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Fine-grained dust from tailing storage facilities in abandoned sulfide-ore mining areas represents an
important source of environmental contamination. Fine fractions (<48 um and <10 pum) of tailings from
three old mining sites situated along a climatic gradient from hot semiarid to cold desert conditions in
Namibia were studied: Kombat (Cu—Pb-Zn; rainfall ~500 mm), Oamites (Cu; ~120 mm), Namib Lead &
Zinc (Pb—Zn; ~0 mm). Multi-method mineralogical and geochemical investigations were adopted to
assess the binding and gastric bioaccessibility of the metal(loid)s and to evaluate the associated human
health risks. The total concentrations of contaminants in the tailings generally increased with the
decreasing particle size (up to 134 mg As kg™, 14900 mg Cu kg™, 8880 mg Pb kg™, 13300 mg Zn
kg™). The mean bioaccessible fractions varied substantially between the sites and were significantly
higher for the tailings from the sites with a higher rainfall (73-82% versus 22%). The mineralogical
composition of the tailings, reflecting the original mineralogy and the degree of the weathering process,
is the main driver controlling the bioaccessibility of the metal(loid)s. In desert environments, metal(loid)s
in tailings are bound in sulfides or sequestered in secondary Fe oxyhydroxides and/or Fe hydroxysulfates,
all of which are insoluble in simulated gastric fluid. In contrast, tailings from areas with higher
precipitation contain metal(loid)s hosted in carbonate phases (malachite, cerussite), which are highly
soluble under gastric conditions. Based on the higher contaminant bioaccessibility, the vicinity of the
settlement and farmlands, and a higher percentage of wind-erodible fine particles, a higher risk for
human health has thus been identified for the Kombat site, where further remediation of the existing
tailings storage facility is highly recommended.
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Environmental significance

Wind-blown fine dust from tailings storage facilities represents an important source of metal(loid)s with numerous environmental and health consequences.
Our multi-method characterization approach adopted on fine particle-size fractions of abandoned tailings situated along a climatic gradient in Namibia
indicates that the oral bioaccessibilities of metal(loid)s were substantially lower under desert conditions due to efficient sequestration in the minerals persistent
in the simulated gastric fluid (sulfides, Fe oxyhydroxides, and Fe hydroxysulfates). In contrast, tailings from semiarid areas with higher rainfall weathered more,
and metal(loid)s were hosted in highly soluble carbonates readily dissolved under gastric conditions. The risk for local communities is thus substantially higher
in semiarid areas, pointing out the need for environment-friendly remediation.
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1. Introduction

Dust particles from mining operations and waste storage facil-
ities are considered a source of environmental contamination.™*
Dry conditions, incomplete vegetation cover, and strong winds
in mining areas are responsible for the dispersion of dust
particles, which can travel large distances. Recent investigations
from copper mining areas in the Atacama Desert in Chile
demonstrated that an alarming situation is generally observed
within 20 km downwind of the mining sites; however, some
metal(loid)-bearing dust travels up to 70 km away.®* Mining-
derived dust particles may have a direct effect on quality of
soils and crops*® and represent a health risk for communities
working and living nearby.***®

The mineral industry of Africa is the second-largest in the
world, yet the human health impacts of mining and ore-
processing activities remain largely underexplored, particu-
larly in sub-Saharan Africa. Only a few exposure studies based
on biomarkers (blood, urine, feces, toenails) have been carried
out so far; for instance, in the Co-Cu mining district of Katanga,
the Democratic Republic of the Congo (DRC),**** the Cu mine
area in Kilembe, Uganda,* the Pb-Zn mining areas of Kabwe,
Zambia,” and Nasawara, Nigeria.>* Bioaccessibility investiga-
tions in mining areas of Africa have been increasingly adopted
during the last fifteen years on contaminated soils**** and dust
from mining and ore-processing technologies'**7*** to assess
any potential risks for human health. Unfortunately, the
number of studies is still very limited in Namibia, which is
experiencing the long-term legacy of the mining industry.”
Most risk assessments have been based on the total contami-
nant concentrations, comparisons with limits for soils, and the
wind dispersion of the contaminated dust particles near aban-
doned mining sites.***"* In a pioneering study from aban-
doned and active mining and smelting areas in northern
Namibia, Ettler et al'* compared the contaminant oral bio-
accessibilities in the dust of various origins and found that
compared to mine tailings, slags and smelter dust exhibited
substantially higher contaminant extractability under gastric
conditions where, especially, As, Pb and Cd grossly exceeded the
tolerable daily intakes. More recently, a relatively low health risk
was documented from a mining and hydrometallurgical oper-
ation processing non-sulfide Zn ores operating in the arid
environment of southern Namibia; the authors concluded that
the safety measures required by the mine operator helped to
prevent the staff's exposure from dust-derived contaminants."”

