0.5 

and 13. This pH range entailed using seven different predetermined extraction fluids with varying 

concentrations of HNO3 and NaOH (i.e., pH 0.5, pH 1, pH 2, pH 3, pH 9, pH 11, and pH 13), and an 

extraction at neutral pH with ultrapure H2O. The extraction fluids were added at an L/S ratio of 10 l/kg to 

each sample and shaken for 24 h. 

3.6 Quality assurance and quality control 

All tests were performed in duplicates and in some cases, triplicates or sextaplicates (BCR SEP), and at 

least one procedural blank was included in each batch. Additionally, for quality control, two reference 

materials (i.e., BCR 701 and CRM 483), with certified or indicative values of each step of the BCR SEP 

and AR digestion, were included. The quality assurance and control results are presented in Supplementary 

Table S2. The measured values are in good agreement with the certified and indicative values. Additionally, 

the t-test was performed in Microsoft Excel (2016) to determine whether the difference between groups 

(e.g., the two in vitro bioaccessibility tests) was statistically significant.  

3.7 PHREEQC modeling 

The geochemical model PHREEQC (Parkhurst and Appelo, 1999) with the MINTEQ database 

(minteq.v4.dat) was used to evaluate the influence of pH on the dissolution of pyrite, under oxidizing 

conditions. The mass of pyrite in the pyrite-containing samples at an L/S ratio of 10 l/kg was used as an 

input, simulating the pH-dependent leaching test experimental conditions. The dissolution of pyrite was 

modeled since pyrite is a key mineral in acid mine drainage, is present in high concentrations in most 

samples and its dissolution was not fully accounted for by mineralogical analysis of the residues. Other 

minerals were not modeled because their dissolution was mostly understood, did not present a high risk, or 

were not present in the majority of the samples. 

3.8 Human health risk assessment  

A human health risk assessment for oral exposure was determined using the guidelines from the US EPA 

(2011) and based on two different residential scenarios: A) a worst-case scenario of 350 days per year 

(Martínez-Sánchez et al., 2013), and B) a recreational scenario of 14 days per year. The non-carcinogenic 

and carcinogenic metal(loid)s were evaluated as the hazard quotient (HQ) and the carcinogenic risk (CR) 

based on the total concentrations (for HQtotal and CRtotal) and using a correction factor based on the relative 

bioavailability (RBA) determined from the IVBA gastrointestinal test (for HQbio and CRbio) (Eq. 2-5). 

First, the average daily dose (ADD) (mg/kg.day) was determined by Eq. 2 (US EPA, 2011) for both an 

adult and child: 

𝐴𝐷𝐷 = 𝐶𝑠 ×
𝐼𝑅 × 𝐸𝐹 × 𝐸𝐷 × 10−6

𝐵𝑊 × 𝐴𝑇
 

 

(2) 

where, Cs is the total metal(loid) concentration at the source (mg/kg), IR refers to the ingestion rate (mg/day; 

adult: 100 mg/day; child: 200 mg/day; US EPA, 2011), EF is the exposure frequency (days/year; varies per 

scenario A or B), ED refers to the exposure duration (years; adult: 24 years; child: 6 years; US EPA, 1991), 

10-6 is for unit conversion, BW, the body weight (kg; adult: 70 kg; child: 15 kg; US EPA, 1991), and AT 

refers to the average time (days; for non-carcinogens: AT= ED; for carcinogens: AT=70 years).  
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For a toxicological evaluation of the mine waste samples based on the metal(loid) toxicity as well as the 

bioaccessible percentage of the non-carcinogenic metal(loid)s, the hazard quotient (HQ) was calculated 

based on the total content (HQtotal) and using the bioaccessible correction factor (HQbio) via Eq. 3 and 4: 

𝐻𝑄𝑡𝑜𝑡𝑎𝑙 =
𝐴𝐷𝐷

𝑅𝑓𝐷
 

(3) 

𝐻𝑄𝑏𝑖𝑜 =
𝐴𝐷𝐷 × 𝑅𝐵𝐴

𝑅𝑓𝐷
 

(4) 

Where RBA refers to the relative bioaccessibility, which, in the present study, was the ratio of the maximum 

amount of each metal(loid) extracted during the modified PBET to the total content. The oral reference 

doses (RfD) for As, Cd, Co, Cr, Cu, Ni, Pb and Zn are 0.0003, 0.0005, 0.0003, 1.5, 0.04, 0.02, and 0.3 

mg/kg/d, respectively (Hu et al., 2011; US EPA, 2021). The limit of non-carcinogenic effects is fixed at 

one. 

The carcinogenic risk (CR) of As and Pb was also determined using the total concentrations (CRtotal, Eq.5) 

and also adjusted for the relative bioaccessible fraction (RBA) to determine the carcinogenic risk (CRbio, 

Eq.6). 

𝐶𝑅𝑡𝑜𝑡𝑎𝑙 = 𝐴𝐷𝐷 × 𝐶𝑆𝐹 (5) 

𝐶𝑅𝑏𝑖𝑜 = 𝐴𝐷𝐷 × 𝑅𝐵𝐴 × 𝐶𝑆𝐹 (6) 

The cancer slope factor (CSF) for As and Pb are 1.5 and 0.0085 (mg/kg-d)-1, respectively (US EPA, 2021). 

A CR < 10-6 and the summation of CR of an individual metal(loid) < 10-5 is regarded as acceptable. 

The inhalation and subsequent swallowing of soil particles are accounted for by the US EPA (2011) 

recommended values, therefore, this pathway does not need to be considered separately (Reis et al., 2014). 

