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Abstract: Carbon storage in soil increases along with remediation of post-mining soils. Despite many
studies on the issue of carbon sequestration in soils, there is a knowledge gap in the potential and
mechanisms of C sequestration in post-mining areas. This research, including nuclear magnetic
resonance analysis, determines the soil organic carbon formation progress in a long-term study of
limestone (S1), and lignite (S2) post-mining soil under different remediation stages. The main reme-
diation target is reforesting; however, S2 was previously amended with sewage sludge. The study
showed that for S1, the O-alkyl groups were the dominant fraction in sequestered soil. However,
for S2, increased fractions of acetyl-C and aromatic C groups within remediation progress were
observed. The remediation of S1 resulted in improved hydrophobicity and humification; however,
the decrease in aromatic groups’ formation and C/N ratio was noted. For S2, we noticed an increase
for all indicators for sequestered C stability, which has been assigned to the used sewage sludge in
remediation techniques. While both post-mining soils showed huge potential for C sequestration,
S2 showed much higher properties of sequestered C indicating its higher stabilization which can
suggest that soils non-amended with sewage sludge (S1) require more time for stable storage of C.

Keywords: carbon sequestration; remediation of post-mining soil; climate change; post-mining soil;
soil organic carbon (SOC); hydrophobicity; aromaticity; humification

1. Introduction

The fate of carbon in the environment is presently one of the main focuses worldwide.
The alarming concentrations of carbon dioxide (CO2) in the atmosphere are considered to
be responsible for the observed global warming and climate changes, as CO2 is one of the
greenhouse gases (GHG). On the other hand, soils and forests are the most representative
C pool, thus carbon sequestration in the soil may be the main tool aimed for the mitigation
or slowing down of climate changes by lowering the CO2 concentration in the atmosphere
and stable storage in the soil [1]. The efficiency of the carbon sequestration is strictly
determined by the soil quality [2]. Unfortunately, human activity was instrumental in the
worsening quality of the soil worldwide throughout the severe environmental transforma-
tion. In particular, mining is considered to be highly destructive for the environment [3].
The processes of topsoil removal carried out during opencast mining cause severe destruc-
tion in the ecosystem, making its restoration difficult. It is caused by the destruction of the
soil microclimate, deterioration of the water regime, water pollutions, as well as deleting of
the organic matter which determines fertility, and thus the quality and productivity of the
soil including its ability to sequestrate carbon, and finally, destroying the soil health [4].
The remediation of the post-mining soils is challenging, especially due to the necessity to
recreate the natural soil functionality. Nevertheless, the increasing areas with degraded
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soils force the recovery of the damaged area. It is important not only in the aspect of the soil,
but it also has immense value for the whole environment as the remediation of post-mining
soil allows for the enhancement of carbon sequestration lowering climate change.

The functions of the soil carbon are not limited to climate change purposes. Car-
bon (C) in the soil plays an essential role in building all organic compounds, and thus,
influencing soil fertility. Organic C in the soil determines all soil properties including
biological, chemical, and physical, and moreover, C is involved in the nutrients cycle in the
environment [5]. Organic carbon in the soil hinders the leaching of the mineral fraction
from the soil allowing the proper growth and development of plants and influencing
biodiversity [6]. Soil organic carbon (SOC) also affects, among others, the sorption capacity,
filtration capacity [7], and soil structure [8], and therefore C takes an essential role in the
soil formation processes [9]. In properly functioning soil, the C-cycle is undisturbed and
there are many C inputs, such as plant residues, fertilizers, secondary sources of animal
origin (animals excrements, residues of soil fauna), etc. However, the post-mining areas
represent a very limited C pool in the soil. In post-mining soil and during the first stages
of remediation, soil carbon is provided by organic fertilizers and also from the soil C
sequestration, and within the remediation progress, the number of C sources [3] and C
sequestration increases [10].

The organic carbon in the soil is heterogenous, since a part of it is stable with a
large half-life period and part of SOC is quickly mineralized by soil microorganisms.
According to Dignac et al. [11], there are three different conceptual C pools in the soil
concerning their degradation rate: labile C, intermediate C, and stable C. The main source
of labile and intermediate C is litter and roots, and its turnover is day-year (for labile C),
and years-decades (for intermediate C). The stable C is retrieved from the labile C and
intermediate C, and its turnover range is between decades and centuries. The majority
of SOC consists of the stable C, and may be found in aggregates and/or absorbed on
mineral surfaces. The alkyl-C and aromatic C are considered to be the most stable fraction
of SOC, while O-alkyl and carbonyl C are quickly mineralized. The mechanisms of their
formation in a long-term study should be helpful for the better understanding of SOC
sequestration mechanisms. The SOC has been widely described by Dignac et al.; however,
they indicated the essential need for long-term monitoring of experimental sites. Therefore,
in the literature of the subject, there are no studies on the mechanisms and potential of
post-mining soils for SOC sequestration which has been a struggle in this paper.

