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Abstract

The blends of coal combustion by-products (CCBs) with organic wastes (sewage sludge and spent mushroom compost) were
investigated for elaboration of soil substitutes for land rehabilitation of coal mine affected areas. The study incudes four types
four types of habitat with different water retention and fertility i.e.: dry and moderate fertility (A1-A3), mesic and low fertility
(B1-B3), mesic and moderate fertility (C1-C3), humid and low fertility (D1-D3). Obtained results revealed that the amounts
of macronutrients were sufficient for supporting plant growth i.e.: N (0.44-0.60 %), P (0.13-021 %), K (1.63-1.98 %), Mg (1.01-
1.38 %), Ca (5.32-8.23 %), S (2.66-4.12 %), whereas the concentration of organic matter varied within the range 20.3-27.9 %.
Phytotest using white mustard (Sinapis alba) seeds under laboratory conditions showed that the best results of sprouting i.e:
56 and 66 % were obtained for D2 and D3, respectively. The values of pH (8.16-8.78) and electrical conductivity (5.28-6.73
mS·cm-1) of tested soil substitutes were found to be the decisive factors limiting the germination process. The coefficients
between the parameters of soil substitutes and the Sinapis alba sproutings have revealed negative correlation with electrical
conductivity (r = -0.46). Additionally, tests with meadow vegetation gave promising opportunity for the use of soil substitutes
in the process of land rehabilitation. The cover of the mesic and dry meadow vegetation reached 90%. The Principal Component
Analysis (PCA) has outlined that pH, content of P and organic matter, are the most important factors that influence cover of
meadow vegetation.
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Abstract:

The blends of coal combustion by-products (CCBs) with organic wastes (sewage sludge and spent mushroom
compost) were investigated for elaboration of soil substitutes for land rehabilitation of coal mine affected
areas. The study incudes four types four types of habitat with different water retention and fertility i.e.:
dry and moderate fertility (A1-A3), mesic and low fertility (B1-B3), mesic and moderate fertility (C1-C3),
humid and low fertility (D1-D3).
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Obtained results revealed that the amounts of macronutrients were sufficient for supporting plant growth
i.e.: N (0.44-0.60 %), P (0.13-021 %), K (1.63-1.98 %), Mg (1.01-1.38 %), Ca (5.32-8.23 %), S (2.66-4.12
%), whereas the concentration of organic matter varied within the range 20.3-27.9 %. Phytotest using
white mustard (Sinapis alba ) seeds under laboratory conditions showed that the best results of sprouting
i.e: 56 and 66 % were obtained for D2 and D3, respectively. The values of pH (8.16-8.78) and electrical
conductivity (5.28-6.73 mS·cm-1) of tested soil substitutes were found to be the decisive factors limiting
the germination process. The coefficients between the parameters of soil substitutes and theSinapis alba
sproutings have revealed negative correlation with electrical conductivity (r = -0.46). Additionally, tests
with meadow vegetation gave promising opportunity for the use of soil substitutes in the process of land
rehabilitation. The cover of the mesic and dry meadow vegetation reached 90%. The Principal Component
Analysis (PCA) has outlined that pH, content of P and organic matter, are the most important factors that
influence cover of meadow vegetation.

Keywords: Coal mining by-products; Artificial soils; Spoil tips; Land rehabilitation; Germination

1. INTRODUCTION

Coal-fired power plants are responsible for producing millions of tons of coal combustion by-products (CCBs)
including: fly and bottom ash, boiler slag, flotation waste or flue gas desulfurization material (Akcil & Koldas,
2006.; Asik et al. , 2009; Bauerek et al. , 2017.; Bian et al. , 2010).

The recycling of industrial by-products and wastes considered as “non valuable” materials is posing a challenge
for environmental management. Only a small fraction of wastes generated from combustion of coal is applied
to other technologies. The CCBs can be used as components in the production of cement, grout, blocks,
lightweight aggregate, bricks or asphalt filler (Park et al. , 2014). Bottom ash and boiler slag can be used as
both fine and coarse lightweight aggregates (Siddique, 2010). Fly ash, apart from construction materials, is
also used in agriculture as an improver for degraded soil.

The scientific literature describes the application of fly ash materials for removing heavy metals from aqueous
systems and improving the properties and quality of degraded soils (Cheng et al. , 2016; Dhindsa et al. ,
2016; Park, 2014; Sajwan et al. , 2006). Fly ash is composed of over 20% of lime and for that reason it can
also neutralize soil acidity to a level suitable for agricultural crops (Skousen et al. , 2013). Compared to the
bottom ash, it displays better heavy metals inactivation in contaminated soil (Diatta et al. , 2016).

Another possibility of CCBs’ use is underground mine backfilling together with rock waste, to avoid mine
collapse in further and deeper extraction phases (Jiang et al. , 2017; Sheshpari, 2015; Skrzypkowski, 2018;
Zhang et al. , 2019). Such applications of waste as a backfilling material limit mining damage and subsidence
of the surface (Bian et al. , 2010; Skrzypkowski, 2018; Zhanget al. , 2019).

