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Abstract: Overburden rock massifs resulting from open-pit coal mining are very common objects
in the world’s mining regions. These locations pose a significant challenge as the global mining
industry expands. These dumps are capable of self-burning for quite a long time. The displacement
and sliding of these massifs can cause catastrophic consequences. In addition, these objects emit a
significant amount of greenhouse gases into the atmosphere. Therefore, it is necessary to manage
such objects and implement appropriate measures to limit their impact on the environment. In this
work, we studied soil radon volume activity (VAR) and radon flux density (RFD) on the surface of the
overburden rock massif of coal-bearing mining rocks and also made visual fixation of disturbances
in the body of the massif, which appeared in the process of its movement. We found anomalies of
VAR and RFD on the surface of the overburden extending from north to south. These anomalies
were extended along the strike of the faults found in the body of the massif. Additionally, the radon
anomalies coincided with the anomalies of methane gas emission previously measured for this object.
Thus, we determined that the exit of gases from the body of the massif is carried out through fault
(weakened) zones in the body of the massif. According to the results of the study, we propose to
carry out radon monitoring in order to detect the spontaneous ignition process of the massif or the
increase of its mobility. This will also allow us to take appropriate measures to stabilize the massif or
to extinguish the dump before or simultaneously with the biological stage of reclamation.

Keywords: coal mine; soil radon; radon flux density; radon exhalation; Kuznetsk coal basin; dump;
overburden massifs; sustainability

1. Introduction

The preparation and operation of an open-pit coal mine produce a certain amount of
rock that is disposed of in a designated area within the license area or elsewhere, depending
on the mining project [1]. Most of this rock is classified as overburden. The lithological
composition of overburden rocks is similar to that of the rocks of the mined overburden
and the overlying younger loose sediments. They differ only in the lower (unconditioned)
content of carbonaceous material in the rock layers and are, therefore, not included in
the mineral resource. There are various types of overburden placement [2–4]. Two pat-
terns were considered in the present research: a large bulk massif and the distribution of
overburden rocks in a shallow-gully network of valleys. The rocks display a wide range
of fractional compositions from block to clayey debris [5,6]. Generally, the massif has a
somewhat organized composition, characterized by a certain change in the size of the
debris from the lower part of the massif to the upper part.

Overburden is a global problem [7–9]. The amount of overburden is increasing. Various
researchers are attempting to solve this problem using these breeds in the economy [10–12].
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Overburden rocks create many problems for the areas where they are located. One of the
problems is the large amount of dust that is formed from overburden rocks during the
process of weathering and dispersal by air currents. Dust of various sizes is transported
over long distances, polluting environmental components and causing adverse effects on
the population [13–15]. Another problem with overburden is its impact on water bodies.
These objects change their natural hydrochemical composition and become enriched in
toxic substances due to their removal from the body of the massif by precipitation [16–19].

According to previous studies, carbon dioxide, carbon monoxide, methane, radon, and
other gases are emitted from the waste massifs of overburden rocks [20,21]. The intensity of
gas emission may depend on the fractional composition of rocks that make up the massif,
processes occurring in the massif itself (e.g., intense oxidation of carbonaceous rocks),
mobility of the massif, and other factors, including meteorological [22]. The volume of
gases coming from the overburden massif is generally associated with the processes of
underground rock burning, oxidation reaction, and release of radon gas from coal and other
rocks [23–26]. The porous structure of the entire waste rock massif, particularly in its early
stages, enables excellent aeration and the unhindered flow of gases within it. The migration
of some of these gases to the surface can be stimulated by the migration of neighboring
gases moving through the massif. For example, radon is released by the migration of
methane and hydrogen to the surface [27–29]. Thus, the spatial features of gases coming to
the surface and their dynamics can provide important information regarding the oxidative
processes occurring inside the massif or suggest dynamic processes in the dump mass. In
addition, carbon dioxide, carbon monoxide, and methane are three prominent greenhouse
gases. As per sustainable development principles, their emissions must be reduced [30–34].
Additionally, radioactive gases (radon, thoron), which can be harmful to humans, can cause
a certain danger [35]. These gases are known to increase carcinogenic risks with prolonged
exposure [35].

