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Abstract. Continuous surface coal mines are related to large amounts of ex-
tracted overburden or interburden waste material. One of the main objectives of
the strategic mine planning of such mines is to optimize the coal production, con-
sidering the waste-to-ore ratio in combination with the optimal allocation of the
waste material to the outside and inside dumping areas. Further to other uses of
waste material, the suitable sustainable reclamation of mining land is directly
associated with the sustainable use of waste dumping sites for post-mining activ-
ities. This study investigates the main issues related to extractive waste manage-
ment in continuous surface coal mining projects, focusing on a long-term strate-
gic mining planning and scheduling model and the post-mining utilization of
waste dumping areas. As a case study, the basic geospatial parameters of the
waste dumping areas of the Amyntaion lignite mine in North Greece are exam-
ined based on the results of a long-term experimental design of water and soil
sampling and monitoring program. The applied methods include a model for
validating lignite production and waste extraction and dumping scheduling, and
the geotechnical, hydrogeological, and geochemical spatial analysis of the waste
material considering the post-mining land uses and the circular economy princi-
ples. The findings indicate the geotechnical and geochemical stability of the ex-
amined areas and the suitability of mining land to transition to post-mining ac-
tivities, mainly related to renewable energy systems.

Keywords: Waste Management, Circular Economy, Closure, Reclamation,
Post-Mining

1 Introduction

The optimal reclamation and post-mining exploitation of a continuous surface coal
mining project is directly related to the long-term strategic mine planning and schedul-
ing and the suitable management of waste mine lands. Considering the phase-out of
such projects, the sustainable reclamation planning of the mined-out and waste
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dumping areas is an indispensable part of mine closure and post-mining activities, in-
corporating circular economy principles [1].

Extractive waste generation is an unavoidable procedure in the mining industry, so
the respective companies try to face the issue in a sustainability context. Coal mining
is accompanied by its geological history and the respective rock formations through
time, which gives information about the type of rocks and the respective geological
environments. This type of information is beneficial for selecting the methods that
would be followed for waste management. A percentage of approximately 45% of total
extracted material annually is estimated to be waste for each of the leading coal pro-
duction countries in both open-pit and underground mining (United States, China, In-
dia, and Australia) [2]. Among the aggregated industrial sectors, European countries'
highest extractive waste generation is observed in the mining and quarrying sector com-
pared with manufacturing, energy supply [3].

Regarding the mining industry, the circular economy model tends to replace the lin-
ear economy model of traditional coal production, meaning “take, make, and dispose”.
This linear model includes a closed system with constantly increasing entropy [4]. It
has been observed that the studies concerning mining waste have an increasing trend,
especially those for sustainable management, accounting for approximately 40% of the
total [5]. The study for the best possible waste management is fundamental to complete
sustainable mine planning. The ideal concept is the implementation of circular econ-
omy priorities on post-mining land uses in surface mining operations to achieve the
viability and sustainability of mining projects [6]. In particular, the waste materials
generated during the operation of mines are investigated, considering specific parame-
ters. For instance, in the hard coal mining region of Ostrava-Karvina of the Czech Re-
public, mining waste is used as reclamation material [7,8] Other scientific works focus
on waste management as a resource and recycling materials [7].

In recent years, the circular economy concept has gained interest, including all the
procedures that can ensure a harmonious coexistence of industry, society, and the en-
vironment. These procedures are summarized in the 4 R framework of the European
Union (EU) Waste Framework Directive, meaning Reduce, Reuse, Recycle, and Re-
cover [8,9]. According to the European Commission, this concept aims to decompress
natural resources and enhance new sustainable growth and employment. Particularly,
the generated mining residues are reused for filling excavation voids for rehabilitation
and construction purposes [10]. In this context, the circular economy deals with waste
management of industrial operations. The circular economy concepts are distinguished
into three different levels depending on the related actions: the macro (city, country,
and more), micro (products, companies, consumers, etc.), and mezzo level (defined as
the regional level, e.g., eco-industrial parks) [9]. As it was concluded in [11] the man-
agement of extractive waste in coal surface mining projects can be effectively combined
with circular economy principles.

The post-mining areas’ release is a complex procedure that is followed by each coun-
try’s legislation and affects the economic, social, and environmental sectors. In a sus-
tainable framework, the post-mining areas are designed considering the most econom-
ically valuable land uses. For the most efficient mine closure, some fundamental criteria
for taking into consideration are the following: physical and chemical stability,
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hydrogeological and hydrological conditions, geographical and climate conditions, lo-
cal characteristics, land uses, required resources for the closure, socioeconomic param-
eters [12]. In this context, several studies are conducted by the coal mining companies,
including geotechnical, geochemical, and hydrogeological ones.

