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Abstract: The aim of this study is the primary assessment of radon hazard of the Zhurinsky fault of
the Kuznetsk coal basin, in the territory of the Salair-Altai-Irtysh fold. Soil radon content, radon flux
densities, their spatial characteristics and correlations with each other and with other factors were
evaluated. We found that soil radon concentration varies within the range of 3599 to 14,413 Bq/m?
(mean value 8766 + 569.8 Bq/m?), and radon flux density ranges from 23 to 147 mBq-m2-s~! with a
mean value of 67.19 & 1.31 mBg-m~2-s~1. A correlation with air temperature, pressure and humidity
was found, which decreases with the depth of the measurements. All studied parameters in space are
clustered (p < 0.1). At the same time, the whole studied area in the vicinity of the tectonic disturbance
should be classified as radon-hazardous, and residential structures located within its boundaries as
potentially hazardous. Our study contributes to understanding the radon hazard of crustal faults.

Keywords: radon flux density measuring; soil radon measuring; tectonic faults; radon exhalation;
Kuznetsk coal basin

1. Introduction

Radon is a noble radioactive gas that is a sufficient threat to public health. The most
significant radon isotopes are Radon (**’Rn), Thorone (?*°Rn) and Actinon (*'°Rn). Because
of its longer half-life (T1/2 = 3.82 days) 2*’Rn is more abundant than other isotopes. It
has the ability to migrate and accumulate in soil air and indoors including residential
buildings [1,2].

Residential radon exposure is up to 50% of the average annual exposure by ionizing
radiation for the human population, this causes a significant health risk especially in
areas with excessive radon levels [3]. Lung cancer is considered the main health effect of
long-term radon exposure [4-8].

Many researches aimed to evaluate the geogenic radon level, and its essential con-
nection with tectonic disturbances was noted [9-13]. The upper part of the earth’s crust
can be classified as fissure-pore geological objects. Radon is released from rocks into pores
and crevices. Territories where tectonic disturbances were discovered are characterized
by a large volume of fissure-pore space in the geological environment, which contributes
to the accumulation of significant amounts of radon. Radon is subsequently transferred
from these voids to the surface through diffusion, convection and other forces. Associated
gases, especially methane and hydrogen, are satellite gases that act as vehicles for radon
migration. A change in the stress—strain state of rocks in the upper part of the earth’s crust
leads to significant changes in the volume of the pore—crack space. In the compression zone
of the earth’s crust blocks, a decrease in volume occurs. Consequently, this results in a low
volume of radon and the low ability to move to the surface along the fault zone. In the
stretch zone, there is an increase in the space for underground gases. Active faults tend to
show significant temporary changes in the radon field above them, while inactive faults
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tend to be more stable or not expressed at all [2,14-17]. Faults are a permeable environment
for ground water, fluids and gases [18,19]. Their permeability depends on the type of
fault (thrust, shear, etc.) [20,21], the minerals filling the fractures and their composition
features [22], the tectonic activity of the faults, meteorological parameters, etc. [17,23]. It is
currently assumed that faults act as transport channels for radon which is released from
rocks and accumulates in significant amounts in the cavities in Earth’s crust [2,14-16]. This
fact constitutes the basis for the widely used methodology of fault identification by radon
measurement data [24,25]. Previous research demonstrated that above fault zones, areas of
significant concentrations of soil radon are formed, from which it emanates to the surface.
Such high radon areas with can significantly exceed the surface areas of the rock crushing
zones which accompany tectonic disturbances [20]. Active faults can be identified by high
soil radon content and its emanations to the surface. In some cases, fault zones, in the
absence of modern geodynamic processes, become non-permeable due to the filling of
cracks with secondary carbonate, siliceous and other minerals. Also, the radonometric
survey of faults allows for the prediction of earthquakes and rock and tectonic shocks
during engineering and geological explorations [17,26-28].