4. Results 

4.1 Mineralogy 

Based on the mineralogical quantification (Table 2), the mine waste samples consisted mainly of quartz 

(25-68 wt%), except sample NC_2, which also consisted of 35 wt% of pyrite. All samples also contained 

clay minerals/micas (13-38 wt%). The samples from Plombières (PL_55I, PL_55J and PL_62I) contained 

amorphous phases (6-16 wt%). The presence of amorphous phases is likely due to the slag fragments also 

present on-site, which were observed during sample collection and preparation (Helser and Cappuyns, 

2021). Additionally, the Neves-Corvo samples and FR_1 contained pyrite (FeS2) (2-35 wt%), a key mineral 

for the generation of acid mine drainage. FR_1 also contained 1 wt% of arsenopyrite (FeAsS) and 1 wt% 

of chalcopyrite (CuFeS2). Other important metal-bearing minerals, such as cerussite (PbCO3) and sphalerite 

(ZnS), were found in samples PL_55I (0.3 wt% cerussite), PL_55J (2 wt% cerussite), and FR_1 (1 wt% 

sphalerite). Additionally, both hydrotalcite (Mg6Al2CO3(OH)16·4(H2O)) and siderite (FeCO3), were present 

in samples NC_1, NC_2, NC_3 and FR_3. Siderite is commonly known to act as an acid neutralizer; 

however, under certain conditions (e.g., the formation of ferrihydrate under elevated pH – Dold, 2017) it 

may generate acidity, contributing to acid mine drainage.  

Table 2 here 

4.2 Total elemental concentrations  
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Both XRF and AR digestion were performed to determine the total elemental content of the waste rock and 

tailings samples (Table 3). Elemental concentrations determined by XRF, in most cases, exceeded AR 

digestion results. For determining the concentration of elements that are present in low amounts, AR 

digestion proved to be the best technique. Therefore, for all Cr and Ni values, as well as Cd and Sb values 

(which were not measured by XRF), the results from AR digestion are referenced for further calculations. 

Additionally, for samples with XRF values below detection limits (ND in Table 3) AR digestion values 

were used instead. Not all elements analyzed are included in the discussion because the focus was on As, 

Cd, Cu, Fe, Pb, S and Zn. For bioaccessibility and HHRA, Cr, Ni and Co were also included. 

The samples contained high levels of metal(loid)s and S (Table 3), with sample PL_62I containing the 

lowest concentrations. The samples from Neves-Corvo (NC_1, NC_2, NC_2) and Freiberg (FR_1) 

contained elevated levels of As (>450 mg/kg) and Cu (>600 mg/kg). While the only As-bearing mineral 

detected by XRD was arsenopyrite in FR_1; likely, these elevated levels of As in the Neves-Corvo samples 

are also related to the occurrence of pyrite (Saunders et al., 1997). Additionally, all samples (except 

PL_62I), contained >1250 mg/kg of Zn (Guide value for reuse in or as a construction material in Flanders, 

Belgium; OVAM, 2012). Some samples also contained >25 mg/kg of Cd (PL_55J < NC_2 < FR_1). 

Since AR digestion does not completely digest samples, the residue remaining after AR digestion was 

analyzed using XRD. The residue from each sample consisted primarily of quartz (47-89%). Some residues 

also contained feldspars (PL_62I, PL_55I, FR_1 and NC_3; 3-17%), micas (PL_62I, PL_55J, FR_1, NC_1 

and NC_3; 14-27%), clay minerals (NC_1, NC_2 and NC_3; 11-24%), and amorphous phases (PL_55I, 

PL_55J and PL_62I). 

Table 3 here 

4.3 Bioaccessibility of metal(loid)s 

The bioaccessible concentrations determined by the modified PBET IVBA test, encompassing both the 

gastric (GP) and intestinal phases (IP), are presented in Table 4. In all cases, the bioaccessible fraction was 

higher in the GP compared to the IP. 

Overall, the bioaccessible fraction of As was relatively low: 1-11% in GP and 0.1-3% in the IP. However, 

up to 374 mg/kg of As was still bioaccessible in the GP. Cadmium, Pb and Zn were characterized by a 

relatively high bioaccessibility, especially for samples PL_55I and PL_55J. Overall, the bioaccessibility of 

Cd ranged from 13-100% in the GP and 0.5-47% in the IP. The bioaccessible Pb fraction ranged from 4-

67% in the GP and 0.1-1% in the IP, and 9-69% (GP) and 1-32% (IP) for Zn. 

The GP results from the modified PBET test (Table 4) were compared (Supplementary Table S3) with the 

SBRC-G test results, revealing the statistically significant (t-test; p<0.05) similarity of the tests. However, 

certain elements (e.g., As, Zn, Fe) were present in higher concentrations in the SBRC-G leachates, likely 

due to oversaturation of these elements in the modified PBET leachate (L/S ratio of 100 l/kg compared to 

50 l/kg). 

Table 4 here 

4.4 Mobility and fractionation of metal(loid)s 

The mobility of selected elements from each step during the BCR SEP are presented in Figure 2. 

Additionally, the mineralogical composition of the residue remaining after each step was determined 

(Figure 3: PL_55J; Supplementary Figure S3-S8: remaining samples), which provided information on 

which minerals dissolved or precipitated.  
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Figure 2 here (in color) 

In Step 1 of the BCR SEP there was a considerable release of Cd, Cu, Pb and Zn in most samples, while 

As and Fe remained less mobile. Cerussite, originally present in samples PL_55I and PL_55J, was no longer 

present in the solid residue after Step 1 (see Figure 3). The dissolution of cerussite in these samples also 

explains the high mobility of Pb (60-70%) in Step 1 (Figure 2). Hydrotalcite, which was originally present 

in samples NC_1, NC_2, NC_3 and FR_1, is also no longer present in the residue after Step 1, indicating 

its dissolution. Siderite, on the other hand, did not dissolve completely in Step 1, nor the following BCR 

SEP steps (Figures S4-S6).  

Sphalerite was also found in the residue from Step 1 (FR_1; Supplementary Figure S5). The remaining 

sphalerite was likely dissolved completely by Step 3 (oxidizable fraction); however, this could not be 

confirmed by mineralogical analysis due to the insufficient amount of FR_1 residue remaining after Steps 

2 and 3. Nevertheless, the dissolution of sphalerite during Step 3 can be supported by the fact that almost 

all Zn was released after Step 3 (FR_1; Figure 2). This dissolution of sphalerite in the first three steps was 

also reported in other studies (e.g., Carvalho et al., 2013), along with the high mobility of Zn (Bogush and 

Lazareva, 2011).  