According to the estimations of Blume et al. [12], roughly 80% of the terrestrial soil
organic carbon (SOC) stock are located in the soil structure and even 2060 +/− 215 Pg C
may be located in the topsoil layer of 2 m [13]. Kanzler et al. [14] indicate that any change in
soil carbon stock may cause severe changes in the global C-cycle, thus suggesting the huge
potential of the soil in the mitigation of climate change. Fox et al. [15] noticed that post-
mining areas have a huge potential for carbon sequestration, which is the confirmation of
proper soil restoration. In Poland, the remediation of the post-mining soil is usually carried
out via reforestation, providing large opportunities for improving carbon sequestration [3].
While the potential of post-mining soil for capturing atmospheric carbon has been widely
studied, there is a lack of knowledge of the issue of the mechanisms of the stable storage
of captured carbon in post-mining soils. In this research, we studied the forms of carbon
stored in post-mining soils at different stages of remediation to determine the mechanisms
of the carbon sequestration of post-mining areas.

2. Materials and Methods
2.1. Characteristic of Post-Mining Soils and Sampling

In the current study, two different open-cast post-mining soils recultivated with
different methods have been studied: limestone post-mining soil (S1) recultivated with
embarkment obtained in the mining process, and lignite post-mining soil (S2) recultivated
with sewage sludge obtained in a wastewater treatment plant. The remediation of the
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studied post-mining soil is directed for reforestation (Figure 1). Both places are located in
Poland.
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Figure 1. Selected studied soils (S1C—soil collected from the limestone open-cast mining area
remediated with embarkment obtained during the mining process–12 years old; S2C—soil collected
from the lignite open-cast mining area remediated with sewage sludge–13 years old).

Intensive exploitation of limestone is conducted at S1. The reforestation recultivation
at the S1 area has been conducted since 1984. The following tree species are mainly used
for reforestation at S1: Pinus silvestris, Betula verrucose, and Alnus incana. They constitute
forecrop trees with phytomelioration and pioneering properties.

The S2 area is located near the lignite and brown coal opencast mine in Poland, which
is one of the largest in Europe. The recultivation is conducted with the use of sewage
sludge obtained in a treatment plant. The sewage sludge contains >10% solids and is
combined with plant seeds in the amount of 2% by weight of the mixture. The mass of
sludge with seeds falling to the surface stabilizes them at the place of sowing (discharge).
The following plant seeds are mainly used for planting in the S2 area: Trifolium repens,
Trifolium pratense, Lolium multiflorum, Lolium perenne, and Agrostis stolonifera. All plants
are characterized by the ability to compete with the introduced forest crops. Thirty t of
fermented and hydrated sewage sludge were used per 1 ha. The reforestation recultivation
at the S2 area is conducted with the following trees: Alnus glutinosa, Gaertn, Quercus robur,
and Pinus silvestris.

For each studied area, we selected different remediated places located at the post-
mining area which differs from the recultivation advancement. The recultivation periods
were similar for both areas. The characteristics of the studied areas are described in detail
in Table 1. Sampling was conducted in November 2019 in similar weather conditions at
both post-mining areas, excluding the influence of weather conditions in the course of the
study. At each of the studied places, 12 soil samples were collected at an equal distance and
evenly between each other. Soil cane was used to collect the samples. Samples (1L volume
each) were collected from the 20 cm of the topsoil. Sampling was conducted in the same
scheme for each area. For laboratory analyses, the averaged samples have been prepared
to ensure the representativeness, quality, and accuracy of analyses for all studied places.
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Table 1. Characteristic of studied post-mining areas (S1—soil collected from the limestone open-cast
mining area remediated with embarkment obtained during the mining process; S2—soil collected
from the lignite open-cast mining area remediated with sewage sludge; subsequent letters A–D mean
different remediated areas located at the same mine).

Soil Area of the
Recultivated Soil [ha]

Year of the Remediation
Beginning [Year]

The Reclamation Period at
the Time of Sampling [Years]

S1A 4.0 2019 1
S1B 10.0 2014 6
S1C 3.5 2008 12
S1D 6.0 2002 18
S2A 6.0 2019 1
S2B 3.0 2013 7
S2C 5.5 2007 13
S2D 7.0 2002 18

2.2. Soil Chemical Analyses

For each studied area, soil samples were air-dried, grounded, and sifted with a
diameter of <2 mm.