The primary mineralogical and geochemical compositions of
the tailings affect their evolution in disposal sites. The climate,
precipitation rate and corresponding relative humidity (RH) in
the tailings are also important factors influencing the compo-
sitional changes of the tailings over time. A recent experimental
study on the stability of arsenopyrite (FeAsS) and lollingite
(FeAs,), representing the most common As minerals in the
waste produced by mining and ore processing activities, indi-
cated that the increasing RH significantly increased the oxida-
tion rate of both minerals.** The analysis of pyrite grains in the
tailings revealed their greater oxidation/dissolution in
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a semiarid climate over an arid climate in northern Chile
underlining the effects of the climate on mineralogical trans-
formations.** Also, based on a study from high-arsenic mine
waste in New Zealand, there is evidence that more soluble
secondary phases form during the long-term exposure of tail-
ings exposed to humid environments compared to dryer
climates.*

Several studies have suggested that weathering may change
the contaminant bioaccessibility in mine tailings and dust
emissions from tailings storage facilities.*’** The question ari-
ses to which extent the contaminant bioaccessibility is also
affected by contrasting climates. To expand our knowledge
about the risk related to dust samples from large tailings
storage facilities and to better understand the relationship
between climate and metal(loid)s bioaccessibility, this study
focuses on three former (50-60 years old) metal-mining sites in
Namibia situated along a climatic gradient. Namibia is a rela-
tively dry country with climatic conditions varying from the
savanna-type semiarid environments in the north to (hyper)arid
environments in the south and around the Atlantic coast.*>*!
The three study sites are situated in contrasting climatic
settings (ranging from hot semiarid conditions with an annual
precipitation of ~500 mm to cold desert conditions with prac-
tically no precipitation; Fig. S1 in the ESIT) and provide a unique
opportunity to explore the long-term climatic effects on the
tailings’ geochemical and mineralogical characteristics,
contaminant bioaccessibility and potential influence on human
health.

2. Materials and methods
2.1 Study areas

Kombat is situated in the Otavi Mountainland in the Otjo-
zundjupa region in northeastern Namibia (Fig. 1a). The
carbonate-hosted Cu-Pb-Zn-Ag mineralization was exploited
mainly between 1962 and 2008 when the mine was closed due to
flooding. From 2021, the mine is owned by the Canadian
company Trigon Metals. Production from the open pit recom-
menced in 2023 by mining the Cu ore with a 1.2% average grade
and re-opening the underground mining activities is planned
(for details, see the ESIt). More than 300 Mt of tailings were
deposited in a tailings dam (Fig. 1b and S2at), which is regar-
ded as a source of environmental contamination for farmland
soils and ecosystems*>** (see the ESIt for other studies).

The Oamites mine site is situated approximately 50 km
south of Windhoek, the capital of Namibia, in the Khomas
region in central Namibia (Fig. 1a). The mine was productive
between 1971 and 1984 and extracted mostly Cu sulfide ores (Cu
grade of 1.33%). The operation produced approximately 5.5 Mt
of tailings deposited in two storage facilities, which were highly
affected by wind erosion and situated near a large military base
(Fig. 1c and S2b,7 for details, see the ESIT).*>*

The Namib Lead & Zinc mine is located in the Rossing
Mountain Area, in the Erongo region in western Namibia
(Fig. 1a). This sulfidic Pb-Zn deposit was mined from 1968 to
1991, and the mining and ore processing activities were
renewed between 2019 and 2020. The mine has currently been
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Fig. 1 Location (a) and photographs of the tailings disposal sites at the studied sites: Kombat (b), Oamites (c), and Namib Lead & Zinc (d).

placed under care and maintenance. Two tailings storage
facilities are located southeast of the mine area (Fig. 1 and S2c;
for details, see the ESIt).

The three study sites are situated along a significant climatic
(and rainfall) gradient (Fig. S1t). Whereas the Kombat site
experiences a hot semiarid climate (“Bsw” according to the
Koppen-Geiger classification),* the Oamites and Namib Lead &
Zinc sites correspond to a cold desert climate (“Bwh” according
to the Koppen-Geiger classification). According to the World
Bank's Climate Change Knowledge Portal, the mean annual
temperatures and precipitation for the studied regions are
highly variable: the Otjozundjupa region (Kombat): 21.5 °C, 417
mm; the Khomas region (Oamites): 20.5 °C, 279 mm; the
Erongo region (Namib Lead & Zinc): 20.2 °C, 136 mm.*
However, the latter site is characterized by the extreme aridity of
the Namib Desert, and the annual rainfall is generally <25 mm
with years of no rain at all (¢f. Fig. S1}).*® The annual precipi-
tation rates recorded for 2023 by nearby measuring stations
were as follows: Kombat 499 mm, Rehoboth (20 km S of
Oamites) 122 mm, Rossing Village (15 km SSE of Namib Lead &
Zinc) 0 mm (https://www.MeteoBlue.com). Dry conditions and
strong winds (Fig. S1 and S37) are responsible for the aeolian
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erosion of the tailings disposal sites and the dispersion of
dust particles into the surrounding environment (Fig. 1).°
Such risk is exceptionally high for Kombat, where farmlands
and settlements are located downwind, and for Oamites with
a military base located SE of the tailings storage facilities, i.e.,
downwind of the strongest northwesterly winds (Fig. S2 and

$31).

2.2 Sampling and processing of tailings

For the collection of tailings, we used the EuroGeoSurveys
methodology used for soil collection based on a 10 x 10 m grid
to collect five subsamples (in each corner and the center of this
square) to obtain one composite sample per spot.*” At each spot,
a sample of the surface tailings material weighing approxi-
mately 2 kg (maximum depth: 5-10 ¢cm) was collected using
a plastic shovel (Fiskars, Finland). In total, two samples were
collected at each studied site, resulting in six composite
samples from six different tailing facilities. The GPS coordi-
nates and basic descriptions of the individual samples are re-
ported in Table S1.t

The tailings were freeze-dried, and the entire samples were
passed through a 2 mm stainless steel sieve (Retsch, Germany),