In order to minimize the impact of the dump on the environment, these objects are
subject to reclamation. Waste remediation is carried out in two stages: geological and
biological. The first stage involves preparing the lithological base for subsequent biological
reclamation. At the biological stage, the soil layer is formed, plants are planted, and the
site is restored to an approximation of its natural appearance. The geological stage of
reclamation is necessary to prepare the dump mass for the biological stage. Thus, for
favorable reclamation, it is necessary that the dump rock mass be stable, both in terms of
its mobility and in terms of the processes occurring in it (mainly spontaneous combustion).
It is recognized that after the formation of the waste rock massif, it continues its movement
for some time due to compaction and sliding of part of the material along the slope and
sliding mirrors, then the array can stop [36]. These dynamic processes will presumably be
accompanied by changes in the directions of gas migration within the body of the massif.
In other words, in one part of the massif body, we will observe an increase in the volume of
gases (radon, methane), and in another part, they will decrease. This corresponds to a zone
of tension in the first case and to compression in the second. Over time, the waste rock
massif can naturally decrease its emissions to the atmosphere as it becomes compacted and
covered by loose rock and vegetation. However, this can occur only if the massif’s fluidity
decreases or movement stops completely.

Thus, radon and methane serve as important indicator gases of the stress–strain state
of geological objects, including waste dumps, and can also provide important information
regarding the combustion processes inside them. As is known, spontaneous combustion of
a dump mass has an adverse effect on the processes of reclamation or self-overgrowth of
the dump mass. From this, it follows that if combustion processes in the rock mass are not
investigated prior to the biological stages, they can impede the reclamation of the land [37].
Additionally, it should be noted that spontaneous combustion may even occur following
the conclusion of reclamation efforts [38–40].

Thus, the presented research is important for open-pit coal mining regions. Kuzbass is
a territory where open-pit coal mining technology is a priority, but this is also typical for
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other mining countries in the world. The annual increase in coal production is 5–7% [6]. As
of 2015, the volume of overburden is 400 Mm3 from coal mining. The number of dumps in
Kuzbass amounts to hundreds of objects [2]. The volume of gas emissions in the process of
coal mining is colossal; overburden rocks provide a fairly large share, especially when the
process of spontaneous combustion of such objects begins. When the combustion processes
of the dump mass are activated, the emission of gases to the surface accelerates and their
composition changes.

A decrease in the rate of reclamation of objects with insufficient knowledge of the
combustion processes inside the dump mass and its dynamics will lead to an increase in
the dust load of such objects, as well as an increase in gas emissions into the atmosphere.

Thus, the objects proposed for study require monitoring of organic combustion pro-
cesses and dynamic processes. Our research examines the emission of gases from over-
burden rock massifs. 222Rn was identified as an indicator gas. The study contributes to
comprehending gas migration processes from overburden rock massifs, determines massif
stability, and assesses the impact of a dense clay layer on reducing gas release to the surface.
Additionally, the acquired findings will enable the elimination of the impact of waste rock
massifs burning of the dump on the cultivated botanical communities prior to the initiation
of the biological phase of restoration.

2. Materials and Methods

Three waste rock massifs were selected as the objects of the study, which differed in
the presence of the biological stage of reclamation and the method of overburden disposal.
The primary site for the experiment was overburden rock massif (further, «Case») situated
near the Talda village, where the area is currently being prepared for the biological stage
of reclamation. Additionally, two locations with placed overburden in the vicinity of the
cities of Leninsk-Kuznetsky (further, «Control 1») and Berezovsky (further, «Control 2»)
were selected as comparison territories. The specifics of these sites and research territory
are shown in Figure 1.

The waste rock in Control 1 was located along the valleys of the ravine-gullies network.
The slopes of the valleys were gentle and composed of loam and clay. The maximum
overburden thickness reaches up to 15–20 m, but in some cases, it remains undetermined,
primarily in watersheds. The waste rock massifs are characterized by a disorderly rock
composition. No significant layer of compacted clay was detected. The site is covered by
soil, shrubs, trees, and herbs with a dense turf layer.

