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Abstract: The remediation of open-cast post-mining soil remains a big challenge. Here, the post-
mining soils are considered from the viewpoints of CO2 emission and carbon sequestration. We
investigated the dynamic of C stock in two different post-mining areas, i.e., the limestone post-mining
soil remediated with embankment (S1), and the lignite post-mining soil remediated with sewage
sludge (S2). Post-mining soils under four different remediation stages were used. The study was
conducted in the spring of 2021 and 2022. The aim of the study was to assess the C sequestration in
sewage sludge amended and non-amended post-mining soils at differently advanced remediation
techniques. We noticed an increase in or stabilization of SOC in the S1. The stabilization of SOC was
observed for the soil with a higher remediation age (S1C, S1D). The remediation of the S2 resulted
in the increase in SOC among the soil remediation age. For both soils, we noticed a negative CO2

emission from the soil under remediation, and the net CO2 emission rate (NCER) further decreased
after one year. A positive C feedback of both remediation techniques was shown to reflect lower
active carbon (POXC). We also noticed an increase in nutrient content (K, Mg), and a decrease in heavy
metals content after 1 year. Such a positive relationship between the remediation of post-mining soils
and C sequestration indicates a step towards climate change mitigation.

Keywords: reforestation of post-mining soils; net CO2 emission; soil respiration; SOC; POXC; CO2

release; C/N ratio; C feedback; mitigation of climate change

1. Introduction

Mining has accompanied mankind for centuries. The mining industry has increased
substantially in recent decades due to the growing economic demands of ever-increasing
populations. However, mining has a strong impact on the natural environment, especially
opencast mining, which is associated with the removal of the topsoil and contributing to soil
degradation [1]. Extensive mining carried out for centuries has resulted in large damage to
landscapes and soil quality. According to the Polish Central Statistical Office, degraded
land areas reached 62,000 ha in 2019 [2]. Globally, nearly 33% of soils are degraded, and
have significantly lost their organic carbon content [3].

Intensive and exhaustive resource exploitation disrupts the proper functioning of soils,
causing ecosystem complications [4]. Furthermore, the remediation of post-mining areas is
time and resource-consuming, and depending on the techniques involved, it may also be
expensive [5]. The recultivation of post-mining areas is focused mainly on restoring the soil
quality and productivity [6], but also improving the aboveground biodiversity [7]. Due to
multifunctionality of soil in an overall ecosystem, soils are the most impactful element in a
struggle to mitigate climate change through carbon sequestration [8]. In the face of emerging
climate changes, the direct capture of CO2 from the air, followed by its sequestration in
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soils, is considered necessary to decarbonize the economy and achieve climate neutrality
by 2050 under the European Green Deal, which further emphasizes the role of healthy
soils [9]. To accomplish sustainable soil management, it is necessary to implement extensive
restoration practices to decrease the negative trend in land degradation.

Many post-mining soil remediation practices are directed towards afforestation or
reforestation [10]. The developing forestry ecosystem makes a new soil cover from the
beginning to improve soil quality. In many cases, the initial soil quality (including depleted
post-mining soils) does not allow for the proper growth and development of trees, thus
different assistive techniques, such as the introduction of organic fertilizers, are usually
implemented [11,12]. It has been noticed that the application of organic fertilizers allows for
a quick and effective initiation of soil remediation leading to improved soil properties. It is
well known that reforestation positively influences soil microorganisms, either their activity
or diversity. Therefore, reforestation in a long-term study showed a changed functional
role of soil microbes in the C cycle, which may favor C sequestration [13]. The anabolic
byproducts of changed C turnover pathways may quickly interact with the soil’s aggregate
structure, and soil minerals making a new and more stable C fraction increases soil C
persistence and thus sequestration [14]. In Europe, in contrast to other parts of the world,
there is a positive and visible trend of the afforestation process, resulting in an increased
area of 19.3 Mha [15] which may positively favor the mitigation of climate change on the
European scale.

For sequestration purposes, the most important is the translocation of sequestered C
into deeper soil layers, and the formation of stable forms with a long half-time, which will
support the long-term storage of C in the soil [16]. Since the risk connected with a reversion
of C sequestration exists, it is shown that for forest soils such probability may be effectively
decreased by buffering systems, which have proven to provide long persistence of C in the
soil [14]. Even if such sequestration reverses, the decomposition and turnover will take
hundreds and thousands of years, while the necessity to decrease CO2 concentration in the
atmosphere is emerging and of immediate concern [17].

The most pressing demand and challenges worldwide are to decrease the ever-
increasing concentration of green-house gases (GHGs) in the atmosphere, especially CO2.
It is suggested that degraded soils may consist of a potentially valuable C sink, which
via sequestration may bind C from the atmosphere and store it underground in a stable
form [17].

The land use system has a crucial influence on the possibility of stable C storage [12].
Forest lands represent the highest C-stock, reaching 64.54 +/− 6.24 Mg ha−1 [18]. Refor-
estation of post-mining soils may potentially capture even 13.9 Mg CO2 equivalent ha−1

y−1 [19]. It has been reported that agroforestry has the potential for C capture between
0.09 to 7.29 Mg C ha−1 a−1. A lower boundary is assigned for the systems containing fever
woody elements per area, and the highest boundary refers to systems with fast-growing
tree species and good-quality soils [20]. Sequestration potential is also studied regarding
tree species and soil maturity. Immature soils (spoil hips) showed lower carbon capturing
under coniferous species, and higher under broadleaf. In contrast, mature soils (forests,
agriculture areas) store more SOC under coniferous than broadleaf trees [21]. Beside soil
maturity, land cover, land use type, and several other soil parameters have a crucial in-
fluence on the SOC sequestration. Fertile soils with high content of SOC provide good
conditions for tree growth under remediation by reforestation. Active carbon represents
the fraction of labile carbon and is widely used to assess the influence of soil management
and land use on soil quality. Active carbon (permagnate oxidizable carbon (POXC)) is
considered the most for SOC sequestration [22]. Microbial community and diversity NPK
nutrients were found to be linearly correlated with soil organic carbon [23]. Therefore,
phosphorus in soil is responsible for increased plant biomass and plays a key role as a
transporter of metabolic energy in plant cells to regulate C sequestration by plants [24]. On
the other hand, heavy metals inhibit photosynthesis through blocking the Calvin cycle [25]
and may lead to reduced plant growth and lower C sequestration in the soil.
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A previous study with fertilization and three types of straw returned to the opencast
coal mine showed higher SOC content in the fertilized soils [26]. The highest SOC increase
was observed in the combined fertilization with manure, and mineral fertilizer as compared
to the application of inorganic or manure fertilizers applied separately [26]. Therefore, the
combined inorganic and organic fertilizer caused a significant decrease in CO2 emission
per C stock and per grain yield [26]. The straw application on the coal post-mining area
showed the effect on C sequestration. The study reported that both straw-mixing and
straw-mulching treatments enhanced the soil CO2 emissions in comparison to the soil with
no straw application. The CO2 emission from the soil treated with straw mixing showed
an increase of 102 g C m−2 yr−1, while the soil treated with straw mulching showed an
increase of 48.6 g C m−2 yr−1 [26]. The previous study on the lignite post-mining soil
remediated with sewage sludge reported the differences in the formation of C fractions.
This study reported an increase in non-labile C (18.5%) and higher content of stable C
fractions (alkyl C, aromatic C), which improved the stability of stored C [16]. Therefore, the
remediation of post-mining soil with sewage sludge improved the capability of the soil for
C sequestration purposes with better hydrophobicity, aromaticity, humification, and C/N
ratio [16]. It was also shown that remediation of post-mining lands through reforestation
improves the SOC content in soil by 102% by comparison to the non-restored sites [27].

Despite considerable work on C sequestration, the knowledge of how carbon seques-
tration works at different stages of soil remediation, and the C dynamics at different stages
of remediation are, is still inadequate. Especially, there is a limited number of studies
regarding the mechanisms of C storage at post-mining areas during the remediation. The
main aim of this study was to assess the C sequestration and the fate of carbon in sewage
sludge amended and non-amended post-mining soils at differently advanced remediation
techniques. The sub-aims of the study were: (1) how SOC sequestration changed be-
tween lignite post-mining soil, and limestone post-mining soil; (2) how SOC sequestration
changed between remediation advancement at both studied areas; (3) what is the impact of
post-mining remediation management practices on SOC sequestration for the pedoclimatic
conditions; (4) how soil properties influenced the SOC sequestration; (5) what is the rate
of soil remediation (microbial community, NPK, and Mg) and how does it interact with C
capturing; and finally, (6) does the presence of heavy metals inhibit C storage in remediated
post-mining soils at different remediation ages?