This journal is © The Royal Society of Chemistry 2025
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indicating that the material underwent the comminution step
before flotation. The original tailings were further sieved to <48
um, a fraction recommended in many studies as adhering to
surfaces on hands leading to accidental ingestion through
hand-to-mouth behavior.”® To conform with our previous
investigations,'*"” we performed additional sieving to <10 um,
a dust fraction entering the lung compartment, but mostly
expulsed by the rapid clearance of the upper airways (naso-
pharynx) via the mucociliary escalator, swallowed and subse-
quently transported into the gastrointestinal tract (only
particles smaller than ~3 pm may enter the deep lung).**° The
<48 um and <10 pm fractions were obtained by dry sieving using
a UHELON 120T 48 pm polyamide sieve (Silk & Progress,
Brnénec, Czech Republic) and a SEFAR NITEX 03-10/2 10 pm
polyamide sieve (SEFAR AG, Switzerland), respectively. Aliquots
of each sample (original tailings, <48 um, and <10 um fractions)
for determining the total elemental concentrations and phase
compositions were further pulverized in an agate mortar
(Retsch planetary mill PM 400, Germany).

2.3 Tailings dust characterization

The pH of the original tailings samples was measured in
deionized water according to the ISO 10390 method (1 : 5 solid-
to-liquid ratio, 5 min vigorous agitation followed by 2 h
decantation).” A WTW Multi 3620 IDS pH meter equipped with
a WTW Sentix 940 pH electrode calibrated against WITW tech-
nical buffers 4.01, and 7.00 was used (WTW, Germany).

The bulk chemical compositions of the solid samples were
determined after digestion in acids. A mass of 0.2 g of each
material (original tailings, <48 pm, and <10 pm fractions) was
decomposed using a hot acid mixture (9 ml of concentrated
HNO; and 3 ml of concentrated HF; Merck Ultrapure, Germany)
in a microwave unit (Multiwave 5000, Anton Paar, Austria). The
dissolved sample was transferred into polytetrafluoroethylene
(PTFE) beakers (Savillex, USA) and evaporated on a hot plate.
The solution residuum was dissolved in 2% HNO; (v/v) and
analyzed by a combination of inductively coupled plasma
optical emission spectrometry (ICP-OES; Agilent 5110, USA) and
quadrupole-based inductively coupled plasma mass spectrom-
etry (ICP-MS, Thermo Scientific iCAP-Q™, Germany). The major
elements and selected metals (Al, Ca, Cu, Fe, K, Mg, Mn, Pb, S,
Ti, and Zn) were determined by ICP-OES, and the trace elements
(Ag, As, Cd, Cr, Ni, Sb, and V) were determined by ICP-MS. A
quality control/quality assurance (QC/QA) procedure was
carried out by the parallel digestion and analysis of standard
reference materials (SRMs) 2710a (Montana I Soil) and 2711a
(Montana II soil) released by the National Institute of Standards
and Technology (NIST, USA). The recoveries of individual
elements were found to be satisfactory (Table S27).

The mineral phase composition of the tailings was deter-
mined by X-ray diffraction (XRD) analysis using a PANalytical
X'Pert Pro diffractometer (PANalytical, the Netherlands) with an
X'Celerator detector (CuKe. radiation at 40 kV and 30 mA, 2 theta
range of 2-80°, step of 0.02°, counting time of 150 s per step).
The obtained diffraction patterns were processed using the
X'Pert HighScore Plus 3.0 software coupled with the
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Crystallography Open Database (COD).”> The <48 pm dust
fractions were prepared as polished sections and examined by
an electron probe microanalyzer (EPMA; JEOL JXA-8530F,
Japan) equipped with a field emission gun (FEG) electron
source and a JEOL JED-2300F energy dispersion spectrometer
(EDS). The same instrument was used for the scanning electron
microscopic (SEM) imaging, EDS analyses, and quantitative
chemical analyses of individual minerals using wavelength
dispersion spectroscopy (WDS). The detailed analytical condi-
tions, standards, and detection limits for the EPMA measure-
ments are given in Table S3.7

2.4 Bioaccessibility testing and exposure assessment

The oral bioaccessibility test, corresponding to a gastric phase
extraction, was performed according to the US Environmental
Protection Agency's (EPA's) experimental protocol (2017).>* The
original tailings and the sieved tailings dust fractions were
extracted in a simulated gastric fluid (SGF) composed of a 0.4 M
glycine solution adjusted to pH 1.5 + 0.05 by HCI (reagent grade,
Merck, Germany) at a liquid-to-solid (L/S) ratio of 100 (0.1 g of soil
to 10 ml of extracting solution). The mixtures were agitated for 1 h
at 37 °C in a GFL 3032 incubator (GFL, Germany). The extractions
were performed with procedural blanks and in duplicate for the
original tailings and <48 pum dust fractions, while the <10 um
fractions were extracted only once due to the limited sample
amounts. The extracts were syringe-filtered through a 0.45 pm
membrane filter (using Millex-HV PVDF Durapore, Millipore,
USA). The pH and redox potential values were immediately
measured using a WIW Multi 3620 IDS multimeter equipped
with a WTW SenTix® 940 pH electrode and a SenTix® ORP-T 900
redox electrode (WTW, Germany). The instrument was calibrated
and verified using WTW technical pH buffers (2.00, 4.01, and
7.00) and a WTW RH28 redox standard (220 mV for Pt-Ag/AgCl at
25 °C). The solutions obtained were then diluted in 2% HNO; (v/v)
and analyzed by ICP-OES and/or ICP-MS for the following
elements: Ag, Al, As, Ca, Cd, Cr, Cu, Fe, Mg, Mn, Ni, Pb, S, Sb,
Si, V, and Zn. The bioaccessible concentrations of the metal(loid)s
were expressed in mg kg™' and converted to a bioaccessible
fraction (BAF; percentage of the total contents).