In the area of coal mining industry, the landfilled wastes generated in mining and quarrying industries
amounted to 61,360,000 tones and constituted 53.2 % of total Polish rock waste in 2018 (Statistic of Poland,
2019). A large majority of total mining wastes i.e. 36,900,000 tones (60.1 %) were disposed by landfilling,
24,100,000 tones (39.3%) processed and recovered by waste producers and merely 318 tones (0.52 %) have
been temporarily stored and transformed by other recipients. According to Gawor (Gawor, 2014) in the
Upper Silesian Coal Basin, there are 220 coal mining waste heaps with over 760 million tones of waste,
covering over 4,000 ha. It is estimated that for each tone of coal exploited, there is approximately 0.4-0.5
tones of waste materials, which are deposited at waste heaps impacting and degrading the neighbouring
areas as well as landscape.

Mining waste materials at spoil tips contain high concentrations of sulphur (S) and significant amounts of
heavy metals such as arsenic (As), antimony (Sb), cadmium (Cd), lead (Pb), mercury (Hg) and nickel (Ni),
which are environmentally and biologically toxic elements both to human health and agriculture zones, when
they are released (Klojzy-Kaczmarczyk et al. , 2016; Szczepanska & Twardowska, 1999). Additionally, the
low concentration of macronutrients i.e. nitrogen (N), phosphorus (P) and potassium (P) and organic matter
of the stored wastes prevents the spontaneous succession of vegetation (Kirbyet al. , 2010). Coupled with
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toxic level of heavy metals, which restrict plant growth, the reclamation of mine waste heaps presents a
complex task, also through their salinity and acidity (Matsi & Keramidas, 1999).

The problem of pollution in coal mine spoils is caused by acid rock drainage (ARD) responsible for the dete-
rioration of surface and groundwaters, soil and biodiversity at mining areas (US Environmental Protection
Agency, 1994). The ARD is generated when iron sulfides, (mainly pyrite - Fe2S), aggregated in rock waste
materials is exposed to oxygen and water (Harries & Ritchie, 1985; Rudisell et al. , 2001; Xenidis et al. ,
2002; Gitariet al. , 2008). Although weathering of pyrite is the main factor for initiation the process, also
further hydrolysis of Fe3+, Al3+ and Mn2+ ions plays the most important role for releasing H+ ions (acidity)
to an environment (Watzlaf et al. , 2004). Sulfuric acid and iron dissolved into the surface waters can change
their color into brown-orange and reddish colors of the effluents (Figure 1).

Janina Mine waste heap in Libiąż (50o05’03.5”N, 19.18’18.7”E) is one of the biggest dumping sites of this
kind located in the Silesia region in Poland. It covers an area of about 80 hectares (partly reclaimed) and
contains almost 10 million tons of wastes poor in carbonates and chemically unstable. The ARD processes
are manifested in occurrence of highly acidic runoff water (pH differ from 2.1 to 3.5) contaminated by metals:
Al, As, Cd, Co, Cu, Fe, Mn, Ni and Zn (Bauereket al. , 2017). Janina Mine spoil tip as a totally unfriendly
place for any spontaneous plants, because of its chemically aggressiveness and water shortage, is a good “field
laboratory” for assessing land rehabilitation techniques in-situ. The restoration of the Janina Mine waste
heap is a complex action due to the intensive erosion on the slopes and the high acidic character of waste.

FIGURE 1

The rehabilitation of coal-affected areas requires among others the use of available amendments, fertilizers,
and stabilization techniques. The reclamation techniques described in scientific reports were based on the
application of lime (Novak et al. , 2018), composted manures (Dumıtru et al. , 2016; Haering et al. ,
2015), municipal biosolids such as sewage sludge (Sevilla-Perea et al. , 2014) , fly ash (Dhindsa et al. , 2016
;Skousen et al. , 2013; Ukwattage et al. , 2013), or their mixture (Brown et al. , 2003).

The basic purpose of this paper was to outline a novel approach in the use of wastes generated in coal
mines and coal-fired power plants. Several blends of wastes were tested as soil substitutes for two different
semi-natural plant communities, which high ability to deliver ecosystems services on coal affected area. The
study has initiated the preliminary “ecosystem-services” concept, by exhibiting eco-friendly and suitability
of elaborated soil substitutes for semi-natural meadow communities (Larondelle & Haase, 2012).

2. MATERIALS AND METHODS

2.1. Waste materials

Environmental regulations are currently enforcing any recovery of substrates, by-products and substances
considered as „non valuable” wastes. The challenging matter still emerges when dealing with recycling
industrial wastes (ashes, slags, aggregates etc.) to finite usable products for environmental reclamation,
such as soil substitutes. The latter ones should exhibit soil structures and chemical parameters suitable for
plant communities intended for planting in the reclamation process. Therefore eight, following by-products
(potential components of soil substitutes) differing in chemical composition, consistency and structure were
selected to further tests and experiments. The selected wastes are generated in coal mines, coal-fired power
plants, agriculture industries, and residues from waste water plants (Table 1).