2. Materials and Methods
2.1. Study Site

In this study, two different post-mining areas located in the central Poland were
selected. There were open-cast mining areas: limestone mining (S1), and lignite mining
(S2) placed on the premises of existing and operating mines. At both mining areas, soil
remediation was targeted at reforestation; however, these two facilities differed between
the application of assisting remediation actions. The remediation at limestone post-mining
areas (S1) was conducted using embankment collected during the mining activity. In turn,
at the lignite post-mining areas (S2), sewage sludge was applied to the soil in a single dose
at the beginning of remediation process. The sewage sludge originated from the municipal
wastewater treatment plant serving the administrative buildings of the mine facility.

Limestone post-mining area (S1): The annual average temperature for this area is
9.8 ◦C. The hottest month of the year is July, with an average temperature of 20.1 ◦C. The
lowest average temperature of the year occurs in the month of January and is about −1.0 ◦C.
In this area, the average annual rainfall is 736 mm. The driest month is February, with
43 mm of precipitation. The heaviest rainfall occurs in July, with an average of 103 mm.
The vegetation period is above 220 days. The area of the mine is located in a lowland area;
however, opencast mining of raw material has contributed to a change in the topography
of the area. This area is dominated by loamy sands, and poor dry soils requiring organic
fertilization. The remediation of post-calcareous workings was managed by reforestation,
and to a lesser extent by water reclamation. At the post-mining soil at S1, three forest
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plantation crops: Scots pine (Pinus silvestris), silver birch (Betula verrucose), and grey alder
(Alnus incana) were planted. Each species shows a pioneering characteristic and they are
widely used for phytoremediation purposes [11].

Lignite post-mining area (S2): The average annual temperature is 9.1 ◦C. With an
average of 19.6 ◦C, July is the hottest month. January with an average temperature of
−2.1 ◦C. It has the lowest average temperature of the year. The average annual rainfall is
707 mm. The driest month is February. There is a rainfall of 43 mm at this time. Most of
the precipitation occurs in July, with an average of 96 mm. The vegetation period oscillates
between 210–217 days. Similarly to the limestone post-mining area (S1) the area of the mine
is located in a lowland area, locally changed by opencast mining of the raw material. In the
area of the mine, soils formed on a sandy substrate—podzols, and pseudo-whites prevail.
The recultivation of post-mining soil in area S2 is similar to area S1 and was subjected
to reforestation, sports, and recreation, but a part of the areas will also be subjected to
water reclamation in the future after prior preparation of the bottom. In this study, we
investigated the areas subjected to reforestation. The reclamation of the soils was assisted
by sewage sludge containing >10% solids. Before the application of sewage sludge to the
remediated areas, it was mixed with seeds. This procedure allowed for the stabilization of
seeds in the remediated soil. As a part of remediation, various plant seeds were applied,
i.e., shamrock (Trifolium repens), meadow clover (Trifolium pretense), Italian ryegrass (Lolium
multiflorum), English ryegrass (Lolium perenne), and creeping cattle (Agrostis stolonifera).
The dose of fermented and hydrated sewage sludge was 30 Mg/ha. For reforestation
purposes at the post-mining locations of the lignite mining site, the trees planted were:
Scots pine 45% (Pinus silvestris), black alder 30% (Alnus glutinosa), and pedunculate oak
25% (Quercus robur).

The detailed characteristics of the studied post-mining areas are described in a previous
publication [16].

2.2. Sample Collection

In the study, we included four selected areas at both post-mining areas (S1 and S2)
with different remediation advancements. The selected remediation stages were close for
both studied areas. The characteristics of the studied areas are shown in Table 1. The
localization of the selected areas is shown in Figure 1.

Table 1. The characteristic of studied areas.

Studied Area Year Remediation Began Surface Area [ha] Sampling Period

Limestone
post-mining soils

S1A-1
2019 4

Spring 2021
x-2 Spring 2022

S1B-1
2014 10

Spring 2021
S1B-2 Spring 2022
S1C-1

2008 3.5
Spring 2021

S1C-2 Spring 2022
S1D-1

2002 6
Spring 2021

S1D-2 Spring 2022

Lignite
post-mining soils

S2A-1
2019 6

Spring 2021
S2A-2 Spring 2022
S1B-1

2013 3
Spring 2021

S1B-2 Spring 2022
S1C-1

2007 5.5
Spring 2021

S1C-2 Spring 2022
S1D-1

2002 7
Spring 2021

S1D-2 Spring 2022
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tory analyses, we prepared a representative sample to decrease the potential errors and 
ensure good accuracy in accordance with the principles of good laboratory practice. At 
each studied place, we conducted an in-situ soil gas exchange analysis using LCpro T® 
(ADC BioScientific, Hoddesdon, UK). The soil pot of the device was used for the study, 
enabling the control of its microclimate and the analysis of the selected soil parameters. 
During the study, the parameters describing the soil gas exchange and the net carbon di-
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The soil respiration Ce was calculated according to the equation: 
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cultivation, we used a sterile Luria Broth (LB) medium, and for fungi we used a sterile 
Sabouraud medium. The temperature of cultivation for microorganisms was 36 °C for 
mesophiles, 45 °C for thermophiles, 15 °C for psychrophiles, and 25 °C for fungi. Each 
cultivation was conducted for 24 h, and after this period, we calculated the number of 
grown colonies considering only samples with countable numbers of colonies. 

For physio-chemical soil analyses, samples were initially air-dried, ground, and 
passed gently through a <2 mm sieve. Absolute dry matter, and hygroscopic water content 
were measured using the method of Kabała and Kaczerwska [28]. Loss of ignition (LOI) 
was measured according to the method of Krogstad [29]. The pH was measured in H2O 
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Figure 1. Localization of selected study areas, and sampling scheme. Photos from satellite map.
Source: Google Maps.

At both post-mining areas, we collected soil samples twice in the spring of April 2021
and April 2022. Each sampling was carried out under similar weather conditions. Before
taking soil samples of the selected area, the topography of the areas was analyzed, and the
sites for the collection of 12 primary soil samples were carefully determined. Soil samples
were collected with soil from 0–20 cm soil depth, after the prior removal of dead plant parts
(e.g., needles) at an equal distance between the sampling points. The average volume of
each soil sample was 1 L. The scheme of the sampling is shown in Figure 1. For laboratory
analyses, we prepared a representative sample to decrease the potential errors and ensure
good accuracy in accordance with the principles of good laboratory practice. At each
studied place, we conducted an in-situ soil gas exchange analysis using LCpro T® (ADC
BioScientific, Hoddesdon, UK). The soil pot of the device was used for the study, enabling
the control of its microclimate and the analysis of the selected soil parameters. During
the study, the parameters describing the soil gas exchange and the net carbon dioxide
emissions from the soil were measured.

The soil respiration Ce was calculated according to the equation:

Ce = u (−∆c) [µmol/s]

where “u” is molar air flow [mol/s], and “∆c” is the difference in the concentration of CO2
in the chamber corrected to the proper dilutions [µmol/mol].

The net carbon footprint from the soil (NCER) was calculated using the equation:

NCER = us(−∆c) [µmol/s m2]

where “us” is a molar flow of air per square meter of soil, mol m−2 s−1, and “∆c” is
the difference in the concentration of CO2 in chamber corrected to the proper dilutions
[µmol/mol].

2.3. Laboratory Analysis

The determination of the number of bacteria (mesophilic, psychrophiles, thermophiles),
and fungi in the soil was made by a cultivation method in Petri dishes using the dilution
techniques and distinguishing the favorable temperatures of cultivation for the selected
microorganisms. Before microorganism cultivation, 1 g of fresh soil was added to the sterile
9 mL phosphate saline buffer (PBS), and shaken for 2 h at 200 rpm. For bacteria cultivation,
we used a sterile Luria Broth (LB) medium, and for fungi we used a sterile Sabouraud
medium. The temperature of cultivation for microorganisms was 36 ◦C for mesophiles,
45 ◦C for thermophiles, 15 ◦C for psychrophiles, and 25 ◦C for fungi. Each cultivation was
conducted for 24 h, and after this period, we calculated the number of grown colonies
considering only samples with countable numbers of colonies.

For physio-chemical soil analyses, samples were initially air-dried, ground, and passed
gently through a <2 mm sieve. Absolute dry matter, and hygroscopic water content were
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measured using the method of Kabała and Kaczerwska [28]. Loss of ignition (LOI) was
measured according to the method of Krogstad [29]. The pH was measured in H2O
and in 1 M KCl solutions with a laboratory pH-meter (Elmetron Cp-401, Thane, India) in
compliance with ISO 10390:2005. The total carbon (TC) was measured in agreement with the
Polish standard PN-ISO 10694:2002 using a Multi N/C H 1300 Analityk Jena analyzer after
dry combustion. The organic carbon content was determined with a Tyurin method [30].
The active carbon (permanganate oxidizable carbon, POXC) was determined in accordance
with the methodology previously described by Weil et al. [31]. The determination of the
calcium carbonate content was made by the volumetric Scheibler method using a Scheibler
apparatus [32]. The total Kjeldahl nitrogen (TN) was determined according to the Polish
standard PN-ISO 10694:2002 after mineralization with 95% H2SO4. The Egner-Reihm
method was used for the determination of total phosphorus (TP) [28]. The hydrolytic
acidity and the sum of basic cations were determined with a modified Kappen method [28]
to calculate the sorption capacity. The concentration of selected elements (K, Mg, Cd, Cr,
Pb, Zn) in the soils was measured with the ICP-OES (SPECTRO ARCOS II) apparatus after
mineralization with 95% H2SO4 and a mixture of catalysts: K2SO4 and CuSO4 according to
the Polish Standard PN-ISO 11047:2001. The selection of heavy metals for measurement
in this study was based on their potential toxicity and law regulations for soil quality. Cd,
Cr, Pb, and Zn as the most toxic and occurring in exceeding concentration (detected from
previous study) in tested soils threatened by industrial activity were selected for monitoring
under this study.

