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Abstract: Geographic patterns determine geogenic radon factors that, changing over the territory,
form spatial structures of different scales associated with regional and local variations. The study of
these structures is important for assessing the possibility of using limited data to predict geogenic
radon potential. Our research focuses on the study of the physical properties of soils (moisture,
soil density, porosity and void ratio) in the Kuznetsk coal basin. Their variations are studied using
statistical methods, a variogram cloud and spatial autocorrelation of data. Soil moisture and porosity
have the greatest variability in space and with depth. We conclude that the assessment of geogenic
radon predictors requires consideration of the variation coefficient and autocorrelation indices at
different scales. Based on the variability of humidity and the fairly homogeneous nature of the
studied soils (loams), to assess the radon hazard, it is necessary to study the influence of climatic
conditions, since the permeability of the environment for radon will be determined by soil moisture.
With the predominance of substantially clayey soils, it is necessary to study the content of 2?°Ra in
the upper horizons, since it is assumed that radon is predominantly diffusely transferred, in which
its role is dominant.

Keywords: physical properties of soil; soil moisture; soil density; soil porosity; porosity coefficient;
Kuznetsk coal basin; spatial variation; GRHI

1. Introduction

Radon is the second most important factor in the development of human respiratory
neoplasms after smoking [1]. Spatial assessment and identification of residential buildings
exposed to radon are important for assessing the epidemiological significance of human
exposure to radon [2]. Obviously, monitoring in all residential buildings is not possible
due to the large number of existing buildings, and only a forecast is available for newly
constructed buildings. A solution may be a set of key predictors of radon emission from
the geological environment (geogenic radon), while radon influx from other sources can
be neglected [3]. Thus, the key factor determining the presence of radon in houses is the
geological structure of the territory [4].

Geological predictors of geogenic radon include:

— Concentration of parent elements, including 238U, 235U, 232Th and the precursor
222Rn-226Ra [5]: The main predictor of radon concentration in soils is 226Ra; in rare
cases, a significant influence of short-lived decay products of the radioactive series
232Th-220Rn is possible [6,7].
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— Physical properties of soils [8,9]: The primary indicators of radon accumulation
and migration are soil density, moisture and porosity. They determine the release
of radon from soil particles into the cracks and pore spaces of rocks and further
migration by diffusion and advection, including emanation onto the daylight surface
and into residential buildings. Also very significant is the permeability of rocks for
gases, which allows radon to move within the body of the massif or to move to the
surface [10-13]. The contribution of permeability depends on the geological situation,
since it is important for the possibility of advective transfer of radon, while it is not so
important for diffusion.

—  The presence of geodynamic zones in the geological environment promotes the active
migration of deep gases (“geogases”) from horizons deeper than the surface loose
sediments to the daylight surface and buildings [14-17].

— Meteorological factors, especially temperature and pressure, usually influence surface
radon migration by creating a difference in the temperature and pressure conditions
of the rock mass, including between loose rocks, and at the surface layer of the atmo-
sphere [10,18-21]. There is also an increase in radiation exposure at low temperatures
due to reduced ventilation of buildings and the “chimney effect”.

Not all factors are listed, but it is obvious that the number of predictors of the radon
hazard of a territory is large, and it is difficult to measure them all in the process of drawing
up a map of the radon hazard in large territories. Therefore, radon concentrations in
residential buildings are often predicted using estimates that rely on only a subset of
these predictors. For example, the geogenic radon potential (GRP) takes into account the
difference in radon concentration at depth and at the surface, as well as the permeability
of the geological environment for radon [22-24]. Most often, radon concentration at the
surface is not taken into account due to its near-zero value. It is known that these indicators
have been studied in a very limited way, even in the areas where radon emanations have
been studied. Therefore, the obtained GRP maps have too low a resolution to predict
values in residential buildings, and for most areas this is not possible due to a complete
lack of data.

Another indicator, the geogenic Rn hazard index (GRHI) [25], can be obtained based
on any geogenic indicators available in the region that affect the radon hazard of residential
buildings (IRC). Later, a weight of influence was added to each indicator, since in each
territory the predictor can have a different effect on the radon hazard. Then, researchers
returned to collecting data on local radon predictors and predicting geogenic radon poten-
tial based on them. Recently, machine learning (ML) methods have helped in this, which,
using large data sets, can provide quite good forecasts of radon hazard, but their accuracy
strongly depends on the amount of data, their scale and the variation of the indicator at
different spatial levels [26,27].