Pyrite was still present in the residue for samples NC_1 and NC_3 (determined by mineralogical analysis; 

Supplementary Figures S7 & S5), even after Step 3. Some pyrite was partially oxidized during Step 3, based 

on XRD results and the elevated Fe and S concentrations released (Figure 2).  

Figure 3 here 

The TCLP results in comparison with the U.S. EPA’s regulatory thresholds for As, Cd, Cr, Pb and Zn are 

shown in Table 5. Based on this comparison, samples NC_2, FR_1, PL_55I, and PL_55J were considered 

hazardous to the environment because these samples exceeded the threshold for Pb (5 mg/l) and PL_55J 

also exceeded the threshold for Cd (1 mg/l).  

Table 5 here 

Furthermore, the pH-dependent leaching test revealed similar trends for elemental mobilization as a 

function of pH. Overall, the highest mobility was seen under acidic conditions and typically increased as 

pH decreased (from pH<6). For certain metal(loid)s (e.g., As and Pb), an increased release under highly 

alkaline conditions (pH>11) was also seen, creating a V or U-shaped curve.  

Mineralogical analysis of the Neves-Corvo samples was performed on the residue after extractions with pH 

0.5, 7 and 13. Quartz, pyrite, chlorite, and clay minerals remained in the residue of each sample after each 

extraction (pH 0.5, 7, and 13). In samples NC_1 and NC_2, slightly less pyrite and siderite were present in 

the residue after extraction with an HNO3 solution of pH 0.5, compared to the other residues after extraction 

with water (pH 7) and a NaOH solution of pH 13. Quantification of the exact amount of pyrite that dissolved 

was difficult because of the low concentrations. Additionally, sample NC_3 contained approximately the 

same amount of pyrite (2 wt%) in the residue after each extraction (pH 0.5, 7, and 13). 

Figure 4 here (in color) 

PHREEQC geochemical modeling was used to determine the influence of pH on pyrite dissolution. Pyrite 

did not exhibit the same dissolution pattern in the pH-dependent leaching test experimental results as in the 

model. The modeling showed increased pyrite dissolution for pH values below 4 and above 11, while the 

mineralogical analysis did not reveal a significant decrease of the pyrite content in the samples after each 

extraction.  
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5. Discussion 

5.1 Elemental and mineralogical characterization 

Elevated total concentrations of metal(loid)s were found in all samples, except PL_62I (Table 3). Tailing 

samples FR_1 and NC_2 had the highest levels of As and Zn, while samples PL_55I and PL_55J had the 

highest Pb concentrations. The total Zn concentrations detected in sample FR_1 (10,400 mg/kg; Table 3) 

are comparable to the amount of Zn (9,800 mg/kg; calculated from the amount of sphalerite present) in 

sphalerite detected in that sample (1 wt%; Table 2). Additionally, cerussite was detected in samples PL_55I 

(0.3 wt%; 2,500 mg/kg of Pb) and PL_55J (2 wt%, 16,900 mg/kg of Pb) and accounts for about half of the 

total Pb concentrations determined for both samples (PL_55I: 5,300-9,100 mg/kg; PL_55J: 35,900-47,200 

mg/kg; Table 3). The results revealed that most of the Zn in sample FR_1 is present in sphalerite, whereas, 

cerussite in samples PL_55I and PL_55J only partially accounts for the total Pb content. Thereby, Pb is 

bound to other minerals or amorphous phases. The amorphous phases present in the Plombières samples, 

mostly comprised of metallurgical waste (e.g., slag fragments and smelting pipes) commonly found on-site, 

are likely to be metal(loid)-rich. Numerous studies on slags have found high contents of metal(loid)s (e.g., 

As, Cd, Cu, Pb and Zn) bound in the glass fragments (Ettler et al., 2009; Jarošíková et al., 2017; Morrison 

et al., 2016). A study by Kucha et al. (1996) on the slag material from Plombières found that the Si-rich 

slags contained Fe (30-46 wt%), Mn (0.9-1.1 wt%), Zn (1.5-4.3 wt%), Pb (1.7-2.2 wt%), Cd (1.6-1.8 mg/kg) 

and Cu (555-1000 mg/kg).  

5.2 Reactivity of minerals during sequential extractions 

The BCR SEP paired with the mineralogical characterizations was imperative in understanding the 

importance of mineralogy and other mechanisms involved. Mineralogy is a key driver for metal(loid) 

release. Cerussite, for instance, is an easily soluble mineral completely dissolving in Step 1 in the BCR SEP 

for both PL_55I and PL_55J (Figure 3). In the same samples, 58-67% of Pb is bioaccessible in the GP of 

the modified PBET (Table 4). The remaining Pb is bound to amorphous phases or other minerals. 

Conversely, sphalerite is only dissolved in Step 3 of the BCR SEP. In the GP of the modified PBET, 21% 

of the total Zn content was bioaccessible (FR_1; Table 4), which is approximately the equivalent of all 

sphalerite dissolved. Additionally, the re-adsorption of metal(loid)s is another important factor affecting 

the release of elements, especially due to the presence of silicates (e.g., clays).  