Each soil sample was studied for total carbon (TC) according to the Polish standard
PN-ISO 10694:2002. The total carbon was performed after dry combustion with Multi N/C
H 1300 Analytik Jena analyzer.

The soil samples were studied for total Kjeldahl nitrogen (TN) according to the Polish
Standard (PN-ISO 11261:2002). The TN was measured in soil samples after mineralization
with 95% H2SO4. The mineralization was performed with catalysts mixture K2SO4 +
Cu2SO4. The alkalization was performed with 33% NaOH. Moreover, the C/N ratio was
calculated.

The total phosphorus was measured for all studied areas according to the Egner-Reihm
method [16].

The pH values of the soil samples were measured in distilled H2O and 1 M KCl
using a standard laboratory pH-meter (Elmetron CP-401, Thane, India) according to ISO
10390:2005.

2.3. SOC Chemical Composition

For representative samples of all studied areas, the carbon forms were examined with
13C NMR using spectrometer NMR 600 MHz (Bruker, Poland). The study was performed
with 100 mg of ground and sifted soil with a diameter of <2 mm. The studies were taken
using CP MAS 3.2 mm probe in 300 K with sample rotation of 8 kHz. Ceramic rotors
with a diameter of 3.2 mm were fully filled with soil samples. The obtained 13C NMR
spectra were divided into 4 groups: alkyl-C (CAL) (0–45 ppm), O-alkyl COAL (45–110 ppm),
aromatic C (CAR) (110–160 ppm), and carbonyl C (CCN) (160–210 ppm). The calcula-
tions of hydrophobicity (HB), aromaticity, and humification [17] of the soils were also
conducted. For the calculation of hydrophobicity (HB), the following equation was used:
HB = (CAL + CAR)/(COAL + CCN). The aromaticity was calculated as follows:
CAR/(CAL + COAL + CAR + CCN) [18]. The degree of organic matter decomposition (humi-
fication) was calculated according to the equation: CAL/COAL [19,20].

2.4. Statistical Analyses

Origin 8 Pro software was used for statistical analyses. All data have been shown as the
mean values (n = 3) with a standard deviation. A one-way ANOVA was used to compare
parameters among the soils collected from the same post-mining area: separately for S1,
and separately for S2. All correlation coefficients significant at p < 0.05 were calculated.
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3. Results

Carbon is considered as one of the most important elements for the evaluation of
soil quality. In the studied soils, we observed different carbon performances during soil
reclamation. For the soil S1, we noticed that total carbon concentration shows an increasing
trend reaching up to 17.79 g C kg−1 d.m. in 20 years (S1D), in contrast to the shortest recul-
tivation period (S1A), where the concentration of total C is 13.54 g C kg−1 d.m. (Table 2).
For the post-mining soil recultivated with sewage sludge, we noticed an opposite trend,
as the total carbon concentration in S2 decreases with the recultivation time. However,
we noticed that carbon decreases strongly in the first 5 years, and then remains stable
through the next 7 years, and in the next 11 years increases (S2D) exceeding TC content
in S2A. The initial decline in the TC content could be caused by the increased microbial
activity and the subsequent increase may result from the stabilization of the soil ecosystem
followed by the sequestration of soil organic carbon.

Table 2. Characteristic of studied soils (S1—soil collected from the limestone open-cast mining
remediated with embarkment obtained during the mining process; S2—soil collected from the lignite
open-cast mining remediated with sewage sludge; subsequent letters A-D mean different remediated
areas located at the same mine). Mean values ± SD, n = 3. Different letters above the columns
indicate significant differences between tested treatments (p < 0.05) according to Tukey’s test. Small
and large letters indicate separate analyses for both soils.

Soil Total C
[g kg−1 d.m.]

P Total
[mg 100g−1 d.m.]