The assessment of the radon-associated hazard of tectonic disturbances becomes more
valuable in areas of intensive mining activity. The Kuznetsky coal basin is the oldest coal
mining region in Russia with a high degree of urbanization, population density and the
deep mineral mining specialization of the economies of most cities. A significant part of
the territory of coal-mining towns was affected by underground coal mining, which led
to the formation of areas of high radon emission risk. In previous research in the mined
area, we found a significant increase in radon emanation to the surface and its volume
activity indoors [29,30]. Similar patterns have been observed in coal mining areas in Poland,
Germany, UK, Russia, China and other countries [31-36]. Recently, residential structure
construction is not permitted within mining areas in Russia. Therefore, the assessment of
tectonic faults is necessary because they are the natural boundaries of mines and often, the
only suitable areas for new residential building replacement in mining-associated towns
are the areas above these faults.

Residential buildings located on soils with a substantial concentration of radon in
the underground atmosphere or high emanation to the surface pose a significant threat to
public health. The release of radon into living spaces from the soil is due to the “pump
effect” that relies on a temperature difference [37,38]. High levels of radon in the soil
resulting from faults in the Earth’s crust may increase the cancer risk for inhabitants of
the Kuznetsk coal basin. The Zhurinsky fault crosses a rather large residential area of
the Kuznetsk coal basin. About 7500 residential buildings are located at a distance of
500 m in each direction from the displacement, mostly from Leninsk-Kuznetsky, Polysaevo,
Promyschlennaya and some settlements of the Belovsky district. If a wider influence of
the lithosphere on the radon field is detected at this fault zone, the number of potentially
affected buildings may increase significantly.

Aim: to assess the radon hazard of the Paleozoic tectonic fault—the Zhurinsky fault.
In addition, the Salair and southern parts of the Kuznetsk coal basin have a block geological
structure. The boundaries of the blocks are tectonic disturbances similar to the Zhurinsky
fault. They are syngenetic, similar in dynamics and type to the Zhurinsky fault, and were
formed in the same folding era. By studying the radon hazard of the Zhurinsky fault, we
obtain important information about the permeability of faults of this type in Kuzbass.

2. Materials and Methods
2.1. Study Location

The study area is located in the Kuznetsk coal basin, within the Salairo-Altai-Irtysh
folded area belonging to the Hercynian folding epoch. The main tectonic disturbances
completed their development during this epoch, but some of them were rejuvenated during
the Neogene-Quaternary. The soils of the study area are represented by leached chernozem.
The relief altitude difference is 5 m, the average height above sea level is 220 m.
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Figure 1 shows the study area, the location of the observation points and the area of
distribution of this fault in the Kuznetsk Trough.
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Figure 1. Investigation area.

Geologically, the study area is represented by two tectonic blocks separated by the
Zhurinsky fault. The blocks are composed of rocks of the upper Permian system and belong
to the Uskatsky and Kazankovo-Markinsky formations. The formations are represented by
the rhythmic interlacing of sandstones, siltstones and coals, with subordinate mudstones.
Paleozoic rocks are crushed into brachysynclinal folds. Anticlinal folds are of subordinate
importance, most often large interblock faults are laid along their cores, an example of which
is the Zhurinsky fault. The Permian sediments are overlain by the Cretaceous-Paleogene
weathering crust and Cenozoic N-Q sediments. The thickness of Q sediments is 35-50 m.
The lower part of the Eopleistocene sediments, the Sagarlyk Formation, lies below. It is
overlain by the Kedrovskaya Formation of the Lower-Middle Pleistocene. The deposits
of the 3rd supra floodplain terrace of the Upper Pleistocene are located further. All these
sediments are alluvial deposits and are composed of clays and loams. The upper part of the
section is represented by subaerial deposits (loess-like loams) of the Upper Pleistocene [39].

The Zhurinsky fault, along the strike, changes the angle and azimuth of the displace-
ment dip. The fault itself developed as a convergent boundary of blocks and is related to
strike-slip and thrusting in some places. This fault corresponds to a significant zone of rock
crushing, mainly confined to the hanging wall. In the foot wall, the rocks are practically
not dislocated and have small dip angles. The thickness of the crushing zone established
during prospecting works is up to 300 m [40].