Case territory is located in the depression of the river relief exceeding the level of
natural heights for this area. The surface is largely free of soil and vegetation. The upper
horizon consists of heavy loams and extremely dense clays with interspersed fragments
of gravel, broken stone, and boulders. At one point, there is a layer of soil with planted
herbaceous vegetation.

Case and Control 2 territory are similar in the way of overburden deposition. Both
areas are upland areas with a defined stepped relief. Last partially covered by various
species of trees, shrubs, and herbaceous vegetation. No distinct clay layer was found here.

Below is more detailed information on Case territory [41,42]. Tectonically, the study
area belongs to the Alatau zone of the Kuznetsk coal basin. Beneath the Cenozoic deposits
are Paleozoic rock complexes dating back to the Permian period. In general, the formations
are represented by cyclites of different scales and consist of rhythmically interbedded
sandstones, siltstones of different grain sizes, and coals. Mudstones and limestones have a
subordinate and limited distribution in the sequence. Cenozoic deposits are represented
mainly by loams and clays. The thickness of sediments increases towards the watersheds
of rivers and ravines.
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Previously, a value for radioactive elements content in the upper rock horizon was
obtained for the Case territory. The range of 232Th content was 30.78 to 38.4 Bq/kg, with
a mean value of 36.02 ± 1.38 Bq/kg. The background value recorded was 32.2 Bq/kg.
226Ra content ranged from 19 to 31.6 Bq/kg, with a mean value of 24.1 ± 2.08 Bq/kg. The
background value was below 20 Bq/kg. Therefore, these territories are not contaminated
with radioactive elements according to contemporary normative (100 Bq/kg for 226Ra).
Moreover, the sufficiently homogeneous distribution of radioactive elements in the upper
horizon of the rock excludes the influence of this factor on soil radon and radon flux density.

The overburden rock massifs area was also surveyed for temperature anomalies to
exclude the presence of underground fires. Infrared imagery was taken using a Matrice
300 RTK (SZ DJI Technology Co., Ltd., Shenzhen, China). Weather conditions: wind 3 m/s
and temperature 5 ◦C. The flight altitude was 100 m relative to the terrain. The flight was
performed with terrain enveloping. Figure 2 shows a section of the map of the study area
with isolines of absolute surface temperature.
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Max and min temperatures of −5.5 ◦C and −6.5 ◦C, respectively, were observed,
with a low amplitude and gradient. The absence of significant temperature gradients
suggests the absence of current carbon-containing product combustion processes within
the massif [43,44]. Since heating spots are usually located at depths of 1.5–2.5 m or up to
5 m, the data indicate the absence of combustion processes in the dump [21].

The study area was also examined for methane leaks from the massif (Figure 3).
A remote laser methane detector, Laser Methane mini, from a Matrice 210 RTK drone
(SZ DJI Technology Co., Ltd., Shenzhen, China), was used for the study. The device’s
measurement ranged from 1 to 50,000 ppm, with a possible error of up to 10%. The aerial
survey was conducted under specific weather conditions: wind speed of 3 m/s and an
ambient temperature of −5 ◦C.
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Figure 3. Methane leakage isolines from the Case territory (scale 1:2000).

The values ranged between 30 and 48 ppm. According to the obtained map, it is
possible to assume the presence of methane outlets to the surface through permeable zones.
Most likely, they are formed by fracture zones due to the displacement of the massif body
in the process of its first movement. Hence, the primary factor that affects surface radon
concentration is the gas permeability of the massif and underlying rocks.
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2.1. VAR and RFD Measurement

Radon flux density (RFD, 135 sample sites) and soil radon volume activity (VAR,
9 sample sites) were measured at the Control 1 territory. The Case territory was also
measured (50 and 10 sample sites, respectively). RFD was measured at the Control 2
territory (45 sample sites with no VAR).

