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Abstract This work describes the geochemistry, miner-
alogy, and mobility of selected metals (Cu, Pb, Zn) and
metalloids (As, Sb) in a tailings impoundment in the vil-
lage of Slovinky (eastern Slovakia). The tailings were
covered unevenly by slag from processing of Cu wastes.
The tailings and slag both have negligible potential for acid
mine drainage formation, thus neutral to alkaline condi-
tions predominate, as shown by high paste pH values of the
tailings (7.66-8.83) and neutral drainage, with pH values
above 7.50. Weathering of the most abundant primary
sulfides (chalcopyrite, pyrite, and arsenopyrite) releases
low concentrations of As, Cu, Pb, Sb, and Zn from the
tailings impoundment and in leachates from a 150 days pot
leaching experiment. This is explained mostly by formation
of secondary ferric oxyhydroxides (as weathering rims on
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the surfaces of primary sulfides or individual grains),which
incorporate 4.09 wt% of As, 17.2 wt% of Cu, 1.20 wt% of
Pb, 15.0 wt% of Sb, and 1.59 wt% of Zn. Elevated contents
of metals and metalloids in weathering rims formed on slag
components like glasses, metallic grains, and residues of
blast-furnace lining indicate that secondary solid phases are
controlling the mobility of the potentially toxic elements.
Generally, with the exception of Cu, no separate secondary
compounds of the metals or metalloids were found. The
potentially toxic elements are mainly immobilized by ferric
oxyhydroxides and other iron mineral phases in the tailings
impoundment.

Keywords Adsorption - Antimony - Arsenic - Iron
oxyhydroxide - Neutralization - Water
contaminationIntroduction

Mine tailings are wastes that remain after ore concentration
processes such as milling operations and ore extraction. At
such sites, huge quantities of tailings are typically depos-
ited in impoundments as a fine-grained sediment-water
slurry (Lottermoser 2007). Recent severe accidents at
several tailings impoundments (e.g. Ajka, Hungary in
2010, Mianyang City, China in 2011), where large volumes
of tailings were discharged directly into the surrounding
environment, clearly draw international attention to the
safety of tailings impoundments, and the need to assure the
safety of these structures (Nagy et al. 2013; WISE-Ura-
nium 2013).

Potential hazards associated with tailings impoundments
include stability, rupture, surface and groundwater con-
tamination through leaching of potentially toxic elements
(PTEs) and formation of acid mine drainage (AMD) (Dold
and Fontboté 2002; Grangeia et al. 2011). In the Slovak
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Republic, mining was a large industry that provided valu-
able raw materials and created economic benefit for local
communities. However, environmental damages caused by
this industry range from unsightly mine tailings to disper-
sion of PTEs into the surrounding environment, thereby
contaminating soils and waters (Balintova et al. 2015;
Hiller et al. 2012). Several tailings impoundments in Slo-
vakia potentially represent a very high risk for people
living in their vicinity and for the environment, given the
large concentrations of PTEs in the tailings and improper
technical conditions of the impoundments. An evaluation
of environmental damages caused by mining classified 25
of 535 evaluated areas in Slovakia as hazardous and
requiring decontamination (Vrana et al. 2005).

Although less spectacular than the disastrous failure of
tailings dams, discharge of water from intact tailings
impoundments containing elevated concentrations of dis-
solved sulfate and PTEs results in widespread and serious
environmental problems (Sarmiento et al. 2011). The dif-
ferent weathering processes that occur in tailings
impoundments, such as sulfide oxidation, acid generation
and acid-neutralization, oxidation—reduction reactions
involving Fe, metal cycling associated with efflorescent
sulfate salts, secondary precipitation of hydroxides and
hydroxysulfates, and associated sorption of dissolved
metals and metalloids, all contribute to the mine drainage
chemistry (Nordstrom and Alpers 1999).

If tailings are exposed to atmospheric Oy, the acidity in the
form of sulfide minerals is transformed to H*, generating
AMD (Akcil and Koldas 2006; Simate and Ndlovu 2014)
that usually contains elevated concentrations of PTEs as a
result of mineral dissolution reactions (Goumih et al. 2013;
Jurjovec etal. 2002; Sima et al. 2011). On the other hand, the
AMD may be neutralized by the dissolution of carbonate and
aluminosilicate minerals (Heikkinen et al. 2009; Lindsay
et al. 2009). The occurrence of these minerals in tailings
impoundments with high sulfide-bearing mineral content is
particularly important because neutralization of the acidity
can decrease the concentrations of the dissolved metals
(Khorasanipour and Eslami 2014). Mobility of PTEs
released by sulfide oxidation depends on the formation of
secondary minerals such as ferric oxyhydroxides, which play
an important role in the natural attenuation of PTEs through
adsorption or co-precipitation (Berger et al. 2000; Lin 1997).
Therefore, the chemistry of tailings porewaters and the
mobility of PTEs in such heterogeneous environments are
markedly dependent on their unstable physico-chemical
conditions, and can be very difficult to predict.

The assessment of PTE mobility in the studied mine
tailings impoundment at Slovinky (eastern Slovakia) is
complex because slag from processing of Cu wastes in the
Krompachy metallurgical plant were deposited in the upper
3-5 m of the impoundment, on top of the flotation tailings
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from siderite—-Cu ore processing. Slag is produced during
the pyrometallurgical recovery of base metals by smelting
in a furnance (Piatak et al. 2004, 2015) and is often con-
sidered to be chemically inert (Parsons et al. 2001), but
many studies have shown that high concentrations of PTEs
may be released into the environment by natural weather-
ing of slag, and that this can have deleterious effects on
water and soil at historical smelting sites (Ettler et al. 2009;
Gee et al. 1997; Lottermoser 2002).

Effective management of tailings impoundments
requires an understanding of the processes resulting in
contaminant release, transport, and attenuation (Brookfield
et al. 2006). Total concentrations of PTEs in tailings solids
only provide information on the degree of contamination,
not on their mobility and bioavailability; only the metal
fraction that is readily released from its solid state is likely
to adversely affect living organisms and the environment
(Bird et al. 2003). Therefore, leaching experiments tar-
geting the water-soluble, easily mobilizable fractions of
PTEs provide useful information about their mobility and
possible impact on the environment.

The studied tailings impoundment: (1) is located near a
sensitive aquatic environment, (2) contains a large volume
of tailings, (3) is mechanically unstable and is located
above the village of Slovinky, and (4) is not maintained.
The main aims of this study were: (1) to determine the
fundamental geochemical properties and mineralogy of the
tailings and slag in the Slovinky impoundment, (2) to
investigate the mobility of target PTEs (As, Cu, Pb, Sb, and
Zn) using short-term leaching experiments, 150 days pot
leaching experiment, and sampling of drainage waters, and
(3) to evaluate the impact of tailings geochemistry and
mineralogy on the release of PTEs.