The sustainable use of extracted materials from the mining exploitation constitutes
one of the basic stages of waste management. Usually, the extracted waste materials
are used for filling the mining gaps that are created during the mining exploitation.
However, alternative uses could be applied depending on the physicochemical compo-
sition of these materials. Some of the sustainable uses of waste materials are considered
for the spatial configuration of squares and yards, for the stabilization of excavation
and dumping slopes, while they could be used for the road configuration and construc-
tion, even in larger construction projects [13]. In addition, desulfurization is one possi-
ble use of limestone in wet flue gas desulfurization systems of coal-fired power plants
to control sulfur dioxide emissions.

The waste dumping site operation might last for some decades, but the waste mate-
rials will remain on the site after the end of the mining operations. In the framework of
the mine closure phase, the waste dumps have been reclaimed for several land uses,
such as agriculture, forests, and water bodies (lakes), according to the approved envi-
ronmental terms. However, considering the principles of the Circular Economy, some
decisions about land use may be changed. For instance, areas that were proposed for
typical land uses for reclaimed surface mining areas, such as forests and agricultural
land, will finally be used for the development of activities [14] that add more value in
terms of socio-economic development and environmental protection, such as the instal-
lation of renewable energy systems [15].

In this study, the main procedures that follow the gradual land release are investi-
gated. More specifically, for the environmental monitoring and decision-making re-
garding post-mining land use proposals, land properties must be determined. The main
parameters of interest are the soil and water properties of the reclaimed mining areas,
as well as the atmosphere, noise, vibrations, and slope stability conditions.

The main research questions are:

(a) Is the allocation of the extracted waste material to outside and inside waste
dumping areas compatible with the strategic mine planning and post-mining
land uses of the Amyntaion mine?

(b) How does the spatial variability of the main hydrogeological, geochemical, and
other environmental parameters affect the suitability of mining land to transition
to post-mining activities?

(c) How can the concepts of circular economy be incorporated into the transfor-
mation of mining areas to new land uses?

The investigation is based on the quantitative analysis of the waste material in the
outside and inside dumping areas, and the results of the experimental water and soil
sampling and monitoring.
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2 Materials and Methods

2.1 The Amyntaion Mine

The waste material and dumping areas of the exhausted Amyntaion lignite mine,
North Greece, are investigated. Most part of the mine area is located in the Florina
Prefecture, whereas a small part is in the Kozani Prefecture of Western Macedonia re-
gion. Being in the southern part of Amyntaion city, the main mining sites are situated
among the Filotas, Perdikkas, and Olympias villages (Fig. 1). The elevation values of
the area range between 407 m and 1200 m, with mean elevation in the +625 m. Public
Power Corporation of Greece (PPC) mines, have elevation values ranging from 400 to
600 m. Three individual fields delineate the Amyntaion lignite mining complex: the
main Amyntaion mine, the Anargiri mine, and the Lakkia mine. The total area included
in the Environmental Permit Limits of the Amyntaion Lignite Mining complex is 61.83
km?.

The excavation work began in 1984, whereas the lignite production in 1986. In the
main Amyntaion mine, the excavation works began in 1989 while the lignite production
began in a limited amount in 1990 and full operational scale in 1991. A large amount
of the waste materials that were excavated from the Amyntaion and Anargyri mines
were deposited in the outside dumping site, while the remaining in the inside dumping
site. In 2013, the excavation works began in the Lakkia mine, which is operating today
in the initial excavation mining sites. On the 10th of June 2017, a landslide event oc-
curred in the southwest slopes of Amyntaion mine, and since then the operation works
include only configuration and restoration works, which were completed in July of
2020. In 2018, the EIA was modified concerning the remaining small part of the Amyn-
taion mine, while the exploitation planning for the Lakkia mine was not differentiated.

The complex deposit geometry of the Amyntaion mine, is obvious in the Digital
Elevation Maps (Fig. 2) where three different mining phases are presented: the initial
surface before the excavation works, the technical mine bottom declaring the excava-
tion areas, and the final surface after the mining operation works.

The final post-mining land use planning of the study area does not follow the initial
planning according to the EIA and the Waste Management Plan, because of the new
energy planning following the phase-out of electricity generation by lignite.