2.4. Statistical Analysis

Each soil analysis. Triplicate samples were used to ensure the precision, quality, and
reliability of the results. Statistical analysis was conducted using Origin 8 Pro software.
Results achieved in this study were expressed as mean values with a standard error. The
differences between means were determined by one-way analysis of variance (ANOVA)
and the Tukey’s test, with a level of significance p < 0.05. The Tukey’s test was used for the
samples differing in the remediation advancement at the same sampling period for one of
the tested post-mining areas (S1, and S2).

3. Results
3.1. Physicochemical Characteristics of Soils

For the limestone post-mining soil, the sorption capacity increased with the reme-
diation advancement stage in comparison to the soil remediated for the shortest period
for both sampling periods (Table 2). It was also seen that the sorption capacity in the soil
remediated for the shortest (S1A-1, S1A-2) period increased after one year, while in the
rest of the studied areas, it decreased slightly. In contrast to limestone post-mining soils, a
decrease in sorption capacity along with remediation advancement for both sampling for
the lignite post-mining soils was observed. However, we also observed an increase in the
sorption capacity of the soil remediated since 2019 (S2A-1, S2A-2), and since 2013 (S2A-1,
S2A-2) after one year, while for the soil remediated since 2007 (S2C-1, S2C-2) and since 2002
(S2D-1, S2D-2) it decreased.

The pH value for limestone post-mining soil oscillated around the value of 7.50
(Table 2). We did not observe any statistically significant changes in pH value between
different soil remediation advancement stages for both sampling in limestone post-mining
soil. Similarly, for lignite post-mining soil the pH value was between 7.3 and 7.8.

Soil temperature influences soil respiration and as a consequence alters organic matter
stability and soil C sequestration. The temperature of the soil at the limestone post-mining
site for both sampling and in situ analysis was quite low and reached about 5.5 ◦C (Figure 2).
The temperature of the soil was slightly higher in spring 2022 in comparison to spring 2021.
The temperature of the soil at the lignite post-mining site was similar for each studied soil
and both time periods—about 6.0 ◦C.
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Table 2. Sorption capacity, and soil pH for the studied soils. S1: soil from the limestone open-cast
mining remediated with embankment; S2: soil from the lignite open-cast mining remediated with
sewage sludge; subsequent letters A–D mean different remediated areas located at the same mine
site; subsequent numbers mean different sampling periods; 1: spring 2021, 2: spring 2022. Mean
values ± SD, n = 3. Different letters in the columns indicate significant differences between tested
treatments (p < 0.05) according to Tukey’s test. Small and capital letters indicate separate analyses
for both sampling soils (capital letters indicate the tests between soils collected in 2021, small letters
in 2022).

Sample SC [cmol(+)/kg] pH
H2O KCl

S1A-1 7.29 ± 0.141 A 7.52 ± 0.004 A 7.46 ± 0.036 A
S1A-2 17.33 ± 0.506 a 7.45 ± 0.029 a 7.267 ± 0.006
S1B-1 21.04 ± 0.990 B 7.63 ± 0.070 A 7.71 ± 0.146 B
S1B-2 20.40 ± 0.729 f 7.53 ± 0.015 a 7.36 ± 0.010
S1C-1 23.22 ± 0.509 B 7.52 ± 0.075 A 7.41 ± 0.140 A
S1C-2 20.27 ± 0.462 f 7.59 ± 0.021 a 7.71 ± 0.006
S1D-1 22.22 ± 0.611 B 7.58 ± 0.055 A 7.37 ± 0.070 A
S1D-2 18.53 ± 0.115 a 7.56 ± 0.010 a 7.51 ± 0.010
S2A-1 14.31 ± 0.529 E 7.57 ± 0.058 E 7.36 ± 0.104 E
S2A-2 16.22 ± 0.750 e 7.6 ± 0.013 e 7.15 ± 0.076 e
S2B-1 11.87 ± 0.481 F 7.62 ± 0.101 E 7.63 ± 0.146 F
S2B-2 12.44 ± 1.877 f 7.84 ± 0.031 f 7.32 ± 0.092 f
S2C-1 4.96 ± 0.613 G 7.33 ± 0.778 F 7.13 ± 0.083 G
S2C-2 4.42 ± 0.532 g 7.73 ± 0.041 ef 7.47 ± 0.122 f
S2D-1 6.07 ± 0.288 G 7.66 ± 0.140 E 7.76 ± 0.061 F
S2D-2 5.67 ± 0.314 g 7.63 ± 0.043 f 7.52 ± 0.042 g
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Figure 2. The soil temperature in the studied areas during sampling, and in situ analysis. S1: soil from
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3.2. Chemical Composition

Beside carbon, nitrogen is an essential element determining soil quality. The nitrogen
enhances primary productivity and consequently promotes the SOC storage. A percentage
of the content of nitrogen (N) in the limestone post-mining soils (S1) did not show a clear
tendency. We noticed a sizable decline in the soil remediated since 2014 (S1B-1, and S1B-2)
for both sampling in comparison to the soil remediated since 2019 (properly S1A-1, S1A-2)
(Table 3). Then, in the first sampling, we noticed a high rise in nitrogen content for soil
remediated since 2008 (S1C-1) in comparison to the soil remediated since 2014 (S1B-1),
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followed by a slight decrease in the soil remediated since 2002 (S1D-1). For the second
sampling, we observed a decrease in total N in the soil remediated since 2007 (S1C-2) in
comparison to the soil remediated since 2013 (S1B-2). However, in the soil remediated since
2002 (S1D-2), we observed an increase in total N in comparison to the soil remediated since
2008 (S1C-2). Therefore, for the soil remediated since 2019 (S1A-1, S1A-2), and since 2014
(S1B-1, S1B-2), we observed a large increase in total nitrogen content after a one-year period,
while for the soil remediated since 2008 (S1C-1, S1C-3) and since 2002 (S1D-1, S1D-2), we
observed a decrease in nitrogen content in the soil by comparing the two sampling periods.
For the lignite post-mining soil in spring 2021 (first sampling), we observed an increase in
total nitrogen for the soil remediated since 2013 (S2A-1) in comparison to soil remediated
since 2019 (S2A-1). For the soil remediated for a longer period—since 2007 (S2C-1), and
since 2002 (S2D-1), we observed a decrease in comparison to the soil remediated since
2013. The nitrogen content in the soil remediated since 2002 (S2D-1) was lower than in the
soil remediated for the shortest (S2A-1) period. Therefore, in the second sampling (spring
2022), we noticed that the concentration of nitrogen was increased in the soil remediated
since 2013 (S2B-2) in comparison to the soil remediated for the shortest (S2B-1) period. We
observed the lowest concentration of N in the soil remediated since 2007 (S2C-2). In the
soil remediated since 2002 (S2D-2), the N concentration was much higher in comparison
to the soil remediated since 2007 (S2C-2). While between the different soil remediation
advancement stages, we observed a high N content fluctuation. After a one-year period,
we noticed clear changes in N within the studied soils. For each tested soil, we observed an
increase in the total N concentration after a one-year period.

Table 3. Chemical composition of the studied soils. S1: soil from the limestone open-cast mining
remediated with embankment; S2: soil from the lignite open-cast mining remediated with sewage
sludge; subsequent letters A–D mean different remediated areas located at the same mine site; subse-
quent numbers mean different sampling periods; 1: spring 2021, 2: spring 2022. Mean values ± SD,
n = 3. Different letters in the columns indicate significant differences between tested treatments
(p < 0.05) according to Tukey’s test. Small and capital letters indicate separate analyses for both
sampling soils (capital letters indicate the tests between soils collected in 2021, small letters in 2022).