N Kjeldahl
[g kg−1 d.m.] pH (KCl) pH (H2O)

S1A 13.54 ± 1.431 a 1.11 ± 0.012 a 5.47 ± 0.032 a 7.47 ± 0.109 a 7.41 ± 0.096 a
S1B 14.40 ± 0.667 b 0.76 ± 0.074 b 7.98 ± 0.010 b 7.32 ± 0.143 a 7.33 ± 0.087 a
S1C 14.06 ± 0.530 ab 1.27 ± 0.047 a 7.40 ± 0.039 c 7.44 ± 0.126 a 7.58 ± 0.132 b
S1D 17.79 ± 0.833 c 0.97 ± 0.272 ab 7.90 ± 0.020 b 7.33 ± 0.053 a 7.38 ± 0.082 a
S2A 3.59 ± 0.264 A 7.51 ± 0.076 A 4.84 ± 0.020 A 7.23 ± 0.111 A 7.14 ± 0.123 A
S2B 2.40 ± 0.246 B 4.20 ± 0.257 B 1.12 ± 0.039 B 7.04 ± 0.121 A 7.00 ± 0.055 A
S2C 2.58 ± 0.646 B 1.91 ± 0.012 C 1.18 ± 0.039 B 7.22 ± 0.022 A 6.88 ± 0.131 A
S2D 6.89 ± 0.104 C 6.18 ± 0.338 D 2.94 ± 0.020 C 7.34 ± 0.054 A 7.57 ± 0.156 B

In both types of soil S1 and S2, we noticed a very low amount of phosphorus (P).
In soil S1 during the reclamation, the P content remains at a similar and very low level
oscillating approximately 1 mg 100g−1 dm. (Table 2). In contrast, for the soil S2 we noticed
a slightly higher P concentration in comparison to S1; however, both soils are very poor in
P. The content of P in S2 initially showed a lowering tendency and increased significantly
for S2D in comparison to S2C.

The nitrogen (N) content similar to the TC showed an opposite behavior in the
reclamation of studied soils. We observed an increase in Kjeldahl N for soil S1 in the first
6 years, which remains at a similar level for the next 12 years. For the soil S2, we noticed
a significant decrease of nitrogen content followed by an increase. Nevertheless, for all
tested areas for S2, very low amounts of nitrogen content were noted.

The pH in KCl was similar for all tested soils and oscillated approximately 7.20.
The pH in distilled water showed slight differences among the remediation period and
for S1 ranged between 7.33 ± 0.087 and 7.58 ± 0.132, and for S2 between 6.88 ± 0.133 and
7.57 ± 0.156.

The stability of C sequestered in the soils strongly depends on its forms present in the
soil. Alkyl-C (0–45 ppm), due to the presence of strong chemical bonds C-C, is considered as
the most stable form of soil organic carbon [21]. For soil S1, we noticed a significant increase
(24.4% for S1A and 33.8% for S1D) in the percentage share of SOC in this form throughout
the period of 18 years (Table 3). For soils S2, we observed a much higher increase in the
percentage share of SOC as alkyl C (28.4% for S2A and 46.9% for S2D, indicating an almost
doubling of alkyl C in SOC in 18 years). The presence of aromatic C (110–160 ppm) in
the soil derives from the lignin, tannins, and charcoal and is difficult to decompose [21].
For studied post-mining soil, an opposite trend was noted in the share of aromatic C in
SOC. Over 18 years, aromatic C increased significantly in soil S1. For the S2 site, the %
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share of aromatic C in SOC was much higher in S2D in comparison to S2A. For both soils,
this fraction of SOC was predominantly aryl C. O-alkyl C (45–110 ppm) derived from the
polysaccharides such as cellulose and hemicellulose but also from proteins. The carbonyl
C (160–220 ppm) derives from aliphatic esters, carbonyl groups and amide carbonyls,
which are easily decomposable [22]. For the soil S1, O-alkyl C slightly increased with the
reclamation period, while for S2 it emphatically decreased (over a 2 times decline). For both
soils, carbohydrates predominated in the O-alkyl C fraction of the SOC. In turn, carbonyl C
showed a falling trend for both studied soils through 18 years of remediation.

Table 3. A percentage of carbon forms in studied soils [%] (S1—soil collected from the limestone open-cast mining area
remediated with embarkment obtained during the mining process; S2—soil collected from the lignite open-cast mining area
remediated with sewage sludge; subsequent letters A–D mean a different remediated area located at the same mine).

Soil

Alkyl C
(0–45 ppm)

O-Alkyl C
(45–110 ppm)

Aromatic C
(110–160 ppm)

Carbonyl C
(160–220 ppm)

Alkyl C N-alkyl/Methoxyl C Carbohydrate C diO-Alkyl C Total Aryl C O-Aryl C Total Carboxyl/Amide C Ketone/Aldehyde Total