2.2 Waste Management Framework

Waste management in surface mining projects constitutes one of the early stages of
mine planning and exploitation. It could be distinguished into four fundamental pillars:
(i) mineral exploration, (ii) mine planning strategy, (iii) immediate utilization of waste
materials, and (iv) spatial utilization of waste dumping materials. Mineral exploration
constitutes one of the primary stages of the whole mining exploitation. It includes the
exploration of the spatial distribution of the lignite deposits and the overburden and
interburden materials. More specifically, this stage of waste management includes the
mapping of the area hosting the mineral, the assessment of borehole findings, the as-
sessment of the material volumes that will be dumped, as well as their geological com-
position.
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Fig. 3. Spatial representation of waste management in a surface coal mine

At the same time, the mine planning should have already been prepared and focused
on the optimal way of the initial excavation and the planning of exploitation progress,
aiming to deposit as little extractive waste as possible in the outside dumping areas. An
essential part of the mine planning is the spatial definition of the outside dumping limits
following the material volume intended to be deposited. It is worth noticing that the
definition of the critical start point of the inside dumping is of high importance for
achieving the minimum volume of waste materials outside deposition and, as a result,
the configuration of a successful and safe mine operation. Inside dumping is the process
of dumping waste materials within the void of the mine, while outside dumping refers
to the practice of dumping waste materials outside the boundaries of the mine. Figure
3 depicts the whole procedure of waste management.

In the same context of mine planning and scheduling, the necessary configuration of
the slopes and dumps is included to ensure geochemical and geotechnical stability. In
particular, ash deriving from lignite Power Stations as a by-product is used as a stabi-
lizer material in the outside dumping areas. Furthermore, the type of waste materials
and their spatial arrangement are two components that need to be investigated. In this
framework, geochemical and geotechnical attributes of the waste materials were inves-
tigated to classify the suitability of materials for several land uses. Additionally, the
groundwater quality was investigated to clarify if there are any environmental conse-
quences from the extractive procedure. More specifically, a sampling campaign was
scheduled, and chemical analyses of soil and water samples were conducted for the
determination of some critical parameters (pH, electrical conductivity, CaCOs3 content,
soil organic substances, nitrates, and ammonium ions, etc.). Electrical conductivity and
pH were measured electrometrically using a soil saturated paste based on WCC-103
Publication WREP-125, 2nd Edition. From the geotechnical aspect, slope stability anal-
yses and systematic site monitoring concerning possible land movements were em-
ployed. It is worth noticing that the slope stability analyses and the site monitoring are
in a continuous process to ensure the required mining safety.

Figure 3 also shows the allocation of waste material and the waste management sys-
tem from a circular economy perspective. Initially, the upper beds of the soil system,
namely the topsoil, are transferred to areas that are intended to be reclaimed for agri-
cultural use, as they carry all the necessary ingredients for agricultural development. In
turn, the hard formations are moved to outside dumping or/and are used as material for
road construction, slope stability, and the configuration of bunkers, as their mechanical
strength permits it. The overburden and interburden materials are moved for outside
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and inside dumping, as they could be materials of several compositions. These materi-
als are also used for the preparation and suitable spatial configuration of areas that aim
to be reclaimed for post-mining land uses (e.g., agricultural, forest land use, industrial
areas, recreation parks, and photovoltaic parks). In addition, the lignite processing in
the power plants produces ash, which could be used to improve slope dumps and the
cohesion of the dumping materials.

2.3  Volume Calculation of Waste Materials

Several methods could employ volume calculation. In the present study, volume cal-
culation to validate the planning of the waste material allocation was employed via the
triangulation method. This method is based on Triangulated Irregular Network (TIN)
surfaces and calculates the signed volume defined by two TIN surfaces declaring the
elevation differences between the two surfaces [16]. This method differs from the grid-
based and cross-section volume routines. Compared with the other methods, the trian-
gulation method is considered faster and more accurate because it considers actual
TINSs. In general, the volume calculations among the TIN surfaces are usually employed
through interpolation methods like Inverse Distance to a Power (k=1 and k=2), Point
Kriging, Minimum Curvature, Modified Shepard's Method, Natural Neighbor, Nearest
Neighbor, Polynomial Regression (simple planar surface), Multiquadratic Radial Basis
Function, Triangulation with Linear Interpolation [17]. The type of triangulation that
was applied in the framework of this study was the Linear Interpolation.