TABLE 1 Set of by-products / potential soil substitute components and expected functions

Symbol
By-product/soil
substitute component Deliver

Expected function in
soil substitute

CFA Fly ash from coal
combustion

Power Plant Jaworzno
3

Acidity buffering

BFA Fly ash from plant
biomass combustion

Power Plant Jaworzno
2

Acidity buffering

3
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Symbol
By-product/soil
substitute component Deliver

Expected function in
soil substitute

DL Decarbonisation lime
from water softening
process

Power Plant  Laziska Acidity buffering and
water retention

AG Aggregate (0-2 mm) from
mine waste processing

Sobieski Coal Mine pH regulation, soil
substitute skeleton
building

SL Sealing material from
coal processing

Sobieski Coal Mine Water retention and
organic carbon supply

ES Energetic slag from
coal combustion

Power Plant  Laziska Soil substitute skeleton
building

SWS Sewage sludge Sewage Treatment
Plant in Chrzanów

Macroelements and
organic carbon supply

SMC Spent mushroom
compost

Mushroom farm in
Kryry

Organic carbon and
macronutrients supply.
Structural regulation of
soil substitutes

2.2. Analysis of physical and chemical parameters of wastes and soil substitutes

The content of dry matter (DM) in wastes and soil substitutes was determined by the gravimetric method
by drying samples to constant weight at 105°C. The amount of organic matter (OM) in the samples was
determined by measuring of the loss-on-ignition of dry matter at 550oC. Total ash was assessed by incinerating
the respective samples at 815oC followed by weighting the post-combustion residues.

The content of macronutrients, i.e. Ca, K, Mg, P and Na were assayed by means of X-ray fluorescence
method with wavelength dispersion WDXRF (Rigaku ZSX Primus, Inc., Wilmington, USA). The content of
trace metals, i.e. Cd, Cr, Cu, Ni, Pb and Zn were determined by inductively coupled plasma atomic emission
spectroscopy method (ICP-OES) after sample digestion in aqua regia (Perkin Elmer Optima 5300, Perkin
Elmer Inc., Waltham, MA. USA). The total content of sulphur was determined with infrared spectroscopy
(IR) using a ELTRA CHS (Eltra GmbH, Haan, Germany) whereas the content of nitrogen by the Kjeldahl
method.

The wastes and soil substitutes were assayed for pH and electrical conductivity (EC) were measured by
photometric and conductometric methods, respectively in aqueous solutions at the ratio 1:2.5 (w/v). A sum
up of selected waste parameters was provided in Table 2.

TABLE 2 Physical and chemical characterization of wastes used for soil substitutes blends

Symbol Unit Wastes Wastes Wastes Wastes Wastes Wastes Wastes Wastes

CFA BFA DL AG SL SWS SMC ES
pH - 12.0 13.1 9.6 7.6 8.0 7.5 7.1 9.8
EC mS·cm-1 3.60 39.4 1.57 0.50 0.90 12.18 7.76 0.35
Dry matter % 100.0 99.7 50.8 90.1 72.6 16,6 34.7 77.6
Organic matter 3.28 0.52 7.02 15.9 35.6 64.33 60.4 4.38
Total ash 96.7 99.5 93.0 84.1 64.4 35.67 39.5 95.6
Ca 2.27 9.65 32.0 0.43 0.34 4.45 8.22 2.74
N < 0.15 < 0.15 0.32 0.18 0.40 4.61 2.36 < 0.15
K 2.05 5.53 0.04 2.32 1.69 0.04 1.03 2.14
Mg 1.15 2.43 5.44 0.24 0.57 0.74 0.42 1.69
P 0.10 1.07 0.01 0.02 0.03 2.73 0.78 0.11

4
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Symbol Unit Wastes Wastes Wastes Wastes Wastes Wastes Wastes Wastes

Na 1.22 0.75 0.01 0.09 0.08 0.10 0.13 0.32
S 0.16 0.98 0.24 3.95 0.63 1.87 1.97 0.32
Cd mg·kg-1 1 9 < 1 4 < 1 29 < 1 1
Cr 88 54 1 22 76 74 7 53
Cu 86 173 3 85 31 269 29 46
Ni 67 28 9 26 33 42 7 47
Pb 94 176 4 213 53 300 2 3
Zn 139 610 36 1281 141 2710 183 22

2.3. Soil substitutes blends

Soil substitutes were prepared by appropriate blending of wastes (Table 3). The experiments were run at
three operational stages, namely I, II and III. During the study four types of soil substitutes blends with
different fertility and water retention ability were developed i.e. dry and moderate fertility (A), mesic and low
fertility (B), mesic and moderate fertility (C), humid and low fertility (D). Soils substitutes blends (A1-D3)
differed from each other in terms of the type of wastes and their percentage share (n=36).

