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ABSTRACT

The aim of the study was to assess the effect of sewage sludge (industrial and municipal) as components of com-
posites with anthropogenic soil, used to create the top (0-25 cm) cover layer of open-cast sand mine reclamation
on the content of organic carbon and plant nutrients (total N and available forms of P, K and Mg). In the excavation
after sand mining, a reclamation technology was used, including filling the excavation with waste and producing
Technosol using technical methods. The assessment of the effects of open-cast sand mine reclamation with waste
showed that the reclamation cover made of waste meeting the ecological safety criteria was a good substrate for
the emerging technogenic soil. The composite created from anthropogenic soil with the addition of sewage sludge
(10:1) was characterized by a higher content of organic carbon, total nitrogen and available forms of P, K and Mg
compared to anthropogenic soil fertilized with NPK fertilizers and manure. Monitoring of the surface layer prop-
erties (0—20 cm), carried out two years after introducing vegetation to the reclaimed area, showed that the assessed
technology of reclamation of the excavation after sand mining using waste is a good way to solve the problem of
dry areas devastated by open-cast mining of mineral deposits. Moreover, such waste management is in line with

the strategy of the Circular Economy.

Keywords: open-cast sand mine reclamation, sewage sludge, TOC, TN, available forms of P, K and Mg.

INTRODUCTION

Soil is a fundamental and multi-functional
component of all terrestrial ecosystems. It is
classified as a non-renewable resource due to its
lengthy formation process. At the same time, it
has the potential to be rapidly degraded, and its
regeneration processes are slow [ Van-Camp et al.,
2004], which forces entrepreneur civilisations to
protect and use soil in accordance with the prin-
ciples of sustainable development [1].

As a permanent landscape component, soil
is particularly vulnerable to anthropogenic pres-
sures, resulting in its degradation and even dev-
astation. This leads to a reduction in the ability of
soils to perform their productive and ecological
functions, which poses a hazard to the food chain
and the health of society [2]. Mineral resources
mining, when carried out using the opencast

method, is characterised by significant interfer-
ence with the natural environment [3]. Opencast
mineral mining results in multi-directional trans-
formations of the landscape and land surface [4].
Abandoned mining excavations are a particular
form of degradation in these areas, formed after
intensive deposit exploitation when the post-pro-
duction waste is not returned to them. The depth
of abandoned mining excavations ranges from a
few to several metres. The substrate comprises a
variety of geological formations, most commonly
sands, gravels, loams and clays. Depending on
the permeability of geological formations, the
bottoms of excavations may be dry, excessively
wet or completely waterlogged [5].

An entrepreneur engaged in mineral extrac-
tion is obliged to carry out reclamation work
within mining excavations [6]. According to the
definition, reclamation involves “processes that
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impart or restore the usable or natural value to
degraded land through appropriate shaping of the
relief or the improvement of physical and chemi-
cal properties, the regulation of water relations,
and the restoration of soils” [7]. Effective and du-
rable reclamation of post-mining areas requires
an interdisciplinary approach leading to an inte-
grated and effective proposal to restore the eco-
logical, hydrological, aesthetic, recreational and
other functions of the post-mining landscape.
The method of reclamation and the potential fu-
ture management of post-mining areas depends
primarily on the nature of the land surface, soil
conditions, and the communal structure of the
surrounding area to be reclaimed using technical,
biological, agricultural, or forestry means [§].

In the case of dry-ground post-extraction ex-
cavations, one of the reclamation methods is to
fill them with waste and create an upper recla-
mation layer, which has a decisive influence on
the effectiveness of reclamation and natural land
management [9, 10, 11].