The Neves-Corvo and Freiberg samples contained 2-35 wt% of pyrite, which was never completely 

dissolved in any of the samples after the 3 steps of the BCR SEP, nor in the pH range 0.5 to 13 (pH-

dependent leaching test). Pyrite likely bears other metal(loid)s in trace amounts. Arsenic and Cu are 

commonly associated with pyrite, but Cu can also be substituted by other minor or trace elements (e.g., Co, 

Pb, Cd and Zn) or the elements may also be present as small inclusions in the host sulfides (Lottermoser, 

2010). Furthermore, sample FR_1 also contained detectable levels of Cu and As-bearing pyrite (by XRD 

analysis). Thereby, even a partial dissolution of pyrite can release these metal(loid)s. Based on the 

PHREEQC modeling, revealing an increased dissolution of pyrite at pH <4 and >11, it is evident that other 

factors also play a role in the lack of pyrite dissolution. For example, slow oxidation kinetics or the 

oversaturation of pyrite in solution, leading to the underestimation of metal(loid) mobility in the BCR SEP 

(Caraballo et al., 2018). There is no single rate law to describe the kinetics of pyrite oxidation for all cases 

since pyrite oxidation is a complex process that involves many different factors (i.e., chemical, biological, 

electrochemical reactions and environmental conditions) (Evangelou, 1998). The exact influence of the 

kinetics of pyrite oxidation was not the focus of the current study; however, this will be explored in future 

research.  

5.3 Bioaccessibility versus pH-dependent leaching and sequential extractions 
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The bioaccessible fraction from the IVBA test varied amongst samples, with an overall trend of decreasing 

bioaccessibility: Cd(13-100%)>Zn(9-69%)>Pb(4-67%)>Cu(8-41%)>Ni(1-37%)>As(1-11%)>Cr(1-9%). 

A previous study (Mehta et al., 2020) on waste rock, tailings and soil from an abandoned mine site reported 

a comparable trend (Cd≈Zn>Cu>Pb>Ni>Co>As>Cr) with the As and Pb bioaccessible fractions ranging 

from 5-33% and 16-88%, respectively. The low bioaccessibility of As and Cr was also consistent with the 

fact that they were primarily found in the residual fraction of the BCR SEP (Figure 2 and Supplementary 

Figure S9).  

Similar to the present study, higher bioaccessible fractions in the GP than in the IP were also a commonly 

observed phenomenon in other studies. For instance, Poggio et al. (2009) found that Pb and Zn 

concentrations were generally lower in the IP than in the GP, while the opposite was true for Cu and Ni. 

Also, a study by Jorge Mendoza et al. (2017) on contaminated soils observed that Cd, Ni, Pb and Zn showed 

a greater bioaccessibility in the GP compared to the IP. The lower bioaccessibility in the IP could be a result 

of the re-adsorption, complexation, or the precipitation of metal(loid)s due to the higher pH (e.g., co-

precipitation of Pb with Fe-(oxy)(hydr)oxides; Li et al., 2014). The pH-dependent leaching test revealed 

the influence of pH, with higher metal(loid) release under acidic conditions (pH of GP: 1.5) and, generally, 

the lowest release at neutral pH (pH of IP: 6-7). The extraction fluid constituents, such as glycine (NH2-

CH2-COOH), also play a role. For example, certain metal(loid)s (e.g., Cu and Ni) may have a stronger 

affinity to glycine; while others (e.g., Pb and Zn), have a lower affinity (Martell and Smith, 1982; Poggio 

et al., 2009).  

Notwithstanding the lack of pyrite dissolution, the Fe concentrations released into solution from the Neves-

Corvo samples were still rather elevated during the pH-dependent leaching test under acidic conditions 

(pH<4; Figure 4). This is likely the result of the dissolution of other Fe-bearing minerals, such as siderite, 

in combination with a small fraction of pyrite dissolution. This is supported by the mineralogical analysis 

of the residue revealing partial or complete dissolution of siderite with extractions at pH 0.5 in the Neves-

Corvo samples. 

Despite different operational conditions (e.g., temperature, L/S ratio, extraction fluid, duration), the 

modified PBET results are often similar to the pH-dependent leaching results for As, Pb, Cu, Zn. However, 

for samples NC_2 and FR_1, an exceptionally higher amount of Pb was released in the GP (1600 and 1700 

mg/kg, respectively) of the modified PBET in comparison with the pH-dependent leaching test (255 and 

320 mg/kg, respectively). This higher release of Pb in the GP of the modified PBET can be due to many 

different factors, but one of the greatest influences is likely the higher L/S ratio of the PBET (50 l/kg) 

compared to the pH-dependent leaching test (10 l/kg). Thereby, the pH-dependent leaching test would have 

an oversaturation of Pb in solution, resulting in precipitation of Pb species. Cation release generally 

increases towards acidic pH values, while anion release increases towards high pH values (Alloway, 2013); 

however, that was not necessarily the case in the current study. For example, Pb concentrations were found 

to also rise as pH increased for most samples. Additionally, for the pyrite-containing samples, the Fe 

concentrations released during the GP of the modified PBET were always lower than those released at the 

respective pH in the pH-dependent leaching test. This could be due to the longer shaking time of the pH-

dependent leaching test (24 h compared to 1 h) or the lower affinity of Fe to the extraction fluid used (e.g., 

glycine). Amino acids, such as glycine are known to chelate with certain metals, aiding in the dissolution 

(Deary et al., 2021; Meza-Figueroa et al., 2020). However, this may not be the case for Fe or certain Fe-

bearing minerals (e.g., pyrite). Harris and Silberman (1983) found that, for Fe dissolution, glycine was 

reported to be a poor chelator in comparison to other amino acids. Additionally, citrate, an organic acid also 

sometimes incorporated in IVBA fluids (e.g., PBET assay), has been shown to increase soluble Fe 

concentrations in the GP (Li et al., 2015). There are many different types of IVBA tests, which use different 
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combinations of amino acids and organic acids in the extraction fluid (e.g., citrate, citrate + glycine). 

Thereby, different IVBA tests that require the usage of an alternative or additional constituent can influence 

Fe release.  

By assessing the release of metal(loid)s from both the pH-dependent leaching and IVBA tests, it is apparent 

that other parameters apart from pH (e.g., L/S ratio, temperature, extraction fluid constituents) also play a 

significant role in metal(loid) mobility and, thus, these tests are not interchangeable. 