TABLE 3 List of wastes and their percentage range (wt.%) within given soil substitutes blends

Wastes SOIL SUBSTITUTES BLENDS SOIL SUBSTITUTES BLENDS SOIL SUBSTITUTES BLENDS SOIL SUBSTITUTES BLENDS SOIL SUBSTITUTES BLENDS SOIL SUBSTITUTES BLENDS SOIL SUBSTITUTES BLENDS SOIL SUBSTITUTES BLENDS SOIL SUBSTITUTES BLENDS SOIL SUBSTITUTES BLENDS SOIL SUBSTITUTES BLENDS SOIL SUBSTITUTES BLENDS

A1-A3 (I) B1-B3 (I) C1-C3 (I) D1-D3 (I) A1-A3 (II) B1-B3 (II) C1-C3 (II) D1-D3 (II) A1-A3 (III) B1-B3 (III) C1-C3 (III) D1-D3 (III)
CFA 0-10 5-15 0-10 10-15 5-10 5-10 0-10 10-15 0 0 0 0
BFA 0-5 10-25 0-5 5-10 0 0 0 0 0 0 0 0
DL 10-15 10-15 10-15 15-15 10-20 10-10 10-15 15-15 10-20 10-10 10-15 15-15
AG 25-40 30-30 25-40 15-20 28-30 35-38 25-43 18-25 14-20 18-24 17-21 18-20
SL 10-15 15-15 10-15 20-30 10-15 10-15 10-15 20-30 10-15 10-15 10-15 20-30
ES 0 0 0 0 0 0 0 0 19-20 22-24 18-21 14-17
SWS 20-20 10-10 20-20 10-10 0 0 0 0 0 0 0 0
SMC 15-15 15-20 15-15 10-15 33-40 30-35 35-38 25-30 32-42 30-34 35-38 22-30

A1-A3, B1-B3, C1-C3, D1-D3 - soil substitutes dedicated to vegetation (I, II, III) - Consecutive stages for
testing soil substitutes

Additionally garden soil (RG) and substrate for germination (RS) were used as two control soils for the
germination tests in order to determine the growth potential of the soil substitutes. Control soils have been
selected in order to represent different conditions like pH, organic matter and N, P, K concentrations, more
or less favorable for seeds germination (Table 4).

TABLE 4 Parameters of control soils used in germination tests

Symbol
Experimental
Conditions

Experimental
Conditions

Experimental
Conditions

Experimental
Conditions

Experimental
Conditions

Experimental
Conditions

pH EC mS·cm-1 OM % N % P
%

K
%

RS 5.5 443 89.1 0.91 0.11 0.12
RG 8.3 215 4.1 0.29 0.22 0.66

RS-substrate for germination, RG-garden soil, EC-electrical conductivity, OM-organic matter

5
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Each stage was completed with a germination phytotest using white mustard (Sinapis alba ). Based on the
data from the germination tests and the results of soil substitutes chemical analysis, the share of individual
wastes in the consecutively elaborated soil substitutes has been corrected. The pH of soil substitutes and
electrolytic conductivity (EC) expressed in the paper permutedly as salinity were found to be the decisive
parameters limiting the germination process of white mustard.

On this basis, fly ash from biomass combustion (BFA) and sewage sludge (SWS), with conductivity 39.4
mS·cm-1 and 12.18 mS·cm-1 respectively, were eliminated from the next blending process at the stage II.
The lack of these ingredients was supplemented by increasing the share of spent mushroom compost (SMC)
and aggregate (AG).

At the stage III of the preparation of soil-substitutes, coal combustion fly ash (CFA), with a conductivity of
3.6 mS·cm-1 was eliminated from the blending process. Instead of CFA, the energetic slag (ES) was introduced
as a material with low conductivity/salinity (0.35 mS·cm-1), while improving the structure of elaborated soil
substitutes.

The reasons for such blending process was to ensure some basic factors: optimal structure of the blends
(loose and lumpy), appropriate chemical parameters (for instance pH, hydrolytic conductivity) along with
nutrients (N, P, K, Mg) and particularly organic matter (substances) for ensuring a sustainable reclamation
of affected mining areas.

2.4. Seed germination tests

White mustard (Sinapis alba ) was used as the typical plant for seed germination test to assess the suitability
of each soil substitute for vegetation development.

Seed germination assays were carried out on plastic sprouting bowls that contain 1 kg of soil substitute
(Figure 2). In each sprouting bowl 50 seeds of Sinapis alba were placed in equal distance at the depth of 1
cm. The tests were performed in laboratory conditions under constant temperature (22oC), humidity (30-
40%) and controlled light. Each sprouting bowl was watered once a day (50 ml/day) and exposed to white
light for 12 hours a day. The sprouting rate was counted after 20 days.