Below is a brief description of the method for assessing VAR. The measurement of VAR
in soil air is based on taking a sample of soil air from a hole into a sampler. Determination
of VAR in the sampler was determined by mixing the sample between the volumes of
the sampler and the measuring chamber and subsequent measurement in the measuring
chamber of the measuring unit of the device. Measurement of the volumetric activity of
222Rn is based on the electrostatic deposition of charged 218Po (RaA) ions from a selected
air sample onto the surface of a semiconductor detector (SD). The volumetric activity of
222Rn was determined by the number of registered alpha particles during the decay of
RaA atoms deposited on the SD. The measuring chamber of the VAR measurement unit
is made of plastic and is a hollow cylinder with a high-voltage electrode located inside
and hermetically sealed flanges on both sides. Air sampling into the measuring chamber
is carried out using a micro-blower in the device. The air sample enters the measuring
chamber through a protective aerosol filter, passes through the climate chamber, and enters
the micro-blower. A protective aerosol filter is used to purify controlled air from the
dispersed phase of aerosols and, in particular, from the SD of radon and thoron in the air.
The range of VAR measurements in soil air samples is from 103 to 106 Bq/m3. When taking
air samples, the following conditions are observed: the ambient air temperature in the
range of 10 ◦C to 50 ◦C; relative humidity up to 100% at an air temperature of 25 ◦C. The
measurement in the chamber is carried out within 30 min. The calculation of radon content
in soil was made using the formula:

QSA = Q ∗ (1 + V2

V1
× exp(λRn × t)), (1)

where V2 is the volume of the measuring chamber of the device, l, V2= 0/94 l;

V1 is the sample volume in sample chamber, l, V1 = 0.046 l;
t is the time elapsed from the end of air sampling (t1) to the start of measurements (t2), min;
t = t2 − t1;
Q is the measured VAR by measurement unit, Bq/m3.

The limit of permissible relative error when measuring VAR in soil air is no more than
30%.

In all cases, soil radon was collected at a depth of 40 ± 2 cm from 0.08 m diameter
wells. Before soil radon sampling, the wells were isolated from ambient air for 24 h. Soil
radon was sampled using an AB-07 air sampler (NTM-Zaschita, Moscow, Russia). Soil air
was pumped between the borehole, air sampler, and sample tube (50 mL) through a closed
system for 5 min at a rate of 1 L/min. Then, the accumulation chamber was connected to
an Alfarad+ radon monitor (NTM-Zaschita, Moscow, Russia), and the radon content in
the soil air was measured. The method used allows us to understand how much radon is
contained in the soil air. With a regular measurement grid, it is possible to make a spatial
assessment of soil radon content and identify areas with high and low values. These areas
may be interpreted differently in future studies.

RFD was estimated by the method of sorption on charcoal. For this purpose, the
radon monitoring complex “Camera-01” (NTC-NITON, Moscow, Russia) was used. Let
us provide a brief description of the method for estimating RFD. The RFD measurement
method is based on passive sampling for 1–10 h in an NK-32 storage chamber installed
on the ground surface. Inside the NK-32 chamber, there is a working (sorbing) layer of
activated carbon, which is poured from the SK-13 before installing the NK-32 chamber on
the soil. A protective SK-13 is installed on top of the NK-32, which is necessary to prevent
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the entry of radon into the chamber from the ground layer of the atmosphere. RFD is
calculated using the formula:

σRn =
λ × A

f × S ×
{

1 − exp
(
−λ × texp

)} , (2)

where A is the radon activity in the coal of the working layer NK-32 at the end of passive
sampling, Bq;

λ is the radon decay constant, 1/s;
texp is the duration of coal sampling in chamber NK-32, s;
S is the working surface area NK-32, m2;
f is the correction factor taking into account the influence of NK-32 on the test object,
rel. units.

The error of this research method does not exceed 30%. The volume of activated
carbon in measurements of radon activity in coal is 12.8 ± 0.6 cm3. The RFD measurement
limit for this equipment ranges from 3 to 100,000 mBq·m−2·s−1. Air temperature during
passive sampling with an NK-32 storage chamber when measuring the average RFD from
the Earth’s surface ranges from −5 to 40 ◦C. Relative humidity should be 95% maximum at
an air temperature of 30 ◦C.