5.4 Human health risk assessment and correlation with in vivo studies 

The bioaccessibility-corrected HHRA was used to determine the HQ and the CR for each sample based on 

a worst-case and recreational scenario (Figure 5). The bioaccessible concentration for the GP was always 

higher than for the IP; thus, the GP concentration was used as an input for the RBA adjustment in the HHRA 

for a worst-case scenario. The overestimation caused by using total concentrations of metal(loid)s compared 

to the calculation with RBA adjustment (Eq. 4 & 6) is clear in all samples (Figure 5). Based on the worst-

case scenario (scenario A; Figure 5) considering the calculations with the RBA adjustment, samples NC_2, 

FR_1, PL_55I and PL_55J for adults and NC_1, NC_2, FR_1, PL_55I and PL_55J for children, posed non-

carcinogenic risks (HQ>1). Considering the more realistic scenario (scenario B; Figure 5), only sample 

PL_55J posed non-carcinogenic risks (HQ>1) for children. These potential risks are greatly attributed to 

the elevated and mobile As concentrations, as well as to Pb and Cd in the Plombières samples.  

Figure 5 here (in color) 

The carcinogenic risk was also determined considering bioaccessible As and Pb concentrations of the mine 

waste samples (Figure 6). Based on the worst-case scenario (scenario A; Figure 6), all samples except NC_3 

and PL_62I posed a potential risk for both adults and children. Considering scenario B (Figure 6), only 

sample NC_2 posed a carcinogenic risk for adults and samples NC_2, FR_1 and PL_55J for children. 

Overall, the carcinogenic risk is driven by the elevated and mobile levels of As and, for samples PL_55I 

and PL_55J, the risk is also driven by Pb.  

Figure 6 here 

At the Neves-Corvo mining site, oral, dermal and respiratory exposure to metal(oid)s could be a risk for 

the mineworkers. However, considering safe mining practices implemented in modern mines (e.g., wearing 

mouth masks and gloves), most of these risks should be averted. At the Plombières and Freiberg former 

mining sites, the residents are at risk of exposure to metal(loid)s, especially children who often play in the 

areas (e.g., at Plombières, because it is a frequented nature preserve) and have a higher HQ and CR 

potential.  

While this is just a theoretical assessment incorporating in vitro experiments, other studies (Boisa et al., 

2013; Bose-O’Reilly et al., 2018; Coelho et al., 2014) have demonstrated the elevated levels of metal(loid)s 

in humans through biological monitoring of exposed workers, their families, and people living near the 

mining sites (both operational and abandoned). In the study by Boisa et al. (2013) metal(loid) concentrations 

and mineralogy (e.g., cerussite and pyrite) in surface soils in Mitrovica, Kosovo, were similar to the current 

study. They reported high bioaccessibility of Pb and As and the possibility of local populations exceeding 

the tolerable daily intake, which was supported by detectable levels of Pb in the scalp, hair and blood of 

children living in the area (Boisa et al., 2013). While the environmental circumstances are not the same, the 

study still provides useful insights into the bioaccessibility potential for the present study. Bose-O’Reilly 

et al. (2018) also found elevated Pb levels in the blood of children (95% of children with blood Pb levels > 

10 µg/dL) living in the old Zn-Pb mining town in Kabwe, Zambia. While there are potentially high health 
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risks associated with the bioavailable Pb levels of the mine waste in Plombières and Freiberg, the studied 

mine sites have included some additional measures (e.g., soil and vegetative cover) to minimize the risk or 

level of exposure.  

Other authors, such as Casteel et al. (2006) and Drexler and Brattin (2007), have validated IVBA tests (with 

the same L/S ratio, gastric fluid, pH, temperature and duration as the SBRC-G test performed in this study) 

with in vivo studies and have found a strong correlation for bioaccessible Pb (r2=0.924, p<0.0001) (Drexler 

and Brattin, 2007). Juvenile swine were used to monitor Pb uptake through ingestion of soils from various 

mining/smelting sites and some artificially spiked soils (Casteel et al., 2006). The results from the in vivo 

study on the gastric phase were consistent with those of the modified PBET and SBRC-G IVBA tests 

regarding Pb. The highest levels of bioaccessible Pb were found in the samples containing Pb carbonates 

or Pb oxides (i.e., samples PL_55I and PL_55J). Lead sulfides, silicates, and Pb associated with As oxides 

demonstrated the lowest bioaccessibility. These results were also consistent with other studies (Ruby et al., 

1992, 1999).  

Given the high risks associated with Pb and As ingestion exposure of particles from samples NC_1, FR_1, 

PL_55I and PL_55J, necessary precautions should be taken to prevent continuous exposure, especially for 

children.  

The HHRA provided valuable insight into the potential risks that these particular samples pose; however, 

a more detailed study at each site monitoring the spread of the mine waste particles and a more exact 

estimation of the three exposure pathways (ingestion, inhalation, dermal) should be implemented. 

5.5 Environmental risk assessment  

The risk assessment code (RAC) has frequently been used in environmental risk assessments in previous 

studies (e.g., Carvalho et al., 2013; Nematollahi et al., 2020), and is based on the SEP fractionation. The 

RAC is calculated as the easily exchangeable fraction (Step 1 of the BCR SEP). In the present study, the 

RAC for metal(loid)s is highest for Cd (10-73%), followed by Pb (2-62%), Zn (4-57%), Cu (3-34%) and 

As (0-3.3%). However, a low extractable fraction (e.g., As: 0-3.3% exchangeable), can still refer to elevated 

levels of metal(loid)s in solution due to the high overall total concentrations. Thereby, it is clear that the 

RAC alone cannot determine the environmental risks. The TCLP and pH-dependent leaching test performed 

in this study are used to further assess the environmental risks. According to the TCLP, most of the samples 

are considered hazardous to the environment due to their elevated mobile levels of Pb. However, this 

assessment is only evaluated in comparison with As, Cd, Cr, and Pb threshold levels and, thereby, other 

metal(loid)s (e.g., Cu, Zn) are not considered. The pH-dependent leaching test (Figure 4) revealed the 

mobility of metal(loid)s as a function of pH, which can be useful in studying the effects in extreme 

conditions, as well as under neutral conditions. Under neutral pH conditions, high levels of As (>2 mg/kg), 

Cd (>2 mg/kg), Cu (>100 mg/kg), Pb (>10 mg/kg) and/or Zn (>80 mg/kg) were still released from most 

samples. Based on the mobility of metal(loid)s under different conditions, samples NC_2, FR_1, and 

PL_55J are continuously classified as hazardous to the environment. The other samples occasionally pose 

a risk depending on the environmental conditions (e.g., pH). Also, the studied mine waste samples contain 

a low amount of acid-neutralizing minerals (e.g., carbonates) in comparison with sulfides; thereby, the 

potential for acid generation in oxidizing conditions is very likely.  