FIGURE 2

2.5. Phytotests with meadow species At the stage III of the experiment, seeds of semi-natural meadow
communities were additionally used. They are represented by plant species typical for meadow communities
in Central Europe. Taking into consideration habitat condition on waste heaps slopes, the species with low
(dry meadow) and middle soil moisture requirements (mesic meadow) were used. Then, 3 g of the mesic
and dry meadow seed mixture were sown into four types of soil substitutes (1kg in plastic sprouting bowls).
The tests were performed in three repetitions (n=12) from 11 May to 26 June in outdoor conditions without
artificial application of water and light. At the end of the tests, the percentage coverage of developed meadow
vegetation was evaluated. 2.6. Statistical analysis The normal distribution of data was confirmed using the
Shapiro-Wilk test. The relationship between the Sinapis alba germination and physical-chemical parameters
of soil substitutes were analysed using Pearson’s linear correlation coefficient with Statistica 12.0 (StatsSoft,
Poland). Principal Component Analysis (PCA) was applied in order to determine conditions that influence
the development of native meadow vegetation on soil substitutes. The analysis was performed by using the
CANOCO package. Variables data were transformed using log(x+1) prior to the analysis response (Lepš
& Šmilauer, 2000). 3. RESULTS 3.1. Characteristics of the investigated wastes The wide range of data
illustrated in the Table 2 shows the heterogeneity of the wastes and their chemical composition. Among
all investigated wastes, only CFA, BFA and AG were extremely low in water content (90-100 % of DM),
with SL and ES containing 72.6 % and 77.6 % respectively, and DL 50.8 %. Only SWS and SMC had high
moisture content and very low dry matter: 16.6 % and 34.7 %, respectively. Organic matter is the key
parameter which decides about the environmental and biological sustainability of soil substitutes. Among
all investigated wastes, only three i.e., SL (35.6 %), SMC (63.9 %) and SWS (74.8 %) could be considered
as rich in organic matter. The AG, with 15.9 % organic matter, could be involved as a moderate source, but
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its physical and mineralogical composition may act as a strongly limiting factor. Organic and dry matter
have decisive effect on the content of ash in the waste. It is generally observed that materials with high
organic matter content may record low ash concentration and vice-versa. Therefore, in the development
of soil substitutes, it is strongly recommended to pay special attention to the content of organic matter in
the blends. The content of Ca and S in the wastes and their further occurrence in the ready-to-use soil
substitutes are of prime importance for the remediation of waste heaps, where the latter and its compounds
cause excessive acidity, contrary to calcium, the addition of which significantly increases the pH value. The
highest content of Ca i.e., 32 % was observed in DL as compared to SL and AG, containing 0.34 and 0.43
%, respectively. The other wastes were not higher in Ca than 10 %. Three of eight investigated wastes
exhibited S content of: 2.39, 2.53 and 3.95 % for SWS, SMC and AG respectively, while the S content in
remaining wastes did not exceed 1.0 %. The chemical forms of S in those wastes may affect their utility for
incorporating in the development soil substitutes. The research proved that only SWS contained much more
N (5.1 %) compared to the other wastes, where the low N content varied in the range 0.15 – 0.4%. It is
worth mentioning that natural soil ecosystems are typically poor in nitrogen content, hence the developed
soil substitutes should comply with this rule. Nevertheless, a slightly enhanced N level may be expected as
a “starter” for boosting plant growth at the anthropogenic (artificial) ground. In terms of P concentrations,
only three of the wastes recorded values higher than 1.0 %, two of them typically organic, i.e. SWS (1.25 %)
and SMC (1.02 %), and one mineral BFA (1.07 %). It should be observed that, BFA was characterized by
the highest K content (5.65 %) while DL and SWS exhibited the lowest content of K, from 0.04 to 0.23 %,
respectively. Interestingly, DL contained the highest Mg concentration, reaching even 5.44 %. The patterns
of metals distributions among the wastes are quite similar, but disparate depending on the metal types
(Table 2). Higher content of Cu was observed at ashes BFA (241 mg·kg-1) and CFA (219 mg·kg-1) as well
as for the sewage sludge SWS (129 mg·kg-1). As in the case of Cu and Zn was also found from moderately
high concentrations for CFA (219.0 mg·kg-1) and SMC (412.0 mg·kg-1) to very high levels for BFA (911.0)
and AG (1055.0 mg·kg-1). Excessive content of Zn was observed only for SWS (1704.0 mg·kg-1). The very
high and excessive Zn contents of these wastes may be a potential source of it in soil substitutes. According
to the Polish regulations (Minister of Agriculture and Rural Development, 2008), the permissible content
of pollutants in organic-mineral fertilizers must not exceed (mg·kg-1 of DM): 100 for Cr, 5 for Cd, 60 for
Ni and 140 for Pb. The excessive concentrations of Cd were observed only for SWS (29 mg·kg-1) and BFA
(9 mg·kg-1). On the other hand the content of Ni was lower than the Polish limit value only for two of all
wastes such as DL (9 mg·kg-1) and SMC (7 mg·kg-1). The excessive values for Pb were noticed for BFA (176
mg·kg-1), AG (213 mg·kg-1) and SWS (300 mg·kg-1). The concentration of Cr in all studied wastes can be
considered on acceptable level (< 100 mg·kg-1). 3.2. Impact of pH and electrical conductivity on the Sinapis
albagermination

White mustard (Sinapis alba ) is very sensitive to factors limiting growth and hence sprouting also has
been selected for verifying the possible potential of the soil substitutes for vegetation support. The pH
value and the electrical conductivity were considered as two primary parameters decisive for an optimal
seed germination and further plant growth. As reported in Figure 3 and based on the general classification
(Bruce & Rayment, 1982; Hazelton & Murphy, 2016), the pH of the soil substitutes showed three basic
ranges moderately alkaline (pH 8.0-8.4), strongly alkaline (pH 8.5-9.0) and very strongly alkaline (pH >9.0),
which are beyond the highest pH level (i.e. 7.5) potentially tolerable by Sinapis alba . The highest pH values
(8.3-9.6) were measured at the stage I, but results of the soil substitutes from stages II and III were in ranges
8.0-8.3 and 8.2-8.8 respectively.

