resources

Article

The Potential Use of Solid Waste and Mine Water for Land
Rehabilitation of the Coal Mine-Affected Area in Slovenia

Angelika Wieckol-Ryk 1-*

check for
updates

Academic Editor: Rongkui Su

Received: 21 February 2025
Revised: 26 March 2025
Accepted: 28 March 2025
Published: 31 March 2025

Citation: Wieckol-Ryk, A.; Krzemieri,
A.; Pierzchata, ..; Kamenik, M. The
Potential Use of Solid Waste and Mine
Water for Land Rehabilitation of the
Coal Mine-Affected Area in Slovenia.
Resources 2025, 14,57. https://
doi.org/10.3390/ resources14040057

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

, Alicja Krzemien 10, Lukasz Pierzchata 2

and Matjaz Kamenik 3

Department of Extraction Technologies, Rockburst and Risk Assessment, Central Mining Institute,
40-166 Katowice, Poland; akrzemien@gig.eu

Department of Water Protection, Central Mining Institute, 40-166 Katowice, Poland; lpierzchala@gig.eu
Premogovnik Velenje, d. o. 0., 3320 Velenje, Slovenia; matjaz.kamenik@rlv.si

*  Correspondence: awieckol@gig.eu; Tel.: +48-32-259-27-95

Abstract: The rehabilitation of post-mining sites is crucial due to the severe environmental
impacts of mining, including land degradation, heavy metal pollution, and loss of biodi-
versity. Effective reclamation strategies are essential to reverse these impacts and enable
sustainable land use. This study presents the possibility of the rehabilitation of a post-
mining area in Velenje, Slovenia, using artificial soils made from combustion by-products
amended with lignite and organic compost, and explores the potential of lignite mine
water for irrigation. This approach introduces an innovative solution that differs from the
traditional methods of rehabilitating degraded areas. Physicochemical and phytotoxicity
tests were conducted to determine the quality of the soil substitutes. The analysis revealed
that the pH, salinity, and chemical composition of soils positively impacted Sinapis alba
growth as a test plant, with the most promising compositions containing 20-30% of lignite
by weight as a replacement for organic compost. Irrigation water quality parameters,
such as electrical conductivity (0.87 dS/m), the sodium absorption ratio (2.09 meq/L), and
boron content (0.05 mg/L), indicated a low soil dispersion risk, while the residual sodium
carbonate (3.02 meq/L) suggested a medium risk. Although, the concentration of toxic
elements did not exceed the threshold limits; the long-term irrigation with mine water
requires the monitoring of the molybdenum levels. These results suggest the potential for
using artificial soils and mine water in post-mining land reclamation but highlight the need
for the monitoring of their quality.

Keywords: artificial soils; post-mining areas; land rehabilitation; irrigation; circular
economy approach

1. Introduction

The reclamation of post-coal mine sites faces global challenges, including degraded soil
quality, heavy metal pollution, and the loss of biodiversity. Conventional land rehabilitation
techniques, such as topsoil cover, are costly and have limited effectiveness, particularly for
areas affected by mining activities. Using solid waste for mine ecological restoration not
only utilizes it but also reduces costs and provides conditions to promote plant growth [1].

The combustion of coal and lignite in thermal power plants generates a large amount
of coal combustion by-products (CCPs), including fly ash, bottom ash, boiler slag, and
waste from the removal of sulfur dioxide (SO;) in the flue gas desulfurization process.
Approximately 150 million tons of CCPs are estimated to be produced annually in Euro-
pean countries [2], with more than 70% produced being fly ash [3] CCPs can be used as
major components in cement and ceramics, in the manufacturing of aggregates, in mining
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applications, in the backfilling of excavations, or as mineral fillers [4]. It is also known for
its use in the production of zeolites [5] and geopolymers [6] Fly ash is also an effective
adsorbent for the removal of organic compounds and heavy metals from wastewater or
solid waste leachates [7-9] The most effective removal of heavy metals from wastewater
has been carried out at pH values between 6 and 8 [10]. The utilization of CCPs for land
reclamation in post-mining areas has been practiced for many years [3,11]. In accordance
with data from the European Coal Combustion Products Association [12], in 2016, the
use of CCPs in European countries for land reclamation and restoration accounted for
approximately 41.5% of total production, while their use as a soil amendment represented
only 0.1%.

The implementation of the circular economy concept suggests that the further de-
velopment of these applications is still necessary, and that the recovery of waste from
the mining industry is one of the priority goals of the European Parliament, according to
Directive 2006/21/EC [13]. Studies have reported that a combination of coal fly ash and a
lime-stabilized biosolid may be beneficial for the reclamation of acid mine spoils [14]. The
pH of fly ash can vary from 4.5 to 12.0 and depends on the source of coal and its sulfur
content [15,16]. Strongly alkaline fly ash (pH 10-12) [17] is beneficial for neutralizing soil
acidity. Coal fly ash is also a source of macro- and micronutrients (e.g., Ca, Mg, K, P, S,
B, Cu, Fe, Mo, and Zn), essential for plant growth and development [18]. However, the
potential for using coal combustion residues for soil reclamation is limited due to their
high content of heavy metals and technologically enhanced naturally occurring radioactive
materials [19]. Although the application of CPPs to soil improves its physical properties,
including pH, bulk composition, and nutrient availability, the long-term disposal of com-
bustion mining waste leads to the contamination of the land and groundwater by toxic
heavy metals such as As, B, Cu, Co, Cr, Hg, Mn, Mo, Ni, Pb, and Zn [20].

The use of CCPs as soil components, mainly fly ash, can lead to an increase in soluble
ions such as Ca?*, Na*, Cl~, and SO,2* in the soil-water mixture, which are responsible
for soil salinity [19]. High salinity levels in soil leachates are toxic to plants and lead
to the formation of surface runoff during atmospheric precipitation and water erosion.
Furthermore, CCPs are deficient in organic matter, which is essential for soil fertility,
structure, water retention, and buffering capacity [21]. Soil amendments with high organic
matter content may be delivered from agriculture, livestock manure, forestry, or urban
waste, such as sewage and municipal sludge [22]. However, brown coal may be one of
the sources of organic material used for reclaiming land. Research has shown that the
amendment of lignite in contaminated soils effectively reduces heavy metals’ bioavailability
through adsorption, complexation with humic acids, and pH buffering [23-25]. This work
explores a novel approach to developing artificial soils to restore coal mine-affected areas
in Velenje, located in Slovenia’s northeastern region. Our study proposes using lignite
combustion by-products, including fly ash, slag, and gypsum, generated in the local power
plant. This product’s mixture has been used to prevent subsidence and land deformation.
However, it needs to be converted into a soil substitute for the biological reclamation of
areas degraded by mining activity.

