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Mining waste deposits (MWDs) represent significant and constant pollution source for the environment world-
wide, thus it is very important to identify and diminish their environmental impacts. The aim of this study was to
determine long-term environmental impacts and their temporal variations of MWDs in Pb-Zn mining districts in
Slovenia and assess stability of potentially harmful element (PHE)-bearing phases in stream water. The results
showed that investigated MWDs are important source of PHEs in stream sediments and that PHEs mostly occur as
fine-grained and liberated PHE-bearing ore minerals. MWDs have generally stronger impact on sediments of
smaller streams draining MWDs and main streams close to their confluences, however, fine-grained PHE-bearing
material is transported along major watercourses over long distances causing regional pollution. Main ore
minerals are mostly soluble in stream water. However, measured PHE leaching potential of MWDs is negligible.
PHE levels in stream waters are thus low, demonstrating that drainage of MWDs predominantly contributes to
PHE pollution in solid particulate form. Possible long-term remediation solution that would reduce environ-
mental impact is recovery of metals from fine grain size fractions of MWDs, which could become an effective
practice in sustainable management of historical MWDs. However, further studies of MWDs’ secondary resource

potential, processing technology and evaluation of environmental aspects of extraction are needed.

1. Introduction

Mining and milling operations and smelting-refining processes are
important anthropogenic sources of potentially harmful elements (PHE)
in the environment (Dudka and Adriano, 1997; Jordan et al., 2009).
Mining itself affects relatively small areas, however, ore processing and
tailings/mining waste deposits (MWD hereafter) near the mining areas
have more significant impact (Hoskin et al., 2000; Jerzykowska et al.,
2014; Shu et al., 2018). The issues associated with mining wastes are of
global importance as almost every country has or has had a mining in-
dustry and thus related mining waste issues. Studies on pre-mining
characteristics and on post-mining practises are necessary to under-
stand the sources and mechanisms of contaminant behaviour and to
enable sustainable rehabilitation of mining waste (Anawar, 2015).
Behaviour of PHEs and environmental impacts are unique to each spe-
cific mining waste environment. Physico-chemical properties of the
tailings may lead to leaching of PHEs that can be transported by acid
mine drainage to the MWD surroundings including surface soils over-
lying mining waste (Rodriguez et al., 2009). Although the mature
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systems of old MWDs relatively strongly bind PHEs from primary sul-
phides, there is still some release of PHEs, which are mobile in soils and
can potentially cause local environmental problems (Jerzykowska et al.,
2014). Fresh and weathered tailings may contain similar PHE contents,
however they commonly occur in different mineral forms (Shu et al.,
2018). Apart from pH, mineralogy and liquid/solid ratio also signifi-
cantly affect leaching and in-vitro bioaccessibility of PHEs from historic
MWDs (Helser and Cappuyns, 2021). Despite their negative environ-
mental impacts, historical Pb-Zn MWDs have been recognised as
possible secondary resources of valuable metals that remained in the
waste (Dino et al., 2018; Helser and Cappuyns, 2021).

To understand the mechanisms of formation, transport and fate of
waste derived PHESs, geochemical and mineralogical characterisation of
the waste material is crucial, especially of waste deposited under sub-
aerial conditions where it is exposed to precipitation leaching and
oxidation processes (Lindsay et al., 2015 and references therein;
Jamieson et al., 2015 and references therein; Anawar, 2015 and refer-
ences therein). Oxidation of sulphides, particularly pyrite, leads to
acidification, which is generally associated with decrease in pH, release
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of PHEs and precipitation of Fe (III)-(oxy)hydroxides and Fe (III)-hy-
droxy sulphates. In contrast, dissolution of carbonate, (oxy)hydroxide,
and silicate minerals in mining waste has an important neutralising ef-
fect (Jurjovec et al., 2002). When present in abundant concentrations,
these minerals control PHE mobility and oxidation rates. In addition,
secondary precipitates may form cemented layers within the oxidation
zone, limiting pore water migration and oxygen ingress, thus inhibiting
sulphide mineral oxidation, but also their further neutralization (Salo-
mons, 1995). Reactivity of the material is also navigated by chemical
composition, grain size, crystallinity, texture, encapsulation, and
grain-scale heterogeneity (Jamieson et al., 2015). Metal contents in the
environment surrounding MWDs increase in prevailing wind directions
and suggest that wind transport of dust is an important factor affecting
the spread of pollution (Rodriguez et al., 2009). Dust emissions from
MWDs are strongly influenced by land use and climate change (Tegen
et al., 2004), which has already been observed in some regions (Zhang
et al., 2003; Prospero and Lamb, 2003). Due to the presence of PHEs in
mining waste material, increased dust mobility is of particular concern,
as it contributes to the transport and accumulation of contaminants in
water, sediments, soil, and biota. Nevertheless, the main source of
pollution to aquatic ecosystems in mining districts is still mining
wastewater discharged to surface waters (Kribek et al., 2014 and ref-
erences therein).

In Slovenia, there are 33 metal mines, which have all been closed in
the past century, and 156 related MWDs have been registered in total
(Gosar et al., 2020). Among these, 61 were classified as waste with low
to critical environmental impact, based on the deposit size, stability,
erosion and PHE content (Gosar et al., 2014, 2017). Of these, 41 are
Pb-Zn MWDs located in three different mining districts in
north-northeastern (NNE) (Mezica area) and central part of Slovenia
(Litija and PlesSe areas). The environment in the Mezica area is heavily
polluted with PHEs, particularly soils (Sajn, 2006; Zupan et al., 2008;
Finzgar et al., 2014) and Meza River sediments (Svete et al., 2001; Fux
et al., 2007; Gosar and Miler, 2011; Zibret et al., 2018), which was partly
attributed to washing out of MWD material (Miler and Gosar, 2012).
Also in Litija area, the PHE pollution of soils and attic dust was partly
ascribed to mining and smelting activities (Jemec and Sajn, 2007; Sajn
and Gosar, 2007, 2014), while the erosion of contaminated soil affected
Sava River sediments (Zibret and Gosar, 2017). In the Plese area, envi-
ronmental impacts of mining and ore processing have not been studied
yet, despite several events that caused erosion of barite-rich mining
waste into the valley below the mine, which covered and contaminated
most of the area.

Based on previous findings, the present study systematically ad-
dresses Pb and Zn mining waste deposits, stream sediments and surface
stream water in the three Slovenian study areas by employing multi-
method approach in order to achieve a comprehensive assessment of
environmental impact of mining waste and propose effective MWD
management practices. The aims of the study were to (a) estimate
contribution of MWDs to sediment and water pollution, assess distri-
bution of PHEs and their temporal variations, (b) identify PHE-bearing
phases and assess their stability in stream water and their impact on
water pollution and (c) determine origin of Pb-bearing phases and their
fate in the environment.

2. Study areas

The largest Pb-Zn mine in Slovenia, located in Mezica area (about
60 km NNE of Ljubljana), is an epigenetic, Mississippi Valley-type (MVT)
ore deposit where mineralization occurs in Middle to Upper Triassic
dolomites and limestones (Drovenik et al., 1980; Strucl, 1984; Zeeh
et al., 1998; Spangenberg et al., 2001). The main exploited ore minerals
were galena, sphalerite, wurtzite, cerussite, smithsonite, wulfenite,
descloizite, hemimorphite and anglesite, associated with pyrite,
marcasite and limonite (Drovenik et al., 1980; Strucl, 1984). Mining of
Pb-Zn ore and primary Pb smelting in the MeZica area ceased in 1995
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and the smelter was transformed into a Pb-based waste and used Pb-acid
battery recycling (secondary Pb processing) plant. There are 32 critical
MWDs in Mezica area (Fig. 1), with a total volume of approximately 7,
400,000 m3 (Gosar et al., 2020), where waste material was deposited as
spoil heaps in nearby narrow valleys and on steep slopes of small
streams. They mostly consist of carbonate gangue material, which hos-
ted the Pb-Zn ore deposits (Gosar and Miler, 2011; Miler and Gosar,
2012; Gosar et al., 2013 and references therein), but also of low-grade
ore and separation tailings or slag.

