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• Mining- and smelter-derived particles
identified in subtropical and semi-arid
soils

• Sulphides, oxides, and metal-bearing ar-
senates most frequently encountered

• Soluble sulphates and arsenolite from
primary smelter dusts not detected in
soils

• Higher metal availability and greater
weathering of particles in subtropical
soils

• Complex Ca–Cu–Pb arsenates efficiently
control mobility of metal(loids).
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We studied the heavy mineral fraction, separated from mining- and smelter-affected topsoils, from both a humid
subtropical area (Mufulira, Zambian Copperbelt) and a hot semi-arid area (Tsumeb, Namibia). High concentrations
of metal(loid)s were detected in the studied soils: up to 1450 mg As kg−1, 8980 mg Cu kg−1, 4640 mg Pb kg−1,
2620 mg Zn kg−1. A combination of X-ray diffraction analysis (XRD), scanning electron microscopy (SEM/EDS),
and electronprobemicroanalysis (EPMA)helped to identify the phases forming individualmetal(loid)-bearing par-
ticles. Whereas spherical particles originate from the smelting and flue gas cleaning processes, angular particles
have either geogenic origins or they arewindblown from themining operations andminewaste disposal sites. Sul-
phides from ores andmine tailings often exhibit weathering rims in contrast to smelter-derived high-temperature
sulphides (chalcocite [Cu2S], digenite [Cu9S5], covellite [CuS], non-stoichiometric quenched Cu–Fe–S phases). Soils
from humid subtropical areas exhibit higher available concentrations of metal(loids), and higher frequencies of
weathering features (especially for copper-bearing oxides such as delafossite [Cu1+Fe3+O2]) are observed. In con-
trast,metal(loid)s are efficiently retained in semi-arid soils, where a high proportion of non-weathered smelter slag
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particles and low-solubility Ca–Cu–Pb arsenates occur. Our results indicate that compared to semi-arid areas
(where inorganic contaminants were rather immobile in soils despite their high concentrations) a higher potential
risk exists for agriculture in mine- and smelter-affected humid subtropical areas (where metal(loid) contaminants
can be highly available for the uptake by crops).

© 2016 Elsevier B.V. All rights reserved.
Mineralogy
Weathering
1. Introduction

Emissions frommines andnon-ferrousmetal smelters are responsible
for the contamination of various environmental compartments in the vi-
cinity of such industrial operations (Csavina et al., 2012, 2014; Shukurov
et al., 2014). Soils represent major sinks for emitted metal(loid)-bearing
particulates (aerosol size; b10 μm), and also for larger particles. As a re-
sult, high levels of inorganic contaminants have been observed, especially
in the surficial soil layers around mines and smelters (Ettler (2016) and
references therein). The prevailing wind direction and the size of partic-
ulates/particles are key parameters affecting the spatial distribution of
smelter- andmine-related contamination,with higher rates of dispersion
in dry and semi-arid areas (e.g., Csavina et al., 2011, 2012; Ettler, 2016;
Kříbek et al., 2014a, 2014b, 2016; Mihaljevič et al., 2015). Thus, in terms
of spatial distribution, the contamination hotspots in soils are generally
elongated, and exhibit their highest metal(loid) concentrations down-
wind from the mines and smelters (Ettler et al., 2011, 2014a; Ettler,
2016; Kříbek et al., 2010, 2016). Csavina et al. (2011, 2014) reported
that ultrafine smelter-derived aerosols (b0.5 μm in size) are particularly
rich in contaminants, and theymay travel over long distances. Moreover,
variability in dry and wet deposition can also affect the distribution of
particulates/particles near smelters. Schindler et al. (2012) and Caplette
et al. (2015) studied alteration crusts on rocks near several Canadian
smelters. They found that an increase in metal(loid) concentrations and
the greater occurrence of metal(loid)-bearing particulates embedded in
these black rock coatings 2 km from the smelter stack may be attributed
to a “shadow effect”, which results from precipitation events and the
gravitational settling of larger particulates causing their deposition. It
was argued that especially the smaller metal-sulphate aerosols might
be washed out from the atmosphere during precipitation events, and
thus their spatial influence might be limited during wet periods
(Schindler et al., 2012; Sorooshian et al., 2012).

A number of studies have been devoted to mineralogical
investigations of particulates (b10 μm) as well as larger particles,
collected near mining and smelting operations: encapsulated in
alteration layers on rocks (Caplette et al., 2015; Mantha et al., 2012;
Schindler et al., 2012), trapped in soils from temperate areas (Adamo
et al., 1996; Cabala and Teper, 2007; Henderson et al., 1998;
Knight and Henderson, 2006; Lanteigne et al., 2012, 2014), or in
snowpack (Gregurek et al., 1998, 1999). Interestingly, except for a
few studies (e.g., Chopin and Alloway, 2007; Ettler et al., 2014a,
2014b; Gutiérrez-Ruiz et al., 2012), the mineralogical and chemical
compositions of mining- and smelter-derived particulates and particles
in soils of subtropical and tropical climatic zones have not yet been
studied.

The aim of this study was to provide insights into the variability of
chemical andmineralogical compositions of particulates/particles emit-
ted from non-ferrousmetal mining and smelting operations and depos-
ited into the soils of humid subtropical and dry semi-arid areas in
southern Africa. We also focused on the assessments and comparisons
of their weathering features, as well as their potential role in the release
and fate of metal(loid) contaminants into these soil systems.

2. Materials and methods

2.1. Study areas and soil sampling

The studied soils were sampled in two mining and smelting areas
(Fig. 1): (i) Mufulira in the Zambian Copperbelt (mean annual
precipitation 1270 mm, mean annual temperature 19.7 °C, humid sub-
tropical climate [Cwa] according to the Köppen climate classification);
(ii) Tsumeb in northern Namibia (mean annual precipitation 550 mm,
mean annual temperature 22 °C, hot semi-arid climate [BSh] according
to the Köppen climate classification) (climate-data.org). In both regions,
there is a distinct rainy season (November–April) and a dry season
(May–October); the strongest winds occur during the dry seasons,
these being south-easterly (Fig. 1).

Mufulira is located in a Cu\\Comining and smelting area, where ore
extraction and processing activities date back to the 1930s. The ore in
the Mufulira deposit is characterised by a stratabound disseminated
mineralisation in footwall arkoses and conglomerates; the main ore
minerals being bornite (Cu5FeS4), followed by chalcocite (Cu2S), chalco-
pyrite (CuFeS2), covellite (CuS), and cobaltiferous pyrite. The Mufulira
copper smelter was initially commissioned in 1937, and was equipped
with reverbatory furnaces and later with electric furnaces; in 2006,
the smelting process was upgraded, when Isasmelt technology was
commissioned (more information is given in Kříbek et al. (2010);
Schlesinger et al. (2011); and Vítková et al. (2010)). The offgas is first
cooled in heat recovery boilers, and afterwards electrostatic precipita-
tors (ESP) are used for dust removal.