Study Area

The mine is located in the village of Slovinky in the
western part of the Spissko-Gemerské Rudohorie moun-
tains, and northeastern part of the Slovak Republic (Sup-
plemental Figure 1). The Slovinky-Gelnica ore deposit had
the highest accumulation of Cu ores (in quartz—siderite—
sulfidic veins); Cu, Ag, and Fe ores were exploited. Wall
rock of the Slovinky deposit are mostly quartz—sericites,
black phyllites, metarhyolites, and metatuffs of the Early
Palaeozoic Gelnica Group, metabasalts, metatuffs, and
sericite—chloritic phyllites of the Rakovec Group, con-
glomerates and breccias of the Permian Krompachy Group,
and shales, sandstones, and limestones of the Mesozoic
Stratend Group. The most important ore veins of the
metamorphic-hydrothermal siderite-sulfidic mineralization
were the Hruba and Zlata veins, which were 16 and 24 km
long, respectively, making them the longest ore vein
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structures in the SpiSsko-Gemerské Rudohorie Mits.
(Grecula et al. 1995). The veins are characterized by con-
tinuous mineralization over a length of hundreds of meters,
and vertically reach a depth of more than 1 km.

Mineral filling of the veins is variable with the preva-
lence of quartz—sulfidic mineralization over siderite. The
most abundant sulfide minerals are chalcopyrite, tetra-
hedrite, pyrite, and arsenopyrite. Galena, sphalerite, bor-
nite, bournonite, jamesonite, tennantite, Cu-arsenopyrite,
stibnite, Bi-sulfosalts, cobaltite, and native silver are less
abundant. Siderite is characterized by elevated MgO con-
tent (9-19 wt%), ankerite is replaced partially by Fe—
dolomite, and tourmaline, albite, rutile, chlorite, and ser-
icite are also present (Radvanec et al. 2004). The Slovinky
mine was active for over 600 years and produced over
100,000 t of Cu ore from 1368 to 1993; more than 56 % of
the Cu ore was exploited after World War II. Initially,
mining focused on the recovery of sulfidic Cu ores, mainly
chalcopyrite and tetrahedrite. In the late nineteenth century,
the recovery of Cu ores receded and that of siderite
increased, due to the depletion of Cu—rich deposits, decline
of global copper prices, and increased demand for iron. In
1925, production of copper was renewed whereby also Ag
and Au were recovered from copper concentrate. The
mined ores were processed by electromagnetic separation
and selective flotation (Grecula et al. 1995). After closure
of the mine in 1993, industrial wastes were smelted in the
Krompachy metallurgical plant to recover copper.

The impoundment (also called “Kaligrund” or “New”)
with a storage capacity of 6.5 million m® was build in 1967
and used for the deposition of tailings produced in the
Slovinky mine. The impoundment is situated east of the
mine site, only 400 m southeast of the village of Slovinky
(Supplemental Figure 1). The impoundment has a 113 m
high dam and stores about 4.7 million t of tailings with a
unit weight of 19.5 kN/m? (Piovarcsy and Rachela 1998).
Tailings in the form of sludge/mud were transported from
the flotation plant into the impoundment using a 1200 m
long pipeline. This hydraulically driven transport resulted
in the deposition of coarse-grained material (sands) near
the discharge point, grading to fine-grained material further
from the discharge. Based on particle size distribution, the
impoundment is divided into three depth layers. The first
layer, from the surface to a depth of 22.5 m, consists of
fine- to medium-grained sands and loamy sands (3—-24 wt%
<63 pm fraction and 0-4 wt% <2um fraction). The second
(from 22.5 to 44 m) contains silty and loamy sands (30-70
wt% <63 um fraction and 3-10 wt% <2 um fraction),
while the bottom layer (44-51.8 m) consists of silty and
clayey loams and clays (0-31 wt% <63 pm fraction and
7-35 wt% <2 pm fraction) (Hasaj and §t’astn3’/ 1983). Slag
was deposited in the uppermost part of the impoundment as

a 3-5 m thick layer overlying much of the tailings after
1993.

The impoundment’s drainage system consists of a
massive filtration layer on the main dam where the seepage
waters are diverted into the Slovinky Creek by three drai-
nage pipes (Hasaj and §t’astn)’f 1983). The impoundment
has been idle without technical and security monitoring
since an ownership change in 2003. The dam surface is
trenched by water erosion, and furrows and tailings slumps
form during rainy periods.

The climate in the study area is moderately cool with an
average temperature of —5 °C in January and +15 °C in
July. Average annual temperature is +5 °C, and annual
rainfall and evaporation are 550 and 400 mm, respectively
(Landscape Atlas of the Slovak Republic 2002).

Materials and Methods
Sampling of Mine Tailings and Waters

Tailings were sampled at regular depth intervals from two
boreholes (B-1 and B-2). The first borehole (B-1), with a
depth of 21 m, was located in the middle of the top level of
the impoundment. The second borehole (B-2) was 20 m
deep and located in the slope of the impoundment down
from the borehole B-1, so that the top of borehole B-2 was
in a horizontal plane with the bottom of borehole B-1
(Supplemental Figure 1). Samples used for mineralogical
and geochemical analyses were collected from the central
point of the core along its length. Drilling was done by
Aqua-Geo Ltd., Bratislava. All samples were frozen for
transport to the laboratories.

Aqueous samples were collected during one sampling
campaign in 2013 at the impoundment from (Supplemental
Figure 1): (1) the surface stream draining into the
impoundment (sample W-1), (2) the flooded area of the
impoundment (W-2), (3) the discharge of the impoundment
equipped with three pipes (W-3 to W-6), and (4) Slovinsky
creek (W-7) where the water from the impoundment is
discharged and above that discharge (W-8). The waters
were sampled in 1 day immediately after rain occurred.
This sampling was designed to assess the actual leaching of
the exposed tailings material. Values of pH, Eh, and
electric conductivity (EC) were measured in situ using a
WTW Multi 350i instrument equipped with Sentix® 41,
Sentix® ORP, and TetraCon® 325 electrodes, respectively.
Water samples were collected in polyethylene bottles and
filtered in the field using a 0.45 pm pore-size filter (Mil-
lipore). Aqueous samples for metal analysis were imme-
diately preserved at pH < 2 using HNOj; those for anion
analysis were left unacidified.
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Analysis of Mineralogical Composition

Powder x-ray diffraction (XRD) analyses were conducted
on a BRUKER D8 Advance diffractometer under the fol-
lowing conditions: Bragg—Brentano geometry (Theta-
2Theta), Cu anticathode (Ao, = 1.54060 A), a 40 kV
accelerating voltage, and beam current of 40 mA. Ni Kf
filters were used to strip Kf} radiation on the primary and
diffracted beam, and data were obtained by the BRUKER
LynxEye detector. The step size was 0.01° 260, the step time
was 1 s per one step, and the range of measurement was
4-65° 20. Main mineral phases were identified with the
DIFFRACP™ EVA software package (Bruker 2010a). The
abundance of the main mineral phases in the XRD patterns
was quantified by the Rietveld refinement with the
DIFFRACP™ TOPAS program (Bruker 2010b) using fun-
damental parameters. o-Corundum powder was mixed into
each sample as an internal standard.