Measurement of radon activity in coal using the Camera-01 device is assessed by
gamma and beta radiation from short-lived daughter products of radon decay–214Pb and
214Bi (DPR), which are in a state of radioactive equilibrium with radon. In this case, to
perform the measurement, the exposed coal is poured from SK-13 into the detection unit
BDB-13. This block registers the decay of DPR in activated carbon and compares it with
the background for activated carbon before exposure to radon. Sorption of radon released
from the soil on coal is carried out in the NK-32 trap for 2–8 h (optimally 5 h). Radon
activity analysis is carried out after 4 h to establish the equilibrium of radon with DPR.
Measurements on the device are carried out within 30 min.

For this purpose, the charcoal chambers were tightly installed in the previously loos-
ened soil. After exposure, the charcoal was poured into a sorption column (SK-13), tightly
closed, and kept for 4 h before measurement. The method allows one to estimate the
radon yield of their soil, which provides information for assessing the permeability of soil
to radon.

Repeated measurements at the same measuring points were made in 15% of cases,
and the results did not exceed the manufacturer’s error of 30%, and in most cases, the error
was smaller.

2.2. Statistical Analysis and Spatial Methods

Statistical analyses were performed with the Statistica 14.0 package (StatSoft, Tulsa, OK,
USA). Distributions were tested using Kolmogorov–Smirnov, Liliefors, and Shapiro–Wilk
tests. The Mann–Whitney U-test was used to examine the differences in both soil radon
VAR and RFD between areas. Statistical significance was accepted at the level of p ≤ 0.05.
Spatial research methods were used to construct isolines of soil radon content and radon
flux density for the Case territory. The Spline tool was used for interpolation. For RFD, the
spatial autocorrelation (Global Moran’s I) and high-low clustering (Getis-Ord General G)
methods were applied with statistical significance p ≤ 0.05.

3. Results

Soil radon concentrations were studied at two Case and Control 1 territories. In the
first area, soil VAR varied from 2898.2 to 7137.3 Bq/m3 (Table 1). The mean value was
6835.3 ± 878.3 Bq/m3, with a median value of 5996.4 Bq/m3. These data are normally
distributed.

For the Case territory, the soil air VAR varied from 288 to 6228.4 Bq/m3, with an
average value of 1985.4 Bq/m3. These measurements have a non-normal distribution.
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In comparison to the Control 1 territory, the radon content in the soil was significantly
lower in the Case territory (p ≤ 0.01, M-U test). Some observation points were similar
between the two surveyed regions.

Within the Case territory, the radon content in soil air was not homogeneous, and the
maximum values were concentrated in the western part of the study area (Figure 4).

Table 1. Descriptive analysis of soil air VAR.

No.
Control 1 Territory Case Territory

Soil Radon VAR, Bq/m3 SE, Bq/m3 Soil Radon VAR, Bq/m3 SE, Bq/m3

1 5928.4 1777.7 288.0 86.4
2 7934.4 2379.6 1161.0 348.0
3 2898.1 869.4 968.0 290.3
4 4341.4 1301.8 757.0 227.0
5 5996.4 1798.1 542.0 162.5
6 9691.8 2907.1 1419.0 425.0
7 10,035.5 3010.0 346.0 103.8
8 9812.0 2942.9 2825.0 847.2
9 4879.7 1463.3 6228.4 1867.9
10 - - 5321.0 1595.8
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The meridional elongated shape of anomalies was also observed, corresponding to
the shape of anomalies in the soil’s radon content.

3.1. RFD

Table 2 displays RFD measurements within the three overburden rock massifs.

Table 2. Descriptive analysis of RFD.

Research Area
Radon Statistics, mBq·m−2·s−1

RFD SE Mediana Max Min Interval

Control 1 58.97 2.33 57 160 12 148
Control 2 18.36 2.56 12 77 2 75

Case 21 1.93 18.5 53 3 50
All 42.78 1.98 38 160 2 158

A total of 230 sites within three overburden rock massifs were examined. The average
RFD for all cases was 42.78 ± 1.98 mBq·m−2·s−1, with a range of 2 to 160 mBq·m−2·s−1.
The measurements of RFD do not exhibit a normal distribution.

Differences in RFD in the Case territory from the values in the Control 1 territory were
determined by the Mann–Whitney U-test at the significance level below p ≤ 0.01. However,
no significant differences were found in the RFD between the Case and Control 2 territories,
with a significance level of p ≥ 0.05.