2.2. Soil Air Radon Volume Activity (VAR) and Radon Flux Density (RFD) Measurement

A total of 20 radon measurement points located within and outside the crushing zone
belonging to the Zhurinsky fault zone were selected to study soil radon concentration and
RFD (Figure 1). The measurement points were spaced 130-190 m apart in nearly orthogonal
placement pattern. The general scheme of radon research at each point is presented in
Figure 2.
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Figure 2. The general scheme of radon research at each point.
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To measure RFD, 20 wells were drilled with a depth of 0.6 m and a diameter of 0.08 m.
After the drilling was completed and before the measurements were taken, the wells were
tightly covered with polyethylene and kept that way for at least 12 h. The Alpharad + radon
monitor (NTM-Zashchita, Moscow, Russia) was used to measure soil radon. This monitor
has a basic measurement uncertainty of = 30%. Soil air was pumped into plastic tubes by an
AV-07 air sampler (NTM-Zashchita, Moscow, Russia). The averaging of the radon content
value was achieved by a long process of pumping air for 5 min through a closed system
between the well and the container. The volumetric pumping speed of the air sampler
is 1 & 0.2 L/min. Further sample tubes were connected to the radon monitor collecting
chamber and air was circulated for 5 min, then VAR measurements were performed for
20 min. After each measurement, the air probe intake and radon monitor chamber system
was ventilated with atmospheric air for 5 min.

RFD was measured by a Camera-01 device (NTC-NITON, Moscow, Russia). This
instrument has a basic measurement uncertainty of £30%. This instrument evaluates
radon activity by measuring the gamma- and beta-radiation of the short-lived radon
progeny—?14Pb, 24Bi, which are in equilibrium with radon. To achieve the equilibrium
state of radon and its DPR, the selected sample was incubated for 4 h after the end of expo-
sure. Exposure was performed using carbon sorption columns (SK-13) and an accumulation
chamber (NK-32) (Figure 3).

1 — accumulation
chamber (NK-32)

2 — carbon sorption
columns (SK-13)

3 — radon accumulator
assembly

2

Figure 3. Accumulation chamber for soil radon.
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A total of 300 RFD measurements were made at 20 observation points. The collecting
chambers were pressed firmly into the loose soil. Fifteen cameras (NK-32) per envelope
were installed for each observation point. Next, the data from 15 measurements were
averaged for each observation point to estimate the spatial variation of the RFD. The carbon
sorption columns needed to be tightly closed, since radon can be desorbed from them into
the atmosphere [41].

For all measurements, an internal measurement control was performed. Repeated
measurements were 10-15% of previously performed measurements. The obtained values
were within the limits of the method measurement errors declared by the manufacturer.

2.3. Statistical Analysis

Statistical processing of the data was performed using the Statistica 14.0 package (Stat-
Soft, Tulsa, OK, USA). Distribution verification was carried out using Kolmogorov-Smirnov,
Liliefors, Shapiro-Wilk tests. Statistical significance was accepted at the level of p < 0.05.
Correlation analysis between RFD, soil radon VAR and weather conditions was carried out
using the Pearson correlation coefficient. Statistical significance was accepted at the level of
p <0.05.

2.4. Spatial Methods

All spatial research methods were performed using the ArcGIS 10.8.1. program. To
find out the spatial covariance of the data, we used Moran’s I method, with a statistical
significance p < 0.1. Also, the NaturalNeighbor tool in ArcGIS 10.8.1 was used for the
interpolation of soil radon and RFD.

2.5. Meteorological Conditions during Research

Soil air VAR and RFD were measured without significant rainfall (no more than
0.01 mm per day). Soil air VAR measurements were made over 4 days. Air temperature
ranged from 13 °C to 20 °C, with a mean of 16.1 &= 0.51 °C. Pressure varied from 983.5 hPa
to 987.3 hPa with a mean value of 985.8 &+ 0.26 hPa. Humidity ranged from 46% to 77%
with a mean of 62.05 &£ 2.2%.

