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Abstract

The geochemical and mineralogical characterization of mine waste provides essential
information to understand the environmental and health impacts and to adequately
manage present and historical mine waste sites. In the present study, mine waste
samples from a former Zn-Pb mining site were subjected to different types of leaching
tests, an in-vitro bioaccessibility test, and a mineralogical analysis. The samples
were characterized by elevated pseudo-total Pb (up to 51,800 mg/kg), Zn (up to
60,100 mg/kg), Cd (up to 430 mg/kg), and As (up 3,170 mg/kg) concentrations,
and contained, among other minerals, cerussite (PbCO3) and galena (PbS). Lead is
not only present in abundant concentrations, but also in highly bioaccessible forms,
as determined from the in-vitro bioaccessibility test. This indicates the high risks
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posed in the case of ingestion of fine dust particles. The partial dissolution of the
Pb-bearing minerals as a function of pH was modeled using PHREEQC geochemical
software and was compared with experimental data. The high Pb release is mainly
controlled by the dissolution of cerussite, even at natural pH values. X-ray diffraction
analyses revealed that the amount of cerussite decreased (by ≥ 50%) in all samples
as a consequence of leaching with water. Other Pb and Zn minerals present in
the samples also dissolved when extracted with water, but not to the magnitude of
cerussite. Although the mining site has been inactive for over 100 years, the high
concentrations of metal(loid)s within the samples are still evident. Not only are the
metals present in high concentrations, but also as mobile forms, especially when pH
changes. This study proved to be essential in understanding the different parameters
controlling metal(loid)s and in identifying the potential threats the mine waste poses
to human health and the environment. From this overall assessment, proper methods
for an effective recovery or reprocessing of the mine waste can be further evaluated.

Keywords: Sulfidic mine waste, leaching, in-vitro bioaccessibility, metal(loid)s,
environmental assessment, human health risks

1 Introduction

Historically, mining and mineral extraction have contributed considerably to the
progression of human civilization (Jain et al., 2016); however, even centuries later,
the associated waste produced can pose potential risks to both the environment
and human health. One of the major environmental risks posed is the acidification
and contamination of soil and water, especially in the case of sulfidic mine waste.
Additionally, humans can be at risk to various contaminants, most commonly arsenic
(As), chromium (Cr) and nickel (Ni), via inhalation, ingestion or direct contact
(Environment Agency, 2009).

When a mining site is left uncovered or as erosion of the top layer occurs over
time, the waste is left exposed, and potential contaminants can be dispersed and
transported by wind and water, ending up in soils, surface water, and on/in various
biota, disturbing environmental ecosystems (Ettler, 2016; Souissi et al., 2015). Soils
can be a major sink for metal(loid)s and unlike organic contaminants, which can
naturally attenuate (e.g., oxidized by microbial activity), most metal(loid)s do not
undergo microbial or chemical degradation (Kirpichtchikova et al., 2006) and can
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persist in the environment long after being introduced (Adriano, 2003); however,
changes in their speciation and bioavailability are possible (Wuana and Okieimen,
2011).

The total content of metal(loid)s in a given environment is not sufficient for
determining the environmental and health risks, it is only an indicator of the degree
of contamination (Król et al., 2020). Because these risks are dependent on the
toxicity, mobility, and bioavailability of metal(loid)s in the waste material; thus, an
understanding of their solid phase speciation and associated leaching behavior is
essential. The speciation of the metal(loid)s as well as influential parameters (e.g.,
pH, sorption/desorption reactions, redox potential, microbial activity, etc.) play a
role in the mobility of these elements.

Numerous studies (Cappuyns et al., 2014; Hiller et al., 2013; van der Sloot and
van Zomeren, 2012) have focused on the environmental risks that mine waste can
pose by performing standardized leaching tests mimicking conditions found in nature
(e.g., Toxicity Characteristic Leaching Procedure and EN 12457-2) or a worst-case
scenario (e.g., pH-dependent leaching test and sequential extraction). These tests
provide a combined approach of observing the potential short and long term effects
and can aid in determining the best possible remediation methods.

Additionally, there are several recent studies on the associated human health risks
which determine the bioaccessibility of elements in relation to the tolerance levels
of humans (Bagherifam et al., 2019; Ettler et al., 2019; Kastury et al., 2017). At
low concentrations, some metal(loid)s are essential for living organisms; however,
above certain concentrations, all metal(loid)s can have adverse effects on human
health (Poggio et al., 2009). Thereby, in vitro bioaccessibility tests can be effective
in simulating the exposure to mining-related contaminants via human ingestion by
mimicking conditions of the gastrointestinal system.

While the solid-phase speciation and associated chemical leaching of metal(loid)s
from mine waste have been studied, there is still much to learn on the speciation
of metal(loid)s in mine waste, and the associated environmental and human health
risks. Moreover, historical mine waste sites often still contain some valuable metals
which can be further extracted. Additionally, the processed waste can potentially
be used as a secondary resource (e.g., in construction materials). By performing
an initial characterization, the potential for metal recovery and valorization of the
waste can be explored. As the assessment is site-specific, a complete characterization
must be applied in the current study to then evaluate possible future methods for
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recovering and reprocessing the waste.