The specific goal of this research was to use lignite coal as an organic amendment
to enhance the properties of soil substitutes. This innovative approach efficiently uses
locally available material rich in organic matter and plant nutrients. This study introduces
a comprehensive solution to address the challenges of artificial soils being safe for the
environment and human and animal health. Additionally, the research explores the novel
use of industrial water from a Slovenian lignite mine for irrigation purposes, further
enhancing the rehabilitation process’s sustainability and circular economy potential. This
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methodology emphasizes waste minimization and reuse, contributing to advancements in
sustainable land reclamation practices.

2. Materials and Methods
2.1. Area for Land Rehabilitation

The research focused on a coal mine degraded area located in Velenje, the northeastern
region of central Slovenia (Figure 1). The study site covers an area of 0.5 km? and is sur-
rounded by two artificial lakes, Druzmirje and Velenjsko, created as a result of underground
coal lignite excavation in the PVM. Long-term underground coal excavation in PVM has
adverse environmental effects, resulting in numerous areas of land subsidence [26]. In 2016,
the volume of subsidence hollows between Lake Druzmirje and Lake Velenje exceeded
150 million m®. Surface movements and deformations are monitored at over 300 measure-
ment points, both within and around the mining area, using the mine’s geodetic monitoring
system. To prevent surface damage, the product of lignite combustion, called soil stabilizer
(ST), has been used to prevent subsidence in areas of active remediation, land deformation,
and water leakage from Velenje Lake to Druzmirje Lake.

» - study ares

Figure 1. Map of the land subsidence area in Velenje, Slovenia (adapted from Google Maps Data),
and an example of subsidence at the surface.

2.2. Combustion By-Products and Organic Materials

A combustion by-product, called soil stabilizer (ST), which is a mixture of fly ash,
gypsum, and slag, was collected from Unit 6 (600 MWe) of the Sostanj Power Plant in
Velenje, Slovenia. Soil stabilizer is a by-product of combustion lignite from PVM and
has been used to fill the subsidence between Lakes DruZzmirje and Velenje. The fly ash
and slag were by-products of coal combustion, while the gypsum was from the flue gas
desulfurization. Another combustion by-product, sludge (SG), was collected from the pool
in which technological water was processed from the Sostanj Power Plant (Figure 2).
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Figure 2. Sostanj Power Plant pool with technological water.

Organic materials, including lignite (CL) and green compost (GC) from the biological
manufacturing process, were delivered by PVM and an industrial composting facility
(Sosnowiec, Poland), respectively.

An average of 20 kg of laboratory samples of CCPs and organic materials were
transported to the Central Mining Institute in Poland and stored in a laboratory at ambient
temperature before analysis. After moisture removal, samples were crushed and sieved
through a mesh with a 2 mm pore size to remove particles of other impurities. Finally,
each sample was thoroughly mixed to guarantee that it was a representative sample for
physicochemical analysis.

2.3. Physicochemical Analysis of Soil Substitutes and Their Components

All physicochemical analyses were conducted in accredited laboratories in the Depart-
ment of Environmental Monitoring at the Central Mining Institute. The research equipment
and apparatus used in this study were regularly calibrated following the laboratory procedures.

The ash content was determined by the weight method, involving the combustion of
soil samples at 815 °C in a laboratory furnace (HT 16/16 with a P310 controller, Nabertherm
GmbH, Lilienthal, Germany). The contents of primary elements, including Al,O3, CaO,
K,0, MgO, NayO, P05, SO3, SiO;, and TiO,, were determined via wavelength-dispersive
X-ray fluorescence spectrometry (WDXRF) provided by Rigaku Analytical Devices Inc.
(Rigaku ZSX Primus, Wilmington, NC, USA). The concentration of trace elements (As, Ba,
Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, and Zn) was measured via inductively coupled plasma
optical emission spectroscopy (ICP-OES) after mineralization in aqua regia (Perkin Elmer
Optima 5300DV ICP-OES analyzer, Perkin Elmer Inc., Waltham, MA, USA). The mercury
(Hg) content was analyzed using cold-vapor atomic absorption spectrometry (CV-AAS) by
SMS 100, PerkinElmer Inc., Waltham, MA, USA. The infrared spectroscopy method (ELTRA
CHS, Eltra GmbH, Haan, Germany) was used to analyze the content of total organic carbon
(TOC) and total sulfur (TS), while the Kjeldahl method was applied to determine the total
nitrogen (TN).

2.4. Analysis of Soil Substitute Leachates and Mine Water for Irrigation

The contents of metals and nonmetals (As, Ba, Ca, Cd, Cr, Cu, K, Mg, Mn, Mo, Na, Ni,
Pb, and Zn) in the water extracts of the soil substitutes were determined via the ICP-OES
method (Perkin Elmer Optima 5300DV ICP-OES analyzer, Perkin Elmer Inc., Waltham,
MA, USA). The content of C1~, SO4%~, NO3~, and PO43~ anions was analyzed using ion
chromatography (DIONEX ICS-5000, Thermo Fisher Scientific, Waltham, MA, USA), and
the concentrations of sulfide (5>~) and ammonium (NH,*) ions were measured via flow
analysis with spectrophotometric detection (FIA, MLE Gmbh Dresden, Germany). High-
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temperature combustion with CV-AA detection was used to determine the Hg concentration
(SMS 100, PerkinElmer Inc., Waltham, MA, USA). An elemental analyzer with infrared
detection (TOC-L CPH, Shimadzu, Kyoto, Japan) was used to determine the content of
dissolved organic carbon (DOC), while the total nitrogen content was determined via
high-temperature infrared chemiluminescence detection (TNM-L, Shimadzu, Kyoto, Japan).
The pH value and electrical conductivity (EC) of the water extracts were measured with a
pH meter with a combination electrode (CPC-411 and IJ44AT, Elmetron, Zabrze, Poland).
The water extracts were prepared by mixing soil substitutes with deionized water at a soil-
to-water ratio of 1:10 (dry weight), as specified in European Standard EN 12457-2:2004 [27].
After being shaken on a rotary mixer (ROTAX 6.8, Velp Scientifica Srl, Usmate, Italy)
at 40 rpm for 8 h, the samples were centrifuged at 15000 rpm for 10 min (Centrifuge
5810, Eppendorf, Hamburg, Germany) and filtered through Whatman 0.45 um filters (GE
Healthcare, Chicago, IL, USA).

The chemical composition of the mine water from PVM was determined via the same
methods as those used for the leachate samples.