The NIST SRMs 1463f (trace elements in water) and 1640a
(trace elements in natural water) were used to verify the accuracy
of the ICP measurements in the extracts (Table S21). Further-
more, to verify the accuracy of the bioaccessible extraction, NIST
SRM 2710a and 2711a were extracted using the SGF, and the
bioaccessible concentrations of Pb and As were compared with
the certified and published values (Table S47).>*>*

The exposure estimates were calculated for children
(weighing 10 kg) and adults (weighing 70 kg), being considered
as potential target groups, even though only in Kombat, where
settlements are close to the tailings storage facility, children can
be in direct contact with the contaminated dust. The soil and
dust ingestion rates are somewhat variable, and the conserva-
tive daily soil/dust intake used as a model in this type of expo-
sure assessment generally corresponds to 50 mg per day for
adults and 100 mg per day for children.>** It has nevertheless
been demonstrated that the dust ingestion rates in the mining
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areas of sub-Saharan Africa could be much higher. For instance,
Smolders et al.** indicated that in Cu—Co mining areas of the
Democratic Republic of Congo, the dust ingestion rates corre-
sponded to 280 mg per day (geometric mean for all the data set)
and 1700 mg per day (average value for children, age 4-15
years). Thus, apart from the conservative value (100 mg per day),
we also compared exposures when a higher dust ingestion rate
of 280 mg per day was considered. Minimal risk levels (MRLs)
defined by the US Agency for Toxic Substances and Disease
Registry (ATSDR)*® were primarily used for the exposure
assessment (ug per kgy,, per day, exposure duration) (bw = body
weight): As (5, acute; 0.3, chronic), Cd (0.5, intermediate; 0.1
chronic), Cr'' (5, intermediate; 0.9 chronic), Cu (20, acute/
intermediate; recently increased from 10 to 20), V (10, inter-
mediate), and Zn (300, intermediate/chronic). Furthermore, the
obtained daily intakes of metal(oid)s were also compared with
the tolerable daily intake (TDI) limits taken from Baars et al.>”
and Tiesjema and Baars,” especially in the case of the
contaminant's absence in the ATSDR list (ug per kg, per day):
As (1), Cd (0.5), Cr*" (5), Cu (140), Ni (50), Pb (3.6), V (2), and Zn
(500). It has to be noted that compared to the latter TDI values,
the European Food Safety Authority (EFSA) has a lower TDI for
Cd corresponding to 0.36 pg kg, *,* for Ni corresponding to
2.8 ug kgp,, ' (ref. 60) and suggested that the provisional TDI
limit for Pb (3.6 ug kegny 1)* and As (2.14 pg kgp,, ')° are no
longer appropriate due to their toxicity. Moreover, US EPA
reference dose limits (RfD)** were also used for comparison
purposes (Table S9t), especially for Ag, which was not listed in
the previously mentioned databases.

2.5 Data processing and geochemical modeling

The obtained data were processed and plotted using a combi-
nation of the Prism 10 (GraphPad, USA) and Graphic for Mac
(Picta, USA) software packages. Prism 10 was also used for the
statistical data treatment. The normality of data was assessed
using the Shapiro-Wilk or Kolmogorov-Smirnov test (alpha =
0.05). A one-way analysis of variance (ANOVA) was performed to
evaluate the statistical differences between the chemical
compositions and the bioaccessible concentrations in the
individual tailings dust fractions. Friedman's test and Dunn's
multiple comparison test (alpha = 0.05) were adopted for the
data with lognormal distribution, and Tukey's multiple
comparison test (alpha = 0.05) was used for the data with
normal distribution. The geochemical code PHREEQC-3 for
macOS** was used for the equilibrium speciation-solubility
modeling to calculate the elemental speciation and the degree
of saturation of the bioaccessibility extracts with respect to the
potential solubility-controlling phases (i.e., the calculation of
the saturation index, ESIT). The minteq.v4.dat thermodynamic
database was used for all the calculations.

3. Results

3.1 Characterization and composition of the tailings

Tailings from the three study sites (K - Kombat, O — Oamites, N
- Namib Lead & Zinc) exhibited variable granulometries.
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Whereas for the K samples, the <48 pm fraction accounted for
50-82% of the original sample, the other sites exhibited a lower
percentage of the fine fraction (10-34% of the original sample).
Interestingly, the O samples contained a significantly higher
percentage of the <10 pm fraction (3.3-4.7%) compared to the
other sites (<0.5% of the original sample) (Table S1f). The
equilibrium pH measured on the original tailings was alkaline
for the K and O samples (8.3-8.7) and slightly acidic for the N
samples (6.0-6.3) (Table S17).

The contrasting color of the samples reflects the mineral-
ogical composition of the tailings. The K tailings are white or
grey (K1) with pinkish and pale red tones (K2) (Fig. 1 and Table
S171) and are primarily composed of carbonates [calcite, CaCOs;,
and dolomite, CaMg(COj3),] with less abundant micas and
quartz and minor-to-trace amounts of efflorescence salts
(gypsum, CaSO,-2H,0; hexahydrite, MgSO,-6H,0), Fe (oxy-
hydr)oxides (goethite, FeFOOH and hematite, Fe,03) and mala-
chite [Cu,(CO;)(OH),] (Table S51). The O tailings are light grey
and mostly contain quartz, micas, and feldspars (Fig. 1; Tables
S1 and S51). The N tailings exhibit rusty-to-red colors (Fig. 1 and
Table S1f) and apart from major gypsum and common-to-
minor quartz, micas, and carbonates, the XRD confirmed the
presence of various Fe (oxyhydr)oxides (goethite, lepidocrocite),
siderite (FeCOj3) and numerous sulfides (pyrite, FeS,, pyrrhotite,
Fe; .S and sphalerite, ZnS) (Table S5f). Soluble salts (e.g,
halite, NaCl) and native sulfur were also found by XRD in
samples N1 and N2, respectively (Table S57).