We can conclude that geogenic radon factors, changing according to geographic
patterns, form spatial structures of different scales associated with regional and local
variation [28,29]. By studying these structures, at the data collection stage, we can assess
the possibilities of using limited data to predict geogenic radon potential. Some indicators
may not have large local outliers (called “nuggets” in geostatistics), while other data are
very variable, both locally and regionally. Studying these features is important at the
regional level, since each region has its own trend of these indicators, to some extent, which
depends on its geological history. And this is an important step in making forecasts for
large areas. A detailed observation network is required for a thorough study and prediction
of GRP and GRHI, but it is not possible due to large financial, labor and time costs. Most
often, the data do not have high resolution, and the topological maps in this case also
have low predictive value at the local level [29,30]. Thus, our study focuses on exploring
regional and local-level spatial patterns for predictors of geogenic radon potential. We
used limited indicators of physical properties of soils (density, moisture and porosity)
for this reason. It can be noted that the availability of theoretical and experimental field
observations confirms the relationship of the parameters we used with respect to radon
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and its migration. Another reason is that the parameters we used (density, humidity,
porosity and porosity coefficient) are standard for engineering and geological surveys
conducted in the Kuznetsk coal basin and Russia according to uniform protocols, which
allows us to compare and use these data to assess the physical properties of the soil and
their connection with radon. Therefore, these indicators can provide important information
at the preliminary stage of radon hazard assessment. On the Russian radon hazard map,
the territory of the Altai-Sayan folded region, within which the Kuznetsk coal basin is
located, is classified as a dangerous radon zone [31]. According to annual state monitoring
data, radon makes the largest contribution to the irradiation of the population of the study
area—?2.09-3.33 mSv/year (2020-2022)—and the share of residential buildings with excess
radon is about 4-5% [32]. These data were obtained by studying 1708 buildings, which
very limitedly characterize the impact of radon compared to the total infrastructure stock.
A number of studies of this territory obtained very significant concentrations of soil radon,
radon flux density and radon concentrations in residential buildings [33-35]. Thus, the
geological environment is capable of significantly increasing the radon flux into residential
buildings and irradiating the population of the Kuznetsk coal basin.

In this paper, some important characteristics of the Kuznetsk coal basin soils, and their
local and regional variations, are demonstrated, since it seems possible to use these data to
predict geogenic radon. For the Kuznetsk basin, a step-by-step process of GRP assessment
is also important due to its cold climate with a long winter.

2. Materials and Methods
2.1. Characteristics of Cover Deposits of the Kuznetsk Coal Basin

The cover deposits of the Kuznetsk coal basin lie subhorizontally and are represented
by loose conglomerate-sand—clay deposits with a thickness of 10-20 to 80-100 m. The
age of the deposits is from the Cretaceous to the Quaternary period. The deposits of the
Cretaceous and Paleogene periods are very spatially limited and are found only in the
north-eastern and south-western parts of Kuzbass. Neogene deposits are more common
and are usually represented by lenses and lens-shaped bodies, composed mainly of dense
brown and variegated clays with interlayers of sand and pebbles. Quaternary deposits are
distributed almost everywhere in the Kuznetsk coal basin with a total thickness of 1 to 80 m.
They are represented by deposits of different genetic types (alluvial, diluvial, proluvial,
etc.). According to the fractional composition, there are sandy-clayey and gravel-pebble
deposits of river valleys [36].

2.2. Characteristics of Local Variation in the Study Area

VAR depth variation was assessed in the central part of the Kuznetsk basin at several
points (A and B). The depth of the Paleozoic rocks here is from 10 to 60 m. The composition
of loose cover deposits is dominated by clay granulometric size particles, while the upper-
most part is represented by loess-like loams corresponding in age to the Upper Pleistocene.
For territory A, the distances between the physical properties of soils assessment points
varied from 92 to 172 m, with an average distance of 129 m. There were 46 study points in
total. In area B, 20 points were studied, which were located from 97 to 150 m apart, with an
average distance of 121 m. Also, for both areas, an assessment of the physical properties
was made for three boreholes (0.6, 1.0 and 1.5 m), located 5 m apart at each observation
point. Thus, we obtained 138 boreholes for area A and 60 boreholes for area B. Clarification
of local variation was made for the same depths.

2.3. Regional Variation

For a preliminary assessment of regional variation, 43 sites were studied, in each of
which from 3 to 46 boreholes were drilled, located at a distance from each other. Figure 1
shows the locations of these sites within the Kuznetsk coal basin. The physical properties
of the soils were averaged in each site and then used to assess regional variation. The figure
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shows the locations of the boreholes in the Kuznetsk coal basin. The distance between the
territories ranged from 0.2 to 30 km, with an average distance of 6.3 km.

Aretic Ocean

Yurga

ﬁ Russia

*

7 Mongolia X : i)

Kazakhstan

Toguchin

Krapivinskiy

Kuzneatskiy
Alatau

Zalesovo

Novokuznetsk

Mezhdure chens

- Kuzbass coal basin
7&( - Research points 79{7 79’\7
@ - Location "A"

- Location "B"

1:2,000,000

Figure 1. Map of the locations of sites for studying the physical properties of soils in the Kuzbass

coal basin.