RFD was measured over 2 working days. The air temperature during sorption column
exposure ranged from 15.33 °C to 17.17 °C, with a mean value of 16.43 &+ 0.13 °C. The
pressure varied from 984.5 hPa to 986.2 hPa with a mean value of 985.4 £ 0.14 hPa. Air
humidity varied from 52.92% to 61.78% with a mean value of 57.26 =+ 0.83%.

The temperature, pressure and humidity were acceptable for measurements according
to the method, with an error not exceeding 30%.

3. Results
3.1. Soil Air VAR

The soil air VAR varied from 3599 to 14,413 Bq/m3 (mean value 8766 + 569.8 Bq/m?3,
median value 9246.3 Bq/m?> (Table 1). The distribution of this value is fitted to normal
distribution (p < 0.05).

No correlation was found between soil VAR and the distance (from 5 to 378 m, with
mean value 206 m) of the observation point from the Zhurinsky fault displacement (r = 0.28,
p > 0.05).

A correlation of moderate strength was found between soil radon content and air
temperature (r = 0.45, p < 0.05). Additionally, an increase in correlation was noted between
mean air temperature one hour before observations and soil radon content (r = 0.50,
p <0.02), as well as two hours (r = 0.52, p < 0.02) and three hours (r = 0.53, p < 0.02) later.
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Table 1. Descriptive analysis of soil air VAR.

N° Soil Radon VAR, Bq/m? SE, Bq/m3 Distance to Fault, m
1 9302 2790 383
2 9244 2772 346
3 5689 1706 262
4 6809 2043 240
5 9579 2873 181
6 9248 2774 16
7 10,354 3106 5
8 5791 1737 73
9 7410 2223 127
10 3599 1079 176
11 9731 2919 42
12 8062 2418 98
13 5744 1723 120
14 12,535 3760 184
15 10,523 3157 177
16 14,413 4324 378
17 12,740 3821 365
18 9890 2967 345
19 8915 2674 321
20 6774 2032 290

All 8766 596.8 206

3.2. RFD

Table 2 represents the descriptive statistics of RFD.

Table 2. Descriptive analysis of RFD.

isti .m—2.s1 .
Radon Statistics, mBq-m~—2s Distance to Fault,

Research Point

RFD SE Median Max Min Interval Percent over 80 m
1 59.67 3.98 58 77 31 46 0.0 383
2 48.93 3.68 47 80 23 57 6.7 346
3 67.13 6.67 68 120 30 90 26.7 262
4 59.33 4.05 60 91 36 55 13.3 240
5 51.07 5.93 45 107 25 82 6.7 181
6 52.60 5.30 57 88 24 64 6.7 16
7 53.27 4.18 50 84 30 54 6.7 5
8 51.27 2.54 51 66 37 29 0.0 73
9 45.13 2.46 44 60 31 29 0.0 127
10 55.93 3.31 55 81 37 44 6.7 176
11 73.27 5.26 75 104 28 76 40.0 42
12 90.33 6.58 96 147 57 90 53.3 98
13 93.67 4.39 97 122 71 51 66.7 120
14 84.00 5.37 83 129 54 75 53.3 184
15 77.07 4.11 81 100 46 54 53.3 177
16 78.93 6.53 71 124 49 75 40.0 378
17 76.20 4.76 70 111 58 53 33.3 365
18 71.20 4.08 71 109 44 65 26.7 345
19 78.33 2.87 78 97 61 36 40.0 321
20 76.40 4.96 70 115 54 61 33.3 290
All 67.19 1.31 65.5 147 23 124 45.0 206

The RFD ranged from 147 to 23 mBq-m 25! with a mean value of 67.19 + 1.31 mBq:m 2.5~ .
The median value is 65.5 mBq-:m~2-s~1, and this distribution fits the normal one. In the
study area, there were three monitoring sites with a mean value above 80 mBq:m 2571,
which according to the radiation protection standards (NRB-99/2009) [42] in residen-
tial buildings, requires a moderate form of building protection against geological radon.
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In 17 monitoring sites, values above 80 mBq:m~2-s~! were also found. The propor-

tion of the obtained values of RFD above 80 mBq-m~2-s~! is 45% of all observations
(300 measurements) and from 0 to 66.7% of all measured values within each observation point.
No correlation was discovered between the distance of the observation point from
the Zhurinsky fault displacement and RFD (r = 0.16, p > 0.05). Also, we did not find a
relationship between soil VAR and RFD (r = 0.24, p > 0.05). We found a correlation between
RFD and mean air temperature (r = 0.89, p < 0.01), air pressure (r = —0.84, p < 0.01) andair
humidity (r = —0.90, p < 0.01) at the moment of the exposure of the storage chambers.