Using a combination of SEM/EDS and EPMA, we gained
a better insight into the metal(loid) contaminants binding and
their distribution within the individual minerals (Fig. 2, Tables
S6 and S77). The K samples contain only rare sulfides (e.g., tiny
grains of chalcopyrite, CuFeS,), and metals are mainly hosted in
secondary phases. Malachite, Cu,(CO3)(OH),, is a key Cu-
bearing phase, but Cu was also detected in other phases, such
as Fe (oxyhydr)oxides (FOH; up to 0.38 wt%) and complex phase
mixtures (see the unidentified Pb-Fe-Cu phase in Fig. 2a and
the EPMA analysis in Table S7,T spot 4). Low Cu concentrations
were also found in the hematite (Fe,Os; 0.07 wt% CuO) and
primary carbonates (0.06 wt% CuO) (Fig. 2a and Table S77). The
major hosts of Pb are Fe (oxyhydr)oxides (up to 11.8 wt% PbO),
unidentified complex phase mixtures (up to 31.7 wt% PbO), and
tiny cerussite (PbCO;)-like crystals, too small to be analyzed by
EPMA (Fig. S4at). Lead was also detected in gangue minerals
(calcite), hematite, and malachite but generally at concentra-
tions <0.2 wt% PbO (Table S71). Zinc is primarily bound in Fe
(oxyhydr)oxides (2.5 wt% ZnO) and carbonates (siderite, FeCOs;
6.8 wt% ZnO) (Table S77). Other minor contaminants were not
detected in the K tailings except for low As concentrations in
some Fe (oxyhydr)oxides and unidentified complex mixtures (up
to 0.11 wt% As,Os) (Table S77).

The O tailings contain residual grains of sulfides partly
weathered to Fe (oxyhydr)oxides. Copper is mainly hosted in
residual chalcopyrite, the major extracted mineral at this site
(Fig. 1c), but low amounts of Cu were also recorded in pyrrhotite
(Fe;_S; 1.08 wt%) and pyrite (FeS,; 0.04 wt%) (Fig. 1d and Table
S6t). Additionally, pyrrhotite was also found to contain Ag- and
Ni-bearing submicrometric inclusions analyzed by EDS

This journal is © The Royal Society of Chemistry 2025
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_—— Pb-Fe-Cu phase

N - on

Kombat

Oamites

Fig.2 Scanning electron micrographs of the <48 um fraction of the tailings from Kombat (a and b), Oamites (c and d), and Namib Lead & Zinc (e
and f) (in back-scattered electrons, BSE). (a) General view of the gangue grains composed of quartz, dolomite, and calcite associated with
abundant malachite, metal-bearing Fe (oxyhydr)oxides and hematite, complex mixtures (Pb—Fe—Cu phase) and rare barite; (b) Crystals of metal-
bearing Fe (oxyhydr)oxides embedded in siderite and associated with calcite and dolomite; (c) weathered chalcopyrite grain with the alteration
rim composed of metal-bearing Fe (oxyhydr)oxides and associated with gangue minerals (quartz, biotite, plagioclase); (d) primary sulfide grain
composed of pyrite and pyrrhotite in association with fragments of gangue minerals (quartz, feldspars, mica, rutile, monazite); (e) sulfide grains
(pyrrhotite, pyrite, sphalerite), some of them highly weathered with rims of Fe (oxyhydr)oxides associated to gangue minerals (quartz, micas); (f)
sphalerite, pyrite and pyrrhotite grains associated to siderite and secondary Fe (oxyhydr)oxides and jarosite. Mineral abbreviations according to
Warr:%® Ab — albite, Brt — barite, Bt — biotite, Cal — calcite, Ccp — chalcopyrite, Dol — dolomite, FOH — Fe (oxyhydr)oxide, Hem — hematite, Jrs —
jarosite, Kfs — K-feldspar, Mca — mica, Mlc — malachite, Mnz — monazite, Qz — quartz, Pl — plagioclase, Py — pyrite, Pyh — pyrrhotite, Rt — rutile, Sd
— siderite, Sp — sphalerite.
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(Fig. S4bt). Original sulfide ore mineralization also contained
some native Ag grains and veins.®® However, these were prob-
ably efficiently extracted from the ore during flotation and are
thus absent in the tailing. Secondary Fe (oxyhydr)oxides form-
ing rims around the altered sulfides in the tailings also contain
metals (17.1 wt% Cu, 7.2 wt% Pb, 1.2 wt% Zn) (Table S77).

C

!
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Arsenic and other trace contaminants in the minerals of O
tailings were below the detection limits.