Within the Control 1 territory, there was a rather high level of RFD with an average
value of 58.97 ± 2.33 mBq·m−2·s−1. At the same time, there were no distinctive tendencies
of decrease or increase of radon emanations in the whole territory. The data distribution is
non-normal.

RFD for Control 2 territory ranged from 2 to 77 mBq·m−2·s−1, with an average of
18.36 ± 2.56 mBq·m−2·s−1. Low and high RFD regions were observed. The data distribu-
tion is non-normal.

RFD at the Case territory averaged 21 ± 1.93 mBq·m−2·s−1. The median was
18.5 mBq·m−2·s−1, with a range of 3 to 50 mBq·m−2·s−1. The distribution of the data
is non-normal. High-value data are clustered around a western part of the studied area
(Figure 5) at smaller scales; RFD anomalies exhibit a spotty pattern.

According to the spatial analysis, we obtained clustered data that formed clusters of
high values (p ≤ 0.05). Table 3 presents the results of the study of spatial autocorrelation
and high/low radon flux density clusters.
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Table 3. Descriptive analysis of Global Moran’s I and Getis-Ord General G.

Global Moran’s I Getis-Ord General G

Observed 0.738386 0.005647
Expected −0.020408 0.004653

Standard Deviation 0.006057 0.000000
z-score 9.750153 2.338623
p-value 0.000000 0.019355

3.2. Visual Inspection of the Study Area for the Presence of Fractures

Visual inspection of the study area revealed fractures (presumably detachment frac-
tures) in the body of the massif, which may be permeable zones for gases from the interior
of the massif (Figures 6 and 7).
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These fractures were not observed in the part of the massif where a dense clay layer
was deposited (Figures 4 and 5). The fractures in the body of the massif mostly extended
from north to south throughout the studied massif. There were also areas of subsidence,
which were most likely also related to dynamic processes of compaction of the massif body,
accompanied by the formation of a new network of fractures (Figure 8). Visually detected
faults and subsidence were concentrated in some parts of the study area (Figures 4 and 5).
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4. Discussion

The Case territory is characterized by low concentrations of soil radon in comparison
with the Control 1 territory. At the same time, the values at some points are comparable
with the values of the Control 1 territory. The existence of the obtained spatial heterogeneity
of soil radon cannot be explained by differences in the content of 226Ra in the soil horizon
since no significant differences in this parameter were previously found within the study
area, as indicated by the data presented in Section 2.

The most probable reason for the observed trends is the better permeability of the
western part of the dump massif for gases. This was confirmed by radon flux density data,
which also showed higher values in the western part of the investigated area. In this part,
there were most likely faults, which appeared in the process of natural movement of the
massif after its placement.

At a constant density of gas flow, suitable and produced in the body of the massif,
which is in a stressed state, from the bowels of the earth, directly in the body of the massif,
the gas will be redistributed along the tension zones, maximum, and through compression
zones, minimum. The sedimentary section of the massif is generally under high tension
due to the pores closing or being occupied by adsorbed or film water. As is known from
previous studies, degassing of the massif occurs through weakened zones or fractures that
are formed during the movement of the massif. This assumption is also supported by the
presence of north–south elongated isolines reflecting methane leakage in the massif body,
as shown in Figure 3. This shape most likely reflects the presence of multiple degassing
systems in the massif along these meridionally oriented fractures. Stretch or fault zones
have a subvertical position. Previous studies on the migration of gases from the geological
environment have given a special role to methane and other gases of the lithosphere in the
transport of radon gas to the surface [27,28,45]. This also confirms our conclusion regarding
the coincidence of the forms of radon and methane anomalies.