Sample N
[%]

CaCO3
[%]

P2O5
[mg kg−1]

K
[mg kg−1]

Mg
[mg kg−1]

S1A-1 5.31 ± 0.05 A 0.57 ± 0.228 A 8.97 ± 0.398 A 1148.00 ± 6.86 719.00 ± 5.89
S1A-2 8.46 ± 0.392 a 1.99 ± 0.166 a 8.84 ± 0.231 a >2617.33 ± 2.309 1363.50 ± 2.121
S1B-1 2.72 ± 0.495 B 2.45 ± 0.211 B 0.66 ± 0.029 B 3444.00 ± 29.59 1434.00 ± 9.22
S1B-2 5.64 ± 0.328 b 2.00 ± 0.083 a 0.71 ± 0.112 b >2465.50 ± 7.778 >1214.00 ± 4.243
S1C-1 7.14 ± 0.212 C 2.47 ± 0.146 B 1.03 ± 0.028 C 1540.00 ± 19.81 859.00 ± 6.25
S1C-2 3.21 ± 0.233 c 2.38 ± 0.146 b 1.24 ± 0.018 c >1232.67 ± 1.528 725.67 ± 1.155
S1D-1 6.18 ± 0.387 D 2.75 ± 0.049 C 1.28 ± 0.273 D 1470.00 ± 13.12 720.00 ± 2.61
S1D-2 4.42 ± 0.367 c 1.17 ± 0.086 c 1.42 ± 0.312 c 730.00 ± 4.580 550.33 ± 2.082
S2A-1 1.44 ± 0.096 E 0.54 ± 0.030 E 0.28 ± 0.011 E 864.00 ± 5.53 893.00 ± 7.,16
S2A-2 1.32 ± 0.112 e 1.08 ± 0.031 e 0.33 ± 0.121 e >2142.00 ± 8.79 >1299.00 ± 3.95
S2B-1 2.28 ± 0.238 F 0.34 ± 0.112 E 0.40 ± 0.007 F 729.00 ± 2.78 715.00 ± 2.93
S2B-2 2.04 ± 0.065 f 1.62 ± 0.013 f 0.42 ± 0.013 e >2527.00 ± 49.57 >1382.00 ± 17.60
S2C-1 2.07 ± 0.436 F 0.08 ± 0.018 F 0.31 ± 0.009 F 372.00 ± 2.22 339.00 ± 3.53
S2C-2 1.86 ± 0.120 g 0.49 ± 0.002 e 0.32 ± 0.012 e >1731.00 ± 1.59 1131.00 ± 0.048
S2D-1 1.29 ± 0.171 E 0.57 ± 0.073 E 0.19 ± 0.009 E 516.00 ± 9.99 307.00 ± 2.88
S2D-2 1.25 ± 0.0.108 e 1.68 ± 0.706 f 0.22 ± 0.020 f >2054.00 ± 23.14 >1286.00 ± 11.74

Calcium carbonate is considered the most common form of carbon in soil, which
makes it important for the understanding of the C cycle in the soil. In our study for the
limestone post-mining area, we observed an increase in the concentration of CaCO3 in
the soils along the remediation advancement stages for the first sampling (Table 3). In
the second sampling, CaCO3 concentration increased for the soil remediated since 2014
(S1B-2) and 2008 (S1C-2), while in the soil remediated since 2002 (S1D-2) the concentration
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of CaCO3 decreased in comparison to the soil remediated for the shortest period (S1A-2).
Therefore, after one year, the concentration of CaCO3 in the soil remediated since 2019
(S1A-1, S1A-2) increased, while it decreased for the rest of the studied soils. For the lignite
post-mining soil, the highest concentration of CaCO3 was found in the soil remediated
since 2002 in the second sampling (S2S-2), and the lowest for the soil remediated since 2007
in the second sampling (S2C-2). After one year, the increase in CaCO3 concentration was
observed in each studied soil.

Phosphorus is an essential element for plant growth and its concentration in soil
influences soil productivity, and as a consequence, also the soil’s ability to sequester carbon.
For the limestone post-mining soil under both soil sampling times, the highest P2O5
concentration was for the soil S1A-1 and S1A-2, and for the rest of the soil samples it
was much lower in comparison to the soil remediated since 2019 (S1A-1; S1A-2) (Table 3).
Therefore, we observed that after one year, the P2O5 concentration in the soil remediated
since 2019 (S1A) decreased, while in the rest of the studied soils it increased in comparison
to the first sampling. For the lignite post-mining soil for the first sampling, the P2O5
concentration was highest for the soil remediated since 2013 (S2B-1) and the lowest for
the soil remediated since 2002 (S2D-1). In the second sampling, the tendency in P2O5
concentration was the same as in the first sampling. Therefore, we noticed that after one
year, the P2O5 concentration increased slightly in each studied soil.

For the limestone post-mining soil, we observed an increase in K concentration in each
soil along with remediation advancement stages for both sampling, with a minor exception
for the soil remediated since 2014, second sampling (S1B-2) (Table 3). It suggests that the
concentration of K in the soil decreased after one year in comparison to the first sampling,
except for soil remediated since 2014. For the lignite post-mining soil, the concentration of K
decreased with the remediation advancement stages; however, in contrast to the limestone
post-mining soil, after one year, the concentration of K in the soil significantly increased by
4–6 times for the soil remediated since 2007 (S2C-1, S2C-2).

For the limestone post-mining soil, we noticed that the Mg concentration was highest
in the soil remediated since 2014 for both sampling (S1B-1, S1B-2), but the concentration
of Mg decreased after a one-year period in the soil remediated since 2013, 2007, and 2002.
In contrast, in the soil remediated for the shortest period, Mg increased after 1 year. For
the lignite post-mining soil, we noticed a clearer tendency and gradual decline in Mg
concentration with the advancement of remediation for both sampling. Therefore, we
observed a large increase (the highest for S2D-1, S2D-2—4.2 times) in the concentration of
Mg after 1 year in comparison to the first sampling for each studied soil.

For the limestone post-mining soil, we observed that Cd concentration increased in soil
remediated since 2019 (S1A-1, S1A-2) and 2014 (S1B-1, S1B-2), while in the soil remediated
for a longer period, it significantly decreased (Table 4). For the lignite post-mining soil, an
opposite tendency was observed.

In the limestone post-mining soil, Cr in the soil fell down significantly after 1 year. For
the lignite post-mining soil, a decrease in heavy metal (Cr and Zn) concentration in the soil
after a one-year period was observed, except for soil remediated since 2013 (S2B-1, S2B-2).

After one year, the Pb and Zn concentration in the limestone post-mining soil was
higher only in the soil remediated since 2019 (S1A-1, S1A-2). In each remaining studied
soil, the Pb, and Zn concentrations decreased. In contrast, the lignite post-mining soil
showed lower Pb, and Zn concentrations in each studied soil after 1 year, except for the soil
remediated since 2013: S2C-1, S2C-2.
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Table 4. Selected heavy metals in the studied soils [mg kg−1]. S1: soil from the limestone open-cast
mining remediated with embankment; S2: soil from the lignite open-cast mining remediated with
sewage sludge; subsequent letters A–D mean different remediated areas located at the same mine
site; subsequent numbers mean different sampling periods; 1: spring 2021, 2: spring 2022. Mean
values ± SD, n = 3.

Sample Cd Cr Pb Zn

S1A-1 0.42 ± 0.03 162 ± 0.81 10.41 ± 0.29 37.61 ± 0.35
S1A-2 0.68 ± 0.067 46.6 ± 0.653 36.56 ± 0.488 128.33 ± 0.577
S1B-1 <0.01 ± 0.06 122 ± 1.17 49.84 ± 1.81 108 ± 0.82
S1B-2 0.47 ± 0.026 40.76 ± 0.595 30.45 ± 0.078 89.47 ± 1.041
S1C-1 0.28 ± 0.04 144 ± 1.40 26.12 ± 0.83 99.2 ± 0.90
S1C-2 0.09 ± 0.028 46.02 ± 0.631 10.24 ± 0.149 29.33 ± 0.351
S1D-1 0.54 ± 0.18 157 ± 2.27 13.67 ± 0.62 38.96 ± 0.09
S1D-2 0.04 ± 0.005 109.00 ± 2.000 9.64 ± 0.125 19.50 ± 0.290
S2A-1 0.84 ± 0.011 77.5 ± 0.36 40.34 ± 0.48 129 ± 0.89
S2A-2 0.12 ± 0.02 27.66 ± 0.11 6.11 ± 0.51 36.93 ± 0.42
S2B-1 0.67 ± 0.030 52.8 ± 0.77 37.06 ± 0.32 0.63 ± 0.24
S2B-2 0.07 ± 0.030 63.2 ± 0.53 5.29 ± 0.54 34.28 ± 0.33
S2C-1 0.18 ± 0.010 49.09 ± 0.33 11.36 ± 0.24 28.90 ± 0.098
S2C-2 0.11 ± 0.026 23.41 ± 0.18 3.63 ± 0.05 21.61 ± 0.29
S2D-1 0.20 ± 0.009 64.5 ± 0.73 12.19 ± 0.46 29.38 ± 0.40
S2D-2 2.68 ± 0.40 <0.0001 ± 0.003 5.67 ± 0.39 26.57 ± 0.29