Compared to the other sites, the N tailings were the most
enriched in metal sulfides (Fig. 2e and f). Sphalerite (ZnS) was the
major Zn-hosting phase in the tailings, but about 0.07 wt% Zn
was also detected in pyrite and pyrrhotite (Table S6}), Fe
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Fig. 3 Total concentrations (squares), bioaccessible concentrations (bars), and bioaccessible fractions (red dots) of Cu, Pb, and Zn in the original
tailings and the <48 pm and the <10 um fractions of the tailings. Asterisk indicates an outlier BAF value for Zn, exceeding 100%, probably related to
the "nugget effect” and/or sample inhomogeneity. Symbols for the individual sites: K = Kombat, O = Oamites, N = Namib Lead & Zinc.
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(oxyhydr)oxides and the jarosite group minerals [(K, Na, Pb, H;0)
Fe3(S0,),(OH); up to 0.38 wt% ZnO; Table S7t]. No specific Pb
minerals were recorded, but this metal was partitioned among
the sulfides (<0.19 wt% Pb) and secondary weathering products
[Fe (oxyhydr)oxides, jarosite] (Tables S6 and S7f). The latter
secondary minerals also contained low concentrations of Ni, As,
and Cu (generally <0.1 wt% oxide); the other contaminants were
below their detection limits (Table S71).

The bulk chemical data indicate that the concentrations of the
studied contaminants (Ag, As, Cd, Cr, Cu, Ni, Pb, Sb, V, and Zn)
(Table S8t) varied between sites and particle size fractions.
Copper, Pb, and Zn are the most abundant contaminants (Cu:
158-14 900 mg kg~ '; Pb: 115-8880 mg kg™ '; Zn: 60.0-13 300 mg
kg™ "). Other trace elements were found in much lower concen-
trations (Ag: 1.0-22.7 mg kg '; As: 2.0-134 mg kg '; Cd: 0.2-
48.6 mg kg™ *; Cr: 8.4-704 mg kg~ *; Ni: 3.4-92.4 mg kg™ '; Sb: 0.6-
16.5 mg kg™ '; V: 10.9-355 mg kg ). The differences between
individual sites correspond well to the types of mined ores.
Whereas the N tailings are enriched in Zn, higher concentrations
of Cu were observed in the K and O tailings, and Pb occurred to
a higher extent in the K and N tailings (Fig. 3 and Table S87).
Generally, the concentrations of contaminants increase with the
decreasing particle size (Fig. 3 and Table S8t), but for the whole
dataset, statistically significant differences in the total concen-
trations were only observed for Pb (original versus the <10 um
fraction) (Fig. S51). Especially Zn in the N tailings represents an
exception from this rule exhibiting lower total concentrations in
the <10 um fraction; this observation seems related to the
predominantly larger fragments of the metal-bearing sulfides
(10-50 um in size) (Fig. 2e, f and S67).

3.2 Metal(loid) bioaccessibility and mineralogical changes
during extraction in SGF

With a few exceptions, the bioaccessible concentrations
increase with the decreasing particle size of the tailings dust
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(Fig. 3 and Table S8t). The bioaccessible fractions vary
substantially between the sites; whereas the calculated mean
BAF values for the main contaminants (Cu, Pb, Zn) for the K
tailings accounted for 82 £ 17% of the total concentration, the
O tailings and N tailings from the drier areas exhibited lower
BAFs with values of 73 + 20% and 22 + 17%, respectively
(Fig. 3). The differences in the BAF values for the individual
metals between the K and O sites were not statistically signifi-
cant, but the tailings from the hyperarid N site exhibited
significantly lower BAFs than those of the other study sites
(Fig. 4). The contaminant bioaccessibility is directly linked to
their binding in solid phase, specific mineralogical associa-
tions, and solubility of the individual mineral constituents of
the tailings. It was not possible to measure the carbonate ions in
the obtained SGF extracts by standard analytical methods and
to calculate the saturation state of the individual extracts with
respect to the carbonates using PHREEQC-3, but, based on our
previous findings,'*** we expect that the carbonates (calcite,
dolomite, malachite) are prone to dissolution during the bio-
accessibility testing. A comparison of XRD patterns of the
carbonate-rich K tailings before and after the extraction in the
SGF (Fig. S6t1) confirms this hypothesis, showing that the
carbonates have entirely disappeared from the dust samples. No
change in the mineralogical composition during the extraction
in the SGF was observed for the O samples, which are
predominantly composed of stable silicate gangue minerals
(Fig. S6T). The PHREEQC-3 geochemical calculations confirm
that sulfides, which were identified as major metal-bearing
phases in the primary tailing dust, exhibit negative SI values
for all the extracts, indicating that all of them tend to be dis-
solved during the interaction with the highly acidic SGF (pyrite:
—118 to —150; chalcopyrite: —131 to —167; sphalerite: —70 to
—87). However, the XRD data on the <48 pm fraction of the N1
sample (Fig. S67) confirm that this sulfide remains relatively
stable during the SGF extraction, probably due to the slow
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Fig.4 Comparison of the bioaccessible fractions (BAFs, in %) of Cu, Pb,

and Zn between the individual sites. Calculations using Tukey's multiple

comparison test (alpha = 0.05) consider the whole dataset of the samples for each site (data points correspond to mean values for duplicated
analyses) and indicate whether the differences are statistically significant. Asterisks correspond to the calculated P-values and their classification:
* =<0.05; ** <0.01; *** =0.001; **** =0.0001; ns — not significant. Symbols for the individual sites: K = Kombat, O = Oamites, N = Namib Lead &

Zinc.
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kinetics of the sulfide dissolution or formation of alteration
rims composed of Fe (oxyhydr)oxides preventing the sulfide
grain dissolution (Fig. 2e). Also, despite the negative SI values
calculated for gypsum, Fe (oxyhydr)oxides and Fe hydrox-
ysulfates (e.g., gypsum: —4.9 to —1.0; goethite: —3.2 to —1.6;
hematite: —0.9 to —3.9; jarosite: —6.0 to —13.9), only gypsum
was dissolved entirely (Fig. S61). In contrast, goethite, lep-
idocrocite, and jarosite, important metal(loid)-bearing minerals
in the N tailings, are still observed in the residue after the
extraction in the SGF (Fig. S61).