To address the environmental effects in situ, water samples from the rivers/streams passing through the 

historic mine sites of Freiberg and Plombières were analyzed (presented in Supplementary Table S4). The 

samples contained relatively low levels of metal(loid)s and sulfur, except for FR_WS_2, which contained 

slightly elevated levels of As (0.3 mg/l). The sample also contained 490 mg/l of S and had a relatively 
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neutral pH (pH 6.6; see Table 1). While the water may not pose an immediate threat to the environment, it 

is important to continuously monitor the metal(loid) levels and pH in the rivers/streams. 

The majority of the studied mine waste samples pose an environmental risk based on the mobility of 

metal(loid)s. However, additional studies need to be conducted (e.g., on the kinetics of mineral 

transformations and associated metal(loid) mobilization) to further determine the long-term mobilization 

of metal(loid)s and acid generation potential.  

5.6 Potential management approaches  

The location of the studied samples and their exposure to different environmental conditions (e.g., wind, 

erosion, acid rain, proximity to groundwater/surface water) is a determining factor for the environmental 

and human health risk potential. Since some samples from the abandoned mining sites, Freiberg and 

Plombières, are located near the surface, with a scarce vegetative cover, they present a current risk that may 

worsen over time. Thereby, it is crucial to continue to monitor the site and take appropriate measures to 

minimize the risks. 

Based on the pH-dependent leaching test (Figure 4), it seems that commonly applied management 

scenarios, such as co-disposal with lime or cement stabilization might not be feasible due to the increased 

mobility of As and Pb under alkaline conditions (pH>10). If the mine waste was kept at a pH between 6 

and 10, a lower release of metal(loid)s would be expected. However, this is not a sufficient solution, 

especially since elevated levels of metal(loid)s were still released under neutral pH conditions. Sample 

PL_62I, which contains low levels of metal(loid)s, could be utilized in building materials such as ceramics, 

as they require low levels of sulfur and metal(loid)s (Simão et al., 2021). For mine waste with high levels 

of metal(loid)s, potential metal recovery approaches could be envisaged, such as phytomining, bioleaching 

or ion flotation. For mine waste that does not have economically viable levels of metal(loid)s, different in 

situ remediation methods could be applied, such as solidification/stabilization methods including paste 

backfill. Additionally, the inhibition of oxidative dissolution of pyrite-containing waste could help to 

minimize acid generation. For instance, natural organic acids (e.g., humic substances) have proved to be 

useful for preventing pyrite weathering (Lalvani and Zhang, 1994). Also, due to the high mobility of metals 

in the mine waste, metal recovery seems to be a viable option. 

However, for historical mines, it is also important to assess whether the environmental and human health 

risks outweigh the risks of re-opening the site. For example, as the Plombières and Frieberg sites have 

already been covered with a soil layer, there may be more environmental risk in reprocessing them 

compared to leaving them in the current condition (Kinnunen and Kaksonen, 2019). These risks along with 

the life cycle assessment of the reprocessed materials should be evaluated before proceeding with a large-

scale reprocessing plan. In the case that the mine waste should not be removed, in situ remediation methods 

should be considered.  

6. Conclusion 

This study focused on assessing the environmental and health risks of mine waste from three different sites 

based on the mobility and bioaccessibility of metal(loid)s. The majority of the investigated mine waste 

samples contained high levels of metal(loid)s, which were also highly mobile. This high mobility is 

concerning, because, even in its natural state, the mine waste poses an environmental risk and this only 

worsens under acidic (e.g., acid rain, acid mine drainage) or alkaline conditions (e.g., co-disposal with 

CaO).  
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Mineralogy and sorption processes are also important parameters controlling metal(loid) release. Cerussite 

was found to be easily dissolved, releasing elevated levels of Pb. Pyrite never completely disappeared from 

the samples during leaching and bioaccessibility tests, likely due to the slow oxidation kinetics of pyrite 

and high content of pyrite.  

The bioaccessibility adjustment to the HHRA, using bioaccessible concentrations, was deemed crucial since 

the calculated risk using just the total metal(loid) concentrations proved to be an overestimation. 

Regarding the methodology, there was a clear correlation between the leaching tests and IVBA tests. The 

pH-dependent leaching test can be indicative of the human health risks of the mine waste; however, it 

should not replace human health assessment methods, such as IVBA tests or biological monitoring. While 

pH plays a significant role in the release of metal(loid)s, it is evident that other varying parameters within 

IVBA tests and pH-dependent leaching tests also influence the release of metal(loid)s (e.g., L/S ratio, 

temperature, and extraction fluid constituents). Thereby, it is proposed that a laboratory standard 

methodology for risk assessment should be established, incorporating a set of different leaching tests with 

varying parameters, mainly pH and L/S ratio, in combination with an in vitro bioaccessibility test and 

detailed mineralogical characterization.  

Overall, it was found that the majority of the samples are likely to pose environmental and human health 

risks due to the highly mobile levels of hazardous metal(loid)s. However, to fully understand the risks, 

more in situ assessments should be incorporated. For example, oxidative dissolution of sulfides was not 

considered in detail. Oxidative dissolution of sulfur-bearing minerals is a key mechanism for the generation 

of acid mine drainage and metal(loid)s leaching. This will be investigated in more detail in a follow-up 

study. 