S1A 24.4 ± 0.92 5.8 ± 0.03 27.6 ± 0.94 10.8 ± 0.31 44.2 ± 1.03 12.3 ± 0.82 3.7 ± 0.02 16.0 ± 0.95 10.1 ± 0.03 5.3 ± 0.01 15.4 ± 0.98
S1B 30.1 ± 0.85 7.0 ± 0.02 28.0 ± 1.22 8.4 ± 0.03 43.4 ± 1.22 12.7 ± 0.73 3.4 ± 0.04 16.1 ± 0.89 7.4 ± 0.05 2.9 ± 0.01 10.4 ± 0.93
S1C 37.1 ± 0.93 9.1 ± 0.08 27.9 ± 2.03 7.8 ± 0.05 44.9 ± 0.94 7.7 ± 0.044 2.1 ± 0.02 9.8 ± 0.64 7.3 ± 0.06 0.9 ± 0.01 11.2 ± 0.65
S1D 33.8 ± 1.22 5.4 ± 0.03 28.3 ± 1.29 13.9 ± 0.02 47.5 ± 2.11 7.0 ± 0.12 0.3 ± 0.01 7.3 ± 0.13 8.30 ± 0.03 3.1 ± 0.01 8.5 ± 0.031
S2A 28.4 ± 0.83 5.2 ± 0.02 24.0 ± 1.04 16.7 ± 0.04 45.9 ± 1.76 10.7 ± 1.00 2.2 ± 0.02 13.0 ± 0.93 10.4 ± 0.98 2.4 ± 0.01 18.8 ± 1.03
S2B 29.0 ± 2.02 4.6 ± 0.06 23.0 ± 0.95 11.0 ± 0.01 28.6 ± 0.98 12.3 ± 0.93 3.5 ± 0.01 15.7 ± 0.74 10.9 ± 0.38 5.8 ± 0.02 16.7 ± 0.954
S2C 35.1 ± 1.22 5.8 ± 0.03 20.6 ± 0.84 11.2 ± 0.01 37.6 ± 2.11 12.3 ± 0.73 3.8 ± 0.01 16.2 ± 1.09 6.5 ± 0.03 4.6 ± 0.03 11.1 ± 0.74
S2D 46.9 ± 2.31 7.6 ± 0.05 9.3 ± 0.05 5.0 ± 0.02 21.9 ± 1.03 16.1 ± 0.99 5.3 ± 0.02 21.4 ± 1.21 6.5 ± 0.01 3.3 ± 0.02 9.8 ± 0.36

The dominant fractions for all studied post-mining soil remediated with embarkment
S1 obtained in the mining were those of O-alkyl C (45–110 ppm) and alkyl C (0–45 ppm)
(Figure 2). The spectra of 13C CP MAS NMR show a significant increase of the peak for the
chemical region of alkyl-C (0–45 ppm) for the soil with the recultivation time in comparison
to the soil at the beginning of recultivation (S1A). For the chemical shift region of alkyl C for
all studied S1 soil, there is a strong signal for methylene (approximately 35 ppm). For S1,
in the chemical shift region of O-alkyl C (45–110 ppm), we noticed two separate peaks:
approximately 75 ppm (indicating cellulose), and approximately 105–110 ppm (indicating
mainly hemicellulose and other carbohydrates). For all studied S1 soils, in the spectrum of
13C CP MAS NMR, there is a much weaker peak in the chemical shift region of carbonyl
C (approximately 175 ppm). According to the spectra for post-mining soils remediated
with sewage sludge, we noticed significant differences in the chemical composition of the
SOC. For the location with the oldest remediation (S2D), we observed only one, and a very
strong dominant peak in the chemical shift region of alkyl-C (0–45 ppm). The studied soils
at the other stages of remediation (S2A, S2B, S2C) showed a high variety in the chemical
composition of SOC. For those soils, there are two dominant peaks in the chemical shift
region of alkyl-C (0–45 ppm) the highest for 35 ppm (methylene), and for the O-alkyl C
region similarly to the S1 soil. The existence of such a pattern for the post-mining soil
under 18 years of recultivation (S2D) may be caused by the stabilization of the SOC and
sequestering of carbon in the alkyl C form followed by an increase in total carbon content
for this soil (Table 2).