In Litija area (about 25 km east of Ljubljana), a polymetallic hy-
drothermal vein mineral deposit is situated, which was developed in
Carboniferous-Permian mudstones, shales, siltstones, quartz sandstones
and conglomerates. Most important ore minerals were cerussite, barite,
cinnabar, galena, sphalerite, chalcopyrite and limonite, which were
mined and processed until 1965. The 7 critical MWDs in Litija (Fig. 2),
with a total volume of about 130,000 m® (Gosar et al., 2020), are
composed of quartz sandstone and shale as gangue material and
low-grade ore.

One of the oldest mines in Slovenia, located in Plese area, 10 km
southeast of Ljubljana, is a polymetallic hydrothermal syngenetic to
epigenetic ore deposit with mineralised lenses within Carboniferous-
Permian clastic rocks and partly in overlying Lower Triassic dolomites
(Drovenik et al., 1980; Mlakar, 2003). Main ore minerals galena, barite
and sphalerite, associated with minor chalcopyrite, pyrite, tetrahedrite,
cinnabar, metallic mercury and myargirite (Sedlar, 1950; Drovenik
et al., 1980), were exploited and processed (galena) until 1963 (Mlakar,
2003 and references therein). The 2 critical MWDs in Plese area (Fig. 3),
which have a total volume of 110,000 m? (Gosar et al., 2020), are
composed of gangue quartz sandstone and conglomerate, micaceous
shale, claystone and dolomite, as well as low-grade ore.

All study areas have relatively similar meteorological conditions,
which contribute to behaviour of MWDs. The Mezica area has prevailing
mean annual temperature of 9 °C, relative humidity of 79% and pre-
cipitation rate of 1400 mm, while Litija and Plese areas have mean
annual temperature of 11 °C, relative humidity of 75% and precipitation
rate of 1300 mm (Slovenian Environment Agency, 2021a).

3. Materials and methods
3.1. Sampling and sample preparation

Sampling campaigns were carried out in 2013 (late autumn) and
2017 (early summer) in the Mezica, Litija and Plese areas.

Mining waste material was sampled in 2013 at 7 MWDs (4 in Mezica,
2 in Litija and 1 in PleSe area). The collected samples comprised 3 kg
composites of 5 subsamples taken at different locations on the surface of
each MWD, including upper 20 cm of material, which is most likely to be
transported by surface runoff or wind resuspension.

Sediments of 1st, 2nd and 3rd order streams (relative to MWD lo-
cations and modified after Horton (1945)) were sampled in 2013 at 22
locations in Mezica (Fig. 1; Supplementary Table S1), 7 in Litija (Fig. 2;
Supplementary Table S1) and 5 in Plese area (Fig. 3; Supplementary
Table S1). In 2017 sampling was repeated at selected locations (13 in
Mezica, 7 in Litija and 1 in PleSe area) to observe changes in PHE dis-
tribution and mineral composition over a 3-year period. Each 1-2 kg
sample consisted of 5 subsamples acquired over a distance of 20-40 m.

Mining waste and stream sediment samples were air dried at be-
tween 25 and 30 °C for 14 days and sieved to fraction <0.125 mm for
chemical analysis. Nine of the sieved 1st order stream sediment samples
(6 from Mezica, 2 from Litija and 1 from Plese area), taken below each
MWD, and 7 of the sieved mining waste samples (4 from Mezica, 2 from
Litija and 1 from Plese area) were analysed with scanning electron mi-
croscopy/energy dispersive spectroscopy (SEM/EDS). For determina-
tion of water leachable fraction, air-dried mining waste samples were
sieved to a fraction <4 mm.

Stream waters were sampled only in 2017 at the same sampling
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Fig. 1. QGIS map of MWDs and sampling locations in
Mezica mining area. Investigated MWDs are marked
in bold. At underlined and bolded sediment and water
sampling locations, samples were taken in 2013 and
2017, at others only in 2013. Detail of the central part
of study area (red square) is shown in figure at the
bottom left. Lidar hillshade and hydrography layers
were taken from Slovenian Water Agency (2018).
(For interpretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)
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locations as stream sediments. Water samples were filtered through
<0.45 pm sterile surfactant-free cellulose acetate (SFCA) filters using
sterile PP syringes, stored in rinsed 60 ml HDPE bottles at temperature
between 8 and 10 °C and transported to the laboratory.

3.2. Chemical analyses of mining waste material and stream sediments

Chemical analyses of mining waste material and sediments were
performed in Bureau Veritas Mineral Laboratories in Vancouver, Can-
ada. Contents of 15 chemical elements (As, Ba, Cd, Ce, Co, Cr, Cu, Hg, La,
Mo, Ni, Pb, Sb, Y and Zn) were measured by Inductively Coupled Plasma
Mass Spectroscopy (ICP-MS) and Inductively Coupled Plasma Emission
Spectroscopy (ICP-ES) after the aqua regia (AR) digestion of 15 g sample
(HCI:HNO3:H50 at a ratio of 1:1:1 at 95 °C). Additionally, Pb isotopes
were measured in sediments from 2017 and mining waste material using
quadrupole-based ICP-MS after AR digestion, according to established
protocols used at Bureau Veritas Mineral Laboratories. The mass bias
was corrected by using NIST-981-1Y standard, produced by the National
Institute of Standards and Technology and provided by the laboratory,
between sample measurements. Accuracies of analytical methods in
2013, estimated by calculation of the relative systematic error between
the measured and recommended values of reference materials (OREAS

45P and OREAS 133B produced by Ore Research & Exploration Pty Ltd,
and DS10 and GC-7 produced by Bureau Veritas Mineral Laboratories)
were in the range of 2.4-26.7% with a median of 6.2% for ICP-MS and
0.9-2.6% with a median of 1.8% for ICP-ES. The precision was estimated
from relative differences between duplicate measurements by calcula-
tion of relative percentage difference (%RPD). The calculated precision
was in the range of 1-14.4% with a median of 6.3%. Accuracy of ICP-MS
analysis in 2017 varied from 0.3 to 11.1% with a median of 3.0%, based
on reference materials OREAS 151b produced by Ore Research &
Exploration Pty Ltd and DS10, while the precision ranged between 1.6
and 15.3% with a median of 4.9%. Accuracy of quadrupole-based ICP-
MS Pb isotope analysis in 2017 was in the range of 1.3-11.6% with a
median of 5.5%, based on reference material NIST-983-1Y produced by
the National Institute of Standards and Technology and provided by the
laboratory, while the precision was 3.4% (0-7.1%). Water leaching tests
of mining waste material were conducted in ERICo (Velenje, Slovenia)
according to standard SIST EN 12457-2: 2004. Concentrations of As, Ba,
Cd, Cr, Cu, Mo, Ni, Pb, Sb and Zn in water leachates of mining waste
were determined using ICP-MS according to standard SIST EN ISO
17294-2: 2005. The results of chemical analyses of stream sediments
and mining waste material were statistically treated by calculating
mean, median, 25th and 75th percentile, minimum and maximum
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Fig. 2. QGIS map of MWDs and sampling locations in Litija mining area. Investigated MWDs are marked in bold. At underlined and bolded sediment and water
sampling locations, samples were taken in 2013 and 2017. Lidar hillshade and hydrography layers were taken from Slovenian Water Agency (2018).

values.
3.3. Chemical analysis of stream water

Chemical analysis of As, Ba, Cd, Ce, Co, Cr, Cu, Hg, La, Mo, Ni, Pb, Sb,
Y and Zn in stream water was performed in Activation Laboratories Ltd.
(Actlabs), Canada using ICP-MS. Prior to chemical analysis, samples
were acidified with ultra-pure nitric acid to dissolve potentially
precipitated elements. The accuracy of analytical method ranged from
0.6 to 16.6% with a median of 5.2%, based on reference material IV-
STOCK-1643 provided by the laboratory, while precision ranged be-
tween 0 and 50%, with a median of 1.8%. The results of chemical an-
alyses of stream water were statistically treated by calculating mean,
median, 25th and 75th percentile, minimum and maximum values.

3.4. Physico-chemical properties of surface stream water

At each sampling location, pH, temperature (T), oxidation-reduction
potential (Eh), electrical conductivity (EC) and concentration of dis-
solved oxygen (DO) in surface water were measured in the field,
simultaneously with sampling of water, by using a portable multimeter
(Thermo Scientific Orion Star A329). The results of measurements of
physico-chemical properties of stream water were statistically treated by
calculating mean, median, 25th and 75th percentile, minimum and
maximum values.