The heavy fractions of the samples were concentrated by
panning in water or ethanol. Selected heavy concentrates
were prepared for further study in the form of standard thin
and polished sections to be inspected in transmitted and
reflected polarized light, respectively.

Chemical compositions of the primary and secondary
phases were determined with a Cameca SX-100 electron
microprobe (EMP) in wavelength-dispersive mode (WDS)
under the conditions of 15 kV, 20 nA, and a beam size of
1-5 pm. The following lines, standards, and detector
crystals were used for the analyzed elements: Mg (Ko,
forsterite, TAP), Al (Ko, Al,O3, TAP), Si (Ko, SiO,, TAP),
S, Fe, Cu (Ko, CuFeS,, PET), P (Ko, GaP, PET), Ca (Ka,
wollastonite, PET), Mn (Ko, Mn, LIF), Co (Ka, Co, LIF),
Ni (Ko, Ni, LIF), Zn (Ko, ZnS, LIF), Pb (Ma, PbS, PET),
Sb (LB, Sb,S;, PET), and As (LB, FeAsS, TAP). The
counting time on each peak was 20 s, on background 10 s
(20 s for Sb).

Geochemical Analyses of Mine Tailings and Waters

Tailings samples were allowed to thaw to determine paste
pH and Eh. Distilled water was added to the unfrozen
tailings sample until a slurry was obtained (Richards 1954).
The slurry was left to stand for 15 min and pH or Eh was
measured until a constant value was obtained.

Tailings samples for the determination of neutralization
potential, concentrations of major (Si, Fe, Al, Ca, Mg, K,
Na, Mn, P, and S) and minor (As, Cu, Hg, Pb, Sb, and Zn)
elements, and subsequent leaching were air-dried at room
temperature, then crushed, quartered, homogenized, and
sieved to <1.0 mm fraction. Static acid—base accounting
(ABA) was performed using the modified Sobek method
(Skousen et al. 1997) because the tailings contain abundant
siderite (see below). The net acid generation (NAG) test, in

@ Springer

which sulfides in a tailings sample were rapidly oxidized by
hydrogen peroxide and the generated acidity was neutralized
naturally by carbonates, if present (Miller et al. 1997).The
saturated paste pH indicates the immediate effects of acid
released from readily soluble phases, such as efflorescent
sulfate minerals, whereas the NAG pH indicates the eventual
effects of additional acid released by sulfide oxidation.

Major chemical elements were determined using induc-
tively coupled plasma-atomic emission spectrometry (ICP-
AES, Varian Vista AX and Varian Liberty 200 instruments)
after fusion of samples with lithium metaborate and digestion
with HCI. Metals (Cu, Pb and Zn) and metalloids (As and Sb)
were measured by atomic absorption spectrometry (AAS,
Varian SpectrAA 220) and AAS with a hydride generation
system (AAS-HG, VGA 76), respectively, using samples
digested at 90 °C with a mixture of aquaregia—HF. Total
sulfur (S,,) was determined by ICP-AES in samples digested
with a mixture of aquaregia—HF. Diluted HCI1 (40 % v/v) was
used to extract sulfates, and the solution obtained was ana-
lyzed by ICP-AES. The accuracy of the digestion/analytical
procedure was better than <10 % relative standard deviation
for all elements. Chemical composition of samples was ana-
lyzed by accredited testing laboratories (Ecological Labora-
tories, EL, Ltd., SpiSska Nova Ves, Slovakia) according to
STN EN ISO/IEC 17025 (2005).

Water samples and leachates were analyzed for selected
major and trace cations (Ca, Cu, Fe, K, Mg, Mn, Na, Pb,
and Zn) using ICP-AES (models Varian Vista AX and
Varian Liberty 200). Both As and Sb concentrations were
determined by AAS-HG, sulfate and chloride anions were
measured by ion chromatography (IC, Dionex DX-120),
and alkalinity was measured by manual titration using
0.1 M HCIl. Accuracy and precision of the analytical
methods were checked by analyzing duplicate samples,
blanks, and certified reference material ERM-CA713
(wastewater for As, Cd, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Se).
Precision was within a range of £10 % or less.

Leaching of Mine Tailings

Two leaching tests were used in this study. In order to
categorize mine tailings as nonhazardous/hazardous waste
by the EU legislation (Van Gerven et al. 2005), short-term
batch extraction tests were performed according to the
standardized leaching protocol European norm EN 12457
(EN 12457-22002). Ten g of air-dried tailings sample were
added to 100 mL of Milli-Q+ deionized water in poly-
ethylene bottles and shaken for 24 h at a temperature of
22 + 3 °C. After shaking, the bottles were centrifuged at
2500x g for 20 min and filtered through a 0.45 pm pore-
size filter. Concentrations of target elements (As, Cu, Pb,
Sb, and Zn) and sulfates in the leachates were determined
by the same analytical methods as described above.
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To investigate the release of selected metals and met-
alloids from mine tailings under more realistic conditions
than may be provided by short-term batch extraction tests,
long-term leaching experiments over 150 days (from
October 2013 to March 2014) were performed outdoors in
a 7.5 L plastic pot. A slag—tailings sample from a depth of
0-1.0 m and a tailings sample from a depth of 8.0-9.0 m
were used in the pot leaching test because both samples
were representative of an average chemical composition of
slags and tailings deposited in the impoundments. Six and
four kilogram of air-dried, homogenized, and sieved to
<1 mm tailings and slag—tailings mixture, respectively,
were placed in the plastic pot. One Rhizon pore water
sampler with a pore size of 2 um (Prenart Equipment ApS,
DK) was placed in the bottom part of the pot and the other
was placed in the slag—tailings layer (Supplemental Fig-
ure 2). At the beginning of the experiment, the pot was
irrigated with 2.56 L of deionized water (MilliQ+-, Milli-
pore, USA) to approximately 60 % of the water-holding
capacity (WHC) and first pore water samples were taken
from both Rhizon samplers after 24 h. To simulate “dry”
and “wet” cycles after the first step, the pot was left to dry
for 5 days, then irrigated with deionized water to 60 %
WHC, followed by collection of pore water. This was
repeated once more, after which the time between two
consecutive irrigations was prolonged to 10 and 20 days
after 11 and 31 days, respectively, since the start of the
experiment. Overall, 11 pore water samples were taken
from each Rhizon sampler after 1, 6, 10, 20, 30, 50, 70, 90,
110, 130, and 150 days. Values of pH, Eh, and EC were
recorded by a WTW Multi 350i instrument. Concentrations
of major cations and anions, metals, and metalloids in pore
water samples were analyzed by the methods given above.