Therefore, the objective of this paper is to investigate the solid-phase speciation
of metal(loid)s in four different mine waste samples from a Pb-Zn mine waste deposit,
linked to the chemical leaching under different conditions (pH, liquid/solid (L/S) ra-
tio, temperature, and time). Additionally, the risk to humans upon ingestion of the
mine waste particles is estimated by means of an in-vitro bioaccessibility test, and
these data are evaluated relative to the chemical, mineralogical, and leaching char-
acteristics. Modeling with PHREEQC is then used to simulate the release of metals
as a function of pH based on the dissolution of minerals, to determine processes and
phases controlling the release of metal(oid)s. With this detailed characterization, the
valorization of this mine waste can be assessed and potential future perspectives can
be proposed.

2 Study Area

Figure 1: Location of the mine waste heap where the samples were taken in Plom-
bières, including the area (dashed rectangle) where 65 soil samples were taken, and
the four samples chosen for this study specifically marked (boreholes marked with
black circles).

The area studied in Plombières (Eastern Belgium) was a former Zn-Pb mining
industry situated along the Guel river (Figure 1). The most dominant ore mineraliza-
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tions present are the sulfide minerals sphalerite (ZnS) and galena (PbS) (Dejonghe,
1998). The mining practices in this area started as early as the Middle Ages and were
most active from 1844, during the period of industrial mining, until 1882 (Dejonghe
et al., 1993), after being drained of its easily accessible ores. The mining company
then began to process imported ores until 1922, when all on-site activities came to
an end. Today, there are approximately 11.4 megatons of mining waste present at
this site. Currently, the site is host to a public nature reserve and is in close proxim-
ity to residential areas. Metal(loid)s are still present in the soil, however, the levels
of metal(loid)s may have decreased over time due to natural attenuation and some
vegetation has grown and provided coverage. As the area is frequented by visitors,
it is important to understand the potential human health impacts that the present
mine waste poses, in combination with the environmental risks.

3 Materials and Methods

3.1 Samples

In August 2018, 34 pits were dug with a spade and an auger within a rectangular
area (50 x 70 m) in a mine waste deposit in Plombières. Sixty-five soil and mine
waste samples were taken at different depths of the boreholes, depending on visual
alterations in the profiles. All samples were oven-dried at 40°C, then, disaggregated
in a porcelain mortar, ground to a powder and sieved (<180 µm) (Van Campen,
2019). An initial geochemical and mineralogical analysis was performed on all sixty-
five samples, then based on this analysis, four samples were selected due to their
elevated metal(loid) concentrations and variety of Pb/Zn-bearing minerals. The
four samples were also selected to express the mineralogical heterogeneity of the mine
waste site. The samples consist of mostly mine waste, encompassing slag material,
and brick fragments remaining from the processing factory, etc. The description and
characteristics of the samples are presented in Table 1.

3.2 Chemical and mineralogical sample characterization

Aqua regia (HCl/HNO3, 3:1 solution) digestion (modified ISO 11466 method) was
performed to determine the pseudo-total content of major and trace elements present
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Table 1: Sample descriptions
Sample name Description Sample

depth
(cm)

Grain
size

Color (Munsell soil
color chart code)

pH

PL_1 Mine waste - very fine slag
material

30 - 40 Fine sand 7.5 YR 4/1 7.4

PL_2 Mine waste - brick frag-
ments, very fine slag material

70 - 100 Clay 2.5 YR 6/1 6.5

PL_3 Mine waste - rubble, very
fine slag material

70 + Clay 10 YR 4/3 6.8

PL_4 Mine waste - brick fragments 20 - 28 Coarse
sand

10 YR 7/2 6

in the samples. 0.5 g of sample was mixed with 10 ml of aqua regia and left covered
overnight. Then, the mixture was digested on a hotplate for 1 hr at 140°C and then
the temperature was increased to 200°C until almost complete evaporation of the
solution (approx. 1 hr). Additionally, 10 ml of 2.5 mol/l HCl was added to the dried
mixture and heated for 10-15 minutes. After cooling, the solid residue was filtered
through filter paper while rinsing with MilliQ H2O (Millipore Q Gard 2) and the
solution was diluted to 50 ml with MilliQ H2O and homogenized. The remaining
residue was oven-dried and weighed to determine the insoluble residue content. The
test was performed in duplicates and two certified reference materials (i.e., BCR143R
and QCM-31) were used for quality control. A comparison of the certified and the
measured values of the reference materials can be found in Table S1. Solutions were
stored in the refrigerator at 7-10°C until analysis and measured without dilutions
with induced coupled plasma-optical emission spectroscopy (ICP-OES Varian 730
ES) within 1 week after digestion.

The quantitative mineralogical composition of the samples was determined using
X-ray diffraction (XRD, Philips PW1830 Analytical x-ray BV) with CuKα radiation
at 45 kV and 30 mA based on the Rietveld method. With the same operational
settings, XRD was also used to determine the mineralogy of the residue that remained
after the cascade leaching test for comparison. In all cases, ZnO was used as a
standard for quantification.