3.3. Soil Carbon

Forest soils are considered a carbon sink in contrast to other ecosystems. We observed
large fluctuations in the total carbon (TC) concentration in the soil, both during a one-year
period at each remediation site, but also between different remediation advancement stages.
For limestone post-mining soil, in the first sampling period (spring 2021), we noticed a
slight decrease in TC for the samples collected from the area remediated since 2014 (S1B)
in comparison to the area remediated since 2019 (S1A) (Table 4). Nevertheless, in the
area remediated since 2008 (S1C) and 2002 (S1D) we noticed no statistically significant
differences in TC in comparison to soil remediated since 2019 (S1A). The highest TC
concentration was in the soil remediated since 2008 (S1C) for both sampling periods. In
the second sampling period (spring 2022), we noticed a similar tendency for each tested
area in comparison to the first sampling period (spring 2021). Therefore, we noticed a
high increase in TC after a one-year period at the soil remediated since 2019 (S1A-2) in
comparison to the initial sampling period (S1A-1). For each tested soil we noticed an
increase in TC after one year; however, for the longest remediated soil, we noticed the
lowest increase indicating a stabilization of the soil. For the lignite post-mining soil, TC
showed a higher fluctuation between different remediation advancement stages, similar for
both sampling periods (spring 2021, spring 2022). We noticed a highly significant increase
for the soil remediated since 2013 (S2B) in comparison to the soil remediated since 2019
(S2A). Next, we observed a large decrease in TC for the soil remediated since 2007 (S2C)
in comparison to the soil remediated form 2013 (S2B). Therefore, a slight decrease in TC
for the soil remediated since 2002 (S2D), in comparison to the soil remediated since 2007
(S2C) was noticed. The TC concentration in the longest remediated soil (S2D) was lower
than in the shortest remediated soil (S2A). For the soil remediated since 2013 (S2B), since
2007 (S2C), and since 2002 (S2D) for both sampling periods we noticed an increase in TC;
however, in the longest remediated area, we noticed the lowest concentration of TC for
both sampling periods. Each tested soil showed a similar TC dynamic in a one-year period,
indicating a slight growth in TC.

Soil organic carbon plays a key role for remediation purposes and consists of a good
indicator for the quality of soil and soil management. Soil organic carbon is an essential
characteristic of soil productivity and functionality. For the lignite post-mining soil, for the
first sampling period (spring 2021), we noticed a decrease in SOC for the soil remediated
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since 2014 (S1B-1) in comparison to the soil remediated from 2019 (S1A-1) (Table 5). Then,
we noticed a large increase in SOC in the soil remediated since 2008 (S1C-1) in comparison
to the soil remediated since 2014 (S1B-1), followed by its decrease in the soil remediated
the longest (since 2002, S1D-1) in comparison to the soil remediated since 2008 (S1C-1).
For the second sampling period (spring 2022), we observed a slight linear decrease in
the percentage content of SOC in soil for all the tested areas, and all soil remediation
advancement stages. In the lignite post-mining soil, the SOC content in the soil decreased
during the remediation period. However, we observed that after one year, the SOC content
increased highly in the soil remediated since 2019 (S2A-1 in comparison to S2A2), and
since 2014 (S2B-1 and S2B-2). For the soil remediated since 2008 (S2C-1, S2C-2) and 2002
(S2D-1, S2D-2), the SOC content remained at the same level between the sampling periods.
For the lignite post-mining soil, we noticed that the SOC content increased along the soil
remediation advancement stage for each of the tested soils and for both sampling periods.
We observed that the SOC increased linearly in the soil remediated since 2013, 2007, and
2002, in comparison to the soil remediated since 2019. The SOC tendency is the same for
both sampling periods. Therefore, we noticed a large increase in SOC in the same tested
soils after one year. While TC decreased after one year, SOC increased for all different soil
remediation advancement stages (S2A, S2B, S2C, S2D).

Table 5. Total carbon, soil organic carbon, and loss of ignition in the studied soils. S1: soil from
the limestone open-cast mining remediated with embankment; S2: soil from the lignite open-cast
mining remediated with sewage sludge; subsequent letters A–D mean different remediated areas
located at the same mine site; subsequent numbers mean different sampling periods; 1: spring 2021, 2:
spring 2022. Mean values ± SD, n = 3. Different letters in the columns indicate significant differences
between tested treatments (p < 0.05) according to Tukey’s test. Small and capital letters indicate
separate analyses for both sampling soils (capital letters indicate the tests between soils collected in
2021, and small letters in 2022).

Sample TC
[mg g−1]

SOC
[%]

LOI
[%]

S1A-1 14.00 ± 0.230 A 0.82 ± 0.008 A 0.98 ± 0.007 A
S1A-2 24.44 ± 1.020 a 1.18 ± 0.008 a 0.93 ± 0.012 a
S1B-1 11.50 ± 0.220 B 0.66 ± 0.029 A 0.95 ± 0.003 A
S1B-2 17.62 ± 0.655 b 1.12 ± 0.106 a 0.94 ± 0.11 a
S1C-1 24.70 ± 0.495 C 1.03 ± 0.028 B 1.12 ± 0.011 A
S1C-2 25.05 ± 0.448 a 0.99 ± 0.045 a 1.00 ± 0.009 a
S1D-1 23.90 ± 0.141 C 0.689 ± 0.011 A 0.94 ± 0.004 A
S1D-2 23.97 ± 0.200 a 0.68 ± 0.045 b 0.99 ± 0.007 a
S2A-1 4.58 ± 0.127 E 0.28 ± 0.007 E 0.32 ± 0.001 E
S2A-2 5.01 ± 0.102 e 0.88 ± 0.138 e 0.93 ± 0.031 e
S2B-1 6.32 ± 0.085 F 0.31 ± 0.007 E 0.36 ± 0.006 E
S2B-2 6.93 ± 0.092 f 1.20 ± 0.002 f 1.05 ± 0.003 e
S2C-1 3.61 ± 0.148 G 0.41 ± 0.008 F 0.53 ± 0.001 F
S2C-2 3.82 ± 0.093 g 0.71 ± 0.002 e 1.09 ± 0.012 ef
S2D-1 3.03 ± 0.064 G 0.45 ± 0.012 F 1.12 ± 0.022 G
S2D-2 3.15 ± 0.021 g 0.92 ± 0.004 e 1.14 ± 0.012 f

The loss of ignition (LOI) refers to the content of organic matter in the soil and it is
an important indicator of soil quality. For the lignite post-mining soil, no clear change
in the LOI was observed (Table 5). For all the studied areas, the LOI was very low, and
in many cases did not exceed 1%. The highest LOI was observed for the soil remediated
since 2008 in the second sampling (S1C-2). The changes in LOI after one year were not
statistically significant. For lignite post-mining soils, the LOI was even lower than in lignite
post-mining soils; however, here we observed slightly higher changes in the LOI over one
year. For the studied soils, the LOI increase in the soil remediated for the shortest period
(S2A-1, S2A-2) was three times higher than the longest remediated soil (S2D-1, S2D-2).
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A negative net CO2 emission rate (NCER) is considered important for climate change
scenarios. In our study, we observed a net negative CO2 emission rate for each studied
soil, except for the lignite post-mining soil remediated since 2019 in the first sampling
(S2A-1) (Figure 3). Therefore, for the lignite post-mining soil, the NCER decreased with the
remediation advancement stage for each studied soil. After one year, a significant decrease
in the NCER for the soil remediated since 2019 (S1A1-1, S1A-2) and since 2014 (S1B-1, S1B-2)
was noticed for the soil remediated since 2008 (S1C-1, S1C-2), and since 2002 (S1D-1, S1D-2)
we noticed a slight increase. However, it was not statistically significant. For the lignite
post-mining soil, we also observed decreased NCER values with remediation advancement
stages for both in situ analyses. In the soils with the most advanced remediation (remediated
the longest), the NCER was the most negative. Therefore, we observed a significant decrease
in NCER after one year for each studied soil, even doubled for soil remediated since 2013
(S2B-1, S2B-2). The dynamic changes in the NCER slowed down with the remediation
advancement stage.
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Figure 3. Net CO2 emission rate (NCER) in the studied soils. S1: soil from the limestone open-cast
mining remediated with embankment; S2: soil from the lignite open-cast mining remediated with
sewage sludge; subsequent letters A–D mean different remediated areas located at the same mine; sub-
sequent numbers mean different sampling periods; 1: spring 2021, 2: spring 2022. Mean values ± SD,
n = 3. Different letters with bars indicate significant differences between tested treatments (p < 0.05)
according to Tukey’s test. Small and large letters indicate separate analyses for both sampling soils.