3 Results and Discussion

In the Amyntaion lignite mining area, three surface lignite mines had been in oper-
ation: the Anargyroi Mine (1984-2010), the Amyntaion Mine (1989-2020), and the
Lakkia Mine (2013-2021). The mining exploitation completed in 2021, and a total of
232 million tons of lignite has been extracted, with total excavations of 1.817 million
m?® and a mining ratio (waste materials to lignite) of 7:1 m*/t. Concerning the changes
in land uses in the broader area of the Amyntaion mine, Figures 4 and 5 show the land
uses in 2000, almost a decade after the opening phase of the main Amyntaion mine
field, and in 2018, three years before the closure of the lignite extraction phase.

Considering the validation of lignite production and waste extraction and dumping
scheduling, Figure 6 shows a graphical representation model including the excavations
rate and the waste dumping allocating into the outside and inside dumping areas as a
function of the lignite production, according to a long-term master plan, conducted in
1996 and revised later, and the actual data of total excavations, outside dumping and
total waste dumping. On the x-axis of Fig. 6 the accumulated lignite reserves are shown.
On the y-axis, the positive volumes represent the excavation site of the mine. The min-
imum and maximum total excavations (T.E.Min. and T.E.Max.) depend on (a) the re-
quired lignite production to meet the needs of the corresponding power plant and (b)
the design of the excavation mine sectors according to the pit slope which ensures the
stability of excavation site based on the geotechnical investigation). The negative vol-
umes correspond to the dumping site of the mine (D.V.Min. and D.V.Max. are the
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minimum and the maximum dump volume requirements taking into account the swell

factor).
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Fig. 6. A graphical representation model for the long term mine planning of the Amyntaion
mine to validate the lignite production and waste extraction and dumping scheduling (T.E.Min.:
minimum total excavations, T.E.Max.: maximum total excavations, T.E. Prod.: Total scheduled

excavations V.Min.: minimum dump volume requirements, Dmp Invent.: dump space inven-

tory on the inside dump, and D.V.Max.: maximum dump volume requirements according to a

master plan, and T.E., Total waste dumping and Outside dumping: the actual production data
respectively)

The dump volume is further increased by the deposition of ash (and possibly other
materials to be dumped in the mine). The dump space inventory on the inside dump
(Dmp Invent.) of the mine is determined by deducting the accumulated volume of the
inside dump sectors (based on the appropriate design of dumping sectors) from the
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minimum dump volume requirements (D.V.Min.). The minimum of this graph (Dmp
Invent.) is the minimum outside dump volume.

Considering the actual total excavations volumes and the actual outside and total
waste dumping volumes shown in Fig. 6, it is concluded that (i) the total actual exca-
vations ranged between the scheduled limits, (ii) the actual excavations pit slopes had
less inclination than the initially designed excavation faces, and (iii) the actual outside
and total waste dumping volumes were increased compared with the initial calculations.
Therefore, the allocation of the extracted waste material to outside and inside waste
dumping areas is compatible with the strategic mine planning and post-mining land
uses of the Amyntaion mine.

Figure 7 presents the distribution of waste materials in the inside and outside dump-
ing areas, while Figures 8-11 show the excavation and dumping sites of the Amyntaion
mine, the spatial distribution of the waste material, and the spatial differences of the
initial and final topography in the Amyntaion mining areas. It is observed that in the
middle of material dumping, in 2004, the inside dumping began to increase while the
outside dumping materials began to decrease significantly. In addition, a normal distri-
bution appears for both materials deposited in outside dumping during 1990-2009 and
those deposited in inside dumping during 2004-2019. This indicates a balance of mate-
rial disposal, which in turn is attributed to a feasible mining design. The primary dump-
ing materials are waster interburdens in the lignite seams, consisting of stiff clays, usu-
ally with medium (15-35%) to high (35-50%) carbonate content (marls), while the thin-

ner waste interburdens are present in the lignite blocks.

WASTE MATERIAL [FM?)

Winside Anargyroi @ Outside Anargyroi  WInside Amyntaio W Outside Amynatio  [inside Lakkia W Outside L

akkia

Fig. 7. Waste material distribution in the inside-outside dumping area
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Furthermore, considering the spatial distribution of the waste dumping materials and
the planning of post-mining land uses in the waste dumping areas, Figure 12 shows the
land uses according to an old planning, the new land uses according to a just transition
development plan, and the overlay of the two land uses plans indicating the revised
planning based on a sustainable land use planning towards the energy transition in com-
bination with a variety of different uses placing emphasis on the biodiversity. The Just
Transition Plan aims to ensure a fair development transition of the lignite area, which
is based on three pillars: employment protection, compensation of the socio-economic
impact of the transition and energy self-sufficiency of lignite areas and the country at
large [18].