3.5. SEM/EDS analysis

Selected sediments of 1st order streams draining MWDs and mining

waste material samples were analysed with SEM/EDS to determine
chemical and mineral composition of PHE-bearing phases, their size and
quantity and relative mineral abundances in samples. Each sample was
homogenized, mounted on carbon tape, coated with carbon and
inspected at magnification of 100 x (sediments) and 200 x (mining
waste material) in the backscattered electron (BSE) mode using a JEOL
JSM 6490LV SEM, coupled with an Oxford INCA Energy 350 EDS system
at 20 kV accelerating voltage, spot size 50, 10 mm working distance and
acquisition time of 30 s. Grain size was measured using a measuring tool
included in the JEOL SEM software (JEOL, 2007). Relative mineral
abundances in investigated samples were estimated from distribution of
constituent elements, obtained by EDS elemental mapping of evenly
distributed fields-of-view at the same magnifications with acquisition
time of 700 s, in accordance with established procedure (Miler and
Gosar, 2012, 2019), and by comparison with mineral grain percentage
composition charts for sediments (Compton, 1962). Mineral composi-
tion of PHE-bearing phases was assessed from atomic ratios of constit-
uent chemical elements detected in grains and comparison with data
from mineral databases (Anthony et al., 2009; Barthelmy, 2012). The
software was calibrated for quantification using premeasured universal
standards included in the EDS software, according to fitted standards
procedure (Goldstein et al., 2003), referenced to a cobalt optimization
standard. The correction of EDS data was performed by standard
ZAF-correction procedure included in the INCA Energy software (Oxford
Instruments, 2006). SEM/EDS analysis was performed at Geological
Survey of Slovenia.
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sampling locations, samples were taken in 2013 and 2017, at others only in 2013. Lidar hillshade and hydrography layers were taken from Slovenian Water

Agency (2018).
3.6. Environmental indices and impact assessment

As a criterion for evaluating the influence of MWDs on pollution of
the main 2nd or 3rd order watercourse sediments, the Geoaccumulation
Index (Igeo) modified after Miiller (1979) and Forstner and Miiller
(1973) was calculated using Equation (1):

C,

Igeo = logZ[ﬁ], Eq. 1

where C, is the content of an element in stream sediment of the main
2nd or 3rd order watercourse downstream of a confluence with 1st order
stream draining the MWDs in its catchment area and By, is the content of
an element in stream sediment of the main 2nd or 3rd order watercourse
upstream of the confluence with the same 1st order stream.

3.7. Solubility of PHE-bearing minerals in simulated surface water

The solubility of most important ore minerals in studied MWDs and
PHE-bearing secondary products of ore mineral weathering in surface
water was assessed by calculating amount of phases released into solu-
tion after simulated dissolution of equal amounts of minerals in aqueous
solution under conditions identical to those in studied surface waters (at
T=4and 19 °C; pH = 7 and 9; Eh = 140 and 600 mV; and mean element
concentrations characteristic of waters in each study area). These cal-
culations were carried out using PHREEQC program (version 2.14.3;
Parkhurst and Appelo, 1999) and a thermodynamic database LLNL.DAT.

3.8. Assessment of entrainment of PHE-bearing phases in 2nd and 3rd
order streams

The possibility of entrainment of PHE-bearing phases in 2nd and 3rd
order streams was estimated from the Sundborg diagram (Sundborg,
1956) by considering basic archival hydrological data on major 2nd and
3rd order streams obtained from archive of hydrological data (Slovenian
Environment Agency, 2021b) and mean grain size of PHE-bearing

phases.
4. Results
4.1. Chemical composition of MWDs

Mezica MWDs (Fig. 1, Table 1) contain extremely high levels of Cd,
Pb and Zn, ranging between 51 and 317 mg/kg, 10,300-51,100 mg/kg
and 5128-22,600 mg/kg, respectively. MWDs K-26/12 and K26/30
additionally contain significant levels of As (93 and 159 mg/kg,
respectively) and K-26/30 of Mo (412 mg/kg). Critical values for soils
(Supplementary Table S2) are exceeded by up to 26 times for Cd, up to
43 times for Pb and up to 71 times for Zn. Water leach Pb concentrations
(Table 1) exceed limit values for inert waste (Supplementary Table S2)
in all Mezica MWDs, while they are exceeded for Cd and Zn in K-26/12
and K-26/30. None of water leach PHE concentrations exceed limit
values for stabilised and non-reactive waste.

Two largest MWDs in Litija area (Fig. 2, Table 1) are particularly
enriched in Pb, Sb and Hg, reaching up to 14,500 mg/kg, 76 mg/kg and
44 mg/kg, respectively. They exceed critical values for soils (Supple-
mentary Table S2) by up to 27 times for Pb, 5 times for Sb and 4 times for
Hg. Water leach Pb concentration in MWD K-25/25 (Table 1) signifi-
cantly exceeds limit values for dangerous wastes (Supplementary
Table S2).

The Plese MWD (Fig. 3, Table 1) has high contents of Zn (1395 mg/
kg), Ba (689 mg/kg) and Pb (528 mg/kg). Contents of Zn and Ba exceed
critical values for soils (Supplementary Table S2) by 2 and 1.1 times,
respectively. The water leach concentrations of all PHEs (Table 1) are
below the limit values for inert, stable and non-reactive, as well as
dangerous waste (Supplementary Table S2).

Contents of Y (2.4-5.8 mg/kg), La (1.9-9.4 mg/kg) and Ce (3.9-23
mg/kg) (Table 1) in MWDs from all studied areas are below the Slove-
nian soil (Y = 11 mg/kg; La = 17 mg/kg; Ce = 38 mg/kg) (Gosar et al.,
2019) and European grazing soil (Y = 6.4 mg/kg; La = 13.6 mg/kg; Ce
= 27.1 mg/kg) medians (Sadeghi et al., 2013).
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Table 1

PHE contents after aqua regia digestion (mg/kg), PHE concentrations in water leachates (mg/kg) and Pb isotope ratios in mining waste material.

207Pb/204pb 208Pb/204pb

206Pb/204pb

Ce

La

Sb

Zn

Pb

Mo

Cu Hg

Cr

Sample Method As Ba cd Co

Area

15.8 38.7

18.8

14

2.8 5.1 5.8

51,100

21,200
0.864

93 199 317 7.1 33 41 1.3 929 24

aqua regia
water leach
aqua regia
water leach
aqua regia
water leach
aqua regia

water leach

K-26/12

Mezica

0.002
8.6

1.79
10,300

<0.01
18

0.058

122

0.03

<0.05
18

0.061
51

2.39
223

<0.01
65

15.4" 37.5%

18.3%

145

6.3

4.5

18,400
0.647
5128

0.6

22
0.061

6.3

K-26/17

0.023
2.2

1.82
26,100
2.125
44,000
5.11

<0.01
11

0.042
53

<0.05
15

0.952 0.037
146

319

0.02
42

1.9 3.9

2.4

0.2

18
0.0155

2.2

K-26/22

0.0055
3.8

1.659

<0.01
17.1

0.108
412.1

<0.05
21.2

0.0205
180
0.1

0.708
119

<0.01
159

9.5 18.5 15.8 38.7

3.8

4.7

22,600
0.761

0.7

19.58
0.065

4.8

K-26/30

0.003

<0.01

0.018

<0.05

2.08

0.011

15.7% 38.5%

18.4%

Galena

5.2 15.4

14,500 780 76 2.5
1.55

6.9

0.5

44

257.2
0.356

4.5

89 189 0.2 3.3

aqua regia
water leach
aqua regia
water leach
aqua regia

water leach

K-25/23

Litija

0.006
20

1.16
796
3.0

0.017

<0.05
0.48

<0.05
7.9

0.412 0.019
1.2

317

<0.01
28

15.1 37.5

17.5

9.4 23.0

4.6

14,000
139.8
528

0.