The Tsumeb deposit belongs to the northern Namibian sulfidic
metallogenic province, which is part of the Otavi group formed of
limestones and dolomites of Neoproterozoic age. This deposit is
predominantly of a Pb–Cu–Zn type and contains a large variety of
metal(loid)-bearing ore minerals, which also exhibited economic
concentrations of Ag, Cd, Ge, and As. The deposit was mined in large
open pits and several shafts from the beginning of the 20th century
until 2006. The smelter at Tsumeb began operations in 1907, when
blast furnaces were constructed to process the local Pb\\Cu ores. In
1963, new smelters were constructed, consisting of a Cu smelter with
a reverbatory furnace and a Pb smelter with a shaft furnace. In the
1980′s, a slag mill was constructed for the processing of old Cu
reverbatory slags, in which Pb and Cu were subsequently separated
and granulated slags were produced. Currently, the Pb smelter is
being dismantled, but the Cu smelter equipped with Ausmelt and
reverbatory furnaces is still in operation, and now processes Cu concen-
trates from other localities (mainly from the Chelopech mine in
Bulgaria). The offgas from the furnaces and converters is cooled in
heat recovery boilers, and the dust is subsequently removed in bag-
house facilities. The Tsumeb smelter is now one of the few in the
world producing Cu from As-containing ores, with production of
As2O3 as an intermediate product (more information about the mining
and smelting activities is given in Bowell (2014); Ettler et al. (2009);
Mihaljevič et al. (2015); Schlesinger et al. (2011), and at the company's
website www.dundeeprecious.com).

The most polluted topsoils from profiles having been sampled dur-
ing previous screening research in the Mufulira and Tsumeb areas
(Ettler et al., 2014a; Mihaljevič et al., 2015; Podolský et al., 2015) were
selected for this study. Soils from wooded (predominantly with
miombo trees [Brachystegia, Julbernardia, and Isoberlinia spp.]) and
grassland plots were sampled at three locations in the vicinity of
Mufulira: (i) 3.6 km downwind from the Cu smelter, 2.5 km downwind
from a mine tailing site; (ii) 8 km downwind from the Cu smelter,
5.5 km downwind from a mine tailing site; (iii) reference soils 25 km
upwind from the Cu smelter and mine tailing sites (Fig. 1 and
Table 1). Two soils were collected 1 km downwind from the Cu\\Pb
smelters and a few hundred meters from the tailing disposal sites in
Tsumeb, where a mix of flotation mine wastes and slag dust are



Fig. 1. Locations of the soil sampling sites near Mufulira, Zambian Copperbelt (a humid subtropical area); and Tsumeb, Namibia (a semi-arid area).
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dumped. The soils in Tsumeb developed under open forest (predomi-
nated by marula trees [Sclerocarya birrea] and acacia trees/shrubs
[Acacia spp.]) (Fig. 1 and Table 1).

The soil profiles were described according to the World Reference
Base for Soil Resources (IUSS Working Group WRB, 2014). The soil
samples were then stored in clean polyethylene (PE) bags and air-
dried to a constant weight immediately upon return to the field
Table 1
Description and properties of the studied soils.

Sample/code Depth Distance to pollution source Soil type and description

Units cm km

Subtropical soilsa

F1 0–1 3.6 (Cu smelter), 2.5 (tailings) Haplic Ferralsol Eutric, gras
E1 0–1 3.6 (Cu smelter), 2.5 (tailings) Haplic Ferralsol Eutric, fore
A1 0–1 8 (Cu smelter), 5.5 (tailings) Haplic Plinthosol Eutric, gra
O1 0–1 8 (Cu smelter), 5.5 (tailings) Haplic Ferralsol Xanthic, fo
G1 0–1 25 (Cu smelter, tailings) Stagnic Plinthosol Eutric, gr
H1 0–1 25 (Cu smelter, tailings) Haplic Ferralsol Dystric, for

Semi-arid soilsb

P1 0–10 1 (Cu–Pb smelter), 0.1 (tailings) Haplic Regosol, open forest
P6 1-0c 1 (Cu–Pb smelter), 0.3 (tailings) Spolic Technosol Calcaric A

Sample/code Cu Co Pb Zn Cd As Sb

Units mg kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg

F1 8980d 45.8 41.6 63.2 b2.5 5.10 b2.5
E1 2830 21.0 21.3 64.8 b2.5 6.31 b2.5
A1 5480 25.2 39.1 83.3 b2.5 5.89 b2.5
O1 3320 23.5 17.9 50.8 b2.5 b5 b2.5
G1 37.4 2.70 b2.5 25.1 b2.5 b5 b2.5
H1 36.6 2.72 4.34 15.5 b2.5 b5 b2.5
P1 347 5.44 397 275 6.73 91.8 6.94
P6 4470 13.6 4640 2620 96.7 1450 95.7

a Cu–Comining/smelting,Mufulira, Copperbelt, Zambia, b Cu–Pb–Znmining/smelting, Tsumeb,
(Ca5(PO4)3(OH,F,Cl)); Bir— birnessite (MnO2); Cal— calcite (CaCO3); Ccp— chalcopyrite (CuFe
(Fe2SiO4); Gn — galena (PbS); Gth — goethite (FeOOH); Hem — haematite (Fe2O3); Ilm— ilm
(TiO2); Mi — mica (variable composition); Tur — tourmaline (mainly schorl: NaFe3Al6Si6O18(
(ZrSiO4). f number of particles analysed by SEM/EDS, g number of metal(loid)-bearing particles
laboratory. All of the soil samples were sieved through clean 2 mm
stainless steel sieves (Retsch, Germany).

2.2. Soil properties determination and analysis

The soil colour was determined onmoist samples usingMunsell soil
colour chart tables (Table 1). The soil pH was measured by a Schott
Munsell pH Corg/Cinorg Stot mg CEC

colour std units g kg−1 kg−1 cmol+ kg−1

sland 7.5YR/3/1 5.46 53.7/b0.1 1250 5.89
st 10YR/4/1 5.39 98.5/b0.1 1190 15.1
ssland 10YR/2/2 5.34 90.1/b0.1 1120 4.35
rest 7.5YR/3/1 6.85 57.3/b0.1 892 8.44
assland, reference 7.5YR/4/1 6.55 31.8/b0.1 341 8.98
est, reference 5YR/5/1 5.10 21.3/b0.1 135 3.75

7.5YR/6/3 7.87 8.70/b0.1 411 9.50
renic, forest 7.5YR/3/3 6.73 241/19.8 4070 94.5

V Mineralogy of heavy fraction (XRD)e Particlesf Me-particlesg

−1 mg kg−1

35.0 Tur, Zrn, Hem, Mi, Rt/Ant, Qz, Ccp, Bir 223 137
55.3 Tur, Gth, Hem, Zrn, Qz, Rt/Ant, Mi, Bir 16 3
58.3 Mag, Hem, Qz 1 0
21.6 Tur, Rt, Hem, Zrn, Ilm, Cal 16 15
24.6 Tur, Rt, Qz, Zrn, Ilm, Mi 2 0
20.9 Tur, Mi, Qz, Rt, Hem, Ilm, Zrn 5 2
33.8 Qz, Rt, Ves, Hem, Dol, Zrn, Mag 66 40
41.1 Dol, Ves, Con, Py, Fa, Hem, Duf, Qz, Rt, Gn 92 62