Regarding the long-term experimental design for the investigation of the geochemi-
cal stability of the waste dumping sites and the perimeter area of the excavation sites,
Figure 13 shows the locations of soil and water sampling points. Indicative results of
the soil sampling analysis are shown in Figures 14-16.

The soil chemical analyses were conducted in the waste dumping area for systematic
measurements of 15 years (2005-2019). The concentration analyses in mineral and non-
mineral materials showed that the mining excavation works did not affect the dumping
sites, and the soils were not polluted. More specifically, the soil analyses showed that
the pH values range from 6.8 to 8.9 with a mean value of 7.3, while the mean electrical
conductivity ranges from 120 to 5050 mS/cm, with a mean value of 950 mS/cm. The
soil content in CaCOj3 ranges from 0.38 to 9.73%, with a mean value of 4.58%. The soil
organic content is between less than 0.17 and 2.10%, with a mean value of 0.59% and
the NO- and NH** concentrations range from 33.33 to 266.67 mg/kg (mean:115.69
mg/kg) and from 5.93 to 230.89 mg/kg (mean: 28.23 mg/kg), respectively. The ge-
otechnical characteristics of the waste dumping materials regard the cohesion with a
value range ¢c=0-10 kPa, internal friction angle, ¢=22-35° and @resiqua= 10-20°. The un-
confined compression strength (Q,) ranges from 50 to 150 kPa, while the undrained
shear strength (C,) ranges from 25 to 75 kPa.
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Fig. 13. Experimental design of water and soil sampling and monitoring program (the year in
the soil sampling points denotes the starting year of the sampling)
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Fig. 14. pH values resulted from soil sampling
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Fig. 16. CaCO3 (%) values resulted from soil sampling

Regarding the groundwater quality, indicative results are shown in Figures 17-21.
The results showed that the physicochemical parameters (pH, electrical conductivity,
As, Cd, Pb, Hg, Ni, Cr, nitrates, chloride and sulfate ions, ammonium) concentration
are inside the legislation’s thresholds. For instance, the pH values range from 7 to 8.3,
and the electrical conductivity ranges from 500 to 2000 pS/cm, while the bottom and
upper threshold for pH are 6.5 and 9.5, respectively, and the upper threshold for elec-
trical conductivity is 2500 uS/cm [10].

From the environmental aspect, all the procedures follow the Approved Environ-
mental Terms. For example, the priority of dumping procedures is to fill the created
voids in the exhausted mines and then start the outside dumping. The study of Pav-
loudakis et al. [19] showed that the air quality parameters correlate better with the total
excavations than with the lignite production. In addition, this study showed that the
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excavation pits and the dumps of Amyntaion mines are unlikely to cause many pollu-
tion episodes.
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Fig. 21. The values variance of Cd resulted from water sampling in water boreholes

From the results of the soil and water sampling analysis and the geotechnical, hy-
drogeological, geochemical, and other environmental parameters, the various land uses
of post-mining areas are planned based on their suitability to the transition to post-
mining activities, emphasizing renewable energy projects. The decision-making pro-
cess was based on the physical, chemical, biological, and hydrological and hydrogeo-
logical stability of the final excavations faces and waste materials dumping sites, as
well as on socio-economic considerations. In addition, the transformation of the mining
areas to new land uses incorporates circular economy concepts, considering the optimal
exploitation of the final topography of the mining areas.

4 Conclusions

Sustainable post-mining waste management in continuous surface coal mines based
on circular economy concepts is an essential part of mine closure planning towards a
transition to other land uses of mining lands. The planning and scheduling of post-
mining activities follows the early stages of strategic mine planning, based on the opti-
mal allocation of the waste material into the outside and inside dumping areas. The
success of the long-term mine planning and the following short-term modifications can
be validated by suitable mine scheduling models. In the investigated case study of the
Amyntaion mine, the physical, chemical, biological, geotechnical, hydrological and hy-
drogeological stability of the final excavations faces and waste materials dumping sites
can be based on a carefully designed sampling and monitoring program. The circular
economy principles adopted for this study are based mainly on the utilization of the
dumping materials and on the suitable spatial arrangement of the reclamation works
which favor the alternative uses, placing emphasis on renewables in combination with
other uses ensuring the biodiversity of the broader mining area.
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