The pH of the samples was measured in a water suspension (solid/ liquid ratio:
1/10) (18.30 field pH meter, Eijkelkamp, The Netherlands). Additionally, the grain
size distribution was determined by Van Campen (2019) (Table 1; Figure S1).
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3.3 Leaching and in-vitro bioaccessibility studies

Standardized leaching tests were performed under varying conditions (e.g., extraction
fluid, pH, L/S ratio, duration, etc.) to chemically characterize the four mine waste
samples and compare methods. Additionally, an in-vitro bioaccessibility test was
also performed to determine the potential human health risks that the mine waste
samples could pose. The summary of each of the leaching tests performed as well
as the in-vitro bioaccessibility test are outlined in Table 2. All leaching tests were
performed on dried samples. A particle size of <180 µm was used for each sample
because grains of 200 µm can be moved by an average wind speed of 12 km/h
(Bell, 2016) and a particle size of <250 µm is the upper bound fraction considered
to adhere to the hands of the at-risk receptor (Duggan et al., 1985; Wragg et al.,
2014). To more accurately compare results, the same particle size (<180 µm) was
used for all leaching tests. The leaching tests were carried out at room temperature
(approx. 20°C) in 30 ml Nalgene centrifuge tubes with screw caps. The sample and
the extraction fluid were combined in the tubes and shaken laterally on a reciprocal
shaker (Edmund Buhler Gmbh) at 100 rpm for the listed duration (Table 2). After
shaking, the tubes were centrifuged (GS-6 Centrifuge Beckman) for 10 min at 3200
rpm. As for the in-vitro bioaccessibility test, 50 ml tubes were used and were shaken
upright at 250 rpm in a water bath (Grant GLS Aqua 18 plus) at 37°C for both
phases for the listed duration (Table 2). All tests were performed in duplicates or
triplicates and blanks were always used for quality control.

For both the leaching tests and the in-vitro bioaccessibility test, the pH and elec-
trical conductivity (18.34 EC-meter, Eijkelkamp, The Netherlands) were measured,
and the supernatant was filtered (using a syringe and a 0.45-µm Chromafil® filter)
and analyzed using induced coupled plasma-optical emission spectroscopy (ICP-OES
Varian 730 ES) for Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni,
P, Pb, S, Sb, Sr, V, and Zn. For some samples, anions (i.e., Cl−, F−, SO2−

4 , and
NO−

3 ) were determined by ion chromatography (Dionex ICS-2000, Thermo Scien-
tific). For most cases (except the alkaline leachates), the filtered supernatant for
ICP-OES analysis was acidified to pH <2 with HNO3 and stored in the refrigerator
(at 5-10°C) until analysis. The liquid aliquot for IC analysis was stored in the freezer
(at approx. -17°C) until analysis (without acidifying).

• Toxicity characteristic leaching procedure (TCLP)
The U.S. Environmental Protection Agency (US EPA) Method 1311 Toxicity
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Table 2: Description of parameters for different leaching tests and an in-vitro bioac-
cessibility test performed in this study.
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Characteristic Leaching Procedure (TCLP) is designed to simulate the worst-
case scenario of co-disposal in municipal landfills (Hageman et al., 2015) to
determine the toxicity of the waste. Extraction fluid #1 (i.e., glacial acetic
acid with 1 mol/l NaOH; pH 4.93 ± 0.05) was used, based on the preliminary
test performed, as outlined in the standard procedure (US EPA, 1992). In
addition to the ICP-OES analysis, the sulfate content was also determined
using ion chromatography.

• EN 12457-2
The EN 12457-2 test was performed according to the guidelines of the Eu-
ropean Committee for Standardization (CEN). It specifies a compliance test
providing information on leaching of granular wastes and sludge under exper-
imental conditions and is used for classifying waste materials in the EU (EN
12457-2, 2002).

• Cascade leaching test
The cascade leaching test (NEN 7349, 1995; Cappuyns et al., 2006) was per-
formed on the four samples to study the longer-term mobility of metal(loid)s
over two weeks. The leachate was separated for analysis and periodically re-
newed with fresh extraction fluid every 24 hrs for 17 days, except for days
5-6 and 12-13 (when, after extraction of the leachate, the tube was left sealed
without renewing the fluid). After each extraction, the pH and electrical con-
ductivity of the leachate were measured. Following the experiment, the residue
was dried and saved for XRD analysis.

• pH-dependent leaching test
The samples were subjected to a pH-dependent leaching test (modified CEN/TS
14429 or modified US EPA method 1313 (Gee et al., 2001)). Seven different
extraction fluids were used with varying concentrations of HNO3 or NaOH, re-
spectively: pH 0.5 (0.3 mol/l HNO3), pH 1 (0.1 mol/l HNO3), pH 2 (10−2 mol/l
HNO3), pH 3 (10−3 mol/l HNO3), pH 9 (10−5 mol/l NaOH), pH 11 (10−3 mol/l
NaOH), and pH 13 (0.1 mol/l NaOH). For each sample, an extraction at neu-
tral pH with just ultrapure MilliQ water (Millipore Q Gard 2, 18.2 MΩ.cm−1)
was also included.