3.3 Exposure estimates

Comparisons of the calculated daily intakes of contaminants
assuming dust intakes of 100 and 280 mg per day with risk
levels are reported in Table S9.F The results for major contam-
inants (Cu, Pb, Zn) are also depicted in Fig. 5, and the results for
minor contaminants (As, Cd) are depicted in Fig. S7.f Whereas
Zn intakes are far below the limits for children and adults under
both exposure scenarios, Cu and Pb are more problematic
contaminants. When a dust intake of 280 mg per day is
assumed, most of the K and O tailings exceed the Cu minimal
risk limits when children are considered targets (1.2-17x)
(Fig. 5 and Table S9t). For several samples (all particle-size
fractions of K1 and sample O2 <10 um), the calculated intakes
are also 1.1-2.4x higher than the limit values for adults (Fig. 5
and Table S91). At the higher modeled dust intake, practically
all the samples exceed the TDI values for Pb calculated for
children (up to 55x), and this metal also becomes problematic
for adults in the case of selected samples (all fractions of the K1
sample and the <10 pm fractions of samples K2, 01, N1, and N2;
exceedance up to 7.9x) (Fig. 5 and Table S97). At the dust intake
of 280 mg per day, the As intakes exceeded the ATSDR minimal
risk levels for chronic exposure for children in the case of K
samples (1-9.8x). Cadmium is considered critical for children
in the case of K1, O1 <10 pm, and the selected N samples, but
not for adults (Table S9 and Fig. S77). Note that at the ingestion
of 100 mg of dust per day, the Pb intake especially exceeded the
TDI values for children in most samples, and As, Cd, and Cu
also exceeded the limits in the case of the K1 samples (Fig. 5, S7
and Table S9¥).
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4. Discussion

4.1 Contaminant solid-phase partitioning in tailings from
different climatic settings

The tailings from the studied sites contain elevated residual
concentrations of metals and metalloids (generally up to tens of
thousands mg kg™ ') which agree well with similar materials
reported for the tailings storage facilities from mining areas in
NamibiaS,14,30,32,42,43,67,68 and Worldwide.13,18,69772

Contaminant binding in mine tailings might be very
complex; gangue minerals (mostly carbonates and silicates) are
associated with sulfides and a large variety of secondary
weathering products, which include efflorescence salts, oxides
and hydroxides, sulfates and hydroxysulfates, and secondary
carbonates.” The studied Namibian tailings differ in the
mineralogical compositions, which seem to reflect not only
primary compositions of the extracted ore, but also climatic
conditions. For instance, except for rare grains of chalcopyrite,
sulfides are virtually missing in the tailings in a semiarid area of
Kombat, the primary sulfides weathered to secondary carbon-
ates (malachite, cerussite-like minerals) and Fe (oxyhydr)oxides
(Fig. 2). Although they are also sometimes altered, intact sulfide
grains are more frequently observed in the tailings from
Oamites (Fig. 2d) and Namib Lead & Zinc (Fig. 2e and f). The
mineralogy of the tailings is a key driver affecting the release of
metal(loid)s and reflects the climate. In humid climates, soluble
minerals (salts) may not accumulate due to the high precipita-
tion rate and subsequent leaching; in contrast, in semiarid and
hyperarid climates, due to the lack of water and high evapora-
tion, the primary metal(loid)-bearing sulfides react at slower
rates and newly formed soluble minerals persist.®* Our data
show that under the hyperarid conditions in the Namib Lead &
Zinc tailings, pyrrhotite exhibits thick weathering rims
composed of Fe (oxyhydr)oxides. In contrast, sphalerite and
pyrite seem relatively persistent to alteration (Fig. 2e and f). This
is in agreement with Moncur et al.”® who, according to micro-
scopic observations, established a relative order of sulfide
resistance in oxidized tailings; whereas pyrite and chalcopyrite
are assumed to be relatively resistant, pyrrhotite and sphalerite
tend to be substantially more weathered. The formation of
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Fig.5 Exposure estimates calculated as daily intakes of major contaminants, Cu, Pb, and Zn (in pg per day) assuming a dust intake of 100 mg per
day and 280 mg per day and a comparison with the background exposure (BE), tolerable daily intake (TDI) limits (for Pb), and ATSDR minimal risk
levels, respectively, (other contaminants) as calculated for a 10 kg child (in red) and a 70 kg adult (in blue). Black lines indicate the median value for
the entire dataset. Symbols for the individual sites: K = Kombat, O = Oamites, N = Namib Lead & Zinc.
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jarosite group phases and Fe (oxyhydr)oxides in an arid envi-
ronment leads to the efficient sequestration of contaminants
(As, Pb, Zn), especially in the surficial layers of the tailings
impoundments;**%>7* this process probably also plays a key role
in the stabilization of the Namib Lead & Zinc tailings.