Geochemical Calculations

Speciation-equilibrium calculations were performed using
PHREEQC (Parkhurst and Appelo 1999) with the included
minteq.v4.dat database. This program is used to calculate the
speciation of dissolved ions in an aqueous solution and satura-
tion indices (SI) of mineral phases as a function of pH, tem-
perature, ionic strength, etc. A positive SI value indicates that the
mineral will precipitate eventually, a negative SI value shows
that the mineral will dissolve, and an SI value equal to O indicates
equilibrium between aqueous solution and the mineral.

Results and Discussion

General Description and Mineralogical Composition

The uppermost part of borehole B-1 consisted of a 3 m
thick layer of a slag—tailings mixture; however, no slags

were present in borehole B-2. The slag—tailings mixture
was different visually from the tailings. The mixture was
dark gray to black and created a crust on the surface of the
impoundment. Below the slag layer in B-1, tailings layer
with some indications of oxidation were found up to a
depth of 5 m. At deeper depths, ¥ 8 m and below, the
tailings were mostly clayey layers with typically grayish
colors; the water table was reached at a depth of about
15 m. The upper layers of tailings in borehole B-2 exhib-
ited signs of oxidation to a depth of 4 m and had a reddish-
brown color. This layer was underlain by dark gray, water-
saturated tailings, which extended down to the base of
borehole B-2 at a depth of 20 m.

The sulfide-S contents were low in both slag and tailings
samples, and ranged within 0.13-0.44 wt% in B-1, with a
decrease of sulfide-S content with increasing depth, and
0.07-0.29 wt% in B-2, with an increasing trend downward
(Fig. 1a). The neutralization potential ratio (NPR) calcu-
lated as neutralization potential (NP)/acid generation
potential (AP) for selected samples is shown in Fig. 1b. In
B-1, a maximum value of 51.7 was observed in the slag—
tailings layer and then NPR values decrease with increas-
ing depth to a value of 7.9 at 19 m depth. The same trend
was seen in B-2 with a maximum of 21.5 in the surface
layer of the tailings and lower NPR values in deeper layers
of the tailings profile. These relatively high NPR ratios
indicate that there is a significant neutralization capacity
throughout all depths in both investigated boreholes. This
is consistent with the neutral to slightly alkaline paste pH
values, which ranged from 7.66 to 8.74 and from 7.77 to
8.83 in B-1 and B-2, respectively (Fig. 1c). Moreover,
since the NAG pH was well above the critical value of 4.50
(Fig. 1d), the slag and tailings can be regarded as non-acid
generators (Miller et al. 1997).

The mineralogical composition of the tailings in bore-
holes B-1 and B-2 is given in Supplemental Table 1. The
most abundant primary minerals in the tailings were quartz,
siderite, and muscovite; chlorite, dolomite, and gypsum
were less abundant. The quartz, siderite, and muscovite
content in B-1 seems to increase with increasing depth
(data not shown); however, the increase was not continu-
ous, e.g. quartz content increased continuously from
approximately 8 wt% up to a maximum of x~26 wt% at
10 m, and then decreased to =20 wt% at 19 m. The quartz,
siderite, and muscovite content in the B-2 tailings did not
change significantly with depth.

As previously mentioned, the uppermost part of bore-
hole B-1 consists of a mixture of copper slag and tailings;
therefore, its mineralogy differed from the tailings. This
mixture consisted mainly of amorphous glasses with vari-
able chemical composition, of the same minerals as iden-
tified in the tailings samples, crystalline slag fragments
represented mainly by ortho- and clino-pyroxenes enstatite
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Fig. 1 Profiles of a content of sulfide-S, b neutralization potential ratio NPR, ¢ paste pH values, and d NAG pH values in two boreholes B-1 and

B-2

and diopside, respectively, and some forsterite. Moreover,
the slag—tailings mixture contained elemental Fe, metallic
phases consisting mainly of elemental Fe and Mn (Fig. 2a),
and residues of the blast-furnace lining (Fig. 2f). These
phases were frequently weathered, as evidenced by the
occurrence of massive weathering rims developed on their
surfaces (Fig. 2a, f).

The most common sulfide minerals identified in heavy
fractions of the solid samples were chalcopyrite and pyrite,
followed by tetrahedrite and rare arsenopyrite. In a previ-
ous study by Kucerova et al. (2013), delafossite was also
identified in the tailings using micro-Raman spectroscopy.
Covellite in the form of blue coatings on chalcopyrite and
native copper was also rarely identified using optical
microscopy.
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Secondary products originating from sulfide weathering
included rims on the primary sulfide minerals and indi-
vidual grains. The representative chemical composition of
weathering products measured by EMP is shown in Sup-
plemental Table 2. Weathering rims developed on the
chalcopyrite grains consisted mostly of amorphous Fe(III)
oxyhydroxides (Fig. 2b). They exhibited variable contents
of Fe (35.5-45.9 wt%), As (0.25-1.63 wt%), Ca (0.35-1.35
wt%), Cu (5.71-14.6 wt%), Sb (0.89-15.0 wt%), and Zn
(0.04-1.07 wt%). The chemical composition of weathering
rims on the pyrite grains (Fig. 2c) was also variable
(Supplemental Table 2); they were predominantly amor-
phous Fe(Ill) oxyhydroxides and rarely goethite of low
crystalinity (Kucerova et al. 2014). Individual grains of
secondary minerals consisted mainly of amorphous Fe(III)
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Fig. 2 Selected back-scattered
electron (BSE) images of
mineral phases from the tailings
and slags: a grain of metallic
Fe—Mn phase (white color) with
oxidation rim (gray color) and
crystalline air-cooled slag
fragment (CABS), b weathering
rim on chalcopyrite (Ccp) and
grain of pyrite (Py),