3.3. Spatial Patterns of RED and Soil Air VAR
Table 3 displays the spatial Moran’s I autocorrelation data.

Table 3. Descriptive analysis of Moran’s I.

Soil Air VAR RFD
Observed 0.300598 0.398172
Expected —0.052632 —0.052632
Standard Deviation 0.037165 0.039221
Z-score 1.832277 2.276297
p-value 0.066910 0.022828

In both cases, the null hypothesis of chaotic data distribution is unlikely—for soil
radon p < 0.07, for RFD p < 0.02. High Z-score values indicate data clustering. High values
are clustered in the hanging wall of the fault. Figure 4 presents the spatial characteristics of
soil radon VAR and RFD changes.

59.7 9302
@

6809

9580

mBq-m?-s Bg/m?
452-549 3692.1 -5829.8

55.0-64.5 5829.9 -7967.4

\ — Fault

64.6-74.2 7967.5 - 10,105

743 -83.9

10,105.1 - 12,242.7

84.0-93.5 12,242.8 - 14,380.3

10

Figure 4. Spatial features VAR and RFD.



Sustainability 2023, 15, 16774

8 of 14

4. Discussion
4.1. Soil Air VAR

High soil VAR indicates the presence of a radon permeable medium. To assume
its removal from deep soil horizons is currently not possible, as additional studies on
hydrogen content are required, similar to this research [23]. Increased radon volume activity
suggests a high potential for radon migration to residential buildings located above and
near this fault area. Previously, we found buildings with high radon concentrations located
near this fault zone. Within 1 km from the disturbance, the average VAR in the studied
houses was 331.9 Bq/m?, within 500 m-271.5 Bq/m?, within 200 m-218 Bq/m3 [29,30]. A
similar relationship between soil radon and residential building VAR was also observed
in Italy [43]. High values of soil VAR can be caused by the local geological situation—the
content of parent elements (Ra, U), moisture, soil porosity or permeability caused by
tectonic disturbances. Also, the growth of soil radon concentrations in the area of faults
can be stimulated by methane and carbon dioxide venting to the surface which, as noted
above, can stimulate radon migration through permeable zones [44—46]. It is known that
in coal-bearing strata, the content of methane and carbon dioxide will be quite high. It is
also known that coal and coal-bearing rocks can contain high concentrations of uranium
and radium [47]. Also, the type of crushing zone could influence the formation of such a
large area with high values. Radon from a disturbance can be localized along the line of the
displacement or it may not be detected in the displacement at all, and other options are
also possible [48]. However, according to Swedish criteria [49], values above 10,000 require
conventional measures to reduce the entry of radon into residential premises. In our work
these are 4 observation points. But with depth, the situation can change significantly [50].

The lack of correlation between the distance from the displacement site and the soil
radon content can be explained by this distance being insufficient to observe the impact of
faulting on soil radon content. The variation in soil radon values can be attributed to local
characteristics (composition of loose sediments, radium content, etc.). Furthermore, our
observations did not extend beyond the influence of the fault and its associated fracture
zone. Previously, in a study of soil radon and its emanation in a fault zone, it was found
that the composition of gas in the soil changes and increases over a larger area than the
crushing zone of the fault [20,21]. This was also observed for residential buildings, where
an increase in VAR is observed as they near the fault zone [43].