The Regulation of 11 May 2015 of the Min-
ister of the Environment on the recovery of waste
outside of installation and equipment [12] enables
the use of waste for the reclamation of degraded
land. According to Annex 1 of this Regulation, it
is possible to use the waste listed in the R3 and
RS recovery processes to fill the sinkholes and ex-
cavations that have been exploited. These opera-
tions are feasible when: (1) they are specified in
planning documents (area development plan, land
use plan) or in the Decision on reclamation and
management under the Act of 3 February 1995
on the protection of agricultural and forest land,
(2) these operations will not pose an immediate
hazard of harm or damage to the environment, in
accordance with the provisions of the Act on the
prevention of environmental damage and its re-
mediation [ 13], (3) the filling with waste is carried
out to the level of the adjacent non-transformed
land, and the surface layer with a thickness of
1-1.5 m must fulfil the soil-forming function or
correspond to the target purpose of the area.

The dominant feature of degraded and dev-
astated soils is the lack or much lower content of
organic matter compared to neighbouring natural
areas. The loss or removal of the top soil layer
results in an immediate reduction in the organic
matter pool in the soil [14]. When filling post-
mining excavations, and especially when shap-
ing the reclamation cover (surface layer) with
mineral waste, it is necessary to supplement its
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composition with organic matter. To achieve a
significant and sustained increase in the organic
carbon content of the substrates being developed,
it is necessary to incorporate significant amounts
of organic matter. These requirements are ful-
filled, e.g. by sewage sludge [15].

Studies by numerous authors have demon-
strated the favourable effect of sewage sludge on
the improvement of soil properties in degraded
areas [16-22]. It is an organic material with ben-
eficial soil- and humus-forming properties. It is
also rich in organic matter and micro- and mac-
roelements that are essential for plant growth
and improve the biological activity of soils [23].
Composts and sewage sludges used for the recla-
mation of degraded areas are involved in the fol-
lowing processes: chemo-phytostabilisation (the
formation of stable metal soils), immobilisation
(the immobilisation of metals on the functional
groups of fulvic and humic acids), phytoreme-
diation (phytoextraction and phytostabilisation),
and bio-stimulation (the addition of nutrients to
stimulate the activity of soil microflora) [24, 25].

The study aimed to assess the effect of the
sewage sludge from the Zaktady Azotowe Pulawy
biological industrial wastewater treatment plant,
which has been given the status of a by-product (in-
dustrial sewage sludge), and sewage sludge from
the Hajdéw wastewater treatment plant (municipal
sewage sludge), as components of composites with
anthropogenic soil, used to form the top (0-25 cm)
reclamation layer of the reclaimed sand excavation
on the organic carbon and plant nutrient contents
(total N and available forms of P, K and Mg).

MATERIAL AND METHODS

The study was carried out in the second year
after the reclamation of the post-mining area at
the Opencast Mining Facility — a sand mine op-
erated by Kruszywa Niemce S.A. These works
were carried out as part of the pilot implementa-
tion operations under the project “Optimisation of
methods for drilling waste management” (BG/1/
SOIL/2013).

Kruszywa Niemce S.A. is one of the largest
producers of mineral aggregates in central and
eastern Poland. The sand mine in Wolka Rokicka
Kolonia (Lubelskie Voivodeship, Poland) covers
an area of 55 ha. Sand extraction forms dry-soil
excavation with varying depths, from several to
approximately 30 m. The resulting post-mining are
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gradually being reclaimed as mining operations in
a particular part of the mine come to an end.

The reclamation was carried out over a sec-
tion of the excavation with an area of 0.5 ha and
a depth of approximately 30 m (Figure 1a), in ac-
cordance with a developed technology [26]. The
innovative reclamation technology involved the
filling of the excavation with carboniferous ex-
cavation waste (CEW) (Figure 1b) and forming a
reclamation cover using drilling waste (DW), car-
boniferous excavation waste (CEW), municipal
sewage sludge from Lublin (MSS) or industrial
sewage sludge that has been granted the status
of a by-product, from the biological wastewater
treatment plant of the Zaktady Azotowe Putawy
(ISS), and anthropogenic soil (AS) originating
from the foreground of the Sand Mine. The waste
used in the shaping of the reclamation cover

a)

exhibited varied properties that are presented in
detail in a previous study [27].