30

194
0.123

6.2

K-25/25

<0.002

6.1

0.014
24

<0.05

0.9

<0.05
5.7

0.021
3.0

1.77

689

<0.01
32

15.0 36.2

17.4

3.5 7.5

5.8

1395
0.148

4.6

39
0.044

14.6

K-19/9

Plese

0.002

<0.01 08

<0.05

<0.05

1.68 <0.005

<0.01

15.6" 38.6"

18.2"

Galena

@ Data from Miler and Gosar (2019).

> Data from Mlakar (2003).
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4.2. Chemical composition of stream sediments

Sediments of 1st and 2nd order streams draining MWDs in the Mezica
area (Figs. 1 and 4, Supplementary Table S3) have very high Pb contents
exceeding critical level for soils (Supplementary Table S2) in most of the
sediments by up to 87 times in 2013 and up to 10 times in 2017. Critical
soil Zn and Cd levels are exceeded in sediments from locations SS-26/5,
SS-26/8, SS-26/11 and SS-26/19 by up to 25 times for Zn and 10 times
for Cd in both years. Critical soil Mo level is exceeded only in sediment
from location SS-26/8 by up to 10 times in 2013 and 1.5 times in 2017,
while As critical level is only slightly exceeded in 2013. In most of 3rd
order stream (Meza River) sediments (Figs. 1 and 4, Supplementary
Table S3), Pb and Zn critical levels are highly exceeded, except in sed-
iments upstream of confluences with 1st order streams that drain largest
MWDs. Critical soil Cd and Sb levels are exceeded in sediments from
locations SS-26/15, SS-26/20 (except Cd in 2013), SS-26/21 in 2013
and SS-26/22, downstream of secondary Pb processing plant by more
than 2 times for Cd and about 5 times for Sb in both years.

In sediments of 1st order streams draining most of MWDs in the Litija
area (Figs. 2 and 5a, b, Supplementary Table S3), critical soil Pb level
(Supplementary Table S2) is exceeded in sediments from all locations by
up to 23 times in 2013 and 3 times in 2017 (except SS-25/2). Critical soil
Balevel is exceeded in all samples by up to 2 times in 2013 and 3 times in
2017 (except SS-25/3). Critical values for Hg and Zn are exceeded in
most 1st order stream sediments sampled in 2013 by up to 8 times for Hg
and 3 times for Zn, but only in SS-25/3 sampled in 2017 Zn level was
exceeded by up to 2 times. Contents of PHEs in 2nd (stream Reka) and
3rd (Sava River) order sediments do not exceed soil critical values,
except for Ba in SS-25/5 sampled in 2017.

In the PleSe area stream sediments (Figs. 3 and 5c¢, Supplementary
Table S3), critical soil Ba level (Supplementary Table S2) is exceeded by
up to 4 times in 2013 in all 1st order stream sediments, collected
downstream of the Plese MWDs. Critical soil Pb level is exceeded at the
same locations (except SS-19/4) by up to 4 times in 2013. In 2017, the
Ba content was somewhat higher and Pb content lower than in 2013, but
still exceeding critical values.

In stream sediments from all areas, REE contents are generally low; Y
(0.6-9.6 mg/kg), La (0.9-16.2 mg/kg) and Ce (2-39.8 mg/kg) (Figs. 4
and 5, Supplementary Table S3). They are mostly below Slovenian
(Gosar et al., 2019) and European grazing soil (Sadeghi et al., 2013)
medians.

4.3. Chemical composition of surface stream water

In the Mezica area (Figs. 1 and 6a, Supplementary Table S4), Pb, Zn
and Cd concentrations exceed regulation values for surface waters
(Supplementary Table S2) in water of 1st order streams that drain
largest MWDs (K-26/12, K-26/22, K-26/30) by up to 3 times for Pb, and
4 times for Zn and 12 times for Cd (both only in stream draining K-26/
22). In 3rd order stream, only Cd slightly exceeds regulation values at
locations SS-26/15 and SS-26/20. Values of physico-chemical parame-
ters (pH, EC and DO) in the 3rd order stream are generally a bit lower
than in 1st and 2nd order streams, while the Eh values are slightly higher
(Fig. 6a, Supplementary Table S4). According to the measured param-
eters (pH, Eh and DO), waters in inspected areas are classified as slightly
alkaline and relatively well aerated.

In Litija area, the concentrations of PHEs in stream waters (Fig. 6b,
Supplementary Table S4) are below the regulation values (Supplemen-
tary Table S2). Physico-chemical parameters (Fig. 6b, Supplementary
Table S4) show that pH, Eh and DO values are higher, and EC values are
lower in 2nd and 3rd order streams than in 1st order streams draining
MWDs.

In stream water of the Plese area, concentrations of PHEs (Fig. 6b,
Supplementary Table S4) are below the regulation values (Supplemen-
tary Table S2). Basic water physico-chemical parameters are similar to
those in the Mezica area, but water is slightly less aerated and has
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Fig. 4. Box and whiskers plot for PHEs and REEs in stream sediments of Mezica area from (a) 2013 and (b) 2017.

somewhat higher EC.
4.4. Relative mineral abundances in MWDs

MWDs from the Mezica area are predominantly composed of car-
bonates (59%), mostly dolomite, and silicates (33%), while average
quantity of metal-bearing grains, which are all PHE-bearing phases, is
8%. PHE-bearing phases are most abundant in K-26/22, followed by K-
26/30, K-26/12 and K-26/17 (Fig. 7a, Supplementary Table S5). Ore
minerals (5%), such as cerussite, smithsonite, sphalerite, barite and also
wulfenite and descloizite, strongly predominate among PHE-bearing
phases. Smithsonite and sphalerite prevail in MWD K-26/22, while
cerussite is prevalent in K-26/12. PHE-bearing secondary products of
ore mineral weathering, such as Fe-oxyhydroxides and Fe-oxyhydroxy
sulphates with minor Pb and Zn and Mn-oxides with Pb represent 3%.
Number of major REE-bearing minerals (monazite) is negligible. The
average size of PHE-bearing phases is 11 pm.

In Litija area, investigated MWDs are predominantly composed of
silicates (68%) and about 31% of metal-bearing grains, of which 26%
are PHE-bearing phases. PHE-bearing phases are abundant in both
MWDs (Fig. 7a, Supplementary Table S5). Ore minerals, such as barite,
Pb-sulphate with Ba (baritoanglesite), cerussite and also cinnabar and
sphalerite, represent 23% of all PHE-bearing phases. Baritoanglesite
prevails in K-25/23 and cerussite in K-25/25. PHE-bearing secondary
products of ore mineral weathering represent 3%, of which Fe-
oxyhydroxy sulphates and Fe-oxyhydroxides with minor Pb, Zn and
Cu are most abundant and Mn-oxides with Pb least abundant. The

average size of PHE-bearing phases in MWDs is 12 pm.

The MWD from PleSe area is composed of 68% silicates, 10% car-
bonates (dolomite and calcite) and 22% of metal-bearing grains. PHE-
bearing phases represent 17% of metal-bearing grains (Fig. 7a, Supple-
mentary Table S5). Ore minerals are represented by barite and sphal-
erite, which amount to 11% of all PHE-bearing phases. PHE-bearing
secondary products of ore mineral weathering represent 6%, of which
Fe-oxyhydroxides with minor Pb and Zn are most abundant. Among
REE-bearing minerals, monazite and florencite are present. The average
size of PHE-bearing phases is 15 pm.

4.5. Relative mineral abundances in sediments of 1st order streams
draining MWDs

Sediments of 1st order streams from Mezica area are predominantly
composed of carbonates (66-70%) and about 25% of silicates, while
average quantity of metal-bearing grains ranges between 5 and 9% of all
grains in samples from 2013 to 2017, respectively. PHE-bearing phases
represent 4 and 8% of all metal-bearing grains in 2013 and 2017,
respectively. Ore minerals (3-5%), such as cerussite, sphalerite, smith-
sonite, barite, wulfenite and descloizite, strongly predominate among
PHE-bearing phases (Fig. 7b and c, Supplementary Table S6). Abundant
(1-3%) are also PHE-bearing secondary products of ore mineral
weathering, such as Fe-oxyhydroxides and Fe-oxyhydroxy sulphates
with minor Pb and Zn and Mn-oxides with Pb. REE-bearing minerals are
represented by scarce monazite and xenotime, which do not contribute
to REE mineral enrichment further downstream in larger Drava River
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Fig. 5. Box and whiskers plot for PHEs and REEs in stream sediments of Litija area from (a) 2013 and (b) 2017 and (c) stream sediment of PleSe area from 2013

to 2017.