On the surface of the massif and its walls, we found zones of faults (Figures 6 and 7),
most likely due to detachment and small surface subsidence that occurred after the forma-
tion of the dump. These processes are natural for most overburden rock massifs, and their
development ceases when the movement of the massif ceases [46,47]. Multiple freeze–thaw
cycles can prolong this process [48]. Formed systems of detachment fractures and more
localized structures near small areas of surface subsidence can form surface gas anomalies
of linear shape in the first case and ring shape in the second. The direction of extension
of these fractures coincides with the direction of pulling anomalies, i.e., coincides with
the meridional direction. These violations of massif continuity act as channels of mas-
sif degassing. At present, there is no movement of the massif, but for the prediction of
catastrophic processes, monitoring is necessary, which is possible using gas dynamic data,
similar to previous studies on natural and anthropogenic landslides [49]. The overlying
layer of dense clay affected the results of the radon and soil radon flux density measure-
ments because it formed a sufficiently dense screen for gases from the landfill atmosphere.
Weakened fault zones within the massif may no longer develop as fault zones, but they
can still enhance water erosion, leading to the creation of deep ravines [50]. We did not
observe any visual faults in this layer, indicating the stability of the dump massif after the
application of this clay layer.

It is well known that coal mine overburden rock massifs are prone to spontaneous
combustion [51]. This leads to an increase in the emission of gases to the surface and changes
in the temperature of the massif body. Moreover, the long burning process interferes with
the process of biological reclamation of the overburden rock massifs, which requires the
obligatory elimination of fire centers in the body of the massif. In our case, these processes
are not observed, as can be seen in Figure 2, and this process could not stimulate the
release of radon to the surface. However, spontaneous combustion can start later, and the
beginning of its process can be determined by monitoring the gas emission to the surface.
The change in gas concentration in the body of the massif can indicate dynamic processes in
its internal parts. In this case, the temperature of the body of the overburden rock massifs
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changes a little later. The mobility of the massif and its spontaneous combustion may be
determined by its location in a tectonic fault zone [52].

Low values of RFD indicate the presence of a shield for radon from deeper horizons,
so the radon level is determined by its diffusion from the applied clays, namely radium
content, porosity, and moisture. Close values of radon flux density between Control 2
territory and Case territory indicate the similar composition of the studied massifs and
the presence of a dense clay layer for the studied area. The overburden rock massifs in
Control 1 territory are characterized by the technology of stockpiling and the absence of an
anthropogenic clay horizon between the dumped rocks and the rocks on which the dump
was placed. This situation also affected the radon content of the soil in the upper horizon
of the overburden rock massifs in the Control 1 territory.

Studying the release of gases from dump areas will make it possible to predict
negative processes for plant communities formed independently or in the process of
reclamation [37,53,54]. As is known from previous studies, vegetation cover has a signifi-
cant connection with the areas of degassing of the massif, as well as with its temperature
characteristics, which can change sharply during the process of spontaneous combustion of
the dump mass [38–40]. Thus, monitoring the gas atmosphere of the dump area is necessary.

In conclusion, we recommend continued visual observations on the massif body after
spring flooding, electrical surveys to identify possible water-bearing areas and potential
slip mirrors, and radon monitoring with more soil radon observations to elucidate gas
dynamics in the massif body.

5. Conclusions

A heterogeneous radon field was observed within the investigated overburden rock
massif. Maximum VAR and RFD were detected alongside visually observed zones of faults
and subsidence. These zones are permeable zones for gases of the overburden rock massif.
The forms of gas emission anomalies (methane, radon) within the massif coincide with
the extension of the fault zones. This fracturing was not observed on the formed layer
of dense clays, which may indicate that the movement of the massif has stopped. As a
recommendation, we would suggest determining the electrical resistivity of the rocks of the
massif body using the electrical tomography method in order to identify the watered zones
of the massif body and the wetting conditions of potential displacement lines. With regard
to radon monitoring, a system of stations should be installed to record the concentration
of radon in soil air constantly in order to clarify the spatial characteristics of gas emission
from the body of the massif. A dense clay layer is a potentially suitable way to isolate the
body of a massif from the external atmosphere.

In the process of our work, we came to the conclusion that, to reduce the impact of
emitted gases and the possibility of burning the massif, it is necessary to tightly isolate the
inner part of the massif from atmospheric gases. Long-term monitoring of radon allows us
to determine the dynamics of the overburden rock massif, including combustion processes.
Radon as an indicator gas of fires, the presence of permeable zones, and dynamic processes
in the body of the overburden rock massif confirmed its usefulness in this study.
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