Namibia, c litter+ humus, d mean values (n=2) e Abbreviations ofminerals: Ap— apatite
S2); Con— conichalcite (CaCu(AsO4)(OH)); Duf— duftite (PbCu(AsO4)(OH)); Fa— fayalite
enite (FeTiO3); Mag — magnetite (Fe3O4); Qz — quartz (SiO2); Rt — rutile/Ant — anatase
BO3)3(OH)4); Ves — vesuvianite (Ca10(Mg,Fe)2Al4(SiO4)5(Si2O7)2(OH,F)4); Zrn — zircon
analysed by SEM/EDS.
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Handylab pH meter equipped with a Schott BlueLine 28 pH electrode
(Schott, Germany), in a 1:5 (w/v) soil-deionised water suspension
after 1-h agitation (Pansu and Gautheyrou, 2006). The cation exchange
capacity (CEC) was determined as the sum of the basic cations and Al
extracted with 0.1 M BaCl2 solution (Pansu and Gautheyrou, 2006).
The basic cations andAl in the extractswere determined byflame atom-
ic absorption spectrometry (FAAS; Varian SpectrAA 280 FS, Australia).
Particle size distributions in the soil samples (fractions of clay, silt, and
sand) were obtained by the hydrometer method (Gee and Or, 2002).
The aliquot part of the soil under-sieve fractionwas ground to analytical
fineness in an agate ball mill (Fritsch, Germany) and used for determi-
nation of the total concentrations of major and trace elements in the
soils, following digestion with HF and HClO4. A weighed amount
(0.2 g) of ground sample was dissolved in 10 ml of HF (49% v/v) and
0.5 ml of HClO4 (70% v/v). The procedure was repeated with 5 ml HF
(49% v/v) and 0.5 ml HClO4 (70% v/v). Following evaporation, the
sample was dissolved in 2 ml HNO3, transferred into a 100 ml
volumetric flask, diluted, and measured for total concentrations of As,
Cd, Co, Cu, Pb, Sb, V, and Zn (being themain contaminants) either by in-
ductively coupled plasma optical emission spectrometry (ICP-OES;
ThermoScientific iCAP 6500, Germany) or by quadrupole-based induc-
tively coupled plasma mass spectrometry (ICP-MS; ThermoScientific
XseriesII, Germany). The content of total sulphur (Stot), total carbon
(Ctot), and total inorganic carbon (Cinorg) was determined using a com-
bination of ELTRA CS 530 and ELTRA CS 500 TIC analysers (combustion
with infrared detection analyser; ELTRA, Germany). Total organic
carbon (Corg) was calculated as Ctot - Cinorg.

The “labile” (available) contaminant fractions in the soils were
determined by a 1 h extraction with 0.05 mol l−1

ethylendiammintetraacetic acid (EDTA) according to the methodology
described by Quevauviller (1998). The extractions were conducted in
duplicate. The extracts were filtered to 0.45 μm (Millipore®membrane
filters), diluted to 2% (v/v) HNO3, and analysed by ICP-OES or ICP-MS.
We are aware that this standardised methodology was originally
designed for metals; however, for the sake of simplicity, we also used
the same extraction method for metalloids.

The quality of the analytical procedure for soil digestion/analysis
was controlled using reference materials SRM 2710 (NIST, USA, Mon-
tana Soil, highly elevated trace element concentrations) and SRM
2711a (NIST, USA, Montana II Soil, moderately elevated trace element
concentrations). The accuracy of the ICP measurement of metal(loid)s
in leachates and extracts was controlled by parallel analysis of the
reference material SRM 1640 (NIST, USA, Trace elements in natural
water). The quality control/quality assurance (QC/QA) results of the
measurements are reported in Table S1 in the Supplementary Material,
and indicate good agreements between the measured and certified
values (better than 9% relative standard deviation, RSD).

2.3. Mineralogical investigation of metal(loid)-bearing particles

The heavy mineral fraction was separated from bulk soil samples.
For the separation, we used 1,1,2,2-tetrabromethane (density
2.96 g cm−3) in a centrifuge (Janetzki S70D, Germany) at 1800 rpm
for 30 min. The phase composition of the samples was assessed by
X-ray diffraction analysis (XRD) using a PANalytical X'Pert Pro diffrac-
tometer (PANalytical, the Netherlands) with a X'Celerator detector,
CuKα radiation (λ = 1.5418 Å) at 40 kV and 30 mA, over the range
2–80° 2theta, with a step of 0.02°, and a counting time of 150 s per
step. For the analysis of the XRD patterns, X'Pert HighScore Plus 3.0
software coupled to the Crystallography Open Database (COD)
(Gražulis et al., 2012) was used.

Polished sections were prepared from the heavy mineral fraction of
the soils; the polishing has been performed in alcohol to limit potential
dissolution of individual phases in water. Specimens were examined
under a Leica DM LP (Leica, Germany) polarizingmicroscope and subse-
quently studied by a scanning electron microscope (SEM; TESCAN
VEGA3XM, Czech Republic) equipped with an energy dispersion
spectrometer (EDS; Quantax 200 X-Flash 5010, Bruker, Germany).
Preliminary quantitative microanalyses were performed using a
TESCAN VEGA SEM (TESCAN, Czech Republic) equippedwith an Oxford
Link X-Max 50 EDS (Oxford Instruments, UK) calibrated against the SPI
set of standards (SPI supplies, USA), and operating at 15 kVwith a beam
current of 1.5 nA. N800 EDS analyses were performed using SEM. The
quantitative analyses of representative phases were measured by
electronmicroprobe (EPMA; Cameca SX-100, France). Operating condi-
tions formeasurement of the sulphideswere the following: accelerating
voltage 20 keV, beam current 7 nA, standards (analytical lines in
parentheses): Ag metal (AgLα), stibnite (SbLα), galena (PbMα), GaAs
(AsLß), marcasite (FeKα), Cu metal (CuKα), Zn metal (ZnKα), sphaler-
ite (SKα), pentlandite (NiKα), Co metal (CoKα). Counting time was
between 10 and 30 s on peaks and background, and the spot size was
1 μm. Operating conditions for measurement of oxygen-bearing phases
(silicates, oxides, arsenates, etc.) were the following: accelerating volt-
age 15 keV, beam current 10 nA, standards (analytical lines in parenthe-
ses): diopside (MgKα, CaKα), quartz (SiKα), jadeite (AlKα), apatite
(PKα), barite (SKα), rutile (TiKα), spinel (MnKα), haematite (FeKα),
GaAs (AsLα), willemite (ZnLα), Pb metal (PbMα), cuprite (CuLα),
Sb2Te3 (SbLα), V2O5 (VKα), CdTe (CdLα), Ni metal (NiKα), Co metal
(CoKα). Counting time was between 10 and 60 s on peaks and back-
ground, and the spot size was 1 μm, with an enlarged beam size for
themeasurements of the glass phase and arsenates and/or arsenites un-
stable under the beam. In total, N110 spot analyses were performed
using EPMA.

3. Results and discussion

3.1. Soil properties

A detailed description and the properties of the soils studied are re-
ported in Table 1. The pH of soils from the Zambian Copperbelt ranged
from slightly acidic to near-neutral (5.10–6.85), while topsoils from
Namibia were near-neutral to alkaline (6.73–7.87), probably due to
the proximity of mine tailing disposal sites, which are the source of car-
bonate particles (Kříbek et al., 2016). However, a slightly elevated Cinorg
concentrationwas only observed in sample P6 (19.8 g kg−1; Table 1). In
the Zambian soils, the highest Stot concentrations were close to the pol-
lution sources (up to 1250mg kg−1) and decreased as a function of the
distance. In the two Namibian topsoil samples, Stot varied from 411 to
4070 mg kg−1, the latter value found in humified litter, where the
highest Corg was also observed (241 g kg−1) compared to other samples
studied (Table 1).

Contaminant concentrations reflected the compositions of ores
mined and processed in individual areas; whereas polluted soils from
the Zambian Copperbelt were significantly richer in Cu (up to
8980 mg kg−1) and Co (up to 45.8 mg kg−1). Namibian soils were
enriched in Pb (up to 4640 mg kg−1), Zn (up to 2620 mg kg−1), Cd
(up to 96.7 mg kg−1), As (up to 1450 mg kg−1), and Sb
(95.7 mg kg−1). Vanadium concentrations were similar for both locali-
ties and varied in the 20.9 to 41.1 mg kg−1 range (Table 1).