Hydrophobicity indicates an affinity of the soil matter to the water particles, and thus,
has an impact on soil wetting and retention of water, and consists of an important feature
for the evaluation of SOC quality [23]. For soil S1, we have not observed a clear tendency for
hydrophobicity with the age of remediation (Figure 3). For S1B and S1C, the hydrophobicity
increased while I decreased for S1D. For soil S2, we observed a gradual growing tendency
with the remediation time, where it increased over 3 times for S2D (18 years of remediation)
in comparison to S2A (1 year of remediation). It is considered that higher hydrophobicity
improves the long-lasting aggregate stability of SOM [24,25]. Moreover, this increase in
hydrophobicity in remediated soils may strongly affect the water availability to plants
and also increase the surface runoff and thus increase the susceptibility of the soil to
secondary erosion [26]. A reason for the much higher hydrophobicity of S2 after 18 years of
remediation may be the presence of organic complexes formulated in the soil. The increased
hydrophobicity strongly limits the leachability of organic matter, and thus positively
influences soil organic carbon sequestration in the soil.
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Aromatic structures are considered to be difficult for decomposition, and they also
have a long half-life in soil. Such a feature makes aromatic compounds a valuable tool for
C sequestration [27]. Aromaticity did not change for the first 6 years in S1, while in the
next years of remediation it decreased significantly after 12 years (S1C), and finally reached
over a 2 times decrease after 18 years of remediation (S1D) in comparison to the 1 year of
remediation (S1A) (Figure 4). The opposite tendency was observed for S2, where aromatic-
ity increased gradually and was much higher after 18 years of reclamation in comparison
to the soil under 1 year of reclamation (S2A). We noticed statistically important differences
between different ages of remediation in soil S2. We observed that the remediation with
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an addition of organic matter (sewage sludge) showed better influence on aromaticity,
whereas remediation with embarkment caused a decrease in aromaticity. The increase in
this feature in S2 has a positive impact on C sequestration.
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Humification, together with aromaticity and hydrophobicity, consist of an important
feature in assessing the quality of C stock. In our observations, humification increased
gradually for both soils but in S1D finally decreased (Figure 5). However, the change
in humification for S1D in comparison to S1D shows statistically significant differences
indicating after all on its increase. The humification for S2D (18 years of reclamation) was
almost 2.5 times higher in comparison to the S2A (1 year of reclamation). Humification,
as an indicator for the susceptibility for organic matter decomposition for both studied
soils, indicated the positive influence for C sequestration.

The ratio of C and N is considered as an important tool for controlling C sequestration
in the soil. For the mining soil remediated with embarkment achieved in the mining
process, the C/N ratio in the first 6 years significantly decreased and remained stable for
the next 6 years (Figure 6). Nevertheless, we noticed the statistically important differences
for the next 6 years, where C/N increased slightly. However, it still remained at a much
lower level in comparison to the S1A. The likely reason for this was an increase in C
content in the soil along the remediation period. For soil S2 we observed a strong increase
in the C/N ratio in the first 7 years which remained stable for the next 11 years. After
18 years of reclamation, the C/N ratio was over 3 times higher in comparison to the soil
under 1 year of reclamation. Therefore, we noticed good plant growth in the later stages
of remediation, thus, we assume that the reason for the increase of the C/N ratio in S2
may be that plants potentially uptake N at later stages of remediation. The increase in
the C/N ratio is a desirable effect for C sequestration purposes because it needs a longer
time to decompose [28]. Therefore, the soils with a higher C/N ratio are considered to be
characterized by longer half-lives that promote longer C persistence in the soil, and thus
supports C sequestration.
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4. Discussion
4.1. Total Carbon, Nitrogen, Phosphorus

Mining is a major contributor to the emission of GHGs. The open-mining processes
lead to severe destruction in the soil and its degradation, which are considered important
emitters of CO2 into the atmosphere. The remediation of the post-mining soil, besides
improving soil quality, is considered to drive C sequestration, and thus lower the CO2
release from the soil. Therefore, the carbon content is crucial for soil quality and fertility,
and its sequestration may bring dual benefits for both the soil quality, as well as for the
quality of the atmosphere. Mine lands are extreme examples of the soils, which are poured
into organic matter, and thus, are considered to have a significant potential carbon sink.
In the study, we observed improved soil TC for both studied soils after 18 years of remedia-
tion. However, we noticed a much higher increase in TC for soil remediated with sewage
sludge located at the lignite post-mining area (S2) in comparison to soils remediated with
embarkment located at the limestone post-mining area (S1) collected during mining pro-
cesses. Such observations indicate the supported influence of the application of additional
organic matter such as sewage sludge for storing carbon in the soil. Other studies show
that sewage sludge [3] or compost application on post-mining soils influences the increase
of TC in the soil [29]. The study of Singh et al. [30] on coal mine soil also indicated an
increase in carbon stock with the duration of the reclamation process.

Therefore, in the present study, we noticed a very low P content in both studied areas.
A similar decreasing trend for the content of P was noticed in the other studies on the
post-mining areas conducted by Placek et al. [31] in the study on the limestone mining
area remediated with sewage sludge. Previously conducted studies suggested that the
application of organic matter improves the content of available P in the soil, which is a
result of supported microbial activity [32]. A similar study also showed an increase in total
P along with the remediation of post-mining areas [33].