2.5. Assessment of Mine Water Quality

Two parameters were calculated to determine the suitability of mine water for the
irrigation of soil substitutes. The potential risk of soil degradation due to sodium was
assessed by the sodium absorption ratio (SAR). The SAR value of mine water for irrigation
soil substitutes was calculated via Formula (1) [28]:

SAR = Na* /\/ (Ca2+ + Mg2+) /2 (1)

where Na*, Ca?*, and Mg2+ represent the concentrations in milliequivalents per liter
(meq/L) of the respective ions.

The residual sodium carbonate and bicarbonate ion concentrations (RSCs) indicate
the potential for water to cause soil alkalinity or salinity issues over time when used for
irrigation. The RSC value of mine water for irrigation, expressed in meq/L, was calculated
according to Formula (2) [28]:

RSC = (COZ™ +HCO3 ) — (Ca?* + Mg*") 2)
The classification of irrigation water for the SAR and RSC values is presented in Table 1.

Table 1. Classification of water irrigation by the SAR and RSC indicators [28,29].

Parameter Range (meq/L) Water Class
<10 Excellent
. . . 10-18 Good
Sodium absorption ratio (SAR) 18-26 Doubtful
<26 Unsuitable
<1.25 Good
Residual sodium carbonate (RSC) 1.25-2.5 Doubtful
<25 Unsuitable

2.6. Phytotoxicity Tests

To assess the toxicity of soil substitute leachates and their potential impact on irrigation
with mine water, white mustard (Sinapis alba L.) was used as a test organism. The effects of
toxicity were evaluated according to a modified procedure based on the European Standard
EN ISO 18763:2020 [30]. The samples of the soil substitutes were placed in Petri dishes
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(9.0 cm diameter) and mixed with distilled or mine water from the PVM. Each dish was
lined with filter paper (87 g/m?) and allowed to absorb moisture until saturated. Then,
15 tested seeds of Sinapis alba L. were placed on filter paper and closed with a lid. To
determine the effect on germination, the seeds were incubated in a laboratory incubator
(POL-EKO, CLW 32, Wodzislaw Slaski, Poland) at 25 + 1 °C for 72 h with no access to light.
The length of the roots was measured as the primary parameter, with an accuracy of £0.1 cm.

2.7. Pot Test of the Soil Substitutes

The effect of biomass growth on soil substitutes irrigated with distilled and coal
mine water was investigated under laboratory conditions under a constant temperature
(22 £ 1 °C) for the entire day, controlled humidity (40 £ 5%), and lighting parameters
(70 W, 4900 Im, and 6000 K).

Ecotoxicity tests involving Sinapis alba were carried out to determine the toxic effects
of mine water on plant growth.

2.8. Statistical Analysis

Statistica 13.3 (StatSoft Polska, Cracow, Poland) was used for all the statistical analyses;
the limit of statistical significance was set at p < 0.05. The existence of correlations between
different variables was tested by calculating the Pearson rank coefficients.

One-way analysis of variance (ANOVA) was performed to determine the differences
among the experimental groups. The significance of differences between groups was tested
via the post hoc Tukey HSD test (p < 0.05).

3. Results and Discussion
3.1. Physicochemical Analysis of the Components of the Soil Substitutes

The chemical properties of the CCPs and organic materials used for the elaboration of
the soil substitutes are presented in Table 2. Among all the investigated components, two
organic materials, CL and GC, contained much higher amounts of organic carbon (426.1
and 173.8 g/kg, respectively) and nitrogen (8.4 and 15.6 g/kg, respectively), with relatively
low concentrations of mineral oxides, except for 461.3 g/kg of SiO; in GC. The high content
of mineral oxides such as SiO,, Al;03, and CaO in CCPs was typical of fly ash from lignite
combustion and suggested the presence of calcium-based compounds. A higher amount
of Fe;O3 in mineral samples (90.3 g/kg for ST and 90.1 g/kg for SG), compared to the
organic samples (31.4 g/kg for CL and 18.1 g/kg for GC), showed the mineralogical nature
of CCPs. The typical mineral composition of ST and SG samples was reflected in the higher
concentrations of MgO and K,O. Moreover, a higher content of P,Os (6.3 mg/kg) in GC
was likely due to the organic nature of the sample.

The analysis revealed that the total sulfur (S¢) concentration varied from 2.6 g/kg in
the GC to 49.3 g/kg in the SG. The reason for the greater amount of S; in the CCPs was the
amount of gypsum generated in the flue gas desulfurization process.

Moreover, the chemical analysis showed that the concentrations of trace elements in
CCPs were greater than those in organic materials. However, the highest amounts of Zn
(624 mg/L) and Pb (108 mg/L) were observed in the GC. The highest concentration of
molybdenum in the components was observed in CL and ST, whereas the highest amount
of As (39 mg/L) was detected in the ST sample. Notably, high concentrations of toxic
metals in soils may reduce sprouting and biomass yields and have harmful effects on plant
growth [31].
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Table 2. Chemical analysis (uncertainty) of the components for preparation of soil substitutes.

P ‘ Unit CCPs Organic Material
arameter ni ST SG CL GC
A % 92.82 +£3.71 88.86 + 3.55 2441 +9.8 60.37 + 2.41
TOC g/kg 46+09 84+17 426.1 +85.2 173.8 +£34.8
St 45.0 = 4.5 49.3 £+ 0.49 216 £22 26+04
Nt 0.75 +£ 0.1 0.05 +0.1 84+13 15.6 £2.3
SiO, 345.1 +20.7 334.3 +20.1 104.3 £ 6.3 461.3 £27.7
Al,O3 168.0 £ 10.1 1369 £ 8.2 51.9 + 3.1 231+14
F,O3 90.3 £ 5.4 90.1 =54 314 4+19 181+1.1
CaO 159.1 +15.9 157.0 & 15.7 245425 61.1 £ 6.1
MgO 183+1.8 18.7 +1.9 48 +05 8.6 +09
Na,O 33+04 49 +0.6 1.1+04 33+04
K>,O 16.7 +1.7 172+ 1.7 55+ 0.6 11.2+1.1
SO3 98.6 + 14.8 1140 £17.1 175+ 26 82+12
TiO, 75+08 5.5 £+ 0.06 1.94+0.2 1.6 +0.2
P,Os5 19+0.3 1.9 +0.03 0.6 £0.1 6.3 +09
As mg/kg 39.0+7.8 23.0+ 4.6 21.04+4.2 40+14
Ba 249.0 + 49.8 261.0 £52.2 281.0 £ 56.2 146.0 +=29.2
Cd 2.0£07 1.0 £0.35 40+14 5.0+ 1.75
Co 11.0+2.2 7.0 +2.45 10.0 £ 2.0 40+14
Cr 85.0 = 17.0 95.0 = 19.0 79.0 = 15.8 26.0 £5.2
Cu 36.0+72 46.0 +9.20 49.0 9.8 48.0 £9.6
Hg 0.11 + 0.04 0.11 £+ 0.04 0.06 + 0.02 0.06 £ 0.02
Mn 867.0 +173.4 817.0 +163.4 1260.0 + 252.0 360.0 + 72.0
Mo 35.0+7.0 27.0+54 37074 20+0.7
Ni 59.0 +11.8 45.0 9.0 42,0+ 8.4 16.0 +3.2
Pb 23.0 4.6 28.0 £ 5.6 370+ 74 108.0 £+ 21.6
Zn 104.0 £ 20.8 219.0 +43.8 159.0 £+ 31.8 624.0 +-124.8

ST—soil stabilizer, SG—sludge from the sedimentation tank; CL—coal lignite, GC—green compost; A—content of

ash; TOC—total organic carbon.