(Soster et al., 2017). The greatest number of PHE-bearing phases was
found in sediments of streams that drain largest MWDs (SS-26/11,
SS-26/8, SS-26/19 and SS-26/5). PHE-bearing phases were more
abundant in 2017 than in 2013 and their mean grain sizes were close to
17 pm in 2017 and 30 pm in 2013, which is larger than those in MWDs.

In Litija area, 1lst order stream sediments are predominantly
composed of silicates (66-92%), mostly K-feldspars, 5-23% carbonates
and between 3 and 12% metal-bearing grains in samples from 2013 to

2017, respectively. Of these metal-bearing grains, PHE-bearing phases
represent 3% in 2013 and 8% in 2017. PHE-bearing phases are repre-
sented predominantly by ore minerals (2-6%), such as barite, cerussite
and also pyromorphite (Fig. 7b and ¢, Supplementary Table S6). PHE-
bearing secondary products of ore mineral weathering Fe-
oxyhydroxides and Fe-oxyhydroxy sulphates with minor Pb and Zn
and Mn-oxides with Pb represent 0.2-1.4% of all PHE-bearing phases.
REE-bearing minerals are represented by monazite, xenotime and
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allanite. PHE-bearing phases were slightly more abundant in 2013 and
their average grain-sizes were about 26 pm in 2013 and 11 pm in 2017,
which is somewhat larger or similar to those in MWDs.

Sediments of 1st order stream draining MWDs in PleSe area are
characterised by 46-50% carbonates (mostly dolomite) about 30% sil-
icates and 20% metal-bearing grains, of which 19% are PHE-bearing
phases. PHE-bearing phases are predominated by ore minerals
(18-19%), mostly barite and cerussite, while PHE-bearing secondary
products of ore mineral weathering (Fe-oxyhydroxides with minor Pb
and Zn and Mn-oxides with Pb) represent 0.4-1.4% of all PHE-bearing
phases (Fig. 7b and ¢, Supplementary Table S6). The PHE-bearing
phases are more abundant in sample from 2017 as compared to 2013.
The average grain-sizes are about 36 pm in 2013 and 21 pm in 2017,
which is larger than those in MWDs.

4.6. Modes of occurrence of PHE- and REE-bearing minerals and phases

Major PHE-bearing phases occur in similar forms in all MWDs and
sediments from investigated areas. Ore minerals sphalerite (Fig. 8a),
smithsonite and pyromorphite occur as very porous and strongly
corroded fragments and massive grains. In addition to Zn, sphalerite
contains minor levels of Cd. Pyromorphite is most likely authigenic and
also occurs as coatings on grains of non-metallic minerals. Cerussite and
barite (Fig. 8b) form pitted, cracked polycrystalline and massive grains
and fragments. Hemimorphite, pyrite, galena, anglesite, wulfenite
(Fig. 8c), descloizite (Fig. 8d) and chalcopyrite occur as massive grains
with sometimes preserved crystal surfaces. Cinnabar (Fig. 8e), which
was found only in Litija MWDs, forms porous aggregates composed of

minute crystals and massive grains, but also occurs as coatings on sur-
faces of some Fe-oxyhydroxides and Fe-oxyhydroxy sulphates. Bar-
itoanglesite (Fig. 8f) occurs as pitted and partly corroded idiomorphic
crystals.

Secondary products of ore mineral weathering Fe-oxyhydroxides
with minor Pb and Zn (Fig. 8g), and also minor Cu in Litija MWDs,
occur as fragments and crystals, and as porous aggregates composed of
minute crystals. Fe-oxyhydroxy sulphates with minor Pb and Zn
(Fig. 8h), and Cu in the case of Litija MWDs, form massive grains with
pronounced shrinkage cracks due to oxidation of original sulphides from
which they formed. Mn-oxides with Pb (Fig. 8i) and psilomelane with Pb
form porous aggregates of authigenic minute crystals.

Geogenic REE-bearing minerals monazite (Fig. 8j), xenotime, allan-
ite and florencite occur mainly as massive fragments or as well-defined
crystals, as well as inclusions in non-metallic minerals.

4.7. Grain size distribution of PHE-bearing phases

In Mezica MWDs (Fig. 9a), grain sizes of ore minerals and secondary
products of ore mineral weathering are well sorted. About 64% of ore
mineral grains are smaller than 10 pm, while 26% grains have sizes
between 10 and 20 pm. Secondary minerals have 55% grains below 10
pm and 30% grains are in the size range of 10-20 pm. In MWDs from
Litija (Fig. 9b) and Plese (Fig. 9c) areas, ore minerals and secondary
products of ore mineral weathering are poorly sorted. Grains of ore
minerals are mostly smaller than 10 pm (about 45%) and about 31% are
between 10 and 20 pm. Sizes of secondary minerals are mostly between
10 and 20 pm (42%) and below 10 pm (30%).
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Fig. 7. Number of PHE- and REE-bearing phases in (a) MWDs and in 1st order stream sediments of Mezica, Litija and PleSe areas from (b) 2013 and (c) 2017.

In Mezica area stream sediments (Fig. 9d), ore minerals and sec-
ondary products of ore mineral weathering are poorly sorted. Their
grain sizes are mostly between 10 and 30 pm (about 50% grains). About
16% of ore mineral grains have sizes between 30 and 40 pm, while 18%
of secondary mineral grains are smaller than 10 pm. In areas of Litija
(Fig. 9e) and Plese (Fig. 9f), ore minerals and secondary products of ore
mineral weathering in stream sediments are poorly sorted. Sizes of ore
minerals in Litija area sediments are mostly in the range 10-30 pm
(63%), while those of secondary minerals are in the ranges 10-20 pm
(35%), 20-30 pm (21%) and also 40-50 pm (18%). In Plese area sedi-
ments, ore mineral grains have similar size distribution as in MeZica,
although they have somewhat more grains in the size range 60-70 pm.
Secondary minerals have grain sizes mostly between 20 and 40 pm
(42%) and between 40 and 50 pm (25%).

4.8. Entrainment of PHE-bearing phases in 2nd and 3rd order streams

Assessment of entrainment of PHE-bearing phases showed that in the
3rd order stream in MezZica area, the conditions required for entrainment
of PHE-bearing phases were achieved for 30% of all measured hydro-
logical data obtained from Slovenian Environment Agency (2021b) for
the period between both sampling campaigns. In Litija area, these
conditions were achieved for 16% of all data in 2nd order stream and
100% of data in 3rd order stream, while in PleSe area the PHE-bearing
phases could have been entrained only in 1% of the time.

4.9. Solubility of PHE-bearing phases assessed by PHREEQC

Simultaneous dissolution of most important ore minerals (galena-
PbS, cerussite-PbCO3, anglesite-PbSO4, sphalerite-ZnS, smithsonite-
ZnCOg, barite-BaSOy, cinnabar-HgS, pyrite-FeS,) and PHE-bearing sec-
ondary products of ore mineral weathering or their possible mineral

10
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oxides with Pb; (j) Monazite.

equivalents (melanterite-FeSO4, goethite-FeOOH, pyrolusite-MnOs, py-
romorphite-Pbs(PO4)3Cl), found in studied MWDs, was predicted.
Although modelling approach using PHREEQC code is simplified as it
does not consider physical properties of PHE-bearing phases and organic
phases, and could underestimate their solubilities, it provides approxi-
mation of their solubility, which is very important in view of ever-
increasing climate changes. The results of PHREEQC calculations are
provided as the amounts of PHE-bearing phases in simulated stream
water solution from all three studied areas (Fig. 10a—c).

11

4.10. Stable Pb isotopes in MWDs and stream sediments

In order to assess the origin of Pb-bearing phases and their fate in the
environment, Pb isotope composition was determined. The analysis of
Pb isotopes in stream sediments from the Mezica area (Fig. 11a and b,
Table 1, Supplementary Table S3) showed two distinct clusters of Pb
isotope ratios (2°6Pb/204Pb, 207pp /204ph). The one with higher ratios
includes 3rd order stream sediments SS-26/3, SS-26/15, SS-26,/20 and
1st order stream sediments SS-26/5, SS-26/8, which are isotopically
very close to galena from Mezica ore deposit and K-26,/17, K-26/12 and
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Fig. 9. Grain-size distribution of PHE-bearing phases in MWDs from (a) Mezica, (b) Litija and (c) PleSe areas and 1st order stream sediments from (d) Mezica, (e)

Litija and (f) Plese areas.