To create a technogenic soil, corresponding to
good and very good soils in terms of quality, the
wastes were mixed in different proportions, tak-
ing into account their chemical, physico-chemical
and physical properties and the forest direction of
the target management. Figure 2 shows a cross-
section of the formed technogenic soil profile.
In the profile of the outer reclamation layer with
a depth of 1.5 m, six layers with a thickness of
25 cm each were made. These layers differed in
the composition and proportion of the waste un-
der study. The proportion of the waste used on
the two layers was identical, with the only differ-
ence being the type of sewage sludge used: MSS
and ISS. A detailed description of the reclamation

Figure 1. Reclaimed area: a) before reclamation, b) excavation filled with mining waste,
c) after biological reclamation
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Figure 2. Cross-section of the profile of technogenic soil on a reclaimed sand excavation
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works is provided in a patent [26] and a study by

Bik-Matodzinska et al. [27].

In line with the Area Development Plan, forest
management was designed as the target direction
for the reclamation. Such a solution increases the
effectiveness of reclamation using woody plants,
which was observed during the reclamation and
management of an area degraded by sulphur bore-
hole mining in Jezidrko near Tarnobrzeg [28, 29].
To increase the effectiveness of forestation, the in-
troduction of pioneer vegetation, namely a mixture
of grasses, for a period of 3—5 years was included
in the project. Once technogenic soil was formed,
mineral fertilisation was applied on both surfaces
at rates of N8OP80K 120 (kgha'), and a mixture
of grasses comprising Phleum pratense L. (20%),
Festuca ptatensis Huds (20%), Festuca rubra L.
(20%), Poa pratensis L. (15%) and Dactylis glom-
erata L. (20%) as well as Trifolium pratense L.
(5%) in the amount of 80 kgha! were sown.

The reclaimed site was monitored over the
following two growing seasons (Figure 1c). Soil
samples were taken from the 0-25 cm layer for
laboratory testing to assess the effectiveness of
the reclamation performed. The samples were
collected from five sampling sites distributed
evenly over each reclaimed area. The reference
point was soil samples collected from anthro-
pogenic soil (outside the implementation area),
fertilised with NPK, fertilised with manure at 30
Mgha! + NPK (Table 1).

In the soil samples, the following were
determined:

e total organic carbon content (TOC), using a
TOC-V SSM-5000A Shimadzu apparatus
(301,

e the total nitrogen content by the Kjeldahl
method, using a Kjeltech™ 8100 distillation
unit [31], and the C/N ratio was calculated,

e the contents of available forms of P and K
[32],

e the available Mg content by the Schachtscha-
bel method [33].

CSH?

Table 1. Characteristics of research points

Research point Reclamation variant
AS_| Anthropogenic soil + NPK (control I)
Anthropogenic soil + manure + NPK
AS_II
(control II)
AS_AS_ISS Anthropogenic soil with industrial sewage
sludge
AS_AS_MSS Anthropogenic soil with municipal sewage
sludge
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RESULTS AND DISCUSSION

Devastated areas devoid of a soil cover re-
quire measures aimed at producing the so-called
artificial soil, also referred to as constructed Tech-
nosol [34]. The restoration of the soil by techni-
cal methods (construction of Technosol) involves
several stages, with the basis being the adopted
target management method. To restore the soil, a
mineral substrate, which constitutes the main mass
of Technosol, is required [35-37]. The mineral
substrate needs to be supplemented with materi-
als that optimise the substrate’s physical, chemi-
cal, physico-chemical, chemical and biological
properties. The selection of supplementary mate-
rials and substrates, or their combination, and the
order in which they are placed in the soil profile
being constructed should result in an arrangement
similar to that of the levels found in natural soils
[38]. Waste materials are increasingly used in soil
reclamation, especially when constructing Tech-
nosols. The use of waste in reclamation works has
added value, as it reduces the amount of landfill
waste, and the recovery of components important
for plant nutrition is in line with the assumptions
of a circular economy [39].