¢ weathering rim (dark gray) on
pyrite (Py), d chalcopyrite
(Ccp), native copper (Cu) and
hematite (Hem) with cementing
malachite (Mlc), e weathering
rim (dark gray) developed on
amorphous glass (bright gray)
and muscovite (Ms), f blast-
furnace lining residue (Bl-fur-
lin) with weathering rim

amorphous
glass

oxyhydroxides and goethite with elevated contents of some
elements, like Cu, Mg, Mn, Pb, Sb, Si, and Zn (Supple-
mental Table 2). These Fe(Ill) oxyhydroxides originated
from the weathering of siderite and sulfide minerals as well
as by precipitation from the pore solutions. The elevated
Mg and Mn content of some individual grains of Fe(III)
oxyhydroxides and in weathering rims may be due to dis-
solution of dolomite and siderite, which may contain up to
19 wt% of MgO (Chovan et al. 1994). A rare occurrence of
hematite was also observed in the tailings (Fig. 2d;
Kucerova et al. 2014). Previous studies that focused on
tailings mineralogy (e.g. Blowes et al. 1998; Hiller et al.
2013; Lalinska-Volekova et al. 2012; Souissi et al. 2013)
have documented that ferric oxyhydroxides, either amor-
phous or crystalline, mainly ferrihydrite, goethite, and
hematite, are the most common weathering products of

N vt &

primary minerals in many tailing impoundments with high
neutralization capacity. In the first 0.50 m from the tailings
surface, copper oxides/carbonates were also identified.
These Cu-bearing mineral phases mostly cemented other
minerals, e.g. sulfides, carbonates, or silicate minerals
(Fig. 2d), but also occurred as individual grains. Using
micro-XRD, Kucerova et al. (2014) confirmed that these
secondary Cu oxides/carbonates were cuprite and
malachite.

Bulk Chemical Composition
Concentrations of major and trace elements in solid sam-
ples of boreholes B-1 and B-2 are shown in Table 1. There

was large difference in chemical composition between the
slag—tailings mixture and the tailings (Table 1). In general,
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Table 1 Concentrations of major and trace chemical elements in the
slag and tailings samples collected from two boreholes B-1 and B-2

Element  Unit Tailings Slag—tailings Tailings

B-1 B-1 B-2
N 8 3 11
Si wt% 28.67 £ 1.09"  16.77 £ 2.04 29.06 £ 0.81
Fe wt% 8.88 £ 0.99 22.60 £+ 4.23 9.44 £ 093
Ca wt% 0.98 £ 0.29 4.21 £ 0.99 1.08 £ 0.25
Mg wt% 1.96 £ 0.35 224 £0.70 2.52 £ 0.35
Al wt% 4.27 £ 0.37 3.15 £ 0.20 2.62 £ 0.15
K wt% 1.23 £ 0.99 0.53 £ 0.31 1.16 &+ 0.08
Na wt% 0.18 &+ 0.13 0.37 £ 0.12 0.23 + 0.04
Mn wt% 0.37 £ 0.05 0.26 &+ 0.03 0.49 £+ 0.06
Ti wt% 0.19 + 0.02 0.15 £ 0.01 0.14 + 0.01
P wt% 0.04 £ 0.007  0.06 £ 0.009 0.03 £+ 0.004
As mg/kg 375 £ 191 310 £ 115 261 £ 115
Cu mg/kg 1685 £ 849 7296 £ 1969 1051 £ 667
Pb mg/kg 247 £+ 218 2300 + 1331 165 £ 167
Sb mg/kg 213 £ 267 1725 £ 1791 472 + 30.0
Zn mg/kg 2207 £ 2058 28,251 + 4764 1204 £ 1422

N number of samples

# Concentrations are given as mean value and standard deviation

the mixture contained less Si, but more Fe and Ca than the
tailings. Moreover, concentrations of Cu, Pb, Sb, and Zn in
the slag—tailings mixture were much higher than in the
tailings. This was obviously due to the different nature of
slags and weathering reactions occurring in the uppermost
oxidized layers. Chemical composition of the studied
copper slags, despite being mixed with the tailings, is
within the range of chemical compositions of other copper
slags compiled by Alter (2005) and Gorai et al. (2003).
The abundance of major elements in the tailings reflected
the occurrence of gaunge minerals (quartz, siderite, chlorite,
and muscovite) and decreased in the order: Si >
Fe > Al > Mg > Ca> K > Mn > Na ~ Ti > P. Among
the investigated metals and metalloids, the highest concen-
trations in the B-1 and B-2 tailings were recorded for Zn
(215-6048 mg/kg), followed by Cu (689-3475 mg/kg), As
(93.0-649 mg/kg), Pb (36.3-678 mg/kg), and Sb
(17.3-859 mg/kg). The Cu, Pb, Sb, and Zn concentrations in
both boreholes varied with depth in a similar way and were
strongly correlated with each other (Supplemental Figure 3).
The highest concentrations of these elements in B-1 were in
the slag—tailings layer, whereas in B-2, they were preferen-
tially concentrated in oxidized layers of the tailings, at a
depth of 1-2 m. This preferential accumulation of Cu, Pb,
Sb, and Zn was accompanied with the highest concentration
of Fe at this depth (=15 wt%). This could be explained by
the precipitation of secondary phases, such as ferric oxyhy-
droxides, after the weathering of sulfides under the oxidizing
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conditions predominating near the surface. These secondary
phases retain metals and metalloids released from weathered
sulfides and lead to metal enrichment (McGregor et al.
1998). Arsenic profiles were irregular, with no apparent
enrichment in the slag—tailings layer and the oxidized zone of
boreholes B-1 and B-2.

Water Geochemistry

Water samples collected in 2013 from the tailings
impoundment and associated nearby sites, including Slo-
vinsky Creek (Supplemental Figure 1), were used to assess
the potential for the mine waste leachate to affect water
quality. Although water flow conditions can affect the
chemical composition of waters (Balintova et al. 2015; Frau
et al. 2009; Salvarredy-Aranguren et al. 2008), it seems,
based on previously obtained results (Bajtos 2012; Final
report 2012), that their role is small in the study area. The
physico-chemical parameters are shown in Table 2. All of
the samples had a neutral to slightly alkaline pH (7.51-8.55),
confirming that the mine wastes were able to efficiently
neutralize the acidity generated by sulfide oxidation. Most of
the water samples were of the Mg—Ca—HCO;-SO, type with
a Ca/Mg molar ratio between 0.38 and 1.38. These Ca/Mg
molar ratios are indicative of dolomite and silicate dissolu-
tion (Prasanna et al. 2010). Moreover, the molar concentra-
tions of Ca®>" 4+ Mg>" in both impoundment-influenced
water samples and leachates correlated significantly with
those of SO427 + HCO;5;™ (p < 0.001), and fell along the
equiline where Ca®" + Mg®™ = SO,*~ + HCO; ™. This is
a consequence of various interrelated physico-chemical
processes. Weathering of pyrite and other sulfides in the
impoundment releases SO,>~ and acidity, which is conse-
quently neutralized by the dissolution of dolomite (the
source of Mg, Ca®", and HCO5 ™), siderite, and likely also
aluminosilicates like chlorite.