K-26/30 MWD material. Other sediments have lower 2°°Pb/2%*Pb and
207pb/204pb ratios and form the second cluster.

Also in the Litija area, Pb isotope ratios (Fig. 11c and d, Table 1,
Supplementary Table S3) in 2nd order stream sediment taken upstream
of MWDs and in 3rd order stream sediments are very similar to ratios in
galena from Plese, which has identical Pb isotopic composition as galena
from Litija ore deposit. They are higher than ratios in K-25/25 MWD
material, and much higher than ratios in sediments of 1st and 2nd order
streams taken downstream of MWDs.

In Plese area, Pb isotope ratios (Fig. 11c and d, Table 1, Supple-
mentary Tables S3) in stream sediment are much lower than the ratios in
galena from PleSe ore deposit and K-19/9 MWD material.

5. Discussion
5.1. Environmental impact

The results indicate that stream sediments, particularly sediments in
1st order streams draining MWDs, are significantly contaminated with
PHE. Thus, investigated MWDs represent a major source of PHE in
sediments of study areas. In general, determined mineral composition of
MWDs and quantities of PHE-bearing phases in MWDs match well with
those in sediments of 1st order streams.

Contents of PHE are high in MWDs and in 1st order stream sedi-
ments. In some of these stream sediments, contents of PHE are higher
than in MWDs they are draining. In the MezZica area, about 2 times
higher contents of Mo and Ba were found in streams draining K-26,/12
and K-26/30, respectively. Similarly, contents of Ba and Zn in sediments
of 1st order streams in Litija area are up to 6 and 2 times, respectively,
higher than those in MWDs, while 1st order stream sediment from Plese
area has about 2 and 3 times higher contents of Ba and Pb, respectively,
than MWDs. All these high PHE contents agree well with quantities of
PHE-bearing phases in sediments from streams draining MWDs and most
probably result from other smaller MWDs and accumulation of fine-
grained PHE-bearing material from MWDs and weathering of ore
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outcrops in the catchment areas. Namely, the grain size distribution of
PHE-bearing ore minerals and secondary products of ore weathering in
MWDs from all locations and areas showed that their sizes are mostly 10
pm or less (Mezica area) and close to 20 pm (Litija and Plese areas),
which makes them prone to wind erosion and surface water runoff. In
1st order stream sediments, the mean grain sizes of ore minerals and
secondary products of ore mineral weathering mostly peak at around 30
pm and 50 pm. This demonstrates that relatively large PHE-bearing
phases, eroded from MWDs, are transported over short distances and
deposited on streambed until next high-water event, thus contributing to
high PHE contents. PHE-bearing phases smaller than 10 pm remain
suspended in water and are being transported over very long distances.
Fast-flowing streams erode their own stream beds at higher water levels,
particularly streams in Mezica area (Fux and Gosar, 2007; Gosar and
Miler, 2011), as also indicated by estimated possibility of entrainment of
PHE-bearing phases. Thus, the mineral abundances, grain sizes of
PHE-bearing phases in sediments and PHE contents, depend on hydro-
logical conditions during the high-water events, which could be
different at different times of sampling.

In order to estimate contribution of MWDs to the main watercourse
sediment PHE load, Geoaccumulation indices (Igeo) (Table 2) were
calculated. According to calculated Igeo values, most of the investigated
MWDs contributed to moderate contamination of sediments in main
watercourses in 2013. In the Mezica area, the MWD K-26/12 and 12
smaller MWDs K-26/1-11 and K-26/13 (not analysed) caused a mod-
erate to strong contamination of 3rd order stream (Meza River) sedi-
ments with Mo and Pb, and moderate contamination with Cd and Hg. In
2017, the contribution of these MWDs to the Mo, Pb and Cd load was
similar, while the contribution to Zn load slightly increased and there
was no contribution to Hg load. The K-26/17 and 4 smaller MWDs K-26/
18-21 (not analysed) gave rise to moderate contamination with Ba, Hg
and Sb in 2013, while in 2017 the contamination with Sb was moderate
to strong. Hg content is relatively low in K-26/17, therefore it either
originates from other 4 smaller MWDs or anthropogenic activities,
mostly industry, located in a town upstream of K-26/17. In 2013,
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Fig. 10. Amounts of PHE-bearing phases in solution released after simulated simultaneous dissolution of equal amounts of PHE-bearing phases in aqueous solution
simulating stream water (T = 4 and 19 °C; pH = 7 and 9; Eh = 140 and 600 mV; mean element concentrations characteristic of waters in each study area) in (a)

Mezica area; (b) Litija area and (c) PleSe area, obtained by PHREEQC calculations.

seemingly significant influence of K-26/22 and 4 smaller MWDs K-26/
23-26 (not analysed) on strong contamination with Sb and moderate
contamination with Mo and Pb was observed. In 2017, situation was
similar, except the Sb and Cu loads were somewhat lower and higher,
respectively. However, Sb, Mo, Cu and Pb contents in 3rd order stream
sediment at location SS-26/15 (Supplementary Table S3) are signifi-
cantly higher than those in K-26/22 MWD (Table 1) and sediments of 1st
and 2nd order streams (SS-26/10, SS-26/14) that drain K-26/22-26
(Supplementary Table S3). Sb content observed in SS-26/15 is even
higher than that reported in sediments of streams draining an antimony
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mine MWDs (e.g. Tersic et al., 2018). In addition, there was no contri-
bution of K-26/22 to PHE load in 2nd order stream sediment (Table 2).
The most probable source of PHE load in 3rd order stream sediment at
location SS-26/15 was secondary Pb processing plant located in close
vicinity of the MWDs, which has already been confirmed as the major
active source of recent pollution with Sb, Pb and Cu in the area (Miler
and Gosar, 2013, 2019). This is also in agreement with other studies
(Svete et al., 2001; Fux and Gosar, 2007; Gosar and Miler, 2011; Gosar
et al., 2015) that suggested Pb recycling industry as the source of
pollution in river sediments and water downstream of the plant. The
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Fig. 11. Pb isotope ratios in MWD material, stream sediments and galena from ore deposits in studied areas of (a, b) Mezica and (c, d) Litija and Plese. Pb isotope
data for Mezica galena are from Miler and Gosar (2019) and data for PleSe galena from Mlakar (2003).

Table 2

Sediment Geoaccumulation index (Igeo) in main 2nd or 3rd order watercourse upstream and downstream of confluence with 1st order stream that is draining MWDs
in its catchment area.