Soil respiration (Ce) indicates soil’s ability to release CO2 into the atmosphere. In our
study, we noticed negative soil respiration for both studied post-mining areas (Figure 4).
In the limestone post-mining soil, we noticed that soil respiration decreased or remained
stable with the remediation advancement stage for both in situ analyses. Therefore, after
a one-year period, soil respiration decreased for all the studied soils. For the lignite post-
mining soil, we observed a similar tendency of Ce for both in situ analyses. The soil
respiration was higher in the soil remediated since 2013 (S2B-1, S2B-2) in comparison to the
soil remediated since 2019 (S2A-1, S2A-2). For the rest of the studied soils, the Ce decreased
significantly compared to the soil remediated for the shortest (S2A-1, S2A-2) period. The
soil respiration was similar for the soil remediated since 2007 (S2C-1, S2C-2), and since
2002 (S2D-1, S2D-2). Therefore, similar to the limestone post-mining soils, we observed
that after a one-year period the soil respiration decreased or remained stable.



Energies 2022, 15, 9452 13 of 23

Energies 2022, 15, 9452 13 of 23 
 

 

mining soil, we observed a similar tendency of Ce for both in situ analyses. The soil res-
piration was higher in the soil remediated since 2013 (S2B-1, S2B-2) in comparison to the 
soil remediated since 2019 (S2A-1, S2A-2). For the rest of the studied soils, the Ce de-
creased significantly compared to the soil remediated for the shortest (S2A-1, S2A-2) pe-
riod. The soil respiration was similar for the soil remediated since 2007 (S2C-1, S2C-2), and 
since 2002 (S2D-1, S2D-2). Therefore, similar to the limestone post-mining soils, we ob-
served that after a one-year period the soil respiration decreased or remained stable. 

 
Figure 4. Soil respiration Ce in the studied soils. S1: soil from the limestone open-cast mining reme-
diated with embankment; S2: soil from the lignite open-cast mining remediated with sewage sludge; 
subsequent letters A–D mean different remediated areas located at the same mine; subsequent num-
bers mean different sampling periods; 1: spring 2021, 2: spring 2022. Mean values ± SD, n = 3. Dif-
ferent letters with bars indicate significant differences between tested treatments (p < 0.05) according 
to Tukey’s test. Small and large letters indicate separate analyses for both sampling soils. 

Permanganate-oxidizable carbon (POXC) is an essential and sensitive tool to measure 
a soil carbon alternation. In our study, for the limestone post-mining soil, we observed a 
decrease in the concentration of POXC along the soil remediation advancement stage (Fig-
ure 5. The concentration of POXC in both sampling was about four times higher in the soil 
with the shortest remediation (S1A-1, S1A-2) period in comparison to other more ad-
vanced remediating soils. Therefore, after one year (spring 2022) in each studied soil, we 
observed an increased POXC concentration in comparison to spring 2021. For the lignite 
post-mining soils, the alternations in POXC are not clear along the soil remediation ad-
vancement stage but are the same for both samplings. The POXC was highest for the soil 
remediated since 2007 (S2C-1, S2C-2), and the lowest for soil remediated since 2002 (S2D-
1, S2D-2). Therefore, we observed that the POXC in the soil remediated since 2013 (S2B-1, 
S2B-2) was statistically significantly higher in comparison to the soil remediated for the 
shortest (S2A-1, S2A-2) period. In contrast to the limestone post-mining soil, it was also 
noticed that after one year, the POXC concentration in the lignite post-mining soils de-
creased or remained at the same level in comparison to the first sampling. 

Figure 4. Soil respiration Ce in the studied soils. S1: soil from the limestone open-cast mining
remediated with embankment; S2: soil from the lignite open-cast mining remediated with sewage
sludge; subsequent letters A–D mean different remediated areas located at the same mine; subsequent
numbers mean different sampling periods; 1: spring 2021, 2: spring 2022. Mean values ± SD,
n = 3. Different letters with bars indicate significant differences between tested treatments (p < 0.05)
according to Tukey’s test. Small and large letters indicate separate analyses for both sampling soils.

Permanganate-oxidizable carbon (POXC) is an essential and sensitive tool to measure
a soil carbon alternation. In our study, for the limestone post-mining soil, we observed
a decrease in the concentration of POXC along the soil remediation advancement stage
(Figure 5. The concentration of POXC in both sampling was about four times higher in
the soil with the shortest remediation (S1A-1, S1A-2) period in comparison to other more
advanced remediating soils. Therefore, after one year (spring 2022) in each studied soil,
we observed an increased POXC concentration in comparison to spring 2021. For the
lignite post-mining soils, the alternations in POXC are not clear along the soil remediation
advancement stage but are the same for both samplings. The POXC was highest for the
soil remediated since 2007 (S2C-1, S2C-2), and the lowest for soil remediated since 2002
(S2D-1, S2D-2). Therefore, we observed that the POXC in the soil remediated since 2013
(S2B-1, S2B-2) was statistically significantly higher in comparison to the soil remediated
for the shortest (S2A-1, S2A-2) period. In contrast to the limestone post-mining soil, it was
also noticed that after one year, the POXC concentration in the lignite post-mining soils
decreased or remained at the same level in comparison to the first sampling.

The C/N ratio is a common indicator for C dynamics in soils and especially in mon-
itoring C sequestration. For the limestone post-mining soil, we observed a statistically
significant decrease in the C/N ratio along the remediation advancement stage in com-
parison to the soil remediated for the shortest period for both samplings (S1A-1, S1A-2)
(Figure 6). Therefore, after one year, the C/N ratio slightly decreased or remained at the
same level in comparison to the first sampling for each studied soil. In contrast, for the
lignite post-mining soil, an increase in the C/N ratio along the remediation advancement
stage was observed. The C/N increased nearly four times in both samplings in the soil
remediated since 2013 (S2B-1, S2B-2), since 2007 (S2C-1, S2C-2), and since 2002 (S2D-1,
S2D-2), in comparison to the soil remediated since 2019 (S2A-1, S2A-2).
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3.4. Soil Microbial Community

Microorganisms are important for soil functionality, quality, and productivity, and
therefore, they are essential for C cycling. In our study, the mesophiles were the bigger
group of microorganisms in the studied soils. We observed that for the limestone post-
mining soil, the community of mesophilic bacteria decreased in the soil remediated since
2014 (S1B-1) in comparison to the soil remediated since 2019 (S1A-1) (Figure 7A). It showed
that in the soil remediated since 2008 (S1C-1), the number of mesophiles was higher
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in comparison to other soil remediation advancement stages. The lowest number of
mesophiles was noticed for the longest remediated soil (S1D-1). For the second sampling,
the number of mesophiles was lower compared to the first sampling. For the lignite post-
mining soil, we noticed a much higher number of mesophiles in the soil remediated for
the shortest period for both samplings (S1A-1, S1A-2). We also noticed that the lowest
number of mesophiles for the soil remediated since 2013 for both samplings (S2B-1, S2B-2).
Generally, the number of mesophiles decreased for each studied soil after one year.
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different remediated areas located at the same mine; subsequent numbers mean different sampling
periods; 1: spring 2021, 2: spring 2022. Mean values ± SD, n = 3.

The thermophilic bacteria were the lowest number for each studied soil (Figure 7B).
However, we noticed that in the limestone post-mining soil, their number was slightly
increased with the period of remediation. We observed a significant increase in the number
of thermophilic bacteria for the soil remediated since 2019 (S1A-1, S1A-2), since 2014 (S1B-1,
S1B-2), and since 2008 (S1C-1, S1C-2) after one year. For the soil remediated since 2002
(S1D-1, S1D-2), this increase was not so distinct in comparison to others. For the lignite
post-mining soil, the number of thermophilic bacteria in the first sampling was the lowest
for soil remediated since 2013 (S2B-1), and the highest for the soil remediated since 2007
(S2C-1). For the second sampling, we observed the highest number of thermophilic bacteria
for the soil remediated since 2002, compared to the soil remediated since 2007 (S2C-2). We
also observed that the number of thermophilic bacteria increased after one year in all the
studied soils, except the soil remediated since 2019 (S2A).

The amount of psychrophilic bacteria was higher for the limestone post-mining soil in
comparison to the lignite post-mining soil (Figure 7C). The highest number of psychrophilic
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bacteria for the limestone post-mining soil was observed for the soil remediated since 2019
in the first sampling (S1A-1), and the lowest for the soil remediated since 2002 for the second
sampling (S1D-2). For the lignite post-mining soil, we observed much higher numbers of
psychrophilic bacteria for the soils in the first sampling. For each studied soil, a significant
decrease in the number of psychrophilic bacteria after a one-year period was observed

For fungi, we did not notice any clear tendency in the first sampling in the limestone
post-mining soil (Figure 7D). However, we observed a much higher number of fungi in
the soil remediated since 2019 (S1A-1) and since 2002 (S1D-1) in comparison to other soils.
For the second sampling, we observed a slight decrease in the number of fungi along the
remediation advancement stages. Therefore, after a one-year period, the number of fungi
significantly decreased in each studied soil. For the lignite post-mining soil in the first
sampling, we noticed a decrease in the number of fungi with remediation advancement
stages for the soil remediated since 2013 (S2B-1) and since 2007 (S2C-1) in comparison to
the soil remediated the shortest (S2A-1). For the soil remediated since 2002, this number
decreased but still remained at quite a high level. For the second sampling, the highest
number of fungi was for the soil remediated since 2007 (S2C-2). Therefore, it was shown
that in the second sampling the number of fungi was much lower in comparison to the
first sampling.