• In-vitro modified PBET bioaccessibility test
In addition to the leaching tests, a modified in-vitro bioaccessibility extrac-
tion test (Oomen et al., 2003; Poggio et al., 2009) was performed based on
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the original physiologically based extraction test (PBET) described by Ruby
et al. (1996). The test mimics the conditions (i.e., temperature, pH, agitation,
enzyme/chemical conditions, and duration) in the worst-case scenario (the pH
of the gastric acid ranges from 1.5 to 3.5 and in this case 1.5 was used) of the
human gastric (1st phase) and intestinal (2nd phase) tract to determine the
potential concentration of trace elements that are readily available for uptake
in the case of ingestion of these particles.

3.4 PHREEQC simulation of leaching of metals from mine
waste samples

PHREEQC (Parkhurst and Appelo, 1999), with the database minteq.v4.dat, was
used to evaluate the concentrations of metals (with particular focus on Pb) leached
at equilibrium in relation to the solubility of the present minerals at varying pH. The
modeled concentrations were compared with the experimental values from the dif-
ferent leaching tests, especially the pH-dependent leaching test. Additional minerals
not found in the database were added, using the thermodynamic data presented in
Table S2. The mineralogical composition of each sample used as input was based on
the mineralogical analysis performed and considering an L/S ratio of 10 l/kg.

4 Results

4.1 Sample characterization

The XRD analysis (Table 3, Figure S2) indicated that the studied samples are com-
prised mostly of quartz (21-43 wt %), amorphous phases (13-43 wt %) (except sam-
ple PL_4, < 0.5 wt %), and clay minerals (5-27 wt %) (Table 3). The amorphous
phases in each of the samples are believed to be attributed to the presence of slag, as
slag-like fragments were observed upon collection of the samples and during sample
preparation. Sample PL_3 also contains a large amount of goethite (α-FeOOH) (25
wt %), which is a secondary Fe oxyhydroxide mineral, formed as a consequence of
oxidation of iron-bearing minerals and commonly found in mine waste (Jamieson,
2011). Similarly, sample PL_3 also contains lepidocrocite (λ-FeOOH) (1 wt %),
another iron oxyhydroxide mineral. Magnetite (Fe3O4) (samples PL_1 and PL_3),
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and hematite (Fe2O3) (samples PL_1 and PL_4) are also present. Magnetite, which
contains both Fe (II) and Fe (III) can contribute to acid generation (Moncur et al.,
2009). Additionally, the majority of the samples contain primary Pb/Zn bearing
sulfide minerals such as galena (< 0.5-1 wt %) and sphalerite (2-9 wt %). Plumbo-
jarosite and beudantite, both secondary sulfate Pb-bearing mineral, also represents
a large fraction of sample PL_4 (4 and 12 wt %, respectively). Beudantite formation
is usually associated with the oxidation of galena and arsenopyrite (FeAsS) with the
release of As, Fe, and Pb (Roussel et al., 2000). Furthermore, the samples contain
other Pb-bearing minerals such as anglesite (3 wt %) and cerussite (1-5 wt %). The
presence of anglesite could be due to the oxidation of galena under acidic conditions,
whereas in a pH-neutral environment cerussite is formed (Jamieson et al., 2015).

Table 3: Quantitative mineralogical composition obtained by the Rietveld method
using Profex.

The results from aqua regia digestion are presented in Table 4. Pseudo-total Pb
concentrations are highest for PL_4 (51,800 mg/kg) and lowest for PL_3 (14,800
mg/kg). These elevated Pb concentrations could be expected based on the presence
of Pb-bearing minerals in these samples (Table 3). High amounts of As are also found
in each of the samples, especially in sample PL_4 (3,173 mg/kg), which contains the
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As bearing mineral beudantite. The insoluble residue is presented in Table 4, based
on the weight of the sample before and after aqua regia digestion. The residue (after
digestion) was also analyzed using XRD (qualitative analyses were used instead of
quantitative due to the shape of the patterns/undefined minerals) and the minerals
measured consisted mostly of silicates and clay minerals. Some of the insoluble
residues also contained feldspars (samples PL_1 and PL_3), anglesite (PbSO4) (<
0.5 wt % in sample PL_2), and cotunnite (PbCl2) (samples PL_2 and PL_4). As
cotunnite is a highly soluble phase and is not present in the original samples, its
presence in the residue can result from drying, in which Pb can react with Cl ions
from the aqua regia solution (Šebek et al., 2014).

Table 4: Results (mean ± standard deviation (n=2)) from aqua regia digestion.