Sediment samples Stream MWDs Igeo-2013
Upstream Downstream As Ba Cd Co Cr Cu Hg Mo Ni Pb Zn Sh
S$S-26/3 SS-26/6 3dorder  K-26/1-13 03 03 14 -07 -04 05 14 07 D220 09 01
S$S-26/6 S$S-26/9 3dorder  K-26/17-21 0.2 16 02 02 01 04 18 07 00 03 00 1.7
$S-26/9 $S-26/15 3dorder  K-26/22-26 05 -09 04 09 07 02 27 L1 -06 1.6 05 B
$8-26/12 $8-26/10 2"order  K-26/22 05 -10 -04 07 -07 04 -43 08 -08 -07 -08 -10
$8-26/15 $8-26/20 3dorder  K-26/27-30 13 06 -15 06 -08 -1.1 15 -12 -06 -13 -16 -16
SS-26/18 $S-26/19 15t order K-26/30 07 05 12 04 02 X
$8-26/20 $8-26/21 3dorder  K-26/31 01 04 09 07 -05 04 -32 01 -08 02 09 00
$S-25/1 $S-25/5 2Morder  K-25/22-27 0.5 14 06 -04 03 02 13 04 -03 1.0 00 02
S$8-25/7 S$S8-25/6 3dorder  K-25/22-28 07 05 04 -09 -05 -05 11 -06 -08 01 -07 -0.6
SS-19/1 SS-19/3 Itorder  K-19/9, 10 120 11 02 22 -12 08 14 06 -14[736 08 15
S$S-19/1 SS-19/4 Itorder  K-19/9, 10 04 11 04 03 08 04 04 03 0l LI 07 04
Sediment samples Stream MWDs Igeo-2017
Upstream Downstream As Ba Cd Co Cr Cu Hg Mo Ni Pb Zn Sb
SS-26/3 SS-26/6 3dorder  K-26/1-13 02 02 18 -05 -05 -05 -04 05 29 15 00
$S-26/6 $8-26/9 3dorder  K-26/17-21 03 11 08 -02 01 02/ 10 -06 -04 00 -08
$8-26/9 S$8-26/15 3dorder  K-26/22-26 04 -11 04 -13 -04 1.0 07 17 00 18 0.1
$8-26/12 $8-26/10 2" order  K-26/22 / / / / / / / / / / / /
S$S-26/15 $8-26/20 3dorder  K-26/27-30 03 03 -03 02 -03 -12 -0 02 -07 -03 -0 -06
$S-26/18 $S-26/19 Itorder  K-26/30 / / / / / / / / / / / /
$8-26/20 $8-26/21 3dorder  K-26/31 25 09 -18 07 -1 09 -18 -52 -09 41 21 -39
S$S-25/1 S$S-25/5 2dorder  K-25/22-27 05 6N oo -08 01 06 BBE o0 -0 RN 03 0.4
S$8-25/7 $S8-25/6 3dorder  K-25/22-28 08 01 -06 06 -07 05 09 -1.0 -06 02 -07 -03
$S-19/1 SS-19/3 Itorder  K-19/9, 10 / / / / / / / / / / / /
S$S-19/1 SS-19/4 Itorder  K-19/9, 10 / / / / / / / / / / / /
<0 UNCONTAMINATED

2013 Igeo values showed that K-26/30 MWD had significant impact on
1st order stream sediment (Table 2), which is strongly to very strongly
contaminated with Pb, Mo and Ba, strongly with Zn and Cd, moderately
to strongly with As and Sb, and moderately with Cu. However, the
combined contribution of K-26/30 and 3 smaller MWDs K-26/27-29

MODERATELY CONTAMINATED

STRONGLY CONTAMINATED

VERY STRONGLY CONTAMINATED

UNCONTAMINATED TO MODERATELY CONTAMINATED

MODERATELY TO STRONGLY CONTAMINATED

STRONGLY TO VERY STRONGLY CONTAMINATED
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(not analysed) to 3rd order stream sediment PHE load was moderate
only with respect to Hg. Since the MWDs and adjacent 1st order stream
sediment contain much lower Hg level than sediment in 3rd order
stream, Hg enrichment was attributed to other unidentified sources. In
2017, no significant contribution was observed. Also, no contribution of
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K-26/31 to PHE load in 3rd order stream sediment was observed in 2013
and 2017 (Table 2). In general, the impact of investigated MWDs on 3rd
order stream sediment pollution is much more apparent upstream of
secondary Pb processing area (Fig. 1). Downstream, the impact of MWDs
is suppressed due to strong contribution of secondary Pb processing
industry. Additionally, it could partly be a result of resuspension and
remobilisation of polluted river sediments in upper parts of the stream,
which is consistent with small grain sizes (10 pm or less) of PHE-bearing
ore minerals and secondary products of ore mineral weathering in
MWDs that are easily resuspended and transported by wind and surface
water runoff. This was also confirmed by estimated possibility of
entrainment of PHE-bearing phases.

In Litija area, MWDs K-25/22, K-25/25 and 4 smaller MWDs K-25/
23-24, K-25/26-27 (not analysed) caused moderate contamination of
sediment of 2nd order stream with Ba, Hg and Pb in 2013, while in 2017
the contamination significantly increased to strong for Hg and moderate
to strong for Ba and Pb (Table 2). Further downstream, the MWDs K-25/
22-28 contributed to moderate contamination of 3rd order stream (Sava
River) sediments with Hg only in 2013. Temporal variations in contri-
bution of Litija MWDs are most probably related with increased erosion
of the fine-grained MWD material and re-sedimentation of sediments
due to variations in stream flow regime at various times of sampling,
which is also consistent with estimated entrainment of PHE-bearing
phases. The effect of MWDs on PHE load in 3rd order stream is gener-
ally strongly diluted due to greater river size, its discharge and much
greater ability to entrain PHE-bearing phases.

In Plese area, the K-19/9-10 MWDs contributed significantly to
strong contamination of sediments of local 1st order stream about 500 m
below MWDs with Pb and moderate contamination with Sb, Hg and Ba
in 2013 (Table 2). Further downstream, about 1500 m below MWDs,
they still contributed to moderate contamination with Ba and Pb, but
there was no influence on Hg content. Barium and Pb enrichment in 1st
order stream sediments indicates that solid Ba- and Pb-bearing phases,
occur in intermediate mobile grain size fraction, which is being resus-
pended and transported in the upper, higher flow velocity part, but
deposited in the lower, low flow velocity part of the stream. This agrees
with grain size distribution of PHE-bearing phases in sediments (Fig. 9f)
and also with limited ability of the streams to entrain PHE-bearing
phases.

In all investigated areas, the impacts of MWDs on PHE loads in
sediments depend on distance from the MWDs, which is a function of
grain size distribution of PHE-bearing phases in MWDs and MWD li-
thology, as well as hydrological conditions (e.g. high-water events) that
affect the washing out and re-sedimentation of stream sediments.
Furthermore, dilution effect due to stream order is also very important.
In general, annual variations in river regime and extreme weather events
cause rapid erosion of MWD material, resuspension and transport of PHE
loaded sediment along smaller and larger streams over long distances
and thus dispersion of pollution. There, fine-grained PHE-bearing phases
as well as PHEs dissolved in stream water can affect groundwater and
aquifers during high-water events (e.g. Brencic and Kersmanc, 2016).

5.2. Solubility of PHE-bearing phases in stream water and impact on
water pollution

Calculated solubilities of ore minerals and PHE-bearing secondary
products of ore mineral weathering by PHREEQC code showed that the
same species of ore minerals and secondary products of ore mineral
weathering behave similarly in streams draining MWDs in areas of Litija
and Plese, with silicate-rich lithology, but differently in streams of the
Mezica area, where carbonate bedrock prevails. Smithsonite, pyrolusite,
pyrite, melanterite and anglesite should be the most soluble minerals in
streams of the Mezica area, while pyromorphite should be much more
stable (Fig. 10a). Cerussite, galena, sphalerite, barite and goethite are
supposed to be stable and rather precipitate from solutions. There are no
thermodynamic data for wulfenite, descloizite and hemimorphite,
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therefore their stability and solubility could not be assessed by using
PHREEQC calculations. According to some studies, wulfenite is insol-
uble and rather precipitates at neutral pH (e.g. Conlan et al., 2012),
solubility of descloizite is also low at pH above 8 (e.g. Sracek et al.,
2014), while hemimorphite is generally soluble at pH above 7 in car-
bonate rich and silicate poor environment (e.g. McPhail et al., 2003;
McPhail et al., 2006; Medas et al., 2017). In streams draining MWDs in
areas of Litija and Plese, anglesite (baritoanglesite), barite and goethite
appear to be insoluble, while pyromorphite, sphalerite, cerussite, pyrite
and particularly melanterite and pyrolusite are most soluble (Fig. 10b
and c). Cinnabar in Litija area is slightly soluble only at lower pH and Eh
and higher temperature. Solubility of all minerals in simulated stream
waters in all areas varies somewhat with changes in water temperature,
while variations in pH and Eh have no effect. Thus, anglesite and pyrite
are less soluble at higher temperature, while melanterite, cerussite and
sphalerite are slightly more soluble.