The observed different trends for N content along remediation for limestone and
lignite mine soils may have resulted from the remediation method and strongly improved
microbial activity by the addition of organic matter in the remediation method applicated
for S2. Hu et al. [34], in their observation on non-amended and amended post-mining soil,
indicated an increase in N concentration in amended soil (0.65 mg kg−1) in comparison
to non-amended soil (0.31 mg kg−1). Therefore, they suggested that soil N availability
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is lower for post-mining soils in contrast to non-mining soils. They proposed that soil
amendment under post-mining remediation effect in the increase of N availability. Another
study indicated a TN increase along with remediation age [33].

4.2. Carbon Composition in the Remediated Post-Mining Soils

Carbon composition has a strong impact on the stability and storage of C in the soil.
The presence of non-labile C increases soil potential for stable C sequestration, whereas
labile C is easily decomposable and does not persist long in the soil due to the microbial
activity, and thus its half-life is much shorter than non-labile fractions. For C sequestration
purposes, mainly compounds with the binding C-C and aromatic compounds are promoted
to persist for a long time in the soil [35,36]. To determine the potential C sequestration of
post-mining soil during the remediation process we analyzed carbon composition in all
tested soils throughout the 13C NMR method. The achieved results showed an increased
percentage share of alkyl-C (0–45 ppm) and O-alkyl C (45–110 ppm) for post-mining
limestone soil (S1), whereas aromatic C (110–160 ppm), and carbonyl C (160–210 ppm)
decreased with the age of remediation. Improved alkyl-C (0–45 ppm) content in SOC as a
C fraction with a long half-life increases the potential to sequestrate C [37]. Simultaneously,
the increased fraction of a labile fraction of O-alkyl C (45–110 ppm), and its domination
among C forms lowers the ability of the post-mining limestone soil (S1) for stable storage
of sequestered carbon. As previously reported, aromatic C (110–160 ppm) consists of a
fraction that is not easy to decompose, thus its presence in the soil is supposed to positively
drive the C sequestration [21]. A gradual decrease in aromatic C (110–160 ppm) noticed for
the post-mining limestone soil (S1) along 18 years of remediation combined with increased
O-alkyl C (45–110 ppm) decreases the stability of sequestered C. The finding for post-
mining lignite soils showed an improvement in a non-labile C (alkyl-C 0–45 ppm, aromatic
C 110–160 ppm) with a simultaneous fall in labile C (O-alkyl C 45–110 ppm, carbonyl C
160–210 ppm). The proportions of non-labile and labile C in the studied post-mining lignite
soil are promising for a stable C sequestration.

4.3. The Influence of the Remediation Post-Mining Soils on the Stability of SOC

The ratio of hydrophobic C and hydrophilic C indicates hydrophobicity of the soil
and consists of a sum of unoxidized atoms of carbon [20]. This ratio is considered to be
an important indicator of SOM quality [23]. The value of hydrophobicity of the SOM
results from the presence of aliphatic C-H founded in methyl, methylene, and methine
groups [38]. SOM hydrophobicity determinates microbial activity in principal for soil rich
in clay particles [39]. Therefore, this feature helps to control the water affinity, soil moisture,
and thus, has an impact on SOM resistance to biodegradation. Due to the presence of a
hydrophobic coating on soil particles, the ratio of hydrophobic C and hydrophilic C strongly
influences the retention of water in the soil [40]. The hydrophobicity strongly influences the
wettability and adsorption as well [41]. It is considered that the leading factor influencing
soil hydrophobicity is organic matter. Therefore, higher hydrophobicity is considered
to protect SOM against microbial decomposition, and thus improves its persistence and
storage in the soil [42]. Among others, complex organic acids are considered to cover
particles of soil increasing soil hydrophobicity [40]. For post-mining limestone soil (S1),
we initially observed a slight increase in hydrophobicity, however, finally, it started to
decrease but was still a little bit higher in comparison to the starting point. For post-
mining lignite soil, we observed an increase in hydrophobicity within the remediation,
which supports SOC against decomposition and prolongs storage of the SOM. Other
studies confirmed that hydrophobic soils have a better ability to persistently store organic
matter in comparison to hydrophilic soils [43]. Therefore, it is also considered that higher
hydrophobicity may contribute to the lower mineralization of labile forms of SOC, and thus
increases SOC [19].