The study used anthropogenic soil (overbur-
den was removed from the surface on which sand
extraction was carried out) and sewage sludge to
form the surface layer of the constructed Techno-
sol. The abundance of nutrients (nitrogen, phos-
phorus, calcium and magnesium) and organic
matter in sewage sludge prompts the utilisation of
its fertilising potential, especially given the scar-
city of organic substances in the substrate. Sew-
age sludge contributes to an improvement in the
balance of organic matter in the soil and, in addi-
tion, is a source of plant nutrients [40-44].

The total organic carbon content (TOC) in
the soil is a sensitive indicator of soil health and
reclamation effectiveness [45, 46]. The results
obtained showed that the TOC content of the an-
thropogenic soil fertilised with NPK was very
low (6.51 g-kg™"). In contrast, in control soil II
(anthropogenic soil + 30 Mgha'! d.m. manure +
NPK), it increased by approximately 1.2 gkg'
(Table 2, Figure 3).

In the top reclamation layer (anthropogenic
soil + sewage sludge at a ratio of 10:1), the TOC
content increased by 492-588% compared to the
soil fertilised with NPK, and by 413-495% com-
pared to the soil fertilised with manure (Table 2,
Figure 2). The resulting organic carbon contents
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Table 2. Average TOC and TN content in the reclaimed soil compared to the control objects

TOC

TN

Research point
gkg”

% to control

g-kg”’ % to control

AS_| 6.51 100

0.88 100

AS_lI 7.74 119

100 0.96 108 100

AS_ISS 32.00 492

413 1.89 215 197

AS_MSS 38.30 588

495 2.38 270 248

40,00
35,00
30,00

2500

220,00

2 15,00
10,00
5,00

0,00
AS_|

AS_II

AS_ISS  AS_MSS

Figure 3. Influence of reclamation methods on TOC content. Average values: AS_I — anthropogenic soil + NPK
(control I), AS_II — anthropogenic soil + manure + NPK (control II), AS _ISS — anthropogenic soil with industrial
sewage sludge, AS_MSS — anthropogenic soil with municipal sewage sludge

of the technogenic soil corresponded to a very
good quality soil. The MSS from Lublin had
a more favourable (by 26%) effect on the TOC
content in the reclaimed anthropogenic soil (38.3
g-kg') compared to this soil with the addition
of the ISS from ZA Putawy (32 g-kg™'). A study
by Rosa et al. [41] confirmed that sewage sludge
used as a source of organic matter improves the
quality of degraded soils. Siuta [47] also empha-
sises that sewage sludge from urban wastewater
treatment is abundant in colloidal organic mat-
ter and nutrients essential to soil organisms and
plants. The soil- and yield-forming potential of
sewage sludge is similar to that of soil humus.
Sewage sludge is a valuable source of nitro-
gen. Nitrogen is a component of all proteins and
nucleic acids and an essential plant element. The
total nitrogen content in sewage sludge is approx-
imately 40-50 kg-Mg™', but only a small propor-
tion is immediately available to plants [48]. As a
result of sewage sludge mineralisation, nitrogen
is converted into a available form. The total ni-
trogen (TN) content in the 0-25 cm layer, formed
from anthropogenic soil with the addition of sew-
age sludge, increased by 215-270% compared to
the soil fertilised with NPK, and by 197-248%
compared to the soil fertilised with manure (Ta-
ble 2, Figure 4). The resulting TN contents of the

reclaimed anthropogenic soil corresponded to a
natural soil of very good quality. The MSS had
a more favourable effect (by 25%) on the total
nitrogen content in the reclaimed anthropogenic
soil (2.38 g'kg!) compared to the soil with the
addition of the ISS (1.89 g-kg). Zukowska et al.
[22] and Napora and Grobelak [43] confirmed an
increase in nitrogen content due to sewage sludge
addition to degraded soils.