4.2 Controls on contaminant bioaccessibility

Apart from the particle size and morphology of the
contaminant-bearing particles, the mineralogical composition
controls the dissolution of contaminants in body fluids.””” Our
results indicate that samples with higher amounts of sulfides
(e.g., Namib Lead & Zinc tailings) exhibit lower contaminant
bioaccessibilities. Sulfides are generally considered the most
stable during dissolution in the SGF.” This assumption has
been experimentally confirmed on pure Pb minerals, indicating
that galena (PbS) was the least soluble under gastric condi-
tions.” Similarly, Molina et al.” showed that sphalerite (ZnS)
was sparingly soluble in the SGF with BAF values accounting for
only 1.7 £ 0.4%, which agrees well with our data for the Namib
Lead & Zinc tailings showing the sphalerite persistence during
the oral bioaccessibility testing (Fig. S6T). Our mineralogical
investigations confirmed that metal(loid) contaminants are
incorporated into Fe hydroxysulfates (jarosite) and Fe (oxyhydr)
oxides, especially in the tailings from arid environments (Table
S71). Despite the PHREEQC-3 calculations predicting the
dissolution of these phases, the XRD data showed no evidence
of their dissolution under gastric conditions (Fig. S67), effi-
ciently controlling the contaminant bioaccessibility. This agrees
well with previous investigations showing that sequestration of
As and Pb in Fe (oxyhydr)oxides and jarosite decreases their
bioaccessibility.*®* Also, although equilibrium models tend to
predict the dissolution of Fe (oxyhydr)oxides under gastric
conditions (pH about 1.5), experimental studies document their
stability, probably due to kinetic reasons.*>***' Further weath-
ering of Pb-jarosite and Pb-bearing Fe (oxyhydr)oxides to
anglesite (PbSO,) in the surface layers of tailings weathered
under (semi)arid conditions would increase the Pb bio-
accessibility.>” However, this process has not been documented
at any of the studied Namibian sites.

Substantially higher bioaccessibilities are often related to
more soluble phases, such as carbonates, which dissolve under
gastric conditions.'*'>!%2%28 This situation mainly occurs in the
Kombeat tailings, where metal carbonates were identified as the
major contaminant hosts (Table S7t) where the BAF fractions
attain 100%.

4.3 Environmental implications and recommendations to
minimize exposure

Our results indicate that, compared to the other two study sites,
Kombat is the most problematic locality for potential human
health impacts due to (i) the vicinity of the settlement
(Fig. S2at), (ii) the highest bioaccessibility of contaminants
related to their occurrence in minerals, which are very soluble in
gastric environments (Fig. 2-5), and (iii) a substantially higher
percentage of wind-erodible particles (Table S1t). Moreover, at
Kombat the surface of tailings is visually less compacted and

This journal is © The Royal Society of Chemistry 2025
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prone to dust generation compared to e.g., Namib Lead & Zinc
site (Fig. 1). Wind plays a key role in the aeolian erosion and
subsequent dispersion of tailing particles in semiarid and arid
systems.>** Ojelede et al.®* reported that at wind speeds
exceeding 7 m s ', PM, (particulate matter < 10 um) concen-
trations reached 2160 pg m > near gold mine tailings under
(semi)arid conditions in South Africa. In the past, Prosopis sp.
trees and bushes were planted on the surface of the Kombat
tailings storage facility to phytostabilize it and limit the dust
dispersion; however, this stabilization effort was not very
successful.®> Other remediation options include capping®** or
watering the surface of the tailings impoundment, although
a sufficient supply of water is always problematic in semiarid or
arid areas. Based on the monitoring results obtained by low-
volume portable samplers, Kiibek et al.®* modeled dust emis-
sions from tailings storage facilities in arid southern Namibia
and found that suspended dust particles markedly decreased
from 100-300 to 30-100 ug m > when two-thirds of the tailings
dam surface has been covered with water. The recent re-opening
of the mining operations in Kombat represents a unique
opportunity to improve the management of the existing tailings
storage facilities (remediation, potential reprocessing) and to
construct new tailings dams in an environment-friendly way
(e.g, reusing the water pumped from the underground mine for
watering the surface of the tailings impoundment). Moreover,
additional multifaceted investigations should be carried out in
the future to evaluate the risk for human health better (e.g., by
analyzing the soil and household dust samples combined with
a biomarker-exposure approach'>>**) as well as for the farm-
land animals and crops.

5. Conclusions

Fine dust fractions from tailings storage facilities of abandoned
metal mines in Kombat, Oamites, and Namib Lead & Zinc
(Namibia), situated along a climatic gradient from semiarid to
desert environments, were investigated. A multi-method
geochemical and mineralogical characterization was
combined with oral bioaccessibility testing on <48 um and <10
um particle-size fractions followed by human health risk
assessment calculations. The bioaccessible fractions of inor-
ganic contaminants (with emphasis on Cu, Pb, and Zn being the
most abundant metals) decreased as a function of the
increasing aridity. The lowest contaminant bioaccessibilities
were observed in the tailings from the Namib Lead & Zinc mine,
situated in an arid environment, where metal(loid) contami-
nants were primarily bound in sulfides, Fe (oxyhydr)oxides, and
Fe hydroxysulfates insoluble in the simulated gastric fluid. In
contrast, the tailings from Kombat, where the annual precipi-
tation attains ~500 mm, were highly weathered and composed
of metal-hosting carbonates, which entirely dissolved under
gastric conditions. Thus, compared to the other two more arid
sites with much lower or zero precipitation, the Kombat tailings
dam represents the highest risk for the local population due to
nearby settlements and farmlands used for crop and animal
production. The recent re-opening of mining activities in the
area provides a unique opportunity to improve the management
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of the tailings in an environment-friendly way and to minimize
human health and ecosystem impacts.
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