Along with the remediation of limestone post-mining areas, the aromaticity of the soil
decreased. The observed lowering aromatic C may influence the stability of stored SOC as
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aromatic C shows the ability for long persistence in the soil [27]. The significant increase
in aromaticity in lignite post-mining soil for the remediation period is promising for C
sequestration. Other studies showed that aromaticity increased with the age of reclamation
and was improved in the soil reclaimed instead of unclaimed soil [20]. A similar increase
in the aromaticity of the coal mine soil has been observed by Singh et al. [30] along with
the reclamation.

Higher humification indicates better resistance of C stock for microbial degradation,
and thus supports C sequestration. It is connected with the formation of humic substances,
mainly humic acids and fulvic acids, that show large resistance for degradation [44,45].
They play an important role in the global carbon and nitrogen cycle. Therefore, humic
substances have many supporting functions for soil such as promoting plant growth [46],
seed germination [47], and microorganisms’ activity [48]. In the present study for both
limestone post-mining soil (S1) and lignite post-mining soil (S2), the humification was
higher in comparison to the shorter period of remediation. The increase in humification
with the age of remediation increases humic substances in the soil and has an influence
on SOC stability. Humic substances, due to aromatic cores and interaction with mineral
substances, are highly protected against microbial attack, thus, humic substances belong
to the difficult decomposable substances [49]. Thus, the increase in humification along
the remediation at studied post-mining soil indicates a promising role for increasing SOC
stability. Therefore, it has been suggested previously that higher humification linked with
higher hydrophobicity improves the resistance of organic carbon for decomposition [50].
We noticed such a combined change in both mining soils along with the remediation
age. These observations suggest improved stability of sequestered carbon indicating the
possible ability of the limestone and lignite post-mining soil to indirectly limit climate
change.

The C/N ratio is considered a basic indicator for the transformation of SOM. Our find-
ing showed a decrease in the C/N ratio along with remediation of limestone post-mining
soil, whereas for lignite post-mining soil, it increased strongly. Other studies indicated a
decrease in the C/N ratio with the soil age [51]. Therefore, Hüblová and Frouz [1] studied
the influence of the type of tree on soil carbon storage in post-mining soil under reforesta-
tion. They noticed the negative correlation between the C/N ratio and C sequestration.
They suggested that C sequestration is improved under trees that produce a litter with
high N content and low C/N ratio.

In limestone post-mining soil, the sequestration of carbon stock is based mainly on
the O-alkyl C storage which has a rather low half-time in the soil. However, along with
the remediation the C sequestration is directed to the production of alkyl-C which is
relatively stable in the soil. Such changes influenced the increase in the hydrophobicity and
humification, while the aromaticity and C/N ratio is decreasing. That suggests that the
stable storage of carbon in such soil needs more time to produce a more stable C fraction.
The mechanisms of SOC sequestration in lignite post-mining soils seem to be based on the
formation of the Alkyl-C and aromatic C, rather than O-alkyl C and carbonyl C. Such a
pattern influenced the higher hydrophobicity, aromaticity, humification, and C/N ratio.
The better formation of stable C in lignite post-mining soil rather than in limestone post-
mining soil is probably closely related to the application of sewage sludge into a lignite
post-mining soil, which caused more effective soil remediation.

5. Conclusions

The aim of this research was to become familiar with the potential and mechanisms of
the SOC sequestration in post-mining soils at different stages of remediation. This study
confirmed the high potential of post-mining soils for C sequestration purposes. The long-
term study showed that the formation of non-labile C within the remediation is more visible
for the lignite post-mining area (an increase of alkyl C in 18.5%), while the limestone post-
mining soil shows a lower content of non-labile C fraction after 18 years of remediation (an
increase of alkyl-C in 9.4%). Therefore, the improved hydrophobicity (3.5 times higher after
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18 years), aromaticity (1.8 times higher after 18 years), humification (3.8 times higher after
18 years), and C/N ratio (4 times higher after 18 years) observed for lignite post-mining soil
indicates a good ability of that soil type for stabilization of the sequestered C. The following
study confirms the influence of the remediation method for soil sequestration. The post-
mining soil remediated with the addition of sewage sludge showed better properties of
sequestered C indicating its longer persistence in the soil. Therefore, the study confirmed
that reforestation of post-mining soils improves the quality of C stock. Thus, there is an
important role of post-mining soil to mitigate climate changes and lower global heating.
However, despite the huge potential of post-mining soil for carbon sequestration, there is
currently no prediction for the dynamics of carbon sequestration, SOC stability in lignite,
and limestone post-mining soils in the aspect of predicted changes in soil temperatures
under global heating and needs further investigation.
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