Despite the fact that the mine wastes had high concen-
trations of PTEs, mainly As, Cu, Pb, Sb, and Zn (Table 1),
their concentrations in the waters draining directly from the
tailings impoundment (samples W-3-W-6) were very low.
Lead was below the detection limit of the method (<10 pg/
L) in all water samples, whereas Cu and Zn concentrations
were only 6.0 ng/L and 9.0-11.0 pg/L, respectively, in the
flooded area of the impoundment (sample W-2) as well as
in surface water entering the impoundment (sample W-1).
Copper was only 5.0 pg/L in sample W-7 at the confluence
of drainage waters and the Slovinsky creek. Metalloids (As
and Sb) occurred in the water samples more frequently and
at higher concentrations than metals (Table 2), but still far
below the concentrations at which any environmetal risk to
the aquatic fauna and flora would be expected. These
results agree well with those obtained by Bajtos (2012),
who determined As and Sb concentrations in water
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Table 2 Main physico-chemical parameters and concentrations of major ions, selected trace metals and metalloids in water samples

Cu Fe Pb Sb Zn

As

Ca Mg Na

HCO;~ CI™

EC Eh S0,

Sample pH

(ug/L) (ng/L)

(ng/L)
<10
<10
<10
<10
<10
<10
<10
<10

(ng/L)
23
601

(ng/L)

<5.0

(ng/L)
<1.0

(mV) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

(uS/cm)

9.0

11

2.0
73

n.d.
n.d.
8.8
7.8

n.d.
n.d.
18.2

n.d.
n.d.
76.7

n.d.
n.d.
58.4

n.d.
n.d.
3.6
16.2
2.9

5.8

n.d.
n.d.
284
282

37.8

4462

8.29 465
8.55 394
7.97 850

7.80 857

W-1

6.0

<5.0
<5.0

2.0
9.0
2.0

14
14
41

333
232

+429

W-2

o
v
\

28

53

+421

w-3
W-4

W-5

o
v
\

12
37
13
13

65

41.7 21.9

94.7

202.8

+406

o
v
\

16
27
29
21

<5.0

4.3

11.6
14.0

26.1

30.9

184
372
225
n.d.

50.2

349

+438

7.59 391

<5.0

5.0
5.0

<5.0

8.7

119

75.1

4455

7.60 416

W-6

<5.0

1.2
n.d.

26.4 40.6
n.d.

n.d.

<2.0
n.d.

7.54 390 4445 42.8
7.51

W-7

7.0

1.0

<1.0

n.d.

52.9

+467

323

n.d. not determined

draining from the impoundment (7.0-18 pg/L for As and
8.0-12 pg/L for Sb) and in Slovinsky creek (19—44 pg/L
for As and 6.0-14 pg/L for Sb) between 2008 and 2012.
Moreover, he observed a small inverse effect of flow rate in
Slovinsky Creek on dissolved concentrations of both met-
alloids, showing that As and Sb are partially diluted by
meteoric waters. Comparison of the concentrations of
PTEs, Fe, and SO42_ in Slovinsky creek (samples W-7 and
W-8) with their average concentrations (3.4, 5.0, 1.7, 8.5,
and 19.0 pg/L for As, Cu, Pb, Sb, and Zn, respectively, and
0.106 mg/L for Fe, and 44.08 mg/L for SO,*7) in surface
waters of the Spissko—Gemereské Rudohorie Mts. (Rapant
et al. 2009) shows similar values. This means that levels of
PTE:s in the stream water are controlled by the lithology of
the area rather than by the impoundment water that enters
Slovinsky Creek, i.e. the impact of tailings on the creek’s
water quality seems to be of minor importance.

Leaching Tests and Controls on the Mobility
of Dissolved Constituents

Major Cations and Anions

Leaching of the target PTEs in the impoundment during
150 days was simulated using a plastic pot containing the
flotation tailings covered with a layer of the slag—tailings
mixture as was observed in parts of the impoundment. The
solutions collected by Rhizon pore water samplers at the
end of each lixiviation cycle were analyzed for the main
physico-chemical parameters (pH, Eh, and EC), the major
cations and anions (Ca”, Mg”, HCO5™, and SOi), and
PTEs (As, Cu, Pb, Sb, and Zn). All of the leachates
recovered from the slag-tailings mixture had alkaline pH
values (8.81-10.34), which decreased to pH values of 8.27
to 9.14 after percolation of pore waters through the tailings
(Fig. 3a). The alkaline leachate produced from the slag—
tailings mixture is mainly due to the dissolution of Ca and
Mg oxides/hydroxides and carbonates like brucite and
dolomite, respectively, that were identified in the slag—
tailings mixture. Additionally, dissolution of olivines and
pyroxenes present in the slag—tailings mixture may con-
tribute to high pH values of the leachates (Jambor et al.
2002), although these aluminosilicates dissolve much
slower than carbonate minerals. The Eh values exhibited
low variability and were between +385 and +531 mV,
indicating a fairly oxidizing conditions during the entire
experimental time period. Electrical conductivity (EC) of
the leachates from the slag—tailings mixture increased with
increasing number of leaching cycles (Fig. 3b) and the
same trend was observed in the leachates collected in the
tailings layer. It was interesting to note that the EC values
correlated with the Mg?" and HCO;™ concentrations
(Fig. 3b vs. ¢, d) but not with Ca®** and SO,*
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Mg (mg/L)

Ca (mg/L)

<«Fig. 3 Main physico—chemical parameters a pH and b electrical

conductivity (EC) and concentrations of ¢ Mg2+ and HCO5™, and
d Ca®" and SO4>~ in the leachates recovered from slag—tailings and
tailings layers at the end of each lixiviation cycle over 150 days
period

concentrations. These results suggest that the dissolution of
Mg-bearing phases was the main factor controlling the EC
of the leachates. Additionally, a gradual increase of Mg
concentrations in the leachates from the slag—tailings layer
in each subsequent leaching cycle was observed (Fig. 3c)
and this increase was also observed in the tailings lea-
chates, partially due to transport of pore waters from the
slag—tailings layer into the tailings layer. It is suggested
that elevated leaching of Mg later in the experiment is due
to partial dissolution of dolomite, siderite with an elevated
Mg content, and the amorphous glass in the slag, which
contained up to 9.22 wt% of Mg (Supplemental Table 2).
Such glass is not readily soluble during short-term leaching
experiments but its dissolution may be accelerated at a pH
above 9 (Gitari et al. 2009). Mineralogical inspection of
residues after leaching using EMP/WDS analysis revealed
frequently occurring weathering rims on the surface of the
glass particles and blast-furnace lining (Fig. 2e, f), which
had elevated Mg contents (up to 44.3 wt%), Fe (up to 35.5
wt%), and other chemical elements such as Cu (a maxi-
mum of 28.6 wt%), Pb (to 1.43 wt%), and Zn (up to 5.07
wt%) (Supplemental Table 2). This confirmed that the
glass and other solids rich in Mg partially dissolved in the
later phase of leaching, i.e. after 1 month.