4.2 TCLP

The results of the TCLP in comparison with the US EPA regulatory threshold are
presented in Table 5. In each sample, As is below the regulatory threshold, while the
concentration of Cd leached from sample PL_2 is above the regulatory threshold.
For each sample, the concentration of Pb is above the regulatory threshold and as
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each sample has at least one element that is above the regulatory threshold, each
sample is considered hazardous according to the US EPA TCLP (US EPA, 1992).
There is no standard established for Zn, however, sample PL_1 has the highest
amount of Zn leached (Table 5).

Table 5: Concentrations of metal(loid)s leached with the TCLP test. NSE, No
standard established. The detection limit for As was 0.02 mg/l and for Cr 0.05
mg/l.

4.3 In-vitro modified bioaccessibility test

The results for the in-vitro modified bioaccessibility test are presented in Table 6.
Lead, for all samples, was highly bioaccessible (76-98% of pseudo-total concentra-
tion), the majority (69-90% of pseudo-total concentration) being leached during the
gastric phase. For each sample and all elements analyzed the percentage of the total
concentrations of metal(loid)s leached in the first phase was always higher than in
the second phase. This trend can be expected because the pH of the extraction
fluid from the first phase (pH 1.5) is acidic and the second phase (pH 7) is neutral.
However, when the extraction fluids were mixed with the samples, the pH changed
slightly. The concentrations of metal(loid)s leached as a function of the final pH of
the extraction fluid are plotted in Figure 4, together with the results of the other
leaching tests.
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Table 6: Concentrations of metal(loid)s leached (mg/kg) in the gastric and intestinal
phase (in-vitro bioaccessibility SBET method). Results are presented as a percentage
of the pseudo-total concentration (aqua regia digestion).
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4.4 EN 12457-2 and pH-dependent leaching test

Anions (F−, Cl−, NO−
3 , and SO2−

4 ) were also measured for the EN 12457-2 test
and pH dependence leaching test at specific pH values. The expected sulfate con-
tent, assuming that all sulphur is present as sulfate (SO2−

4 ), was first calculated and
then compared with the measured sulfate concentrations(Table S3). Between 76
and 98% of the sulfur concentration was present as sulfate. A t-test was conducted
and indicated that the expected sulfate concentrations (based on the measured S
concentration with ICP-OES) are not significantly different from the actual sulfate
concentrations measured with IC (p > 0.05).

Figure 2: Concentration of As, Cd, Cu, Zn, Fe, S leached (mg/kg) as a function of
pH during the pH-dependent leaching test (average of 3 replicates). Note: shapes
with white fill are below the detection limits. Error bars indicate standard deviation
(n=3). When error bars are not visible, they are smaller than the markers.
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In Table S4, the measured and expected sulfate concentrations are listed for the
pH-dependent leaching test for each sample when mixed with extraction fluid of
10−2 mol/l HNO3 (pH 2) and 10−3 mol/l HNO3 (pH 3). Overall, higher sulfate
concentrations are measured in less acidic environments (10−3 mol/l HNO3), also in
comparison with the sulfate concentrations leached in the EN 12457-2 test (Table
S3). A t-test indicated that there is not a statistically significant difference (p >
0.05) between the expected versus the actual sulfate concentrations.

The metal(loid) concentrations leached as a function of pH during the pH-dependent
leaching test are represented in Figure 2. While 23 different elements were measured,
the mobility of specific elements (As, Cd, Cu, Pb, Zn) and major elements (Fe, S,
P) affecting the mobility will primarily be focused on for this paper. For each of the
samples, similar trends are observed for the release of major and trace elements as a
function of pH. Typically, metals are most mobile at low pH and less soluble as pH
increases. This is also true for the mine waste samples; however, as the pH increases
from pH 6 onwards, a strong increase in the release of some metals (Cu, Pb) is also
observed (Figure 2). This can be explained by the complexation of these metals with
organic or inorganic ligands or forming hydroxyl complexes in solution (Cappuyns
and Swennen, 2008; Halim et al., 2005). Additionally, arsenic occurs as an oxyanion
and, therefore, is also more mobile at higher pH.

4.5 Cascade leaching test

The pH remained relatively stable (pH variation < 1.0) during the 2 weeks of the
cascade leaching test for each of the samples (Figure 3). Despite this, relatively high
levels of metals (i.e., Pb, Cd, and Zn) were still leached, especially for sample PL_2.
The release of As varied between the samples, for PL_2, As release was below the
detection limit; for sample PL_4 the leaching of As was not detected until the fifth
measurement (L/S ratio: 50 l/kg); whereas, for samples PL_1 and PL_3 an earlier
release of As was detected. Low leaching concentrations for As can be expected as
the pH of the leachates ranges from 5.5 to 7.5. In the pH-dependent leaching tests
(Figure 2) there is less leaching of As within this pH range compared to more alkaline
and acidic conditions.