The soil substitutes with low water storage capacity and moderate content of nutrients showed the best
sprouting for A3 in stage III (26%) compared with the A2 (12%) and A1 (0%). Soil substitutes with low
water retention and low content of nutrients showed good germination for B3 at the stage III (52%). The
most promising soil substitute with moderate ability to water retention and low content of nutrients was
C3 at stage II (46%). Germination of white mustard in soil substitutes with moderate water retention and
moderate content of nutrients showed good results at stages I and II i.e: 58 and 56% for D2, respectively
and 66% for D3.

7
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Since white mustard is very sensitive to soil conditions and salinity, the results observed on the Figure 3
supported the hypothesis that salinity could be mostly responsible for the lack or weak sprouting process.
Based on the response of white mustard, for EC, the value of 6.50 mS·cm-1 could be considered as the
threshold for plants highly sensitive to saline media. Hence, soil substitutes characterized by EC [?] 6.50
mS*cm-1 should be giving successful germination. Phytotests with white mustard showed that the most
promising results were obtained at the stage III. The sprouting in reference soils 90% for RG and 92% for
RS confirms that quality seed were used and tests were carried out in proper conditions for white mustard
development.

FIGURE 3

3.3. Impact of physico-chemical parameters of soil substitutes on the Sinapis alba germination

The relationships between parameters reported in Tables 5 and Figure 3 have shown various interactions.
The increase of Ca concentration (5.32-8.23%) in the soil substitutes has induced a decrease in S content
(2.66-4.12%), but simultaneously raised pH and EC. Therefore, it should be hypothesized that only S induced
pH decrease and was not directly and solely responsible for the control of the salinity of soil substitutes.
Chemically, calcium reacts with sulphate ion (SO4

2-) to form some compounds reducing the chemical re-
activity of SO4

2. The physical and chemical parameters of soil substitutes prepared at the stage III were
presented in Table 5.

TABLE 5 Physical and chemical characteristics of soil substitutes at the stage III

Parameter Parameter A1 A2 A3 B1 B2 B3 C1 C2 C3 D1 D2 D3

pH 8.32 8.19 8.16 8.24 8.20 8.28 8.22 8.43 8.24 8.56 8.78 8.37
EC mS·cm-1 6.73 6.67 6.63 5.39 5.98 5.66 5.90 6.19 6.30 5.80 5.28 5.71
DM % 63.4 61.2 60.3 63.0 59.9 61.7 57.4 57.9 58.1 60.4 62.7 66.1
OM 23.7 22.2 23.1 22.6 23.0 20.3 22.7 24.6 22.5 24.6 26.2 27.9
Total ash 76.3 77.8 77 77.4 77.1 79.7 77.3 75.5 77.5 75.4 73.8 72.1
Ca 8.23 5.51 6.33 5.32 5.88 6.0 6.18 6.95 6.07 6.88 5.92 5.38
N 0.51 0.56 0.6 0.44 0.46 0.45 0.5 0.51 0.52 0.48 0.48 0.48
P 0.2 0.21 0.21 0.14 0.18 0.17 0.19 0.17 0.2 0.16 0.13 0.13
K 1.63 1.96 1.86 1.86 1.86 1.98 1.88 1.79 1.9 1.71 1.69 1.74
Mg 1.38 1.02 1.11 1.01 1.08 1.09 1.08 1.26 1.09 1.22 1.19 1.13
S 2.66 3.28 3.46 3.69 3.41 4.12 3.32 3.18 3.56 3.61 3.21 3.41
Na 0.19 0.2 0.22 0.19 0.19 0.19 0.19 0.18 0.18 0.17 0.17 0.16

The dry matter (DM) varied from 57.4 to 66.1%, implying that most of incorporated wastes were character-
ized by relatively low water content. The concentration of organic matter is within the range 20.3-27.9%.
The contents of Ca and N varied respectively from 5.32 to 8.23% and 0.44 to 0.60%, whereas the concentra-
tions of K, Mg and P exhibited values indicating that these amounts may be sufficient for supporting plant
growth and further green biomass production, i.e: 1.63-1.98 % for K, 1.01-1.38 % for Mg, and 0.13-0.21 %
for P. It should be pointed out that the reported concentrations deal with the vegetation of the so-called
natural ecosystems, since its biological requirements for nutrients is low.

According to the linear correlation, the coefficients between the physical and chemical parameters of soil
substitutes and theSinapis alba sproutings (Sin_alb, %) have revealed negative correlation with EC (r = -
0.46). Water content (W), OM, pH, EC and concentration of other main chemical elements in soil substitutes:
Ca, N, K, Mg, P, S and Na did not show correlation with Sinapis albagermination (Table 6) nor did the
content of trace elements.