3.2. Preparation and Analysis of the Soil Substitutes

The soil substitute samples were prepared via the weight method based on the results
of the physicochemical analysis of the CCPs and organic materials. A list of the component
materials and their percentage ranges for the preparation soil substitutes (M1-M6) is

presented in Figure 3.

asT

@S5G

mGC

Soil substitutes

Figure 3. Composition of soil substitutes for land rehabilitation in subsidence areas.

40 60

Components, % w/w

100

The main component of each mixture was the ST used to prevent subsidence in the
post-mining area, with a 50% w/w content. The amount of SG ranged from 20 to 30% w/w,
whereas the percentages of CL and GC were between 0 and 30% w/w. The purpose of this
blending process was to ensure that the soil had appropriate parameters, including low
salinity, a balanced content of essential nutrients, a low concentration of toxic metals, and

an optimal structure.

The results of the trace elements analysis in soil substitutes, along with their permis-
sible thresholds for limit, warning, and critical concentrations in soils according to the
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Official Journal of the Republic of Slovenia [32,33] and their contents in soil substitutes are
presented in Table 3.

Table 3. The concentration (+uncertainty) of trace elements in soil substitutes and the limit values of
dangerous substances in soils in Slovenia [32,33].

Parameter Soil Substitute (mg/kg) Permissible Thresholds (mg/kg)
M1 M2 M3 M4 M5 Mé6 Limit Warning Critical

As 23+5 22+4 22+4 20+ 4 20+ 4 23+5 20 30 55
Ba 220 £ 44 208 £ 42 216 £43 191 + 38 202 £ 40 200 £ 40 N/A N/A N/A
Cd 1£03 2+07 1£03 1£03 2+07 2+07 1 2 12
Co 8+28 7124 7124 7124 9+32 8§+28 20 50 240
Cr 53+ 11 53+ 11 53 £ 11 53+ 11 54 +11 55 +11 100 150 380
Cu 29+6 32+6 29+6 25+5 33+7 306 60 100 300
Hg 011+0.04 011+£0.04 006+0.02 0064002 0.11+£0.04 0.11+0.04 0.8 2.0 10.0
Mn 878 £176 893 +179 888+178 851+170 8344167 858 + 167 N/A N/A N/A
Mo 30+6 30+6 306 28+6 26+5 28+6 10 40 200
Ni 28+6 28+6 28+6 28+6 26+5 306 50 70 210
Pb 40+£8 40+8 29+6 23+5 55+ 11 33+7 85 100 530
Zn 125 + 25 180 + 36 145 + 29 100 = 20 234 £ 47 168 £ 34 200 300 720

N/A—not applicable.

According to the regulations in Slovenia [32], the permissible thresholds for dangerous
substances are classified into three categories: (i) the limit value indicates the soil load where
living conditions for plants and animals are ensured and groundwater quality and soil
fertility do not deteriorate. The effects or impacts on human health or the environment are
still acceptable at this value; (ii) the warning value is the density of an individual hazardous
substance in the soil, indicating a probability of harmful effects or impacts on human
health or the environment in particular land use; (iii) the critical value determines the
concentrations at which, due to harmful effects or impacts on humans and the environment,
contaminated soil is not suitable for producing plants intended for human or animal
consumption.This study demonstrates that the concentrations of arsenic (>20 mg/kg)
and molybdenum (>10 mg/kg) in soil substitutes exceeded their respective limit values.
Additionally, a warning concentration of cadmium (>2 mg/kg) was detected in samples
M2, M5, and M6. However, it is essential to highlight that soil substitutes should be applied
only in areas degraded by industry, with no plans to carry out agricultural activities. In that
case, the use of mixtures that slightly exceed the limit values for the biological reclamation
of post-mining areas is safe for the environment. It poses an acceptable risk to human and
animal health, as well as to plant growth.

3.3. Analysis of Water Leakage from the Soil Substitutes

The measured parameters for the soil substitute leachates (M1-M6) are shown in Figure 4.