The moderately strong correlation between meteorology and soil radon confirms the
link between the upper lithospheric air and the atmosphere, which moves due to convective,
diffusion and other forces [51,52]. Earlier it was stated that the depth of 0.5-1 m is sufficient
to exclude the influence of meteorological factors on soil radon [53], but there are a number
of studies that contradict this fact [54-56]. The difference in temperature results in the
release of radon into the atmosphere, and this effect increases with temperature. Since the
daily activity layer affects the upper soil horizon, the effect on the daily change in soil radon
content tends to decrease significantly with depth. Nevertheless, a significant seasonal
difference in radon content is observed. Therefore, it is hypothesized that deep wells will
reflect more of the seasonal cycle and shallow wells will reflect more of the diurnal variation.
In permeable zones, this thermobaric effect is usually enhanced by the high permeability of
the zone [23,57]. It is worth noting that the decrease in soil radon in the upper horizon may
be associated with very high soil porosity. This territory is an agricultural field in which the
top layer is quite well loosened. This circumstance has a beneficial effect on the exhalation
of radon from the soil as a result of the temperature difference between the atmosphere
and the soil.

4.2. RFD

Overall, across the entire study region, the RFD exhibits a moderately elevated level,
which is relatively high for this type of area. Previously, we obtained significantly lower
RFD values for a similar area, but without large faults, which were 22.87 + 1 mBq-m’2~s’1
at a distance of 0.8-1 km from the fault zone [58]. However, RFD increased significantly up
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to 181.59 4 13.32 mBq-m~2-s~! in areas where there were both disturbances and mine fields.
The East Kamyshansky fault exhibited RFD values of up to 3310 mBq-m~2-s~!. Ata distance
of 350400 m from the Vorobyovka fault offset, the RFD averaged 46.61 4 3.62 mBq-m 257,
with peak values reaching 260 mBq-m~2-s~1. Therefore, it can be assumed that the Zhurin-
skiy fault may presently be active, but this will require further investigation.

The lack of correlation between the distance from the observation point to the Zhurin-
sky fault displacement and the RFD can be explained by this distance apparently being
insufficient to detect any influence of the fault on soil radon content. The difference in
RFD is probably due to local characteristics (composition of loose sediments, radium
content, etc.).

We did not find a relationship between soil VAR and RFD. Similar results have been
obtained before [59]. For a similar area with loess-like loams, the authors also noted
significant differences in RFD and soil radon [60]. Thus, high or low soil radon content
may not be expressed in the increase in RFD. Apparently, the relationship between radon
emanation to the surface, which is expressed in RFD, is lost with depth. Since the main
causes of changes in RFD are the diurnal variation of temperature, the porosity of the
sediments and moisture content, RFD alone may not be a reliable indicator for evaluating
the safety of an area in terms of radon emissions.

For example, in clay soils the RFD will be significantly reduced, and soil radon can
be dangerous. Thus, in the study of underground or deep structures, even in clay soils,
radon had a high value [61]. There is reason to believe that a low RFD leads to an increase
in soil radon due to a decrease in the rate of its discharge into the atmosphere due to the
temperature difference between the lithosphere and the atmosphere. Therefore, soil radon
assessment plays a crucial role, particularly in areas where there are plans to construct
houses with basement levels.

We found a correlation between meteorology (air temperature, air, air humidity) and
the moment of exposure of the storage chambers. Therefore, this soil layer is notably
impacted by fluctuating levels of pressure, humidity and particularly air temperature
which leads to a pressure difference between the lithosphere and the atmosphere and forms
the soil air flow into the atmosphere [37,38].

In general, there is an increase in radon concentration with depth and its greater
constancy during the day or season. Therefore, deeper soil horizons are more suitable for
the study of soil radon. At the same time, the possibility of using these parameters for
predicting radon emanation to the surface and, consequently, the informative value of the
data in terms of safety for the population is reduced [62].

Air humidity affects the rate of water evaporation from the soil, especially in autumn
when dew falls after sunset and before morning and the top layer of soil is heavily saturated.
This excess moisture fills some pores, decreasing the space for radon diffusion. Low
humidity in the atmosphere after sunrise leads to rapid evaporation of moisture from
the soil, and high humidity and vice versa. Thus, measurements are taken in conditions
with pores that are partially filled with moisture, resulting in a decreased RFD into the
atmosphere. Comparable outcomes have been obtained in previous studies [63].