The literature draws attention to changes in
the C/N ratio in reclaimed soils. Sewage sludge,
due to the organic matter mineralisation process-
es taking place, is referred to as a fertiliser with a
slow and gradual release of nitrogen, and the ap-
plication of sewage sludge improves the sorption
properties of the soil [20, 49].

The C/N ratio in the anthropogenic soil re-
claimed using sewage sludge was wider by §,
compared to the control anthropogenic soil (Table
2). This shows that carbon and nitrogen manage-
ment is unstable, and the soil-forming process is
in the initiation phase.

Using sewage sludge in reclamation pro-
cesses contributes to the possibility of recovering
valuable elements, such as nitrogen, phosphorus,
and other nutrients important to plant growth
[25]. Applying sewage sludge to anthropogenic
soil had a favourable effect on the contents of
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Figure 4. Influence of reclamation methods on TN content. Average values:AS I — anthropogenic soil + NPK
(control I), AS_II — anthropogenic soil + manure + NPK (control II), AS_ISS — anthropogenic soil with industrial
sewage sludge, AS MSS — anthropogenic soil with municipal sewage sludge

available forms of P, K and Mg in the technogenic
soil being formed (Table 3).

Phosphorus is an essential element for numer-
ous metabolic reactions in plants. The addition
of sewage sludge to agricultural soil increases
the phosphorus content from 2-4 mg-kg' to 114
mg-kg'!, and its accumulation remains significant
in deeper soil layers [40]. The available phospho-
rus content in the anthropogenic soil with the ad-
dition of the ISS increased by 3183% compared

to the anthropogenic soil fertilised with NPK, and
by 2640% compared to the soil fertilised with ma-
nure (Table 3, Figure 5).

These relationships for the MSS in the soil
were as follows 3386 and 2809%, respectively.
The effect of the MSS on the available phospho-
rus content in the anthropogenic soil was greater by
6% compared to that of the ISS, and amounted to
704.1 mg-kg'. A study by Siddigue and Robinson
[50] demonstrated a similar effect of sewage sludge

Table 3. Average content of available components P, K and Mg in the reclaimed anthropogenic soil compared to

the controls

. P available K available Mg available
Research point
mg-kg™ % to control mg-kg™ % to control mg-kg™ % to control
AS_| 20.2 100 271 100 42.6 100
AS_lI 242 120 100 31.2 115 100 46.5 109 100
AS_ISS 663.1 3283 2740 843.7 3113 2794 150.1 352 323
AS_MSS 704.1 3486 2909 330.2 1218 1058 336.0 789 722
800
700
600
& 500
o
@ 400
S
300
200
100
0
AS_| AS_lI AS_ISS AS_MSS

Figure 5. Influence of reclamation methods on available P content. Average values: AS I — anthropogenic soil
+ NPK (control I), AS_II — anthropogenic soil + manure + NPK (control II), AS ISS — anthropogenic soil with
industrial sewage sludge, AS MSS — anthropogenic soil with municipal sewage sludge
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Figure 6. Influence of reclamation methods on available K content. Average values: AS 1 — anthropogenic soil
+ NPK (control I), AS_II — anthropogenic soil + manure + NPK (control IT), AS_ISS — anthropogenic soil with
industrial sewage sludge, AS MSS — anthropogenic soil with municipal sewage sludge
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Figure 7. Influence of reclamation methods on available Mg content. Average values: AS 1 — anthropogenic soil
+ NPK (control I), AS_II — anthropogenic soil + manure + NPK (control II), AS ISS — anthropogenic soil with
industrial sewage sludge, AS_MSS — anthropogenic soil with municipal sewage sludge