The XRD investigation of the heavy mineral fraction indicated the
presence of geogenic phases of high density (tourmaline, zircon,
rutile/anatase, ilmenite, Fe and Mn oxides) with low amounts of lighter
phases (such as quartz, micas, or carbonates), whichwere not fully sep-
arated from the samples in heavy liquids due to their intimate associa-
tions with the heavier phases (Table 1). Metal(loid)-bearing phases
were detected by XRD only in the most polluted samples (Table 1).
The presence of chalcopyrite (CuFeS2) was suggested in the most Cu-
enriched soil from Zambia (sample F1); based on relative intensity
ratio calculations (RIR) it accounted for 1% of the heavymineral fraction
(see diffraction patterns in Fig. S1 and comparisons with reference data
in Table S2 in the Supplementary Material). The presence of galena
(PbS; 1%), pyrite (FeS2; 10%), conichalcite [CaCu(AsO4)(OH); 14%], and
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duftite [PbCu(AsO4)(OH); 3%] was suggested in the most polluted soil
from Namibia (sample P6) (Fig. S1 and Table S2). The presence of
fayalite (Fe2SiO4) originating from the windblown smelting slag
particles was also evidenced in sample P6 by XRD. The presence of
amorphous slag glass in this sample was also consistent with an
increased background in the diffraction pattern between 15 and 40°
2theta (Fig. S1).

3.2. Morphology of metal(loid)-bearing particles

Along with their chemical composition, the morphology of soil
particles is a useful tracer of their origin. Spherical metal(loid)-bearing
particles are very frequent in smelter soils, and represent quenched
melt droplets emitted by the smelter smokestack (Ettler et al., 2014a;
Gregurek et al., 1998, 1999; Henderson et al., 1998; Knight and
Henderson, 2006; Lanteigne et al., 2012, 2014; Shukurov et al., 2014).
In contrast, irregular particles with frequent oxidised rims correspond
to materials not heated to the melting temperature, and are most likely
derived from the mining operations (Gregurek et al., 1999; Shukurov
et al., 2014).

Despite the fact that the flue gas cleaning technologies in non-
ferrous metal smelting operations are supposed to remove N99% of
dust from the flue gas (Ettler et al., 2005a; Schlesinger et al., 2011),
some portion of particulates can escape from the smelting facilities dur-
ing periods of filtering inefficiency, which can occur during the furnace
turn-on or towards the lifetime end of the fabric filters (which are, for
example, currently used for dust abatement in the Tsumeb smelter).
Moreover, earlier contamination from periods when flue gas cleaning
was not installed at the studied sites must also be taken into account.
Temperatures in the smelting process vary from ~1350 °C (lead
smelting in the furnace), ~1250 °C (copper matte smelting in the fur-
nace), 1220–1200 °C (copper converting in convertors), down to
~80 °C (flue gas cleaning) (Ettler et al., 2005a; Schlesinger et al.,
2011). The offgas from the smelting operations has high temperatures
(1100 to 1230 °C based on the smelting technology used); however, it
is cooled downwithin a few seconds in heat recovery boilers to achieve
temperatures around 350–400 °C before subsequent flue gas cleaning in
electrostatic precipitators (Mufulira) or baghouse filtering facilities
(Tsumeb) (Schlesinger et al., 2011).

The microscopic investigations of the heavy mineral fractions from
the studied soils indicated that geogenic particles predominantly oc-
curred as angular grains (see the zircons or rutiles in Figs. 2 and 3). In
contrast, morphological types of the metal(loid)-bearing particles
were quite variable. They included:

(i) Angular grains, from 5 to 150 μm in size, with or without
weathering rims, andmost likely originating frommining opera-
tions or mine tailing disposal sites (Fig. 2a,c, and b, respectively);

(ii) Particles of spherical shapes, ranging from 20 to 150 μm in size,
and corresponding to droplets of quenched slag or matte melt,
emitted from the smelting furnaces and convertors (Figs. 2e-l
and 3a,b,i,l);

(iii) Skeletons of highly weathered metal-rich particles originally
formed in the flue-gas cleaning systems of the smelters, generally
b50 μm in size (such as delafossite, Cu1+Fe3+O2 in Fig. 2e,g,j,l);

(iv) Irregular grains of smelter slag most likely windblown from the
slag disposal sites, generally from 5 to hundreds of μm in size
(Fig. 3);

(v) Secondary matrix precipitates presumably formed as fillings
between other particulates (Fig. 3g,k).

3.3. Composition and weathering of metal(loid)-bearing particles

Generally, themost polluted soil samples are enriched inmetal(loid)-
bearing particulates identified by SEM/EDS and EPMA (Table 1). Table 2
summarises groups of individual phases detected at each locality, supple-
mented with numbers of performed microprobe analyses and suggested
origin(s) for each of the identified phases, based on their morphologies
and crystal chemistry.

3.3.1. Sulphides and sulphates
At both of the sites studied, metal-bearing sulphides were the most

frequent phases (Table 2). Representative EPMA data, with calculated
structural formulae of the individual sulphides (plus enargite, Cu3AsS4,
as an example of a sulphosalt) are given in Table S3 in the Supplemen-
tary Material. Chalcopyrite (CuFeS2), galena (PbS), pyrite (FeS2), and
sphalerite (ZnS) were perfectly stoichiometric, and occurred as angular
grains with weathering rims (Figs. 2a–d and 3b). They often exhibit
original ore textures (Fig. 2b), andmost likely correspond towindblown
material from mine tailing sites or ore crushers. Similarly, low-
temperature sulphides (idaite, Cu3FeS4; yarrowite, Cu9S8; Fig. 2b) and
sulphosalts (enargite; Fig. 3i) with similar grain morphologies most
likely had the same origin. However, some of the Cu–Fe sulphides
occurred in both mining- and smelter-related particles, and could
have either origin. For example, chalcocite (Cu2S) and bornite
(Cu5FeS4) either formed ore-derived particles (Fig. 2b and d, respective-
ly) or they occurred as smelter-derived spherical particles, where they
were associated to metallic Cu (Fig. 2g,h) or other sulphides
(e.g., galena) in the form of a symplectitic intergrowth (Fig. 3f). The lat-
ter indicates a rapid eutectic crystallisation, which for the bornite–gale-
na system takes place at 609 °C (Tesfaye and Taskinen, 2011). Covellite
(CuS) and digenite (Cu9S5) (Figs. 2j and 3a,l) as well as various non-
stoichiometric Cu–(Fe) sulphides only occurred as spherical particles,
and clearly originated from smelters (Figs. 2e,i and 3b,i). The composi-
tions of the latter were highly variable, and in some cases,
submicrometric two-phase intergrowth (symplectites), impossible to
be analysed by EPMA, can also occur (Fig. 3i; Table S3 and Fig. S2). All
of these phases form at high temperatures (e.g., chalcocite (Cu2S), and
digenite (Cu2-xS) with thermal stabilities up to 1130 °C; and covellite
(CuS) with thermal stability up to 507 °C) (Chakrabarti and Laughlin,
1983). Similar phases were reported from dusts and snow samples col-
lected near Cu–Ni smelters in NWRussia (Barcan, 2002; Gregurek et al.,
1998, 1999), in surface soils near Sudbury Cu–Ni smelters in Canada
(Lanteigne et al., 2012, 2014), in dust deposited on grass near the
TsumebCu smelter in Namibia (Kříbek et al., 2016), and in dusts directly
sampled above the Cu convertors at the Rönnskär copper smelter in
Sweden (Samuelsson and Björkman, 1998a).