4. Discussion
4.1. Physicochemical Characteristics of Soil

Soil’s physico-chemical condition directly influences the soil capability for C capture
and stabilization. In our study, we observed that sorption capacity decreased in the soil
remediated with sewage sludge (e.g., 14.31 cmol(+) kg−1 for S2A to 6.07 cmol(+) kg−1

for S2D in first sampling), while in the soil remediated with embankment it increased
highly (e.g., 7.29 cmol(+) kg−1 for S1A to 22.22 cmol(+) kg−1 for S1D in first sampling). The
addition of organic matter to post-mining soil influenced the sorption capacity; however,
in the soil remediated since 2019 and since 2013, the sorption capacity increased after one
year. While organic additives are considered to have a high sorption capacity [33], in this
study we noticed decreased sorption capacity after the addition of sewage sludge, which is
considered a soil amendment with easily labile organic compounds.

Therefore, the temperature of the soil during sampling and in situ analysis did not
seem to highly influence the CO2 fluxes; however, other studies indicated that CO2 emis-
sions are dependent on the soil temperature in unreclaimed soils [34]. Moreover, a positive
correlation between the CO2 emission from the soil and higher events of rainfall is ob-
served [35].

4.2. Impact of Soil Remediation on Chemical Composition

Total nitrogen is crucial for controlling plant growth and is a good indicator of soil
quality [27]. The reforestation of limestone post-mining soil inducted with embankment
showed increased N content after one year in the soil remediated since 2019 (S1A), and 2014
(S1B) from 5.31% to 8.46%, and from 2.72% to 5.64%, respectively. In the more advanced
remediated soil S1C (2008) and S1D (2002), N content decreased caused probably by higher
N uptake by plants (from 7.14% to 3.21%, and from 6.18% to 4.42%, respectively). In the
lignite post-mining soil, reforestation caused increased N content with remediation age, but
it decreased for the longest remediated soil. Moreover, after one year we noticed a slight
decline in N content (e.g., from 2.28% to 2.04% for S2B). Our findings are in accordance with
the TN decrease noticed by Zhang et al. [36] in remediated mine soils after 10–13 years of
reclamation. Therefore, in our study, the remediation with embankment (S1) showed high
fluctuations in TN, which cannot be explained at this juncture. In the two soils remediated
for the shortest period, TN increased after one year (e.g., 5.31% to 8.46% for S1A), but it
decreased at the more advanced remediation stages (remediation since 2008, and 2002)
for instance from 6.18% to 4.42% for S1D. However, the remediation with sewage sludge
showed a consistent gradual decrease in TN with the soil remediation advancement stage.
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Due to the reforestation practices at both post-mining areas, the TN fluctuations may be
justified by increasing the plant uptake of N. The increase in TN noticed in our study is
confirmed in other studies regarding the recultivation of post-mining areas. Our findings
are in agreement with the studies of Ahirwal and Maiti [4] who found increased TN in
the reclaimed soil in comparison to the unreclaimed soil. Other studies also reported a
significant increase in TN in reclaimed soil in comparison to unreclaimed post-mining coal
soils [27].

CaCO3 in soils is considered beneficial for soil deacidification, structure-formation,
and improving microbial activity. Therefore, CaCO3 is considered a superhydrophobic filter
in the soil [29]. CaCO3 reacts slowly in the soil, and thus it is preferred as a better liming
source in comparison to CaO [37]. However, the presence of CaCO3 in the soil is strictly
related to the bedrock located in the area [38]. Thus, the limestone post-mining soil showed
a higher CaCO3 content in comparison to the lignite post-mining soil (e.g., 2.45% for S1B1
and 0.34% for S2B1). We observed decreased CaCO3 content in the limestone post-mining
soil after one year for all the studied soils except the soil remediated for the shortest (S1A)
period. The highest decrease in CaCO3 content after one year has been noticed for the most
mature soil S1D which reached 58%. In contrast, the remediation with sewage sludge at
the lignite post-mining soils resulted in an opposite trend, with increased CaCO3 content
(the highest increase of 295% for S2D). A dual perspective of CaCO3 content fate in the
reclaimed soils has been observed by other researchers. Segura et al. [39] noticed a lower
content of CaCO3 in afforestation practices in comparison to cereal crops in the semiarid
soils, while other studies [40] showed increased CaCO3 with the soil remediation age being
the highest in the soil remediated for the longest period. They tested soil remediation with
organic matter addition, liming, and other amendments in red soils rich in Fe oxides of
different hybrid variations.

Therefore, the reforestation and different remediation techniques influenced P con-
tent in different ways. In our study, decreased available P along the remediation age in
the reforested limestone post-mining soils remediated with embankment was observed.
However, we observed an annual growth in P2O5 in each studied soil. The remediation
of the lignite post-mining soil with sewage sludge amendment resulted in the increase of
P2O5 concentration in soil for the two shorter remediated areas (from 0.28 mg kg−1 for
S2A1, to 0.40 mg kg−1 for S2B1, and from 0.33 mg kg−1 for S2A2 to 0.42 mg kg−1 for S2B2),
and decrease in the longer remediated soils (S2C, S2C) (from 0.31 mg kg−1 for S2C1 to
0.19 mg kg−1 for S2D1, and from 0.32 mg kg−1 for S2C2 to 0.22 mg kg−1 for S2D2). Our
findings are in contrast to the previously conducted studies on soil remediation, which
indicate a significant increase in P2O5 concentration after organic fertilizing [41]. A simillar
observation in increased P2O5 content in the soil with a higher application dose of organic
additive was reported by Zaeni et al. [24] which studied the influence of different compost
doses (0%, 9%, 13%, and 17%) on soil quality. This disagreement with the previous studies
may be associated with higher plant biomass and P incorporation to the plant biomass
through higher P plant uptake.

In the studied remediation management of post-mining soils, we noticed a similar
tendency in K and Mg concentration in the soil. These nutrients play an important role
in setting seeds, and grains influencing strongly on soil plant biomass, and plant produc-
tivity [42]. In our study, the remediation of post-mining areas, both with embankment
and with sewage sludge, contributed to the increase in K and Mg concentration with the
remediation age with a minor exception. At the most advanced remediation stage, Mg
concentration decreased for both limestone and lignite post-mining soils. Therefore, we
observed a decrease in K, and Mg (up to 50% for K, and 23% for Mg at S1D) after one year
for S1 (except S1A where K rose), and an increase in K, and Mg after one year for S1 (up to
400% for K, and Mg at S2D). The increase in K and Mg allows for the proper growth and
development of plants in the soils under reforestation management.

Therefore, we noticed a strong influence of SOM on the concentration of heavy metals
(HMs) in both studied soils. The remediation of the limestone post-mining soil with
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embankment (S1) resulted in increased SOC concentration causing sorption capacity and
higher sorption of HMs. The annual decrease in HMs (Cd, Cr, Pb, Zn), e.g., for Cd from
0.84 mg kg−1 to 0.12 mgkg−1 for S2A, was probably associated with their immobilization by
organic matter in the soils remediated for the longest period. The remediation advancement
in the post-mining soil amended with sewage sludge resulted in a high decrease in HMs
content in the soil. The remediation with sewage sludge not only contributed to the
increase of organic matter, but it also allowed for a cleaning-up of the soil from a toxic
element positively influencing soil properties and soil health. A similar influence of
increased organic matter in the soil (including amendment with organic matter) was noticed
previously by other researchers [43]. Other studies also indicated that reforestation may
be a proper way to effectively decrease the soil contamination of HMs [44]. Thus, despite
the many beneficial roles of reforestation on SOC and climate change, this recultivation
method seems to be helpful for the alleviation of soil contamination in HMs.

4.3. Dynamic of Soil C under Soil Remediation

Soil management is of high relevance for the quality of the soil and its further function-
ality. Soil remediation is one of the most important soil management practices influencing
soil properties, improving and restoring soil quality. Among degraded areas, post-mining
soils are considered to contribute to increased CO2 emissions into the atmosphere. Lack of
remediation activities in such areas would drive climate changes, and thus is of biggest
concern for scientists, politicians, and society as a whole. Thus, remediation seems to be an
inevitable element of the post-mining economy. Therefore, it has been previously noticed
that well-managed soil remediation may contribute to lowering CO2 release from the soil
and decreasing climate change. The remediation of degraded soils localized in the open-cast
post-mining areas is difficult because of poor low soil fertility and extremally low organic
matter content. The improvement in the soil properties of open-cast post-mining areas,
similar to other degraded soils, is determined by the remediation management practice.
In our study, we observed increased content of TC after one year in all the studied soils
at both limestone post-mining soil and lignite post-mining soil remediated with sewage
sludge. The highest increase in TC after one year has been observed for S1A reaching an
increase of 71% for limestone post-mining soil, and of 11% at S2A for lignite post-mining
area. A similar tendency of TC increase in the remediation of degraded soils using organic
additives was noticed by Tregubova et al. [45] and by Placek et al. [11] after the addition of
sewage sludge or compost. Our findings are in agreement with other studies indicating the
increased TC concentration in mining soil under agricultural use, and the highest for the
soil under the shortest (4 years) remediation period in comparison to the soil remediated
for 7, 10, and 13 years [46]. However, in their study, a statistically significant increase in
comparison to control was observed only in the soils remediated for 4 years.