Geochemical calculations using PHREEQC predicted
near-saturation of the leachates recovered from the slag—
tailings layer with brucite [Mg(OH),] (Supplemental
Table 3), which was identified by XRD in the samples.
Therefore, brucite was considered to be another solid phase
controlling the mobility of Mg in the tailings impoundment.
Although pot leaching experiments are only simplifications
of the complex natural conditions, concentrations of the
major ions (Ca**, Mg*" and SO,*7) and values of pH, Eh
and EC in the waters draining from the impoundment base
(samples W-3—-W-6; Table 2) were comparable to those
found in the leachates at the base of the tailings layer
(Fig. 3a—d). Based on the chemical similarity with the drai-
nage water samples, it seems that the pot leaching experi-
ment provides an adequate approximation of the chemistry
of potential runoff from the slag and tailings materials.

Potentially Toxic Elements
The evolution of metal and metalloid concentrations in

leachates from the slag—tailings layer and the tailings over
time is shown in Fig. 4. Leachates from the slag—tailings
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Fig. 4 Dissolved
concentrations of potentially
toxic elements in the leachates
recovered from a slag—tailings
layer and b tailings layer at the
end of each lixiviation cycle
over 150 days period.
Concentrations of lead are not
shown because they were above
the detection limit only in one
leachate sample collected after
110 days since the start of the
pot leaching experiment
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layer yielded elevated dissolved concentrations of Sb (up to
6100 pg/L), which remained relatively constant over time,
whereas concentrations of As, Cu, and especially Pb and
Zn, were low and generally below the detection limit of the
analytical methods used (Fig. 4a). After the percolation of
leachates through the tailings layer, Sb concentrations
dropped sharply below 100 ng/L and other dissolved PTEs
remained unchanged, with the exception of As and Cu,
which were frequently detected in the leachates at con-
centrations above their corresponding detection limits of
<1.0 and <5.0 pg/L, respectively (Fig. 4b). The concen-
trations of metals and metalloids in the leachates from the
bottom tailings layer were comparable with those in the
waters draining the impoundment (Table 2), showing the
usefulness of the pot experiment as a tool for simulating
contaminant release from the mine wastes. Total amounts
of Sb, As, Cu, and Zn released from the solids during the
entire experiment were very low compared to the corre-
sponding total concentrations in the tailings material.
Approximate calculations indicated that only 9.6 mg of Sb,
0.5 mg of As, and 0.3 mg of Cu were removed from the
tailings, which corresponded to about 0.05 % Sb, 0.02 %
As, and 0.0005 % Cu of the total content in the tailings.
The leaching of both Zn and Pb was negligible. These
results suggest that the slag and tailings stored in the
impoundment are geochemically stable over time and very
effective in controlling the mobilization of metals and
metalloids.

The limited mobility of Cu, Pb, and Zn in the tailings is
related mainly to their strong retention by abundant
amorphous Fe(IIl) oxyhydroxides in the form of coatings
and individual grains, and incorporation into the rims rich
in Fe developed on the surfaces of the amorphous glass
particles, blast-furnace lining, and metallic phases. Copper
mobility may also be controlled by malachite, which was
identified in the tailings, but the role of malachite is
expected to be minor because of its rare occurrence.
Inspection of the chemical composition of weathering rims

dissolved concentration (png/L)
<
<
<

1 T T T T T T

100 125 150 0 25 50 75 100 125 150

time (d)

using EMP analyses after the pot leaching experiment
revealed that the rims were enriched with Cu, Pb, and Zn
and contained to 4.05 wt% of Cu, 4.39 wt% of Pb, and 13.4
wt% of Zn (Supplemental Table 2). Additionally, specia-
tion calculations performed with PHREEQC predicted that
Cu was present mostly as carbonate and hydroxy com-
plexes and that the prevailing species of Zn were carbonate
and hydroxy complexes as well as free Zn>* (Supplemental
Table 3). Therefore, these metals may be effectively
retained by amorphous Fe(IIl) oxyhydroxides through
surface adsorption under slightly alkaline conditions due to
their large surface area and point of zero charge between 7
and 9 (Gaboriaud and Ehrhardt 2003; Hiemstra and Van
Riemsdijk 2009). In line with mineralogical observations,
precipitation of several ferric oxyhydroxides and malachite
was predicted by PHREEQC calculations (Supplemental
Table 3); however, common secondary Zn minerals like
smithsonite and goslarite were not observed in the tailings
nor predicted to be the main solubility-controlling phases
for Zn. Based on the pot leaching test and the geochemical,
mineralogical, and modeling results, adsorption and
coprecipitation by Fe(IIl) oxyhydroxides and other solid
components rich in Fe were the most important solid
phases preventing the mobilization of Cu, Pb, and Zn in the
tailings. Our results agree with those of previous studies
(Hiller et al. 2013; Lindsay et al. 2009; Othmani et al.
2015; Sracek et al. 2010), which confirmed the important
role of ferric oxyhydroxides in the natural attenuation of
dissolved metal concentrations in tailings generating neu-
tral drainage.

Concentrations of As and Sb were low but distinctively
higher than those of Cu, Pb, and Zn. As was found with the
metals, the main solid phases controlling the mobilization
of both metalloids appear to be the abundantly occurring
amorphous Fe(Ill) oxyhydroxides and other secondary Fe
phases in the form of weathering rims, because no separate
secondary minerals of As and Sb were identified in the
tailings. For example, chemical composition of rims on the
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grains of metallic phases measured by EMP after the
experiment indicated higher contents of Sb (a mean of 1.70
wt%) and As (a mean of 0.42 wt%) than those determined
in unweathered parts of these metallic phases with a mean
content of 0.01 wt% Sb and 0.03 wt% As (Supplemental
Table 2). It is known from previously published studies
that both amorphous or crystalline Fe(IIl) oxyhydroxides
have a high capability to incorporate both metalloids into
their structures through adsorption or co-precipitation
(Dixit and Hering 2003; Leuz et al. 2006; Majzlan et al.
2011), and that their desorption is highly dependent on the
pH and the speciation of the element. These elements
occurred as negatively charged species under slightly
alkaline and oxidizing conditions (Supplemental Table 3),
where surfaces of most Fe(Ill) oxyhydroxides have a
negative charge (Hiemstra and Van Riemsdijk 2009). As a
consequence, the repulsion between the negatively charged
oxyanions of As and Sb and the net negative charge of
Fe(III) oxyhydroxides favours the desorption of these
metalloids at higher pH (Leuz et al. 2006). This might
explain the higher mobility of As and Sb in the tailings than
that of Cu, Pb, and Zn. It is also hypothesized that
adsorption of the investigated PTEs on siderite might be an
alternative process suppressing their mobilization because
siderite was the second most abundant mineral in the tail-
ings. Scarce studies dealing with the adsorption of metals
and metalloids on natural siderite have shown that siderite
effectively adsorbs Pb%* jons (Erdem and Ozverdi 2005)
and both arsenite and arsenate oxyanions under neutral
conditions (Guo et al. 2007a, b). Evaluation of adsorption
of PTEs on siderite, which was one of the main minerals in
the tailings, was beyond the scope of this study but if the
mobilization of As, Cu, Pb, Sb, and Zn is to be understood
in detail, it should be investigated in future work.