Oxygen-enriched air is used in the copper converting process
(Samuelsson and Björkman, 1998a; Schlesinger et al., 2011). Due to
the presence of oxygen in the flue gas stream, complexmixtures of var-
ious Cu oxides, sulphides, and sulphates can form, and are often associ-
ated with one another, as recently demonstrated in the critical
evaluation of the Cu–S–O system (Shishin and Decterov, 2012).
Sulphates were often observed in the dusts collected from the flue gas
cleaning facilities or smokestacks in non-ferrous metal smelters. For
example, anglesite (PbSO4), gunningite (ZnSO4·H2O), and Cu sulphates
(chalcocyanite (CuSO4) or chalcanthite (CuSO4·5H2O)) were reported
from Pb and Cu smelter flue dusts (Ettler et al., 2005a; Morales et al.,
2010; Skeaff et al., 2011; Vítková et al., 2011). Dunn and Muzenda
(2001), and Simonescu et al. (2007) studied the thermal transforma-
tions of covellite (CuS) and described a multi-step process depending
on temperature and atmosphere, in which different Cu sulphides
(Cu1.8S, Cu2S), oxides (Cu2O, CuO), sulphates (Cu2SO4, CuSO4), and
oxysulphates (CuO·CuSO4) may form. Spherical particles composed of
symplectitic intergrowths of covellite and non-stoichiometric CuSO4

found in Mufulira soils (Fig. 2e) could result from quenching in the
flue gas from the copper converting process in the presence of oxygen
(covellite is stable up to 507 °C and CuSO4 is stable below 585 °C;
Chakrabarti and Laughlin, 1983; Dunn and Muzenda, 2001). It is also
important to note that small amounts of oxygen (b2.82 wt.%) were de-
tected by EDS analysis in the quenched Cu–(Fe) sulphides (see analyses



Fig. 2. Scanning electron micrographs in back-scattered electrons (BSE) of heavy particulates from mining- and smelting-affected humid subtropical soils (Mufulira, Copperbelt, Zambia).
a) Chalcopyrite with weathered rim composed of Fe oxide (origin: mine tailing); b) Ore mineral particle composed of the association of chalcocite, yarrowite, and chalcopyrite (origin:
mine tailing); c) Pyrite grain with weathered Fe-oxide rim (origin: mine tailing); d) Ore mineral particle composed of chalcopyrite associated with bornite (origin: mine tailing);
e) Spherical covellite particlewithweathered Cu sulphate, sphere of quenchedCu–(Fe)–S compoundassociatedwith slag glass, andweathereddelafossite and tenorite grains (origin: smelter);
f) Spherical particle composed of magnetite (origin: smelter); g) Spherical particle of chalcocite with inclusions of Cu metal and skeleton of weathered delafossite particle (origin: smelter);
h)Metallic Cuwithweathered rim composed of Cu-(oxy)sulphate (origin: smelter); i) Spheres of quenched Cu–Fe–S compounds (origin: smelter); j) Chalcopyrite grain (origin:mine tailing),
spherical particle of covellite and collapsed structures of weathered delafossite (origin: smelter); k) Spherical particle of cuprospinel (origin: smelter); l) Spherical particle composed of a
residual trevorite grain surrounded by weathered myrmekite of trevorite and tenorite (origin: smelter). Abbreviations: Bn — bornite (Cu5FeS4), Cc — chalcocite (Cu2S), Ccp — chalcopyrite
(CuFeS2), Cu — metallic copper (Cu), Cu-Spl — cuprospinel (CuFe2O4), Cv — covellite (CuS), Del — delafossite (CuFeO2), Gl — glass (slag), Mag — magnetite (Fe3O4), Py — pyrite (FeS2),
qCuFeS — quenched phase in the Cu–Fe–S system, Rt — rutile (TiO2), Tn — tenorite (CuO), Tre — trevorite (NiFe2O4), Tur — tourmaline (mainly schorl: NaFe3Al6Si6O18(BO3)3(OH)4),
Yar — yarrowite (Cu9S8), Zrn — zircon (ZrSiO4).
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in Table S3). These results are in agreement with themodelling work of
Shishin and Decterov (2012), who suggested that based on previous
measurements b0.2 mol% (i.e., 3.2 wt.%) oxygen can be trapped in the
Cu sulphide matte.

We believe that the intimate association of Cu sulphides and
sulphates along with the oxygen content in the Cu–Fe–S phases, as
described above, is not related to any weathering processes in soils.
Our observations indicate that sulphates formed by weathering are
very rare in soils from either of the studied locations. We observed
only one diffuse weathering rim of complex Cu (oxy)sulphates on Cu
sulphides andmetallic phases (Fig. 2h; EPMA in Table S5), and anglesite
(PbSO4)-like rims on galena crystals (Fig. 3b). It is also important to note
that except for the relatively stable anglesite, which has been detected
in temperate soils near Pb smelters (e.g., Ettler et al., 2005b), other sim-
ple (oxy)sulphateswere practically not observed in the studied soils de-
spite their presence in the original smelter dusts. This observation is
probably related to their relatively high solubility. For example, ESP
dust from theMufulira Cu smelter contained chalcanthite, which rapid-
ly dissolved in contact with water during leaching tests, and partly
transformed to antlerite (Cu3(SO4)(OH)4) (Vítková et al., 2011; Ettler
et al., 2014b), which, however, is also not very stable from a long-term
perspective (Yoder et al., 2007). Similarly, if chalcocyanite is present
in the smelter dust, it quickly disappears when leached in water
(Morales et al., 2010; Skeaff et al., 2011).

3.3.2. Oxides
Oxideswere also importantmetal(loid)s carriers in the studied soils,

with higher frequencies of occurrence in samples from the Zambian
Copperbelt (Table 2; EPMA data in Table S4 in the Supplementary
Material). Shishin et al. (2013) investigated the Cu–Fe–O system using
thermodynamic modelling, and found that various spinel phases
associated with metallic copper, tenorite (CuO), and delafossite could
form at temperatures below 1154 °C. Tenorite occurred either as small
(b20 μm) grains, which could have a smelter origin and/or be formed
by transformation/weathering in the soil (Fig. 2e); or formed as bi-
phase spherical particles up to 60 μm in size, where tenorite was partly
dissolved and trevorite (NiFe2O4) formed an unweathered skeleton
(Fig. 2l). Besides trevorite, other spinel-family phases occurred in
spherical particles: magnetite (Fe2+Fe3+2O4) associated with glass in
slag-like inclusions (Fig. 2f), and cuprospinel (with a composition