The quantitative mineralogical composition of the original samples was compared
with that of the residue remaining from the cascade leaching experiment. Comparing
the results (Table S5), it is evident that some cerussite (≥ 50% of original) has
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Figure 3: The EC and pH as well as the cumulative concentration of As, Cd, Cu,
Pb, Zn, and S released during the cascade leaching test. Note: Error bars indicate
standard deviation (n=2), but are not visible because they are small in comparison
with the markers.

dissolved in each of the samples. This can be expected as cerussite is a Pb-carbonate
mineral and may partially dissolve when in contact with just deionized water, which
can also be supported by the Pb concentration released into the leachate during
the cascade leaching tests (Figure 3). There is also a difference in the abundance of
other minerals between the original sample and the residue after the cascade leaching
experiment; however, the differences are rather small, and could just be a result of
the heterogeneity within the samples.
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5 Discussion

5.1 Comparison of EN 12457-2 test, pH dependence leaching
test, and in-vitro bioaccessibility test

The concentrations of Pb, Cd, Cu, and Zn leached as a function of pH during the pH-
dependence leaching test are compared with the amounts leached in the EN 12457-2
test and both phases of the in-vitro bioaccessibility test (Figure 4). Despite different
L/S ratios, temperature, and extraction fluid, there is a strong correlation between
pH and the leaching of elements (except for the second phase of the in-vitro bioac-
cessibility test). Additionally, the L/S ratio plays a slight role in the bioaccessibility
of metals (Hamel et al., 1998), this could explain some of the differences (i.e., the
second phase of the bioaccessibility test) between the bioaccessibility test (L/S ra-
tio of 50 l/kg) in comparison with the other tests presented in Figure 4, with L/S
ratios of 10. While there are many studies (e.g., Hamel et al. (1998); Pelfrêne et al.
(2017)) which express the importance of the L/S ratio, further investigations would
be necessary to determine how it affects the leaching of elements in these samples
specifically.

5.2 Leaching tests in comparison with mineralogy and mod-
eling

To determine which processes and which minerals are controlling the release of
metal(loid)s, experimental results (the mineralogical composition of the samples and
results of the pH-dependent leaching tests) were combined with geochemical model-
ing. In each of the samples, Pb minerals are present (Table 3). Therefore, by focusing
on the Pb minerals (i.e., cerussite, galena, anglesite, beudantite, and plumbojarosite),
the dissolution/precipitation of Pb-bearing minerals in the pH-dependent leaching
experiments were calculated for each sample using PHREEQC. Values for the amount
of dissolved or precipitated Pb were compared with the experimental values (Fig-
ure 5). Negative values indicate that the mineral precipitated and there was more
of that mineral than originally present in the samples. Additionally, dissolution of
Zn-bearing minerals (willemite and/or sphalerite) present in samples (PL_1, PL_2,
and PL_3) were investigated in relation to the concentrations of Zn leached. The
saturation indices (SI) were also calculated using PHREEQC based on the same in-

18



Figure 4: pH dependence leaching test in comparison with the first phase and second
phase of the in-vitro bioaccessibility test as well as the EN 12457-2 for as a function
of pH for Pb, Cd, Cu and Zn for samples PL_1, PL_2, PL_3, and PL_4. Note:
shapes with white fill are below the detection limits. Error bars indicate standard
deviation (n = 2 or 3).
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puts as Figure 5 and the SI were used to select solubility-controlling phases for each
of the mine waste samples at different pH values (Table S6).

Figure 5: Amount of the Pb-bearing minerals dissolved (positive values) or precipi-
tated (negative values) (solid lines, presented on secondary y-axis) as a function of
pH in comparison with the experimental values of Pb concentrations leached (dotted
line, presented on primary y-axis) for samples PL_1, PL_2, PL_3 and PL_4.

Cerussite is present in all samples and follows a similar trend observed for the
release of Pb as a function of pH (i.e., increased dissolution as pH decreases (pH < 6)
and minimum dissolution at circumneutral pH) (Figure 5, Table S6). The dissolution
of cerussite is also evident in the leaching tests with water, such as the cascade
leaching test: XRD analysis of the residue remaining after the cascade leaching test
showed that half of the cerussite originally present in the samples was dissolved
(Table S5). Additionally, as seen in the model results (Figure 5), cerussite also has
a maximum dissolution at high pH (≈13), which exceeds the amount of Pb released
into the leachate as measured during the experiment. Cerussite seems to be the main
phase contributing to the release of Pb, in comparison with the other Pb minerals
present. This observation is also in agreement with other studies (e.g., Jamieson et al.
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(2015)), in which is shown that Pb carbonates are more soluble than Pb sulfides (see
reaction equation of the dissolution of cerussite in Equation 1).

PbCO3 ⇀↽ Pb2+ + CO2−
3 (1)

Galena is also present in each sample but displays a different behavior amongst
samples. The reaction equations of the dissolution of galena and anglesite can be
found in Equation 2 and 3, respectively. In samples PL_1 and PL_3, galena is
consistently dissolving (Figure 5). Whereas for samples PL_2 and PL_4, galena is
only dissolving at pH < 5; and at pH > 5 galena is precipitating. In sample PL_2,
this increase in the final concentration of galena at pH > 5 could be a result of
anglesite reducing to galena (according to the model). At pH < 5 galena could be
oxidizing to anglesite (Figure 5), which was also described by Jamieson et al. (2015).
The SI of anglesite at pH < 5 is zero, which means that the mineral is saturated and
maintains equilibrium. Anglesite is seen dissolving under alkaline conditions and
displays a negative SI (i.e., undersaturation).