According to the general classification [34], the measured salinity of soil substitutes
M1-M6, expressed as electrical conductivity, can be classified as slightly alkaline soils
(2.0-4.0 dS/m). In this approach, the sprouting and biomass growth of sensitive plants,
such as Sinapis alba, may be restricted. However, the literature data [31] reported that
most crops prefer growing in EC between 2.0 and 3.5 dS/m. The highest EC (3.72 dS/m)
measured in sample M5 may restrict water availability to plants, as increased soil salinity
induces osmotic stress. In response to such conditions, plants may reduce their growth rate
or change their root structure to increase water absorption [35].
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Figure 4. Parameters in aqueous leachates from soil substitutes: (a) electrical conductivity; (b) pH.
Based on the general interpretation of the pH value [36], the leachates of the soil
substitutes were moderately alkaline (pH 7.9-8.4) and strongly alkaline (pH 8.5-9.0). The
solubility of metals in aqueous soil solutions depends on their pH value. Many studies
have concluded that the solubility of Fe, Cu, Zn, Mn, and Co decreases in alkaline solu-
tions [37]. At pH levels above 7, a reduced bioavailability of Al and Mn is observed due
to the formation of insoluble hydroxy salts such as AI(OH)3; and Mn(OH),, respectively.
Conversely, higher pH values increase the mobility of molybdenum and arsenic in the
form of anions MoO42~ and AsO43~, which are weakly adsorbed by alkaline soils [38].
More stable and less mobile alkaline conditions lead to the formation of insoluble hydroxyl
complexes or compounds with organic substances [39]. The chemical parameters of soil
substitute leachates, including the concentrations of nutrients and trace elements, are listed
in Table 4.
Table 4. Chemical characteristics of aqueous leachates from soil substitutes (mg/L).
Soil Substitutes
Parameter
M1 M2 M3 M4 M5 Mé6
Al 1.07 £0.13 1.47 £0.18 1.55 £0.19 0.31 +£0.07 1.79 £0.22 0.65 +0.14
As 0.032 £+ 0.008 0.018 £ 0.004 0.027 £+ 0.007 0.043 + 0.011 0.030 £+ 0.007 0.038 + 0.009
Ba 0.061 + 0.016 0.072 £ 0.019 0.064 + 0.017 0.056 + 0.015 0.077 + 0.020 0.074 + 0.019
Cd <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005
Cu <0.005 <0.005 <0.0005 <0.005 0.011 % 0.003 <0.005
Cr <0.003 <0.003 <0.003 <0.003 <0.003 <0.003
Hg <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005
Mn 0.056 + 0.012 0.011 4+ 0.003 0.027 + 0.007 0.16 = 0.03 0.022 + 0.006 0.082 + 0.017
Mo 0.64 £0.14 0.86 =£0.18 0.70 £0.15 0.58 £0.12 0.80 £0.17 0.65 £0.14
Ni <0.005 <0.005 <0.005 <0.005 <0.005 <0.005
Pb <0.00 <0.005 <0.005 <0.00 <0.005 <0.005
Zn 0.033 + 0.009 0.023 + 0.06 0.013 £+ 0.003 0.24 + 0.05 0.059 + 0.015 0.022 + 0.006
K* 209 £ 2.6 228 + 28 113 £ 14 175+ 21 447 £55.0 171 £21
Na™* 55.6 6.8 50.4 £6.2 50.1 £ 6.1 65.3 £8.0 648 +79 50.2 £ 6.1
Ca%* 625 + 76 620 £ 76 591 £ 72 612 £ 75 654 £ 80 632 £ 77
Mngr 245+ 3.0 202 +25 199+24 371+45 42.6 +3.71 355+43
NH** 0.83 £ 0.1 1.00 £0.1 0.90 +0.11 0.82 +0.01 0.89 £ 0.11 1.10£0.1
Cl~ 90+ 1.1 77 £94 42 £5.1 9.7+ 12 144 + 18 60+73
PO,3~ 0.027 + 0.01 0.12 £ 0.01 0.07 £ 0.01 0.012 + 0.001 0.18 £ 0.02 0.13 £ 0.02
S04~ 1590 + 190 1560 + 190 1510 + 180 1510 £ 180 1760 + 210 1600 +£ 200
Sy~ <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
DOC 170 £ 2.8 120 £ 2.0 85+ 14 12+2.0 49 £8.1 14+23
Nt 25+04 16.0 £ 2.6 78+1.3 25+£04 29.0£4.8 110+ 1.8

DOC—dissolved organic carbon.

Sample M5 is characterized by the highest EC (3.72 dS/m), which corresponds with the
highest concentrations of K* (447 mg/L), C1~ (144 mg/L), and SO4%~ ions (1760 mg/kg).
More K* (228 mg/L) and CI” ions (77 mg/L) were detected in sample M2, corresponding
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to a salinity of 2.92 dS/m. The highest contents of N; (29 mg/L) and DOC (49 mg/L) were
observed in M5, whereas the concentrations of other nutrients, such as Ca?* (591-654 mg/L),
Mg?* (19.9-42.6 mg/kg), and Na* (50.1-65.3 mg/kg), were comparable for all the samples.
Dissolved organic carbon is a parameter that indicates the presence of organic nutrients in
the soil-water solution. It acts as a primary energy source for soil microorganisms, thereby
supporting biogeochemical cycles and enhancing nutrient availability to plants. Elevated
DOC concentrations can influence metal mobilization by forming organic complexes that
increase their solubility [40].

The use of CCPs as soil components, mainly fly ash, can lead to an increase in soluble
ions such as Ca%*, Na*, Cl~, and SO,2* in the soil-water mixture, which are responsible
for soil salinity [19]. When present at high concentrations, sulfate and chloride ions may
hinder proper plant growth and development. Excessive amounts of SO4>~ and Cl~ ions
increase the concentrations of H* ions in soils, leading to their acidification. However, since
chlorides and sulfates do not possess significant buffering capabilities, their influence on
soil pH is typically short-lived and limited. The concentrations of toxic metals such as Cr,
Cd, Cu, Hg, Ni, and Pb were below the detection limit, whereas the highest content of trace
elements was recorded for Mo (0.58-0.86 mg/L).The levels of nutrients (Ca, Mg, P, K, N, and
Na) in all leachates indicate that these amounts may be sufficient to support plant growth.
According to the literature, the primary nutrients N, P, and K are responsible for biomass
build-up, the development of plant root systems, and internal water management [41-43].
Nevertheless, a relatively high concentration of K may cause strong soil salinity and reduce
green biomass production.

3.4. Composition of Water from the Velenje Coal Mine

The quality of irrigation water and its detrimental effects on soil properties were
assessed via several parameters, such as EC, SAR, RSC, and the content of boron (B),
and classified into four risk criteria according to the Standard Guidelines for Irrigation
Water [44] as presented in Table 5.

Table 5. Soil dispersion risk after irrigation with PVM water [44].

Risk Criteria
Parameter Unit Result - - -
Low Medium High Very High
Electrical Conductivity (EC) dS/m 0.87 <15 1.5-3.0 3.0-6.0 >6.0
Sodium Absorption Ratio (SAR meq/L 2.09 <10 10-18 18-26 >26
Residual Sodium Carbonate (RSC) meq/L 3.02 <15 1.5-3.0 3.0-6.0 >6.0
Boron (B) mg/L 0.05 <1.0 1.0-2.0 2.0-4.0 >4.0

The results suggest that the risk of irrigation with PVM water is low, according to the
EC, SAR, and B concentrations. However, the calculated value of the RSC (3.02 meq/L)
indicates that the risk of applying water for irrigation is medium or even high. Based on
this classification (Table 1), waters containing more than 2.5 meq/L of RSC are considered
unsuitable for irrigation [28]. However, a literature study revealed that to neutralize the
RSC of irrigation water to over 2.5 meq/L, the addition of acid or gypsum to the soil
structure is recommended [45]. A study carried out by Kumar et al. [46] indicated that
the application of gypsum to soil with a high RCS water index decreases the pH of the
soil, resulting in an increased crop yield. The pH decreased due to the removal of sodium
carbonate and bicarbonate after the gypsum treatment.