TABLE 6 Linear correlation between of physico-chemical parameters of soil substitutes and the Sinapis
alba germination at the stage III

8
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Parameter Parameter Soil substitutes Soil substitutes Soil substitutes Soil substitutes Soil substitutes Soil substitutes Soil substitutes Soil substitutes Soil substitutes Soil substitutes Soil substitutes Soil substitutes

pH W OM Ca N K Mg P S Na EC GER
% % % % % % % % % mS·cm-1 %

pH - 1.00 0.06 -0.35 0.47 -0.25 -0.02 0.51 0.06 -0.49 0.49 -0.25 0.12
W 0.06 1.00 -0.16 0.30 0.52 -0.41 -0.14 -0.25 0.02 -0.04 -0.43 -0.05
OM % -0.35 -0.16 1.00 -0.40 0.16 -0.65 -0.69 -0.72 0.28 -0.62 -0.26 0.32
Ca % 0.47 0.30 -0.40 1.00 0.04 0.05 0.68 0.25 -0.56 0.44 0.14 -0.20
N % -0.25 0.52 0.16 0.04 1.00 -0.42 -0.30 -0.27 0.11 -0.19 -0.17 -0.12
K % -0.02 -0.41 -0.65 0.05 -0.42 1.00 0.54 0.90 -0.12 0.55 0.58 -0.26
Mg % 0.51 -0.14 -0.69 0.68 -0.30 0.54 1.00 0.62 -0.66 0.66 0.43 -0.24
P % 0.06 -0.25 -0.72 0.25 -0.27 0.90 0.62 1.00 -0.22 0.58 0.55 -0.31
S % -0.49 0.02 0.28 -0.56 0.11 -0.12 -0.66 -0.22 1.00 -0.66 0.03 -0.24
Na % 0.49 -0.04 -0.62 0.44 -0.19 0.55 0.66 0.58 -0.66 1.00 0.05 0.10
EC mS·cm-1 -0.25 -0.43 -0.26 0.14 -0.17 0.58 0.43 0.55 0.03 0.05 1.00 -0.46
GER % 0.12 -0.05 0.32 -0.20 -0.12 -0.26 -0.24 -0.31 -0.24 0.10 -0.46 1.00

W-water content; GER – Sinapis alba germination

3.4. Phytotests with meadow vegetation

Based on the data gathered throughout phytotests with mesic and dry meadow, the results showed a promis-
ing opportunity for implementing the tested soil substitutes from stage III as trials at the coal mine affected
areas such as Janina Mine waste heap in Libiąż (Figures 4 and 5).

FIGURE 4

FIGURE 5

These plants were less sensitive to the harmful effects induced by salinity which in case of white mustard
significantly limited and even hampered the first sproutings as well as its further growth. Additionally, both
the mesic and dry meadow plants belong to the dicotyledonous plants which may develop a dynamic green
biomass production, intensifying the rhizosphere activity and finally increasing carbon dioxide assimilation.
The number of species for the mesic meadow (Figure 5a) varies between 5 (for A1, B1, C2, C3, and D5)
through 6 (for A2, B2, B3, C1 and D2) to finally the highest number of species, i.e. 7 for D1, which
indicates biodiversity of development ecosystems. The vegetation cover, as a proof of ability to growth in
new environments varied significantly, from 40 to 90%.

The number of species for dry meadow (Figure 5b) fluctuated also in a large range, from 4 (A2, D3) through
5 (A1, B3, C1, C3, D1, D2) to 6 (A3, B2, C2), reaching even 8 for B1 (Figure 6). The coverage was much
more disparate: from 30 to 90%, whereas 30% applied to only a single case (D2).

PCA (Table 7) was performed for evaluating the influence of the physical and chemical parameters of the
soil substitutes on the meadow vegetation development. The first ordination axis of the PCA model (axis
1) accounts for 65.2 % of the total variation of vegetation. This axis has a positive correlation with content
of OM (0.60) and a negative correlation with the concentration of P (-0.45). The cover of mesic meadow
species (Flo_Mea, %) and dry meadow species (Dry_Mea, %) has a negative correlation with this axis. The
second axis (axis 2) explains 19.5 % of response variables variation and shows a gradient in soil pH values.
This axis has a positive correlation with the cover of mesic meadow species and a negative correlation with
dry meadow species cover. The graphical illustration of the PCA analysis was presented in Figure 6.

TABLE 7 Parameters of control soils used in germination tests

Parameter pH P S EC Ca OM

- % % mS·cm-1 % %

9
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Parameter pH P S EC Ca OM

Axis 1 0.49 -0.45 0.04 -0.11 -0.17 0.60
Axis 2 0.45 0.08 0.24 0.07 0.23 0.05

FIGURE 6

4. Discussion

Soil organic matter plays a major role in terrestrial ecosystems. The concentration of organic matter in
developed soil substitutes is within the range 20.3-27.9 %, and these levels are highly satisfactory, particularly
if we compare to natural soils with about 1 to 5 % of total organic matter (Garratt et al., 2018). Organic
materials maintains the soil structure, improves water infiltration, increases the water holding capacity and
reduces the risk of soil erosion. In addition, its decomposition provides nutrients for plants (Krull et al. ,
2009). The major components of soil organic matter are humic substances and fulvic acids. The results of
(Asik et al. , 2009) and (Çeliket al. , 2010) studies have shown positive effects of the humic substances on
seed germination, seedling growth, root initiation, root growth, shoot development and the uptake of macro-
and microelements. Soil humic substances may also mitigate abiotic stress conditions caused by unfavorable
pH, and high salinity. According to (Hazelton & Murphy, 2016) the optimal pH range for a variety of plants
is from 5 to 8. Obtained data pf pH for soil substitutes was in range from 5.1 to 11.7. The results of EC
varied within very large range, from 4.7 to 11.7 mS·cm-1, which corresponds to two classifications (Miller &
Donahue, 1995): moderately saline in the range of 4 to 8 mS·cm-1 (sprouting, biomass and yields of many
plants are restricted) and strongly saline from 8 to 16 mS·cm-1 (only tolerant plants develop satisfactory
biomass and yields).