In order to classify the tailings as hazardous or non-
hazardous waste according to the EU legislation (Van
Gerven et al. 2005), static leaching test EN 12457 (EN
12457-2 2002) was performed in duplicates with 10 tailings
samples of boreholes B-1 and B-2 taken from depth
intervals of 0-1, 2-3, 4-5, 6-7, 8-9, 10-11, 12-13, 14-15,
16-17, and 18-19 m. The results of short-term leaching of
selected metals (Cu, Pb, and Zn) and metalloids (As and
Sb) and comparison with limit values are shown in Fig. 5.
Comparison of the concentrations of metals and metalloids
leached from the tailings samples with the limit values
shows that both slag—tailings and tailings may be classified
as nonhazardous waste with the exception of Sb. Antimony
in three samples and in all samples of borehole B-1
exceeded the corresponding limits for hazardous (0.5 mg/
L) and nonhazardous (0.07 mg/L) wastes, respectively, and
it was above the limit for nonhazardous waste in three
samples of borehole B-2. Thus, the results of leaching
suggested that only Sb might be considered to be of an
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Fig. 5 Results of short-term leaching test according to EN 12457 and
comparison with EU regulatory concentration levels for nonhazardous
and hazardous wastes. Dashed horizontal lines denote regulatory
concentration levels for nonhazardous waste materials and solid
horizontal lines show regulatory concentration levels for hazardous
wastes. Regulatory concentration levels for Fe are not defined. Error
bars show the range of concentrations in the leachates

environmental concern in the vicinity of the impoundment.
However, comparison of the leaching results from the static
test EN 12457 (Fig. 5) with those from the pot leaching
experiment (Fig. 4) and with analyses of natural waters
draining the impoundment (Table 2) showed that the static
test indicated much higher concentrations of all studied
metals and metalloids in the leachates than occurred in
reality. This is mostly due to the continuous agitation used
in the static leaching test, which increases the direct contact
of solid particles with water. Therefore, the long-term pot
leaching method used in this study was more useful than
the static test method for the determination of actual
release of metals and metalloids from the tailings
impoundment.

Conclusions

The main aims of this study were to determine the geo-
chemistry and mineralogy of the siderite—Cu tailings
deposited in the voluminous impoundment situated above
the village of Slovinky in eastern Slovakia and the identi-
fication of fundamental processes that regulate the mobility
of selected metals (Cu, Pb, Zn) and metalloids (As, Sb).
The studied impoundment has a unique feature in com-
parison with the other impoundments described previously
in literature because the stored tailings are covered spo-
radically by a 3-5 m thick layer of a mixture consisting of
original flotation tailings and slags from the smelting of
Cu-wastes of unknown sources in the Krompachy metal-
lurgical plant to recover copper. Quartz, siderite, and
muscovite were the most abundant primary minerals in the
tailings followed by chlorite and dolomite. Sulfide
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minerals, mainly chalcopyrite, pyrite, tetrahedrite, and
arsenopyrite, are still present but constitute only a minor
proportion of the tailings mineral assemblage, as it is evi-
denced by its low sulfide-S content, with a maximum of
0.44 wt%. In addition, the slag—tailings mixture contains
amorphous glass particles rich in Fe, metallic phases of
elemental Fe and Mn, residues of blast-furnace lining, as
well as pyroxenes and olivines. The abundance of car-
bonates in the tailings ensures their high neutralization
capacity, which is significantly greater than the acidity
generated by the oxidation of the sulfide minerals. The
NPR values of the tailings (from 3.5 to 51.7), their neutral
to slightly alkaline paste pH (7.66-8.83), and high pH
values of the waters draining the impoundment (7.51-8.55)
confirm that there is no development of AMD in the
impoundment. Geochemical analyses showed elevated
concentrations of As, Cu, Pb, Sb, and Zn in the solid
samples with their significantly higher concentrations
determined in the mixed slag—tailings layer (3.37 wt% of
Zn, 0.85 wt% of Cu, and 0.38 wt% of Pb and Sb). The
principal secondary solid phases were amorphous Fe(III)
oxyhydroxides and rarely goethite. These amorphous
Fe(IIl) phases were shown to form coatings on the surface
of sulfide minerals and siderite, as well as individual
grains, and to be enriched in the studied metals and met-
alloids (up to 4.09 wt% of As, 17.2 wt% of Cu, 1.20 wt% of
Pb, 15.0 wt% of Sb, and 1.59 wt% of Zn). It was found that
only Cu formed separate secondary minerals like malachite
and cuprite, with a Cu content up to 84.4 wt%. Weathering
rims were also common on the surfaces of slag components
(amorphous glass, metallic phases, blast-furnace lining
residues) and their chemical compositions were highly
variable.

Slag—tailings material stored in the impoundment
contains high amounts of metals and metalloids that may
be available for leaching, but the amounts released into
aqueous solution were very low, not exceeding 0.05 %
of the total content according to the results of a long-
term pot leaching experiment performed over 150 days.
Conditions in the tailings are mostly alkaline
(pH > 7.50) and oxidizing (Eh > 250 mV), and are
favorable for elevated As and Sb mobility; however their
concentrations in the leachates and drainage waters
(<1.0-41 pg/L As and 12-37 pg/L Sb) were low,
probably due to adsorption of both metalloids on oxy-
hydroxide and siderite.

Results of this study showed that the chemistry of
neutral mine drainage was regulated mostly by the occur-
rence of neutralizing minerals and secondary ferric min-
erals in the Slovinky tailings, which prevented
development of AMD and mobilization of potentially toxic
elements to the surrounding environment.
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