The compositions of the water samples from the PVM and the recommended quality
standards for irrigation water, adapted from the Food and Agriculture Organization of the
United Nations Standards [47], are presented in Table 6.
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Table 6. Soil dispersion risk after irrigation with PVM [47].
Parameter Unit Usual Range in Irrigation Result Degree of Restriction Range
Salinit EC dS/m 0-3 0.869 + 0.04 0.7-3.0 (a)
y TDS mg/L 0-2000 666 + 67 450-2000 (a)
Ca?* meq/L 0-20 2.337 +£0.234 N/A
Mg?* meq/L 0-5 1.875 £+ 0.187 N/A
Cations and anions Na* meq/L SAR (0-9) 2.091 £ 0.209 SAR < 3 (b)
CO32~ meq/L 0-0.1 0.050 =+ 0.005 N/A
Cl- meq/L 0-30 0.310 £ 0.031 <4 (b)
SO42~ meq/L 0-20 2.062 £+ 0.206 N/A
P-PO,3~ mg/L 0-2 0.67 + 0.10 N/A
. N-NH4* mg/L 0-5 2.00 £0.20 N/A
Nutrients N-NO;~ mg/L 0-10 0.77 + 0.08 <5.0 (b)
K* mg/L 0-2 3.93 £0.79 N/A
B mg/L 0-2 0.048 £ 0.012 <0.7 (b)
Miscellaneous effects HCO3~ meq/L 0-10 7.180 + 0.718 1.5-8.5(a)
pH 1-14 6.5-8.5 7.600 0.2 N/A
Infiltration SAR meq/L 0-40 2.091 SAR 0-3

EC—electrical conductivity, TDS—total dissolved solids, SAR—sodium absorption ratio; (a) slight to moderate;
(b) no restriction; N/ A—not applicable.

The EC and TDS of treated mine water were 0.869 dS/m and 666 mg/L, respectively,
which classified the water as slightly to moderately suitable for irrigation, according to the
guideline interpretations [47]. The EC and pH values indicate the neutral and nonsaline
characteristics of the PVM water, with negligible toxicity effects on plant growth. However,
for water used for long-term irrigation, values of EC lower than 0.7 dS/m are needed to
avoid soil salinization [48]. The results demonstrated that the concentrations of cations
and anions responsible for the salinity were below the threshold values. Additionally, the
presence of sodium and chloride ions indicated that the irrigation water could be used
without restrictions. The salinity of PVM water is caused mainly by SO42~ ions, which
are less harmful than chloride and sodium ions to plants in terms of osmotic stress. As
a result of osmotic stress, plants have a reduced ability to take up water through their
roots, resulting in dry and wilting leaves and overall weakening. However, research on
osmotic stress in an indicator plant (Zea mays) has shown that sulfate ions (SO4%7) can
act to buffer osmotic stress to some extent, meaning that they can help reduce its adverse
effects on plants [49].

The calculated SAR value (2.091 meq/L) is the relative percentage of sodium to Ca?*
and Mg?* ions in water. High Na* concentrations in irrigation water can also affect calcium
and potassium deficiencies in soils with low contents of these nutrients. In general, high
levels of SAR in water for irrigation can reduce soil stability, decrease the rate of water
infiltration, and increase the risk of sodium accumulation to toxic levels in plants [50].
According to the classification of water irrigation by the sodium absorption ratio (Table 1),
the PVM water may be categorized as excellent (SAR < 10) [28].

The results for the bicarbonate (HCO3™) ion content classified the PVM water’s irriga-
tion quality as slight to moderate. Higher concentrations of HCO3%" ions in the presence
of dissolved Ca?* or Mg?* ions can lead to the formation of insoluble calcium carbonate
(CaCO3) and magnesium carbonate (MgCQOs), the precipitation of which increases the risk
of sodium hazards affecting plant growth [51].

A comparison of the concentrations of the biogenic forms revealed that the contents of
nutrient ions (P-PO43~, N-NH,*, and N-NO3~) were within the range suitable for irrigation,
whereas the amounts of N-NO3™ (<5 mg/L) and boron (<0.7 mg/L) suggest that the water
for irrigation can be used with no restrictions. The concentration of K* ions was 3.93 mg/L,
which was above the usual range for irrigation water (<2 mg/L). However, the water
quality guidelines [47] do not indicate limit values for the potassium content. The reason
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is that potassium is one of the essential nutrients for plant growth, and the excessive
content of K* ions has a much less negative effect on the physical properties of soils than
Na* ions have. According to the literature data, the harmful impact of the potassium
content in irrigation water was estimated to be approximately one-third of the sodium
concentration [52]. In conclusion, an antagonistic interaction exists between potassium and
sodium contents, and the K* /Na* ratio in saline soils is positively correlated with biomass
weight and nutrient accumulation [53].

The water suitability of irrigation water is also assessed by the concentration of trace
elements, excessive amounts of which can lead to reduced plant growth. According to
water quality guidelines [47], the toxicity limits of trace elements for long and short-term
irrigation, and the results of the analysis of PVM water are presented in Table 7.

Table 7. Analysis of PVM water and maximum concentrations of trace elements (mg/L) in irriga-

tion water.
Threshold
Trace Element Result
For Long Use For Short Use
LiFe 0.025 + 0.006 2.5 N/A
0.400 + 0.080 5.0 20
Mn 0.034 + 0.009 0.2 10
Al 0.160 + 0.040 5 20
As 0.009 + 0.002 0.10 2
Be <0.001 0.1 0.5
Cd <0.001 0.01 0.05
Co <0.001 0.05 5.0
Cr 0.001 0.1 1.0
Cu <0.003 0.2 5.0
Hg <0.001 0.001 N/A
Mo 0.013 4+ 0.003 0.01 0.05
Ni <0.002 0.2 2.0
Pb <0.005 5.0 10.0
Se 0.006 + 0.001 0.02 0.02
\Y <0.002 0.1 1.0
Zn 0.061 + 0.015 2.0 10.0

N/A—not applicable.

The concentrations of metals varied in the following order: Fe > Al > Zn > B > Li
> Mn > Mo > As > Se > Cu > V > Cr. They did not exceed the permissible thresholds
for irrigation water for long-term use. The exception was the content of molybdenum
(0.013 mg/L), which slightly exceeded the threshold for long-term use. The availability
of molybdenum to plants in the soil solution is determined by increasing the soil pH and
the contents of available phosphorus and organic carbon [54]. In acidic soils (pH < 5.5),
molybdenum is rarely available for plant roots but increases in alkalinity at a pH in the
range between 7.5 and 8.5 pH > 7.5 [55]. As shown in Table 6, the PVM water is slightly
alkaline (pH = 7.6). Considering that the pH of soil substitutes ranges between 7.9 and
8.5 (Table 4), the mobility of molybdenum can decrease after irrigation [56]. Moreover, it
should be taken into account, that in European countries, including Slovenia, there is a
possibility of acid rain (acid deposition) from regional air pollution caused by sulfur and
nitrogen emissions. Typical pH values of occurring acid rain may range from 3.5 to 5.0 [57].
For this reason, the risk of the intensive bioavailability of Mo in soil substitute solutions
will be decreased. Results showed that the concentrations of dissolved metals such as
Be, Cd, Co, Hg, Ni, and Pb in PVM water were below the detection limit; therefore, the
risk of the dispersion of these elements in the soil can be considered very low. However,
long-term irrigation with PVM water, due to its low alkalinity, may affect the availability
of heavy metals, which show elevated concentrations in the soil substrates (As and Cd).
The reduction in soil substrate pH as a result of mine water irrigation can also increase the
bioavailability of cadmium and decrease the bioavailability of arsenic [58] This effect may
be intensified in the presence of acid rain.
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3.5. Phytotoxicity Tests of the Soil Substitutes