The primary macronutrients for plant growth and developments are N, P, K while the secondary are Ca,
Mg and S. Nitrogen is responsible for biomass build up (Heaton et al. , 2004; Lee et al. , 2017), P for
good development of plant root systems (Shen et al. , 2018; Wissuwa et al. , 2005), K for internal water
management in plants (Grzebisz et al. , 2013) and Mg for photosynthesic activity (Guoet al. , 2016; Hermans
& Verbruggen, 2005).

The organic matter content also increases P sorption capacity of the soil (Kang et al. , 2009), which could
cause decreasing phosphorus availability for plants in the soil substitutes with higher organic matter contents.
Phosphorus constitutes an essential element for seed germination, seedling establishment, and plant growth
(John et al. , 2016; Malhotra et al. , 2018; Neitzke, 2002; Venterink & Güsewell, 2010) at the same time
affecting the variety of meadow species (van Dobben et al. , 2017; Venterink & Güsewell, 2010; Weigeltet
al. , 2005). The species characteristic for mesic meadows have shown increasing coverage with higher P
concentration, which proved its role in soil fertility and plant growth.

The pH of soil substitutes has shown significant influence on developing both semi-natural meadow commu-
nities, which renders it the major factor affecting habitat conditions for many meadow species (Venterink
& Güsewell, 2010). Soil substitutes for the establishment of semi-natural meadow communities were cha-
racterized by alkaline conditions (pH 8.16-8.78) and content of Ca between 5.23 to 8.23%. Such calcareous
conditions often exhibit a high concentration of bicarbonate in the soil solution and induce low availability
of Fe and Zn (George et al. , 2011). On the other hand, high pH has shown a negative effect on developing
dry meadow communities, contrarily to Ca manifesting positive effect on mesic meadow communities, and
it could be associated with a decrease of negative influence of S. The habitats with high content of Ca are
characteristic for the type of meadow communities that are considered as the richest and most endangered
ecosystems of the natural environment of Europe (Boroń et al. , 2019). Generally over the past few decades,
a significant decrease in area of semi-natural meadow has been observed across the world (Tokarczyk, 2017).
The semi-natural meadow vegetation are ecosystems with the ability to deliver ecosystem services such as:
pollination, herbs for traditional medicinal use, nutrient cycling, nutrient and water retention, biomass pro-
duction, recreation and climate regulation (Lamarque et al. , 2011; Villoslada Peciña et al. , 2019). Data from
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the current preliminary study have shown that using waste materials for the development of soil substitutes,
which are eco-friendly and suitable for semi-natural meadow communities is possible. Further research is
needed to evaluate long-term development of semi-natural meadow communities on such type of reclaimed
coal-mine affected areas. The mining waste heaps seem to offer suitable area for these types of semi-natural
communities development.

5. Conclusions

Using coal combustion by-products along with sewage sludge and spent mushroom compost allowed the
elaboration of soil substitutes addressing land rehabilitation of coal mine affected areas. Sewage sludge and
spent mushroom compost enrich soil substitutes with organic matter and valuable nutrients such as N, P
and K.

The application of phytotests – white mustard, mesic meadow and dry meadow species – for evaluating the
potential vegetation support, have revealed three key factors which controlled the eco-usefulness of the soil
substitutes: pH, electrical conductivity and organic matter content.

Stabilizing the pH to values around 8.0 was critical for neutralizing the excess of acidity at the reclamation
site. Ground phytotests showed that soil substitutes with EC [?] 6.50 mS*cm-1 were the most promising
for plant growth. This pattern should be complemented with 23 % of OM as it is the most suitable for
developing meadow vegetation. A higher concentration of OM (as ascertained by PCA) could negatively
affect cover meadow vegetation.

Experimental data presented in the paper shows that eco-friendly characteristics of soil substitutes were
reached. Ca and N levels varied respectively from 5.32 to 8.23 % and 0.44 to 0.60 %, whereas K: 1.63-1.98
%, Mg: 1.01-1.38 % and P: 0.13-0.21 % exhibited values indicating sufficiency for supporting plant growth
and further green biomass production.

The environmentally oriented recovery of industrial wastes as proceeded at the current study met the circular
economy objectives.
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Diatta J, Fojcik E, Drobek L, Spizewski T, Krzesiński W. 2016. Assessment of Heavy Metals Inactivation in
Contaminated Soil by Coal Fly and Bottom Ashes. Mineralogia 48 : 127–143. DOI: 10.1515/mipo-2017-0016
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Lepš J, Šmilauer P. 2000. Multivariate analysis of ecological data [Mnohorozměrná analýza ekologických
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