4.3. Spatial Patterns of RED and Soil Air VAR

Based on the findings of Section 3.3, it can be inferred that the RFD is likely to exhibit
lower values within the displacement zone as a result of the prevalence of compressive
forces in that area. Conversely, the RFD may increase at a distance from the displacement
zone due to the stretching of crustal blocks.

According to the presented figure, we can see some increase in RFD and in some
cases and increase in soil air VAR in the hanging wall of the Zhurinsky fault. The hanging
wall’s permeability in the investigated disturbance zone has increased, which results in a
significant increase in soil radon and indicates a significant radon hazard.

Linear, spot and “halo” anomalies of soil gas contents have been obtained in earlier
studies [64]. It was also noted that high values should not be observed over the entire rock
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crushing zone, in which case the local geological situation plays a role [65]. The formation
of a patchy, discrete and highly permeable zone of deep gas emission was previously
indicated. The main reasons for this form of gas anomalies have been identified as the
evolution of the fault (its activity), fault style (its dynamic type (thrusting, faulting, fault
rupture, etc.)), and the rheology of the rocks ruptured by the fault [66,67]. It is noted that
with the increasing thickness of young sediments, faults have less influence on soil gas and
RFD [64,68].

Previously, a study was conducted to identify neotectonic blocks in the Kuznetsk coal
basin by analyzing data from vertex surfaces (watersheds) [69]. According to this work,
the Zhurinsky fault is located on the boundary of neotectonic blocks which may indicate
its activation. This process is usually accompanied by the creation of transport channels for
deep gases (222Rn, CHy, CO,, He, Hy, etc.).

Undoubtedly, the values of the VAR and RFD data were affected by the lack of data
on the parent elements (Ra, U) in the soil, since their content can significantly increase
soil radon and its emanation to the surface [70]. The predominance of the clay fraction in
some observation points may lead to the growth of adsorbed uranium and radium in its
particles. Fault zones may also act as collectors for uranium and radium in the process of
their migration with groundwater [71,72].

It should not be excluded that this disturbance activity could be increased by active
mining, causing changes in the stress—strain state of rocks. Concentrations of soil radon in
this case will also change over time. Even a small change in the stress—strain state leads to
a change in the radon field in the geological environment [73].

5. Conclusions

We evaluated the radon content in the soil and its emanation to the surface; no
correlation was found between these indicators because with depth, the connection with
daily meteorological parameters is lost. Strong correlations were found between RFD and
meteorological parameters such as temperature, pressure, and humidity. This emphasizes
the importance of considering these results in the permeable rock zone, which may include
fault zones in the Earth’s crust. The disturbance zone, which is frequently the limit of coal
deposits, can also have a significant radiological impact. Convection—diffusion facilitates
radon flow in this area.

The high radon concentration in this area poses a radiological hazard to the population
when constructing residential buildings. Radon emanation is also a significant factor that
must be considered when designing ventilation systems and constructing homes. Rock
permeability enhances the migration of gases through rocks, including migration from
significant depths. After the evaluation of soil radon content and RFD, we should assume
the danger of this tectonic disturbance in terms of residential exposure.

Currently, there are no long-term observations, monitoring and extensive preliminary
studies of the radon hazard of soils near the disturbance zone in the Kuznetsk coal basin.
The preliminary results obtained from our study should be used to develop interim rec-
ommendations for the public to reduce radon exposure until radon hazardous areas are
identified. The priority in the protection of homes is the forced ventilation of underground
rooms or their separation from residential areas. In the future, a key need for these regions
is the creation of a monitoring network aimed at assessing the characteristics of the radon
field in fault zones.

Regarding further research, it is necessary to investigate the radon fields of other faults
in Kuzbass, syngenetic to the Zhurinsky fault. It would also be an important addition to
conduct a study of the content of ?°Ra in the studied soils and other deep gases (H,, CHy).
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