The experimental data indicated various levels of phytotoxicity of the tested soil
substitutes. The soils saturated with distilled water presented slightly greater root growth
than the samples saturated with PVM water. The average root length for the soil substituted
with distilled water ranged from 17.27 to 41.10 mm, whereas the measured root length
for the soils treated with PVM water ranged from 13.84 to 40.16 mm. High toxicity was
observed for the soil substitute M5, which contained 30% w/w of green compost. In contrast,
the most effective soil substitutes were M1 and M4, which contained 20 to 30% w/w of
coal lignite, i.e., 38.65 and 41.10 mm for distilled water and 36.20 and 40.16 mm for PVM
water, respectively.

The analysis of variance (ANOVA) between the groups of soil substitutes revealed
a significant difference for S. alba early growth, both for samples irrigated with distilled
water (p < 0.001; R? = 0.94, R%,g; = 0.86; F = 22.16) and those treated with PVM water
(p < 0.001; R% =0.95, Rzad]- =0.93; F = 43.25). The results of the S. alba root length and the
significance of the difference between the groups are presented in Figure 5.

m distilled water B PV water

a
bc C
a ac a
be ab ab
a
b
d
M1 M2 M3 M4 M5 M6

Soil substitutes

60

50

40

30

20

Lenght of root (mm)

10

Figure 5. Root growth of Sinapis alba on soil substitutes irrigated with distilled water and PV water.
The data are expressed as the means & SD (n = 3). Different letters on the bars indicate significant
differences among the groups.

The phytotoxic effects of Sinapis alba root growth on Petri dishes are presented in Figure 6.

Figure 6. Petri dishes with soil substitutes and Sinapis alba seeds: (a) before germination; (b) after
72 h of germination.
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These results indicate that the pH and EC of soil substitutes can have an inhibitory
effect on the early growth of Sinapis alba, indicating the length of the seedling root. The
results of the Pearson analysis of the physicochemical parameters of the soil substitutes
saturated with distilled water and the phytotoxicity parameters of white mustard are
presented in Figure 7.
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Figure 7. Pearson’s correlation between the parameters of the soil substitute leachates and the root
length of the Sinapis alba seedlings watered. * correlation significant at p < 0.05; S.a. DW-watered
with distilled water; S.a. PVM = watered with mine water.

The analysis of the samples irrigated with distilled water revealed a significant neg-
ative correlation between the length of the roots of Sinapis alba and the pH of the soil
substitutes (r = —0.90). A significant negative correlation was detected between the results
of the phytotoxicity tests and the salinity parameters, i.e., EC (r = —0.93), K* (r = —0.96),
Cl~ (r=—0.96), and PO43~ (r = —0.86). The results of this study confirmed that an in-
creased salt level in the soil limits seed germination and reduces the osmotic activity of
plants, thereby preventing them from transporting water and nutrients to their roots [59].

The Pearson analysis indicated that the increased content of Mo (r = —0.88) in the soil-
water mixtures led to a decrease in Sinapis alba root growth. A negative but non-significant
correlation was also observed for plant growth and the contents of Ba (r = —0.80) and
SO42~ (r = —0.76). The availability of Mo (r = 0.90) for plant roots in soil solutions increases
with an increasing soil pH (r = 0.90), as verified by the literature data [55,56]. The opposite
effect was observed between pH values and other trace elements, i.e., Mn (r = —0.94),
Zn (r = —0.74), and As (r = —0.81). The availability of some plant nutrients is strongly
affected by soil pH and has been widely confirmed by other studies [37,60].

The analysis of soil substitutes irrigated with PVM water revealed that the most
significant and negative correlation with the early growth of S. alba was observed for the
concentration of Na* ions (r = —0.85). A strong negative significant correlation was also
detected between S. alba root growth (S.a. PVM) and the content of Zn (r = —0.85). However,
the literature results suggest that white mustard growth on zinc-contaminated soils is likely
due to the accumulation of this metal in plant stems, which supports its potential for the
phytoremediation of soils with high contents of Zn [61]. In contrast to soil substitutes
watered with distilled water, samples with mine water (5.2. PVM) presented a weak and
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insignificant correlation between EC (r = —0.25) and K* and CI” ions (r = —0.18). This
means that PVM water may reduce the negative impact of the increased salinity of soil
substitutes on the early growth of Sinapis alba. The reason summarized in Table 6 may be
the greater abundance of Ca2* (2.337 mEq/L) and Mg?* (1.875 mEq/L) ions in PVM water
compared to Cl~ ions (0.310 mEq/L).

Both calcium and magnesium are essential nutrients for plants, playing critical roles
in plant growth and being required in relatively large amounts [62]. Calcium in the soil
improves its structure, increasing permeability and aeration. It is crucial for the formation
of cell walls, the proper functioning of cell membranes, and cell division processes [63].
However, magnesium is a key component of chlorophyll and is vital for photosynthesis [64].
The high content of these ions in PVM water for irrigation can be beneficial to the proper
growth of plants; however, excessive levels of these nutrients can lead to more alkaline
soil, which reduces the uptake of other important nutrients. The contents of calcium and
magnesium carbonates (CaCO3 and MgCO3) in soils can increase their pH to 7.8 [36].
Therefore, monitoring and maintaining appropriate levels of calcium and magnesium
in the soil are important to ensure optimal conditions for plant growth and ensure the
applicability of the phytoremediation process [65,66].

3.6. Pot Test

The results for the shoot length and biomass growth of Sinapis alba in the pot test with
soil substitutes treated with distilled water or mine water (PVM) are presented in Table 8.

Table 8. Comparison of the growth of Sinapis alba after seven days of growth in the pot test analysis
of PVM water and the maximum concentrations of trace elements (mg/L) in irrigation water.