Fig. 3. Scanning electronmicrographs in back-scattered electrons (BSE) of heavy particulates frommining- and smelting-affected semi-arid soils (Tsumeb, Namibia). a) Spherical digenite
particle and slag glass (origin: smelter) associated with chalcopyrite, duftite and arsentsumebite grains (origin: mine tailing); b) Spherical particle of quenched Cu–Fe–S compound (or-
igin: smelter), and angular grains of pyrite and weathered galena (origin: mine tailing); c) Angular grains of duftite and austinite (origin: mine tailing), associated to slag grains and a
sphere of quenchedCu–Fe–S phase (origin: smelter); d) Slag particle composed spinel crystals and unmelted silicate grain entrappedwithin glass (origin: smelter); e) Smelter slag particle
composed of spinel and glass with inclusions of quenched Cu–Fe–S phase and weathered covellite (origin: smelter), associated with Pb arsenite (origin: mine tailing) and newly formed
Pb-bearing todorokite; f)Matte particle composed of bornite–galenamyrmekite (origin: smelter); g) Lead arsenite and Pb–Cu arsenate phases associated to weathered slag grain (origin:
smelter, weathering in soil?); h) Slag fragment (origin: smelter) and grain composed of mottramite, conichalcite and Fe oxide (zoom inset) (origin: mine tailing); i) Angular grain of
enargite (origin: mine tailing), and spherical particle of quenched Cu–Fe–S phase (origin: smelter); j) Ore grain composed of conichalcite, duftite and gangue carbonate with weathered
Pb arsenite grain (inset) (origin: mine tailing), associated to weathered slag particle (origin: smelter); k) Spherical smelter slag particles and angular grain of quartz cemented with
conichalcite and Ca–Fe arsenate phase; l) Sphere of covellite and delafossite/arsenate mixture (origin: smelter), and angular grains of conichalcite (origin: mine tailing) associated with car-
bonate and Fe oxide. Abbreviations: Ang — anglesite (PbSO4), Ast — arsentsumebite (Pb2Cu(AsO4)(SO4)(OH)), Aus — austinite (CaZn(AsO4)(OH)), Bn — bornite (Cu5FeS4), Cb — carbonate
(variable composition); Ccp— chalcopyrite (CuFeS2), Con— conichalcite (CaCu(AsO4)(OH)), Cv— covellite (CuS), Del – delafossite (CuFeO2), Duf— duftite (PbCu(AsO4)(OH)), Eng— enargite
(Cu3AsS4), Gn— galena (PbS), Mot—mottramite (PbCu(VO4)OH), Py— pyrite (FeS2), qCuFeS— quenched phase in the Cu–Fe–S system, Sp— sphalerite (ZnS), Spl— spinel (variable compo-
sition), Td — todorokite (Pb1-xMn6O12).
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close to [Cu,Fe2+]Fe3+2O4; Fig. 1k). High-temperature spinel phases
(magnetite, Cu- and Ni-bearing spinels) have frequently been described
in smelter dusts (Ettler et al., 2014b; Morales et al., 2010; Vítková et al.,
2011), in polluted soils and snowpack samples, and in weathering
crusts on rocks near numerous non-ferrous metal smelters (Cabala
and Teper, 2007; Caplette et al., 2015; Gregurek et al., 1998, 1999;
Lanteigne et al., 2012, 2014; Mantha et al., 2012; Shukurov et al.,
2014). In agreement with observations by other authors (Adamo et al.,
1996; Cabala and Teper, 2007; Gregurek et al., 1999; Knight and
Henderson, 2006; Lanteigne et al., 2012, 2014; Shukurov et al., 2014),
skeletal textures of oxides in these spherical particles indicate a rapid
cooling regime in the flue gas stream (Fig. 2f,k,l). As a result, they clearly
correspond to quenched droplets of slag formed during smelting and
converting (Samuelsson and Björkman, 1998a; Schlesinger et al., 2011).

Delafossite (Cu1+Fe3+O2) is a common phase in the Cu smelter
dusts (Ettler et al., 2014b; Morales et al., 2010; Vítková et al., 2011)
and it was also the most frequent oxide phase observed in humid sub-
tropical soils from Mufulira. Despite the fact that delafossite was found
to be rather stable during the short-term leaching of smelter dusts
(Vítková et al., 2011; Ettler et al., 2014b), its “collapsed skeleton” grains,
separated from soil samples (Fig. 2e,g,j,l), indicate that it underwent in-
tensive weathering, and had similar morphologies as the weathered
grains of oxides in smelter soils from the Sudbury area as described by
Lanteigne et al. (2012).

Angular sulphides frequently have weathering rims composed of
hydrous ferric oxides (Fig. 2a,c,d) similar to those observed in mine
tailing dumps (cf. Jamieson, 2011 and references therein). Moreover,
distinct grains of metal(loid)-rich haematite (Fe2O3) (Fig. 3a) and Mn
oxides (such as todorokite with a composition close to Pb1-xMn6O12;
Fig. 3e; and analyses 4/1 and 39/1 in Table S4) were also identified.
We assume that they probably formed by natural transformation
processes in the soils.

3.3.3. Other phases
Windblown slag-like Si-rich particles were reported from numerous

Cu smelting sites (Barcan, 2002; Chopin and Alloway, 2007; Gregurek



Table 2
Metal-bearing phases detected in the heavy mineral fraction of the studied soils (n = number of EPMA analyses).

Group Phase Formula n (Mufulira) n (Tsumeb) Origin

Sulphides and sulphosalts Chalcopyrite CuFeS2 16 5 Mine tailings
Chalcocite Cu2S 11 Mine tailings/smelter
Covellite CuS 9 2 Smelter
Quenched phase Cu–Fe–S 16 3 Smelter
Idaite Cu3FeS4 1 Mine tailings
Yarrowite Cu9S8 1 Mine tailings
Bornite Cu5FeS4 2 2 Mine tailings/smelter
Digenite Cu9S5 1 3 Smelter
Pyrite FeS2 1 2 Mine tailings
Pyrrhotite Fe1-xS 1 Smelter
Sfalerite ZnS 1 Mine tailings
Enargite Cu3AsS4 1 Mine tailings
Galena PbS 2 Mine tailings

Metals Cu metal Cu 5 Smelter
Oxides Tenorite CuO 5 Smelter/transformation in soil

Delafossite CuFeO2 13 1 Smelter
Haematite Fe2O3

a 4 2 Transformation in soil
Todorokite Pb1-xMn6O12 1 Transformation in soil
Cuprospinel CuFe2O4 4 Smelter
Magnetite Fe3O4

b 3 Smelter
Trevorite NiFe2O4 2 Smelter

Sulphates Cu (oxy)sulphates CuSO4·CuO/CuSO4 2 Smelter/transformation in soil
Anglesite PbSO4 1 Transformation in soil

Arsenates Conichalcite CaCu(AsO4)(OH) 7 Mine tailings
Duftite PbCu(AsO4)(OH) 4 Mine tailings
Austinite CaZn(AsO4)(OH) 1 Mine tailings
Arsentsumebite Pb2Cu(AsO4)(SO4)(OH) 1 Mine tailings
Unidentified arsenates (Ca–Pb–Cu–Fe–As–O) 2 Mine tailings

Arsenites Pb-arsenite Pb4As2O7 5 Mine tailings
Vanadates Mottramite PbCu(VO4)(OH) 4 Mine tailings

a metal-bearing oxides (products of weathering/transformation in soils).
b metal-bearing magnetite originating from the smelting process (slag-like materials).
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et al., 1999; Knight and Henderson, 2006). Despite the fact that disposal
sites near the Mufulira smelter also contained granulated slags (Kříbek
et al., 2010; Vítková et al., 2010), no windblown slag particles from
slag dumps have been observed in the studied soils due to the relatively
large distance from the smelter (N3.6 km). In contrast, Tsumeb soil sam-
ples are rich in slag particles of various sizes. At this site, milled slagma-
terial, after re-flotation and heavy fraction recovery, is used to cover
mine tailing disposal sites; additionally, numerous dumps of old granu-
lated slag are located in the area (Ettler et al., 2009; Kříbek et al., 2016).
Themineralogy of the slag particles from soils corresponds well to slags
previously studied from this area (detailed by Ettler et al. (2009)), with
predominant skeletal and dendritic crystals of spinels and silicates
entrapped within the glass (Fig. 3). While at other sites slag particles
were found to be quite resistant to weathering (Chopin and Alloway,
2007), our microscopic observations clearly indicate that some of
them were partly chemically and/or mechanically weathered (Fig. 3e,j).