Given the overall assessment of the studied samples, mine wastes that pose human health or environmental 

risks should be managed to prevent exposure to the metal(loid)s. One potential treatment approach for the 

mine waste is metal recovery combined with the valorization of residues into green building materials. This 

specific approach will also be investigated in future research.  
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Table 1. Sample descriptions, pH and loss on ignition (LOI) (average ± standard deviation of 2 replicates) NA: not applicable. 

Sample 

name 
Site Description Color (Munsell soil color 

chart code) 
pH LOI  

(wt%) 

NC_1 Neves-Corvo Waste rock (fresh) Grey (10 YR 6/1) 5.4 8.5 ± 0.03 

NC_2 Neves-Corvo Tailings Dark greyish brown (10 YR 

4/2) 

6.1 20.8 ± 0.05 

NC_3 Neves-Corvo Waste rock (stored) Brown (7.5 YR 5/3) 3.5 11.5 ± 0.1 

FR_1 Freiberg Tailings Yellowish red (5 YR 5/6) 4.1 14.0 ± 0.1 

PL_55I Plombières Metallurgical waste Dark yellowish brown (10 
YR 4/4) 

7.3 3.0 ± 0.1 

PL_55J Plombières Tailings  Brown (7.5 YR 5/3) 6.7 5.6 ± 0.1 

PL_62I Plombières Tailings  Brownish yellow (10 YR 

6/6) 

7.8 3.2 ± 0.2 

WS_FR_1 Freiberg River water sample NA 8.0 NA 

WS_FR_2 Freiberg Water sample from 
pipe flowing into river 

NA 6.6 NA 

WS_PL_1 Plombières Stream water sample  NA 6.4 NA 

WS_PL_2 Plombières Stream water sample  NA 6.5 NA 

 

 

Table 2. Mineralogical quantification of samples. 

Mineralogy  
(wt%) Formula NC_1 NC_2 NC_3 FR_1 PL_55I PL_55J PL_62I 

Quartz SiO2 36 25 35 38 65 68 51 

Feldspars 
 

   5 14 3 12 

Clay minerals/Micas 
 

36 14 38 15 14 13 19 
Pyrite FeS2 5 35 2 13    

Chalcopyrite CuFeS2    1    

Arsenopyrite FeAsS    1    

Goethite α-FeO(OH)      1  

Clinochlore Mg6Si4O10(OH)8   4 6     

Chlorite ClO2
- 18 18 10 12    

Rutile TiO2 2 1 2  1 1 1 
Dolomite CaMg(CO3)2    4    

Hematite Fe2O3    2    

Hydrotalcite Mg6Al2CO3(OH)16·4(H2O) 1 2 2 3    

Gypsum CaSO4.2H2O   5     

Siderite FeCO3 3 2 1 6    

Sphalerite ZnS    1    

Cerussite PbCO3     0.3 2  

Amorphous       6 13 16 

 

 

 



 

Table 3. Total element concentrations determined after aqua regia (AR) digestion (mg/kg) and X-ray fluorescence (XRF) (mg/kg) 
of all tailings and waste rock samples. Cd and Sb were not measured for XRF. Mean ± standard deviation (n=2). ND= Not 
detected. 

  NC_1 NC_2 NC_3 FR_1 PL_55I PL_55J PL_62I 

AR Digestion (mg/kg)             

Al 18200 ± 400 15300 ± 10 17200 ± 400 6400 ± 200 9900 ± 70 4900 ± 300 13000 ± 1200 

As 460 ± 5 3800 ± 30 480 ± 12 4620 ± 60 16.4 ± 0.5 130 ± 15 10.0 ± 0.1 

Cd 6.4 ± 0.1 26.6 ± 0.5 2.2 ± 0.0 95.5 ± 0.2 7.91 ± 0.03 29 ± 3 0.54 ± 0.01 

Co 38.6 ± 0.2 137.8 ± 0.1 17.2 ± 0.0 29.0 ± 0.2 6.9 ± 0.1 14 ± 1 9.7 ± 0.7 

Cr 19.3 ± 0.7 20.1 ± 0.2 14.9 ± 0.2 15.6 ± 0.2 15.0 ± 0.2 13.8 ± 0.6 24 ± 2 

Cu 1030 ± 50 3060 ± 40 3250 ± 160 620 ± 15 25.9 ± 0.4 164 ± 0.7 16.6 ± 0.3 

Fe 91400 ± 1000 230000 ± 1200 60400 ± 1000 115000 ± 200 18200 ±500 26300 ± 300 22300 ± 1100 

Ni 22 ± 1 18 ± 1 19.1 ± 0.4 13.2 ± 0.3 11.4 ± 0.1 25 ± 1 18 ± 1 

Pb 530 ± 30 3200 ± 30 220 ± 15 3000 ± 60 5300 ± 200 36000 ± 2000 18 ± 1 

S 62300 ± 500 219000 ± 900 23900 ± 900 111000 ± 10 380 ± 10 2100 ± 30 50 ± 10 

Sb 50 ± 3 230 ± 5 27 ± 1 28 ± 2 12.0 ± 0.3 94 ± 3 1.4 ± 0.2 

Zn 2100 ± 20 9700 ± 100 700 ± 10 10500 ± 20 1080 ± 30 6400 ± 150 70 ± 10 

XRF (mg/kg)             

Al 63000 ± 4000 23100 ± 2000 65000 ± 3300 24500 ± 800 42400 ± 400 40400 ± 800 57700 ± 800 

As ND 3800 ± 490 ND 5960 ± 690 ND ND ND 

Co ND ND ND ND ND ND ND 

Cr ND ND ND ND ND ND ND 

Cu ND 3200 ± 1200 4400 ± 140 ND ND ND ND 

Fe 110000 ± 3600 222000 ± 5200 88600 ± 4400 140000 ± 7500 25200 ± 100 36400 ± 200 30700 ± 200 

Pb ND 3700 ± 600 ND 4670 ± 50 9120 ± 350 47200 ± 1400 ND 

S 34800 ± 800 72000 ± 6100 26000 ± 200 70800 ± 1000 540 ± 70 1440 ± 200 ND 

Zn 2370 ± 30 8930 ± 860 1000 ± 200 10400 ± 800 1310 ± 80 7020 ± 160 ND 

 

  



Table 4. Bioaccessible concentrations (Concentration in mg/kg) and fractions (Bf in %) of metal(loid)s leached during the modified PBET in vitro bioaccessibility test gastric and 
intestinal phases. 