Germination (%)

Average + SD

Soil Substitutes Shoot Length (mm) Weight of Biomass (g)
Distilled Water PVM Water Distilled Water * PVM Water ** Distilled Water * PVM Water ***
M1 94 94 34.45 + 4.69 35.00 +1.69b 1.27 £0.14 1.16 £ 0.08 a
M2 78 92 30.14 +2.71 32.86 +=4.31 ab 0.99 +0.24 1.11 £ 0.03a
M3 97 58 31.07 + 1.60 2550 +4.77 a 1.36 £ 0.16 078 £0.12b
M4 97 81 3243 +0.94 31.37 = 3.74 ab 1.33 £ 0.10 1.16 £0.10 a
M5 86 92 30.81 +1.19 28.06 += 1.55 ab 1.29 + 0.05 111 +£0.04a
M6 89 83 32.43 +4.00 31.14 +0.93 ab 1.36 +£0.21 1.19+0.15a

SD—standard deviation (n = 3). Values with different letters are significantly different at p < 0.05 according to
Tukey’s test; * p > 0.05; ** p < 0.05; *** p < 0.01.

The phytotoxicity test revealed little difference between the pots watered with distilled
water and those treated with PVM mine water after seven days of growth. The average
length of the shoots in the pots with distilled water ranged from 30.14 mm (M2) to 34.45 mm
(M1), whereas that of the samples with PVM water ranged from 25.5 mm (M3) to 35.0 mm
(M1). The highest mean shoot length was obtained for the soil substituted with 20% w/w
of coal lignite.

The average weight of the fresh biomass of Sinapis alba on the tested soil substitutes was
comparable and ranged between 1.27 and 1.39 g (pots with distilled water) and between
1.11 and 1.19 g (pots with PVM water). Only two soil substitutes, watered with PVM
water (M2 and M3), presented lower biomass weights, 0.99 and 0.78 g, respectively. A
lower germination of Sinapis alba in this treatment was also observed (78% for M2 and 58%
for M3).

One-way ANOVA for the soil samples irrigated with PVM water revealed significant
differences in shoot elongation (p = 0.0387) and biomass weight (p = 0.0038). Significantly
less biomass was obtained on soil substrate M3. The shoot length (p = 0.5035) and biomass
weight (p = 0.1130) did not differ significantly among the soil substrates treated with
distilled water. In addition, no plant necrosis or other changes were observed, indicating a



Resources 2025, 14, 57

16 of 20

negative impact of the soil substitute and irrigation with mine water on plant growth. The
images of the growth of the Sinapis alba samples at the end of the experiment during the
pot test are presented in Figure 8.

(@) b

Figure 8. Pots with soil substitutes and Sinapis alba seeds: (a) biomass growth after seven days of

germination; (b) results of Sinapis alba growth depending on the type of soil substitute (M1—-M6).

Research on mine water quality and its environmental impact has been carried out
worldwide. For example, the use of mine water containing a large amount of sulfide
compounds for the irrigation of crops was investigated in South Africa [67]. These re-
sults showed that gypsiferous waters do not seem to have any deleterious effects on the
soil environment.

Another study in southern India reported that the quality of water collected from
lignite mine channels was suitable for both domestic use and irrigation. The analysis
revealed very minor concentrations of trace elements, and the calculated values of SAR and
RSC revealed that the mine water samples fell under the excellent category [68]. However,
studies carried out in Portugal indicated that the samples of water from coal mines were
unsuitable for land irrigation due to high concentrations of iron, manganese, bicarbonates,
magnesium, and potassium [29]. Considering the results from the physicochemical analysis
and phytotoxicity tests, it is feasible to conclude that the application of mine water from
the PVM for irrigation is possible in degraded areas.

The results of our study suggest that producing soil mixtures from CCP amendment
with lignite can be a crucial component of a long-term mine management strategy and a
cost-effective method for rehabilitating and maintaining post-mining land.

However, to assess the long-term irrigation of biologically reclaimed areas, further
research is needed.

4. Conclusions

The results demonstrate that the most promising soil substitutes for further land
rehabilitation in post-mining areas include coal and lignite at concentrations ranging from
20 to 30% w/w. The use of this organic material has proven to be more beneficial than the
addition of green compost from the biological manufacturing process. The results of the
chemical analysis of soil substitutes show that the concentrations of dangerous substances
for human and animal health (As, Cd, Co, Cr, Hg, Ni, Pb, and Zn) are below or within the
limit values. This indicates that using these mixtures in post-mining areas with no plans to
carry out agricultural activities is environmentally safe.

The experimental data suggest that the pH, salinity, and chemical composition of
artificial soil had a positive effect on the germination and early growth of sensitive test
plants, such as Sinapis alba, whose development is inhibited by contact with toxic soil.
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This study demonstrates that using lignite mine water for irrigation under laboratory
conditions can increase the organic matter and nutrients in soil substitutes, thereby bene-
fiting plant growth and development. The content of ions responsible for salinity (SO42,
Cl7, Na*, and K*) indicates that the water is not excessively contaminated with residual
salts. It was also observed that the concentrations of trace elements do not exceed the
permissible thresholds for irrigation, whether used for the long or short term. The use of
mine water can even reduce the negative effects of increased salinity (caused by Na*) in
developed soil substrates in the early stages of vegetation growth.

The only exception was molybdenum, whose availability in soil may increase with
an increasing pH. To avoid toxic effects on plants, the mine water for irrigation should be
used only periodically, and the irrigated soil should be continuously monitored.

The current study’s data showed that using coal lignite with its combustion products
to develop ecologically friendly soil substitutes suitable for plant growth is possible. Nev-
ertheless, further research is needed to assess the long-term development of vegetation in
reclaimed subsidence areas, particularly under field conditions. The primary limitation of
this approach should include examining the bioaccumulation of heavy metals in plants.
Additionally, the impact of long-term irrigation with PVM water on the bioavailability of
cadmium in the soil substrates should also be explored. Considering the physicochemical
properties of the soil mixture and mine water for irrigation, the risk of a significant toxic
effect on plant growth is relatively low. However, when conducting further studies in field
conditions, it is essential to consider the physicochemical parameters of local atmospheric
precipitation, which may contribute to the formation of acid rain. Another limitation of
our research is the lack of information on the amounts of naturally occurring radioactive
materials in soil substitutes and mine water, such as 238U, 226Ra, 219Pb, and #°K. How-
ever, the long-term research on CCPs conducted by the Sostanj Power Plant in the air
shows that the emission of radioactive contamination is below the limit levels, according to
Slovenian regulations.
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Abbreviations

The following abbreviations are used in this manuscript:

CCPs Coal combustion by-products

PVM Premogovnik Velenje d. o. 0. mine
ST Soil stabilizer

SG Sludge from the sedimentation tank
CL Coal lignite

GC Green compost

M1-M6 Soil substitutes

SAR Sodium absorption ratio (meq/L)
RSC Residual sodium carbonate (meq/L)
EC Electrical conductivity (dS/m)

S.alba (S.a.) White mustard (Sinapis alba L.)
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