on the phosphorus content. Shober and Sims [51]
noted that the increase in available phosphorus in
soils fertilised with sewage sludge should be linked
to the high content of this element in sewage sludge
and the organic substance mineralisation process.
The available potassium content of the anthro-
pogenic soil reclaimed using the ISS increased by
3013% compared to the anthropogenic soil fertil-
ised with NPK, and by 2694% compared to the
soil fertilised with manure (Figure 6). These rela-
tionships for the MSS were as follows 1118% and
958%, respectively. The effect of the MSS on the
available potassium content of the anthropogenic
soil was lower by 60% compared to the ISS. The
distribution of the content of this element in the
reclaimed soil is the inverse of its content in sew-
age sludge (Table 3), indicating that the munici-
pal sewage sludge reduced the solubility of this
element. A study by De Melo et al. [16] also dem-
onstrated a proportional relationship between the

sewage sludge application rate and the increase in
soil potassium content.

The available magnesium content of the
soil reclaimed using the ISS increased by 252%
compared to the anthropogenic soil fertilised
with NPK (the Mg content of the soil was 0.88
mg-kg') and by 223% compared to the soil fertil-
ised with manure (Table 3, Figure 7).

These relationships for the MSS were as fol-
lows 689% and 622%, respectively. The effect of
the municipal sewage sludge from Lublin on the
available magnesium content of the anthropogen-
ic soil was greater by 124% compared to the ISS.

CONCLUSIONS

The technology applied for the reclamation of
the excavation after sand exploitation, which used
waste to fill the excavation and produce Technosol
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by technical methods, proved to be the optimal so-
lution in line with the assumptions of sustainable
development and circular economy. An assessment
of the effects of reclamation of the excavation after
sand exploitation using waste material showed that
the reclamation cover produced from waste mate-
rial that met the ecological safety criteria provided
a good substrate for the technogenic soil being
formed. The composite formed from anthropogen-
ic soil with the addition of sewage sludge (10:1)
was characterised by higher contents of organic
carbon, total nitrogen and bioavailable forms of P,
K and Mg compared to the anthropogenic soil fer-
tilised with NPK and manure.

In the top reclamation layer, the TOC content
increased by 492—-588% compared to the soil fer-
tilised with NPK, and by 413-495% compared to
the soil fertilised with manure. The MMS had a
more favourable (by 26%) effect on the organic
carbon content of the reclaimed anthropogenic
soil compared to the ISS. The TN content in-
creased in the 0-25 cm layer by 215-270% com-
pared to the soil fertilised with NPK, and by 197—
248% compared to the soil fertilised with manure.
The observed TN contents of the reclaimed an-
thropogenic soil were rated as very good qual-
ity soil. The available phosphorus content of the
anthropogenic soil reclaimed using the ISS in-
creased by 3183% compared to the anthropogenic
soil fertilised with NPK and by 2640% compared
to the soil fertilised with manure. As regards the
addition of MSS, the following relationships
were found: 3386 and 2809%, respectively. The
available potassium content of the anthropogenic
soil reclaimed using the ISS increased by 3013%
compared to the anthropogenic soil fertilised with
NPK, and by 2694% compared to the soil fertil-
1sed with manure, whereas the effect of the MSS
was 60% lower. The available potassium content
of the anthropogenic soil reclaimed using the ISS
increased by 252% compared to the anthropogen-
ic soil fertilised with NPK (the Mg content of the
soil was 0.88 mg-kg') and by 223% compared to
the soil fertilised with manure. In contrast, the ef-
fect of the MSS was 124% greater.

Monitoring of the surface layer properties (0-
20 cm), carried out two years after introducing
vegetation to the reclaimed area, showed that the
assessed technology of reclamation of the exca-
vation after sand mining using waste is a good
way to solve the problem of dry areas devastated
by open-cast mining of mineral deposits. At the
same time, such waste management is consistent
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with the circular economy strategy. At the same
time, such waste management is in line with the
strategy of the Circular Economy.
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