Arsenic is a key contaminant in smelter dusts especially in smelters
where As-rich concentrates are processed, as is the case at the Tsumeb
Cu smelter. Based on thermodynamic modelling and analysis of chemi-
cal and mineralogical composition of dusts from the copper converting
process, Samuelsson and Björkman (1998a, 1998b) suggested that
As2O5 should form if 5 to 100% of air has been added to the system.
However, arsenolite (As2O3) was described as the most common
As-bearingphase in smelter dusts, formed by precipitation from the vol-
atile form as the flue gas is rapidly cooled (Majzlan et al., 2014 and ref-
erences therein; Morales et al., 2010; Schlesinger et al., 2011; Skeaff
et al., 2011). Minute arsenolite grains originating from the smelter
dust were also found on the surface of grasses collected in the Tsumeb
area (Kříbek et al., 2016). However, we never detected any arsenolite
particles in the collected As-rich soil samples from Tsumeb (up to
1450 mg As kg−1). Due to the high solubility of arsenolite, which has
been experimentally established (Morales et al., 2010; Skeaff et al.,
2011; Yue and Donahoe, 2009), we hypothesise that if initially present
it has been completely dissolved/transformed when deposited in soils.
A large variety of other As-bearing phases have been identified in the
soil heavymineral fractions; conichalcite [CaCu(AsO4)(OH)] and duftite
[PbCu(AsO4)(OH)] were the most frequently observed, and were
detected by both XRD and EPMA. Conichalcite, duftite, and other less
abundant arsenates such as arsentsumebite [Pb2Cu(AsO4)(SO4)(OH)]
and austinite [CaZn(AsO4)(OH)] generally formed angular grains
(Fig. 3a,c,j,l) and were often associated with gangue minerals (carbon-
ates, Fig. 3j). Similar grainmorphologies were observed for the relative-
ly rare particles ofmottramite [PbCu(VO4)(OH)] (Fig. 3h; analysis 2/1 in
Table S5). We believe that the arsenates and vanadates mainly corre-
spond to particulate matter formed during mining activities as they
are also found within the ore minerals from the Tsumeb deposit (as
recently summarised by Bowell (2014)).

Nevertheless, conichalcite and other unidentified Pb–Cu and Ca–Fe
arsenates also occurred as fillings between slag grains and other phases
(Fig. 3g,k). It is important to mention again that old slags resulting from
historic smelting technologies at Tsumeb were highly weathered and
contained secondary metal-arsenates (Ettler et al., 2009), and these
could potentially also be present in the studied soils located near slag dis-
posal sites. However, these arsenates could also be weathering/transfor-
mation products formed in the soils. Gutiérrez-Ruiz et al. (2012)
identified Ca-arsenate [Ca5(AsO4)3(OH)] in an alkaline carbonate-rich
smelter waste deposited in soils near a Pb smelter area in Mexico. In
soils with high metal(loid) concentrations (6043 mg As kg−1,
31,420 mg Pb kg−1, 12,280 mg Zn kg−1, 553 mg Cu kg−1), high-
resolution transmission electron microscopy (HRTEM) indicated the oc-
currence of composed of duftite, arsentsumebite, arsenbrackebuschite
[Pb2(Fe,Zn)(AsO4)2(OH,H2O)], and hydroxymimetite [Pb5(AsO4)3(OH)].
Based on their analytical data and geochemical modelling, Gutiérrez-
Ruiz et al. (2012) suggested that the in-gassing of atmospheric CO2 slowly
decreased the alkalinity of these soils, which resulted in the dissolution of
Ca arsenates and the precipitation of secondary Pb-bearing arsenates.
Geochemical modelling further indicated that duftite would be stable
over a large pH range (4–10) (Gutiérrez-Ruiz et al., 2012). A similar
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mechanism could be proposed for the Tsumeb soils,where As, initially re-
leased by arsenolite dissolution in soil, could react at circumneutral pH
withmetallic ions (Pb, Cu, Ca), leading to precipitation of relatively stable
metal-bearing arsenates.

In addition, numerous unknown arsenites with perfect stoichiome-
try close to Pb4As2O7 have been observed. They occur either as small
irregular grains (Fig. 3e,j) or parts of complex particles composed of
arsenates and residual slag grains (Fig. 3g) (analyses 10/1 and 16/1 in
Table S5). Their origin is unknown, but we hypothesise that at least
some of them could be transported from mining operations (ore
crushers, mine tailings), because rare metal arsenites were also found
in the Tsumeb ores (Bowell, 2014).

3.4. Metal(loid) availability and environmental implications

Relatively high concentrations corresponding to the “labile” fraction
of Cu have been found in polluted soils from the Zambian Copperbelt
(1230–3500 mg kg−1) (Table 3). In the case of Cu, this fraction
accounted for 22.6–55.5% of the total concentration, indicating its high
(bio)availability. Interestingly, reference samples from this area also ex-
hibited a high percentage of “labile” fraction, but total concentrations
were 2 orders of magnitude lower than at sites closer to the smelter
(Tables 1 and 3). Compared to Cu, total concentrations and the “labile”
fraction of other metals (Co, Pb, Zn, V) were significantly lower and
Cd, As, and Sb were not detected in most of the Zambian samples
(Tables 1 and 3). Similarly, a high proportion of “available/exchange-
able” Cu was detected in Oxisols sampled near a Cu smelter in Kitwe
(Zambia) (Ettler et al., 2011). An increase in the “labile” fraction of Cu
(up to 75% of the total concentration) was recently documented exper-
imentally in an Oxisol artificially polluted with Cu smelter fly ash and
subjected to laboratory weathering in a pot experiment (Ettler et al.,
2016). The ESP dust from the Cu smelter inMufulira ismainly composed
of delafossite, magnetite, Cu spinel, and chalcanthite (Vítková et al.,
2011; Ettler et al., 2014a, 2014b);with the latter phase, beinghighly sol-
uble, responsible for themajor release of Cu into the soil system. Due to
the fact that (sub)tropical soils generally exhibit low organic matter
content, and contain kaolinite and haematite (both minerals with a rel-
atively low sorption capacity), they are more vulnerable to pollution
when compared to temperate soils, which exhibit a higher retention po-
tential for inorganic contaminants (Ettler (2016) and references there-
in). Our study shows that practically no Cu sulphates were found in
the heavy mineral fractions of the soils from the Zambian Copperbelt;
therefore, it is evident that these phases were highly reactive when
smelter dust was deposited onto the soil and interacted with soil pore
water and soil components; and that Cu released by their dissolution
subsequently fractionated into the “labile” pool. Interestingly, our mi-
croscopic observations indicate that smelter-derived sulphides forming
spherical particles seem to be relatively resistant to weathering. In
contrast to previous study conducted in the Mufulira area (Ettler et al.,
2014a), our detailed mineralogical investigation indicates that Cu-
Table 3
Concentrations of “labile” fractions of metal(loid)s in individual samples (in mg kg−1 as ob
values, n = 2).