  NC_1 NC_2 NC_3 FR_1 PL_55I PL_55J PL_62I 

  Conc (mg/kg) 

Bf 

(%) 

Conc 

(mg/kg) 

Bf 

(%) Conc (mg/kg) 

Bf 

(%) 

Conc 

(mg/kg) 

Bf 

(%) Conc (mg/kg) 

Bf 

(%) 

Conc 

(mg/kg) 

Bf 

(%) Conc (mg/kg) 

Bf 

(%) 

Gastric                           

As 23.8 ± 0.4 5 374 ± 14 10 5 ± 1 1 240 ± 5 4 1.41 ± 0.01 9 5.9 ± 0.5 4 1.1 ± 0.1 11 

Cd 1.06 ± 0.01 17 3.57 ± 0.06 13 

0.7937 ± 

0.0002 36 20.73 ± 0.03 22 7.00 ± 0.05 89 29 ± 2 100 0.097 ± 0.003 18 

Co 6.7 ± 0.1 17 10.67 ± 0.04 8 7.94 ± 0.06 46 9.8 ± 0.1 34 0.94 ± 0.03 14 1.79 ± 0.03 13 
0.1693 ± 
0.0003 2 

Cr 0.61 ± 0.02 3 1.7 ± 0.3 9 0.36 ± 0.01 2 1.44 ± 0.01 9 0.27 ± 0.01 2 0.35 ± 0.01 3 0.12 ± 0.03 1 

Cu 77 ± 1 8 411 ± 2 13 1080 ± 20 24 57 ± 1 9 9.3 ±  0.2 36 66 ± 1 41 5 ± 1 27 

Ni 2.54 ± 0.03 12 2.27 ± 0.03 13 5.4 ± 0.2 28 

4.892 ± 

0.006 37 0.958 ± 0.009 8 6.5 ± 0.3 26 0.2 ± 0.1 1 

Pb 118 ± 8 20 1630 ± 40 44 9.3 ± 0.4 4 1670 ± 70 36 6140 ± 540 67 
27300 ± 
1700 58 1.85 ± 0.07 11 

Zn 440 ± 6 19 1300 ± 10 15 354 ± 3 35 2180 ± 10 21 616 ± 27 47 4860 ± 370 69 5.9 ± 0.3 9 

Intestinal                           

As 1.3 ± 0.5 0.3 12.3 ± 0.5 0.3 0.50 ± 0.03 0.1 11.1 ± 0.5 0.2 0.5 ± 0.4 3 0.7 ± 0.1 1 0.3 ± 0.1  3 

Cd 

0.3989 ± 

0.0005 6 1.40 ± 0.01 5 0.272 ± 0.003 12 

8.849 ± 

0.001 9 2.47 ± 0.08 31 13.6 ± 0.3 47 <0.005 0.5 

Co 3.02 ± 0.02 8 4.57 ± 0.06 3 3.2 ± 0.1 19 4.29 ± 0.006 15 0.28 ± 0.02 4 0.88 ± 0.02 6 0.072 ± 0.004 1 

Cr 0.18 ± 0.01 1 0.34 ± 0.05 2 0.06 ± 0.01 0.4 0.25 ± 0.02 2 

0.649 ± 

0.0002 0 0.08 ± 0.01 1 0.08 ± 0.01 0.3 

Cu 40 ± 1 4 196 ±  1 6 532 ± 10 12 26 ± 1 4 6.20 ± 0.03 24 34.9 ± 0.1 21 2.5 ± 0.4 15 

Ni 1.336 ± 0.002 6 1.1 ± 0.1 6 2.5 ± 0.1 13 2.31 ± 0.04 18 0.522 ± 0.002 5 3.15 ± 0.02 13 0.18 ± 0.04 1 

Pb 1.0 ± 0.3 0.2 6.9 ± 0.2 0.2 0.19 ± 0.06 0.1 24 ± 8 1 48 ± 1 1 35 ± 8 0.1 0.27 ± 0.01 2 

Zn 184 ± 1 8 602 ± 7 7 115 ± 4 11 1030 ± 4 10 256 ± 11 20 2270 ± 80 32 0.4 ± 0.1 1 



Table 5. TCLP results presented in mg/l in comparison with the US EPA regulatory thresholds for As, Cd, Cr, and Pb. There is 
no standard established (NSE) for Zn. Values in bold are above the threshold values. 

mg/l As Cd Cr Pb Zn 

NC_1 < 0.1 0.490 ± 0.001 < 0.01 1.3 ± 0.2 15.72 ± 0.06 

NC_2 0.12 ± 0.01  0.179 ± 0.004 < 0.01 39.49 ± 0.03 72.4 ± 0.1 

NC_3 < 0.1 0.048 ± 0.001 0.010 ± 0.001 0.05 ± 0.02 19.0 ± 0.3 

FR_1 0.96 ± 0.01 0.86 ± 0.01 < 0.01 13.7 ± 4.4 77.2 ± 0.9 
PL_55I < 0.1 0.25 ± 0.01 < 0.01 112 ± 5 13.6 ± 0.7 

PL_55J < 0.1 1.20 ± 0.07 < 0.01 755 ± 8 80 ± 3 

PL_62I < 0.1 < 0.01 < 0.01 < 0.1 0.030 ± 0.005 

(US EPA) 

Regulatory 

Threshold 5.0 1.0 5.0 5.0 NSE 
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