In Mezica area, morphologies of ore minerals (smithsonite, pyro-
morphite, cerussite, barite and galena) agree well with their calculated
solubilities, while heavily corroded grains of sphalerite and uncorroded
massive grains of pyrite and anglesite show that they behave differently
as predicted by calculations. Massive wulfenite, descloizite and hemi-
morphite grains confirm that they are stable under given conditions. In
Litija and Plese areas, rather porous and pitted cerussite, pyromorphite
and partly sphalerite grains agree with simulations. Occurrence and
morphology of cinnabar grains show that it can be dissolved but can also
precipitate when conditions change, which corresponds to solubility
calculations. Partly corroded grains of baritoanglesite, insoluble ac-
cording to calculations, indicate that they were exposed to dissolution.
In all studied areas, morphologies of Fe-oxyhydroxides with minor Pb
and Zn (and Cu) show they are insoluble or even precipitate as authi-
genic phases, while occurrence of Fe-oxyhydroxy sulphates with minor
Pb and Zn (and Cu) is consistent with their unstable nature. Fe-
oxyhydroxides and Fe-oxyhydroxy sulphates act as sinks for PHEs
(Piantone et al., 2004), including Pb, Zn and Cu. However, they repre-
sent an exchangeable fraction and PHEs can thus be released back into
aqueous solution when the natural conditions change. Observed grains
of Mn-oxides with Pb and psilomelane with Pb are authigenic pre-
cipitates, which is not consistent with their calculated solubilities.
Possible causes of inconsistencies between observed dissolution effects
and calculated solubilities could be different local micro-conditions in
MWDs and stream sediments, but also modes of occurrence and size of
individual grains, as these are not accounted for in simulations. Partic-
ularly mineral porosity, cracks and small grain size (around 10 pm and
30 pm) increase specific surface areas of insoluble minerals, which can
thus be subjected to dissolution when the conditions at microlevel
change.

The results of MWD material leaching behaviour tests and their
comparison with quantities of PHE-bearing phases in MWDs showed
relatively good agreement between leachable Zn and Fe-oxyhydroxy
sulphates with Pb and Zn, particularly in Mezica area. In Litija MWDs,
higher Cu and Zn leachability could be related with presence of Fe-
oxyhydroxy sulphates with minor Pb, Zn and Cu, and exceptionally
high Pb leachability with presence of baritoanglesite, which is supported
by observed grain morphology, but not by calculations.

Good agreement was also observed between concentrations of Pb, Zn
and Cd in stream water and abundance of Pb-, Zn- and Cd-bearing
phases in 1st order stream sediments from all areas. At locations with
highest Pb stream water concentration, 1st order stream sediments had
the highest quantities of Fe-oxyhydroxy sulphates with Pb and Zn (and
Cu), while highest Zn and Cd water concentrations corresponded to
highest quantities of sphalerite and smithsonite in stream sediments.
The latter is consistent with observed dissolution effects but not entirely
with calculated solubility.

According to calculated solubilities and observed morphologies of
PHE-bearing phases, smithsonite, sphalerite, Fe-oxyhydroxy sulphates
with minor Pb and Zn contribute the most to PHE pollution of stream
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water under current environmental conditions in Mezica area. In Litija
and Plese areas, the greatest impact has dissolution of cerussite, sphal-
erite and Fe-oxyhydroxy sulphates with minor Pb and Zn (and Cu).

5.3. Origin and fate of Pb-bearing phases in the environment

Significant variations in Pb isotopic composition of sediments from
all areas were determined. These variations do not seem to be connected
with locations of stream sediments relative to MWDs (upstream or
downstream of MWDs), which is not consistent with observations in
some other mining regions (e.g. Potra et al., 2018). The variations
observed in our case imply several possible explanations. The most
plausible cause could be mixing of different sources of Pb-bearing
phases. Stream sediment samples SS-26/3, SS-26/5, SS-26/8, SS-26/15
and SS-26/20 in MeZica area and SS-25/1, SS-25/6-7 in Litija area with
higher isotopic ratios most probably reflect isotopic composition of
primary Pb-bearing ore minerals and their secondary weathering
products. Other sediments could be affected by fractionated Pb species
emitted from current Pb recycling processes or by variations in isotopic
composition of secondary raw materials, which is also common in
smelting and refining processes (e.g. Shiel et al., 2010). Another possi-
bility are differences in composition of local bedrock lithology and its
presence in stream sediments, which can have different isotopic
composition than ore minerals, particularly K-feldspars (e.g. Tyrrell
et al., 2012; Johnson et al., 2018) and carbonate rocks (e.g. Kesler et al.,
1994; Schroll et al., 2006). Very good agreement was observed between
pseudo-total (AR) Pb sediment contents and Pb isotope ratios only in
sediments of 1st order streams draining MWDs and not upstream of
MWDs or in large 3rd order streams. This shows prevalent influence of
Pb pollution on Pb isotope composition and also that higher Pb content
and Pb isotope ratios should correspond to larger quantity of Pb-bearing
ore minerals. However, there was no agreement between Pb isotope
ratios and either contents of K, quantities of Pb-bearing phases or rela-
tive mineral abundances in investigated stream sediments. Since stream
sediments contain certain amounts of organic matter and microorgan-
isms (e.g. Logue et al., 2004), biologically induced isotopic fractionation
and fractionation through preferential leaching of certain minerals and
formation of secondary minerals with different isotopic composition (e.
g. Reimann et al., 2008), cannot be ruled out, although some other au-
thors argue against this (e.g. Le Roux et al., 2008). Fractionation induced
by weathering of primary Pb-bearing ore minerals in streams was also
considered as a possible cause of variations. However, Pb isotopes have
been reported to be immune to fractionation via weathering of primary
sulphides (e.g. Gulson et al., 2018). Variations due to chosen analytical
procedure (quadrupole ICP-MS) could not be ruled out (e.g. Gulson
et al., 2018), particularly interferences with Hg in Hg-bearing samples
from Litija. In order to provide more accurate explanation on Pb isotope
variations, further detailed studies are foreseen.

5.4. Mitigation of environmental impacts of MWDs

Several different measures can be undertaken to mitigate environ-
mental impacts of MWDs. One of the medium-term solutions that in-
cludes immobilisation of fine-grained PHE-bearing material is
improving geotechnical characteristics, particularly stability and erod-
ibility of MWDs, by establishing surface drainage and proper anti-
erosion control using nets and biological recultivation. A more effi-
cient long-term solution is reuse of mining waste, which would remove
the source of contaminants and improve the quality of local environ-
ment. However, the reuse of MWD material as construction aggregates
has already proven controversial from the environmental point of view,
since its improper use contributes to regional dispersion of hazardous
material and increases pollution and health risk as in the case of
kindergarten sandboxes where aggregates from Mezica MWDs were
used as sandbox sand (Zupancic et al., 2021). The more acceptable way
includes extraction of remaining metals from fine-grained fractions,
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followed by reuse of PHE-free gangue materials for construction. Further
detailed studies of MWDs’ secondary resource potential, processing
technology and evaluation of environmental, legislative and social as-
pects of extraction are foreseen.

6. Conclusions

The results of the study showed that MWDs and stream sediments in
all investigated areas contain very high levels of PHEs, particularly Pb,
Zn, Cd, As, Ba and Hg, which mostly occur as PHE-bearing ore minerals
(cerussite, sphalerite, smithsonite, barite, cinnabar), but also as sec-
ondary products of ore mineral weathering (Fe-oxyhydroxides and Fe-
oxyhydroxy sulphates with Pb and Zn, and Mn-oxides with Pb). Water
leaching potential of PHEs in MWDs is generally negligible and levels of
PHEs in surface waters are decreasing with increasing stream order,
which demonstrates that water drainage of MWDs predominantly con-
tributes to pollution in solid particulate form rather than in dissolved
form. Fine-grained solid pollutants mostly burden sediments of 1st order
steams draining MWDs, while 3rd order stream (river) sediments are
additionally affected by other local sources, such as Pb recycling plant in
Mezica area. Most of the PHE-bearing ore minerals are soluble either in
surface water under given conditions or under variable micro-conditions
in stream sediment. However, released PHEs are partly removed by
precipitation or coprecipitation of mostly stable secondary weathering
products. Nevertheless, the fine-grained PHE-bearing material is being
transported along rivers over long distances, thus causing regional
dispersion of pollution. Since the investigated MWDs are a constant
pollution source for local environment as well as regionally, it is very
important to diminish their environmental impacts. One of the efficient
solutions for the future is recycling of mining waste, which includes the
extraction of remaining metals, followed by reuse of PHE-free gangue
materials for construction.
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