PbS +H+ ⇀↽ Pb2+ +HS− (2)

PbSO4 ⇀↽ Pb2+ + SO2−
4 (3)

Beudantite and plumbojarosite are only present in sample PL_4. According to
the model, both plumbojarosite and beudantite are dissolving completely at acidic,
neutral, and alkaline pH. However, this does not match with experimental results.
Also, the XRD results of the residue after cascade leaching demonstrate that concen-
trations of beudantite and plumbojarosite do not decrease when leaching at natural
pH (Table S7), contrary to the PHREEQC model. The dissolution of beudantite
in the model seems to be influenced by hematite, because the addition of the latter
generates acidity at natural pH, promoting the release of metal ions (see the reac-
tion equation of the beudantite in Table S2). Zn host phases, sphalerite (PL_2 and
PL_4), and willemite (PL_1), both depict undersaturation under acidic conditions
(Table S6). As the pH increases, the SI of both minerals approaches zero. In sample
PL_4, sphalerite is always undersaturated.

There have been previous studies stating the strong affinity of Zn, Pb and As to
Fe-minerals (Courtin-Nomade et al., 2016; Lottermoser, 2017). In particular, As has
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been reported to have a strong affinity to stable minerals, such as goethite, jarosite,
or hematite (Courtin-Nomade et al., 2002). Therefore, while As leaching has not
been directly modeled in PHREEQC in this study, the dissolution of these stable Fe-
bearing minerals, including beudantite, would mean an increased release of As to the
leachate as well. Additionally, sample PL_2 does not contain any Fe oxy(hydr)oxides
and this could be an explanation as to why this sample also contains the lowest As
levels.

The Fe oxides (i.e., hematite and magnetite) and Fe oxyhydroxides (i.e., lepi-
docrocite and goethite) present in these samples are important phases controlling
the mobility of metal(loid)s. The modeled values being above or below the experi-
ment values could be, among other factors, a result of the sorption to or the release
from Fe(hydr)oxides, respectively. Hiller et al. (2013) stated that Fe oxyhydroxides
are the most important solid phases controlling the retention/release of metal(loid)s.
The highest sorption of metal ions by Fe oxyhydroxides increases when pH increases,
but at alkaline pH, especially for elements like Pb (see Eh-pH diagram in Figure
S3), the increased leaching rate can be related to the elements amphoteric character,
contributing to the formation of hydroxyl complexes (Król et al., 2020). Besides
precipitation reactions, the sorption of Pb to Fe (hydr)oxides or other minerals most
likely also explains the limited leaching of Pb (dotted line in Figure 5) at circumneu-
tral pH, but also under alkaline conditions.Desorption from Fe (hydr)oxides, seems
to occur mostly under acidic conditions. However, this sorption/desorption potential
has a large range of variance according to the type of Fe (oxy)(hydr)oxides, display-
ing different reactivities, and the species of the metal(loid). Other factors, such as
cation exchange capacity, redox potential, microbiological activity, and kinetics may
play a role as well.

Kinetics are expected to hinder the dissolution of certain minerals especially
depending on the other present minerals (Palumbo-Roe et al., 2013). Dissolution
kinetics can be studied using PHREEQC to further understand this release over
time to improve the understanding of the mine waste in the environment; however,
this was not the focus of this paper.

5.3 Implications for health and environment

Under acidic conditions (Figure 5, Table S6), such as when 0.3 mol/l of HNO3 is
used as extractant during the pH dependence test, Pb bearing minerals (cerussite,
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galena, plumbojarosite, beudantite), Zn-bearing minerals (willemite, sphalerite), and
lepidocrocite and magnetite, present in each sample, dissolve (SI < 0). This is
important in the consideration of bioaccessibility. If mine waste particles were to
be ingested, for example, cerussite would dissolve in the gastric phase due to the
acidic environment, releasing Pb. This agrees with previous studies (Casteel et al.,
2006; Jamieson et al., 2015; Palumbo-Roe et al., 2013), which indicated that Pb
is immediately available upon ingestion of mine waste containing cerussite, which
greatly increases the bioaccessibility of the ingested material.

According to the in-vitro bioaccessibility experiments, Pb was highly bioaccessible
in all samples (76-98% of pseudo-total concentration), with the majority (69-90% if
pseudo-total concentration) being leached during the gastric phase. The samples
have a large fraction of Pb that is easily released, even at ambient (circumneutral)
pH conditions.

To further understand the bioaccessibility risk, the total concentrations of As,
Cd, Cu, Pb, and Zn in the samples are compared with the tolerable daily intake
(TDI). The approach is based on Karadaş and Kara (2011) and Ettler et al. (2012),
in which the TDI is calculated using the human-toxicity maximum permissible levels
of Baars et al. (2001), based on oral exposure for children and adults. The TDI
is compared in a scenario of ingesting 100 mg/day of mine waste (e.g., as a result
of hand-to-mouth behavior of children playing in the area, swallowing the particles
after being cleared from the airways by the mucociliary escalator (Ettler et al., 2019;
Kastury et al., 2018), consumption of contaminated plants or water, etc.) (Table 7).