In addition to TC, SOC content is also an important determinant for soil remediation.
In our study, we noticed an increase or stabilization of SOC in the limestone post-mining
soil remediated with embankment. The stabilization of SOC was observed for the soil
with a higher remediation age (S1C, S1D) where the changes after one year were only at
the level of 1%. The remediation of the lignite post-mining soil resulted in the increase of
SOC among the soil remediation age—the highest for S2B where we observed an increase
in SOC at the level of 387%. Our findings are consistent with the other study which also
showed the increase of SOC as an effect of remediation activities [47]. Similar to our study,
different remediation advancement stages influenced the increase in SOC concentration [40].
Therefore, similar studies regarding soil remediation with biosolids resulted in a higher SOC
by >45% [48]. Another study indicated a decrease in SOC which resulted after cessation of
biosolids application into the soil [26], while the other study also indicated an increased
SOC content in the soil amended with different doses of compost, showing a higher increase
in SOC with the higher dose of compost (17%) [24]. Our observations are in agreement
with other studies which indicated higher SOC accumulation in soils with remediation age
under reforestation [13]. Moreover, we noticed an interesting tendency in reforested lignite
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post-mining soil remediated with sewage sludge. While a TC decreased with remediation
age, the SOC content showed an increasing tendency suggesting enhanced formulation of
organic C compounds in the remediated soil. In the limestone post-mining soil remediated
with embankment, we found an opposite tendency with increased TC and decreased SOC
with remediation age.

The remediation method strongly influences the loss of ignition. We noticed that
in the soil remediated with embankment (S1) the LOI values varied to a lower extent in
comparison to the soil remediated with sewage sludge (S2). In this remediation technique,
LOI increased 3.5 times for the soil remediated since 2002 (S2D-1) in comparison to the
soil remediated since 2019 (S2A-1). Such high variations in LOI were not noticed for the
soil remediated with embankment. It was probably caused by the application of organic
additives with sewage sludge causing variations in the soil through improved soil quality.
Similarly to our study, Placek et al. [11] observed that remediation of the post-mining area
with the application of organic fertilizers results in a slight increase in LOI. The level of this
increase in their study was similar to ours. Other studies also compared to our findings
and indicated the increase in LOI after post-mining soil reclamation [49].

The carbon footprint in remediated post-mining soils, the ability of the soil to sequester
C, and future perspectives to promote the mitigation of climate change are determined
by several indicators including the net CO2 emission rate (NCER). This is the tool that
indicates the balance between the amount of CO2 fluxes released into soil to the amount
of CO2 removed from the atmosphere. For both studied post-mining soils, we noticed a
negative CO2 emission from the soil under remediation, and NCER further decreased after
one year. The highest NCER for S1 was noticed for S1A (−2.5 µmol s−1 m−2), and the
lowest for the S1D (−11 µmol s−1 m−2), while for S2 the highest were about -5 µmol s−1

m−2 for S2A, and the lowest—11 µmol s−1 m−2 for S2D. Such negative values of NCER
and negative Ce indicate the removal of CO2 from the atmosphere. Thus, it indicates that
more CO2 is absorbed from the atmosphere than that which is released by the studied soil.
This is a perfect situation for C sequestration and mitigation of climate change. Such NCER
and Ce values that we observed in this study contribute to zero net CO2 emission at the
regional scale as laid down under the Paris agreement [50]. There are very few similar
studies regarding CO2 emission from post-mining soils under recultivation; however,
some are similar to our findings and reported a decreased CO2 emission rate from the
soil after restoration [51]. Therefore, related studies found a positive correlation between
CO2 emission, and soil air porosity, and a negative correlation between CO2 emission and
soil penetration resistance after tillage [52]. Our findings are in accord with the studies
on the differences between reforestation, and grasslands. The mentioned study reported
lower emissions of CO2 under reforestation as compared to grasslands. This improves the
positive feedback of remediation driven by reforestation. In turn, other studies indicated a
reverse trend of CO2 emission and showed that in unreclaimed mining soil, the emission
of CO2 was lower in comparison to reclaimed mining soil and forest soil [34]. However,
in this study, the emission of CO2 from forest soil was much lower in comparison to the
reclaimed post-mining soil. It may suggest the similarity with our study, where we found
lower emissions in the areas with a longer remediation time, and thus with more forestry
landscape. Other studies observed that CO2 efflux is higher under higher tree cover, which
is contrary to our reports [53]. The study on the reclaimed mine soil indicated a four-times
higher CO2 flux at reclaimed mine soil compared to the natural forest soils after 11 years of
reclamation indicating its important role to offset the increased emission of CO2 into the
atmosphere [34].

Carbon footprint is also determined by the content of active carbon (POXC) in the
soil. The POXC is the labile fraction of C that is sensitive to decomposition. In our
study, we noticed a slight increase in POXC in the limestone post-mining soil remediated
with embankment after one year. The highest POXC for limestone post-mining soil was
observed for S1A and ranged about 900 mg kg−1 over one year. However, the POXC
content significantly decreased with remediation age as compared to those remediated
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for the shortest (since 2019) period, reaching about 100 mg kg−1 for S1D. In the lignite
post-mining soils remediated with sewage sludge, the POXC content showed a decreasing
trend or remained stable after one year. However, for the soil remediated for the longest
(since 2002) period, the POXC concentration was the lowest (55 mg POXC kg−1 for S2D).
The increase in POXC for the post-mining soil remediated with sewage sludge may have
been caused by the wood residue, as previously reported [54]. The active fraction of carbon
in the soil is not beneficial for carbon sequestration; however, it may drive microbial activity
influencing soil quality.

Both C and N are considered to help humankind to strive with climate change [55].
The C/N ratio well characterizes the transformation of SOC in the soil. The C/N ratio was,
generally, lower in the post-mining soil remediated with sewage sludge. The highest C/N
ratio was for the lignite post-mining soil remediated with embankment at the shorter reme-
diation time (3.89 for S1A1, and 3.71 for S1A2), and it decreased in the longer remediated
soils (2.33 for S1D1, and 2.37 for S1D2). Rumpel et al. [56] showed a decreasing tendency
in the C/N ratio with the soil remediation advancement stage. Therefore, Shi et al. [57]
noticed the highest C/N ratio of 14,98 for the forestation of baren land. The lower C/N
ratio was noted for the forestation of grassland (9.68), being further lower for the forestation
of croplands (7.72). It is suggested that a higher C/N ratio decreases the soil’s ability to
sequester SOC [21]. Other studies indicated a lower C/N ratio under reforestation and
observed a reverse correlation between the C/N ratio and SOC sequestration [21].

4.4. Soil Microbial Community Fluctuations

Therefore, the remediation of post-mining soils altered the composition of the microbial
community in the soil. In most cases, in the lignite post-mining soil, the diversity of
microorganisms decreased, with a prevailed increase in thermophilic bacteria in the second
sampling. The number of fungi decreased after a one-year period for each studied area. A
similar change in the microbial community was noticed in the soil remediated with sewage
sludge; however, the increase in the number of fungi was not as large as observed in the
limestone post-mining soil. The alternation in the microbial community in both studied
areas would be strongly affected by environmental conditions.

5. Conclusions

A positive C feedback in the remediated soil was observed with increased SOC in
the post-mining soils after one year by implementing climate-friendly forest management
practices in the studied post-mining soils; both limestone and lignite post-mining soils.
The soil remediation by reforestation amended with sewage sludge contributes to higher
SOC sequestration leading to the mitigation of climate change. The negative net CO2
emission rate (NCER) and soil respiration (Ce) observed in both remediated post-mining
soils also indicated a possibility of SOC sequestration in these soils. In addition to SOC
sequestration, both remediation techniques on post-mining soils also showed improvement
in the content of nutrients (e.g., K, Mg), which are supposed to promote plant growth and
lead to enhanced SOC sequestration. We also observed a decrease in the concentration of
heavy metals after one year of remediation at each remediation advancement either for
lignite or limestone post-mining soils. Such a positive complex interaction between the
remediation of post-mining soils and SOC dynamics suggests the right step toward the
climate change mitigation process.
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