Sample Cu mg kg−1 (%) Co mg kg−1 (%) Pb mg kg−1 (%) Zn mg kg−1 (%

Subtropical soils
F1 3500 (39.0) 5.50 (12.0) 10.5 (25.2) 7.35 (11.6)
E1 1570 (55.5) 7.68 (36.5) 8.77 (41.2) 19.7 (30.3)
A1 1240 (22.6) 1.07 (4.3) 4.60 (11.8) 1.31 (1.6)
O1 1230 (37.0) 5.50 (23.5) 5.85 (32.7) 6.78 (13.4)
G1 12.0 (32.2) 0.60 (22.4) nd 5.29 (21.0)
H1 15.4 (42.2) 0.83 (30.4) 0.96 (22.2) 1.69 (10.9)

Semi-arid soils
P1 9.05 (2.6) 0.06 (1.1) 15.3 (3.9) 3.51 (1.3)
P6 156 (3.5) 0.11 (0.8) 197 (4.3) 48.0 (1.8)

nd – not detected.
bearing oxides (Cu spinels and delafossite) were highly weathered,
and probably also contributed to the relatively high proportion of
“labile” Cu in the studied subtropical soils.

In contrast, despite high concentrations of all of the studied
metal(loid)s in the Tsumeb semi-arid soils, their “labile” fractions
were rather low, ranging from 0.2% (V) to 5.6% (Cd) of the total concen-
tration. This observation clearly indicates that the amount of potentially
availablemetal(loid)s is quite limited, and theywere probably efficient-
ly immobilised in the soil. The reason for this finding may be partly re-
lated to the high proportion of non-weathered metal(loid)-rich slag
particles, windblown from nearby slag disposal sites. Chopin and
Alloway (2007) showed that trace elements were predominantly
bound in the residual (i.e., the least available) fraction in soils, and
enriched in metal(loid)-bearing slag fragments. Moreover, they con-
cluded that the slag particles were not transported over long distances
from the disposal sites, and that the resulting spatial impacts on the
surrounding environment were minimal (Chopin and Alloway, 2007).
The low availability of metal(loid)s in the Tsumeb soils may also be
governed by the nearly-neutral or slightly alkaline conditions (pH =
6.73–7.87). Geochemical modelling and observations at other smelting
sites in semi-arid areas indicated thatmetal-bearing arsenates are quite
stable under these conditions and efficiently control the mobility of As
and metals (Cu, Pb) (Gutiérrez-Ruiz et al., 2012). The same “attenua-
tion”mechanisms for Cu, Pb, and As can be suggested for highly pollut-
ed Tsumeb soils.

The size of themetal(loid)-bearing particulates/particles, alongwith
wind speeds and directions, are the key parameters affecting the distri-
bution of contaminants in the environments near mining and smelting
operations (Csavina et al., 2012 and references therein; Kříbek et al.,
2010, 2016). Smaller aerosols and dust particles can travel over greater
distances from the pollution source. Moreover, Csavina et al. (2014) re-
cently demonstrated that the finest sized fraction (b1 μm) of dust and
aerosols is significantly richer in metal(loid)s than are the coarser frac-
tions. For example, dusts and aerosols collected near theHayden copper
smelter in Arizona contained 88% and 86% of the As and Pb in the fine
dust fraction (b1 μm), respectively. The reason for the higher proportion
of “labile” fractions of metal(loid)s in subtropical soils compared to
semi-arid ones (observed in this study) may also be related to the
higher rate of contaminant scavenging by precipitation events in the
subtropical area. Schindler et al. (2012) and Sorooshian et al. (2012)
hypothesised that especially the smelter-derived metal-sulphate aero-
sols, which are commonly found in the smallest size fractions, might
be efficiently scavenged by rain, subsequently limiting the spatial influ-
ence of transported aerosols on the downwind regions.

The accurate mineralogical analysis of ultrafine particles emitted by
non-ferrousmetal smelters is still a challenge for the future, and the ap-
plication of high-resolution techniques (HRTEM) is definitely needed.
The separation of such fine particles from soils located at greater dis-
tances from the pollution source, and their subsequent specimen prep-
aration and analysis, is virtually impossible – and the only realistic way
tained by EDTA extraction), and corresponding percentage of the total amount (mean

) Cd mg kg−1 (%) As mg kg−1 (%) Sb mg kg−1 (%) V mg kg−1 (%)

nd 0.17 (3.3) nd 0.36 (1.0)
nd 0.07 (1.1) nd 0.96 (1.7)
nd nd nd 0.76 (1.3)
nd nd nd 0.66 (3.1)
nd nd nd 0.43 (1.8)
nd nd nd 0.31 (1.5)

0.38 (5.6) 1.20 (1.3) 0.03 (0.5) 0.07 (0.2)
3.36 (3.5) 24.5 (1.7) 0.33 (0.3) 0.09 (0.2)
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is to study the alteration layers on the rocks (Caplette et al., 2015;
Mantha et al., 2012; Schindler et al., 2012), or those particles preserved
in snow samples (Gregurek et al., 1998, 1999), which are only restricted
to certain regions.

Our results have significant implications for the agricultural prac-
tices in the two studied areas. Due to the significantly highermetal(loid)
availability in soils, the risk of contaminant uptake by crops is much
higher in the ZambianCopperbelt, and this agreeswellwith data report-
ed by Kříbek et al. (2014a, 2014b) for cassava (Manihot esculenta) culti-
vated in this area. However, it must be stressed that the windblown
metal(loid)-rich dust particles deposited on foliage remain the major
source of contamination of agricultural crops, rather than contaminants
translocation from soils via the root system (Kříbek et al., 2014a,
2014b).
4. Conclusions

The heavy mineral fractions separated from mining- and smelter-
affected topsoils, located in both a humid subtropical area (Mufulira,
Zambian Copperbelt) and in a hot semi-arid area (Tsumeb, Namibia)
were studied. The highest concentrations of inorganic contaminants in
the bulk soils were: 1450 mg As kg−1, 8980 mg Cu kg−1,
4640 mg Pb kg−1, and 2620 mg Zn kg−1. Using the combination of
XRD, SEM/EDS, and EPMA, numerous anthropogenic metal(loid)-bear-
ingparticles smaller than 200 μmwere identified in these soils.Whereas
the spherical metal(loid)-bearing particles resulted from the smelting
and flue gas cleaning processes, the angular particles were most likely
windblown from themining operations anddisposal sites. At both local-
ities, sulphides from ores and mine tailings (e.g., chalcopyrite, galena)
often exhibited weathering rims. In contrast, smelter-derived high-
temperature sulphides (chalcocite, digenite, covellite, non-
stoichiometric quenched Cu–Fe–S phases) forming spherical particles
did not exhibit any significant alteration. Weathering features were
more frequently found in samples from humid subtropical areas,
where especially copper-bearing oxides (e.g., delafossite) occurred as
highly weathered skeletal grains. A high proportion of “labile” fractions
of metal(loid)s were reported for soils from humid subtropical areas
(up to 55% of total Cu). This finding is probably related to the higher dis-
solution rate of smelter dusts (predominantly composed of soluble
chalcanthite and delafossite) after their deposition in soils, and higher
rates of wet scavenging of metal-sulphate aerosols during rain events.
In contrast, metal(loid)s were efficiently retained in semi-arid soils
and their “labile” concentrations were significantly lower (b6% of the
total) than in subtropical soils. This phenomenon is probably related
to metal(loid) binding in non-weathered smelter slag particles, wind-
blown from slag disposal sites, and the frequent occurrence of the
low-solubility complex Ca–Cu–Pb arsenates (e.g., conichalcite, duftite),
which can bewindblown frommining operations or precipitated direct-
ly in the soils. Due to the higher availability of contaminants and lower
stability of metal(loid)-bearing particles in subtropical soils, a higher
potential risk for contaminant uptake by agricultural crops in the
Zambian Copperbelt can be expected.
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