Table 7: Amount of As, Cd, Cu, Pb, and Zn ingested (µg) assuming the daily
ingestion rate of 100 mg, in comparison with the TDI calculated for an adult and
child.

For each of the samples, Pb is above the calculated TDI for children and adults,
the same also applies when comparing the overall toxicity of the samples using the
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TCLP (Table 5) in comparison with the regulatory threshold. Additionally, As is
above the TDI for children in all samples, and for adults, two samples (PL_3 and
PL_4) are above the TDI.

While the bioaccessible fraction of Pb in these samples is quite high and the risk is
significant if particles are ingested, it is important to consider that these samples are
from a minimum of 20 cm below the surface. Therefore, these specific concentrations
would only be ingested in certain instances, such as the upturning of the mine waste
(e.g., gradual exposure through weathering or intentional digging/children playing in
the area). However, it is important to consider the worst-case scenario to understand
the potential risk. Additionally, as the particles decrease in size, the contaminants
generally become more available for leaching, resulting in a higher yield of the bioac-
cessible fraction (Kumpiene et al., 2017).

The results from the different leaching tests and in-vitro bioaccessibility test allow
for the assessment of the behavior of these mine waste samples in the environment
under neutral, slightly alkaline, or slightly acidic pH conditions (e.g., considering
contact with rain) and under more extreme conditions with acidic pH or high alka-
linity (e.g., acid rain, the formation of acid mine drainage, gastrointestinal system,
remediation methods such as co-disposal with lime to increase pH). Additionally,
even though the samples studied are from the same site, considerable variability in
the concentrations of metal(loid)s, as well as in the mineralogical composition, is
seen: thus, heterogeneity within the site is evident.

6 Conclusions

Samples from a Pb-Zn mine waste heap were characterized, both mineralogically and
chemically concerning the release of metal(loid)s.

The pseudo-total content revealed elevated Pb, Zn, Cd, and As concentrations.
Mineralogical analysis of the samples revealed, among others, the presence of Pb
minerals (e.g., cerussite and galena were found in each sample), Fe oxides (e.g., mag-
netite and hematite), Fe oxyhyroxides (e.g., lepidocrocite and goethite), beudantite,
and plumbojarosite. Mineralogy was an important factor in determining the leaching
of certain elements into the environment.

Besides mineralogy, the pH and L/S ratio were shown to be key parameters
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influencing leaching and in-vitro bioaccessibility. Overall, there was an increase in
concentrations of Zn, Pb, Cd, and Cu as pH decreased (pH < 6). It seems that
the high leaching of As, Cu, Cd, Pb and Zn under acidic conditions is due to both
the dissolution of minerals and desorption. Additionally, there was also an increased
release of certain metal(loid)s (e.g., As, Pb, and Cu) at higher pH values (pH > 8).

XRD analysis of the residue after the leaching test, combined with modeling in
PHREEQC, indicated that the dissolution of cerussite was a controlling factor in
the release of Pb under acidic, neutral and alkaline conditions. At least half of the
cerussite was shown to dissolve in each sample at natural pH according to the XRD
analysis of the residue remaining after the cascade leaching test. The dissolution of
other Pb minerals was also observed, but following a different trend than cerussite.
The interactions of cerussite, anglesite, and galena at different pH revealed the ten-
dencies to oxidize or reduce to form other Pb minerals (e.g., oxidation of galena in
acidic environments to form anglesite). Zinc minerals (i.e., sphalerite and willemite)
displayed a higher potential for dissolution under acidic pH conditions. It was also
evident, when comparing the leaching tests with the model, that sorption/desorption
to other minerals (e.g., Fe (oxyhydr)oxides) and precipitation of these metals were
most likely to occur.

Additionally, the TCLP leaching test showed high Pb concentrations in compari-
son with the regulatory threshold, providing an indication that the waste is hazardous
to the environment. The in-vitro bioaccessibility test indicated that Pb posed a high
risk in the case of ingesting fine dust particles. The bioaccessible Pb in the investi-
gated samples represented 76 to 98% of the pseudo-total Pb concentration. Also, by
comparing the pseudo-total content of As, Cd, Cu, Pb, and Zn with the calculated
TDI, it was shown that Pb exceeded the TDI for both children and adults for all
cases. Additionally, As concentrations are also above the TDI for children in all cases
and adults in half of the samples.

Based on the pH-dependent leaching behavior of these samples, the popular treat-
ment method of co-disposal with lime would not be recommended, since As, Pb, and
Cu were shown to leach under alkaline conditions. This shows the importance of a
complete characterization paired with geochemical modeling, which assists in under-
standing the best treatment approaches and the magnitude of the environmental and
health risks. Based on this overall assessment, further research will focus on proper
methods for an effective recovery of metals and/or reprocessing of the mine waste.
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