2.4. Soil Sampling and Physical Soil Assessment
Sampling was into sterile plastic containers with tightly closing lids. For areas A and

B, sampling was carried out from depths of 0.6, 1.0 and 1.5 m.
All studies in this section were in accordance with the GOST 5180-2005 standards [37].

The physical soil assessment included moisture (W), soil density (P), dry soil density, soil
particle density, porosity (n) and the void ratio/porosity coefficient (e).
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Natural moisture was measured by long-term drying of the sample in a drying cabinet
at a constant temperature (105 & 2 °C) with periodic measurement of its mass. Drying was
carried out until an insignificant difference in the mass of the soil with the weighing bottle
(no more than 0.02 g) was obtained between subsequent mass measurements. Further
assessment was carried out using Formula (1) [37]:

W =100 x 4 — ™Mo, )
my —m
where W is the soil moisture content, %;

m; is the mass of wet soil with a weighing bottle, g;

my is the mass of dried soil with a weighing bottle, g;

m is the mass of an empty weighing bottle, g.

The natural density of the soil was measured by weighing a paraffin-coated sample in
water. The round sample was weighed on a scale and then covered with heated paraffin.
Air bubbles were removed with a heated needle. The paraffin-coated sample was then
weighed, and then it was weighed inside a vessel with water, with complete immersion.
The density of the sample was then calculated using Formula (2) [37]:

m X p, X Py,

p= ,
pp X (1’1’11 - mz)_pw X (ml - m)

@

where m is the mass of the soil sample before paraffin-coating, g;

m; is the mass of the paraffin-coated sample, g;

my is the result of weighing the sample in water—the difference between the mass of
the paraffin-coated sample and the water displaced by it, g;

Pp is the density of the paraffin, taken to be 0.900 g/cm?;

pw is the density of water at the test temperature, g/cm3.

The density of the skeleton (dry) soil was calculated using data on the natural density
and moisture of the sample according to Formula (3) [37]:

P

Pa= 1001 xw’ )

where Py is the density of dry soil;

P is the density of the native soil, g/cm?;

W is the moisture of the soil, %.

The density of the soil particles was estimated using the pycnometric method. The
pycnometer, filled one-third with distilled water, was weighed, after which a dried soil
sample was added, and it was weighed again. Then, the pycnometer was boiled in a sand
bath for 1 h to remove air particles, while adding new amounts of water to the graduation
mark. Then, the contents of the pycnometer were poured out, it was rinsed, and distilled
water was poured into it and it was kept in a bath with water at the same temperature.

Then the calculations were made using Formula (4) [37]:

P, = Py X my ) ( 4)
my +mpy — mg
where my is the mass of the dry soil sample, g;
m; is the mass of the pycnometer with water and soil after boiling at the test tempera-
ture, g;
my; is the mass of the pycnometer with water at the same temperature, g;
Py, is the density of water at the same temperature, g/cm?.
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The porosity of the soil was measured considering the density of the soil particles and
skeleton (dry) soil using Formula (5) [38]:
o Ps -P d
n= P

% 100, )

where P is the density of soil particles, g/cm?;

Py is the density of dry soil, g/cm?3.

The porosity coefficient describes similar physical properties of the soil, but demon-
strates the ratio of the pore volume to the solid phase of the soil. This indicator can be
estimated using the following formula.

The porosity coefficient was calculated (6) [38]:

Ps—P
e=——-9100, (6)
Pq
where P is the density of soil particles, g/cm?;
Py is the density of dry soil, g/cm?.

2.5. Statistical Data Processing

For all data, descriptive statistics were used (mean, standard error, median, minimum,
maximum, coefficient of variation, quartile (25% and 75%) and standard deviation) using
the statistics program.

Comparison of samples by the physical properties of soils at different depths was
performed using the Kruskal-Wallis (K-W) test with the statistical significance level p < 0.05,
since the data did not correspond to the normal distribution. Spatial patterns were assessed
with the spatial autocorrelation data tool “Semivariogram/Covariance Cloud”. The basic
fundamental assumption of this tool is the law of data stationarity, based on which points
located at the same distance and direction from each other should have similar squares of
the difference between the values. If the autocorrelation is expressed only in distance, this
case refers to isotropy; if in some direction the data are autocorrelated at other distances,
then to anisotropy. The data were also tested for the presence of data autocorrelation using
the global one-dimensional Moran’s index, which evaluates the relationships between
indicators at different points in space. The selected methods are standardized for assessing
the presence of outliers in the data (presence of “nuggets”) and identifying autocorrelation
in the data. The presence of “nuggets” suggests the presence of local structures in the data
that should be studied at a different, more detailed scale. It was also assumed that the
presence of autocorrelation demonstrates the importance of space as a predictor of soil
properties. Data can be clustered, when the data can be divided into clusters with different
values, or dispersed, when data with high and low values are adjacent. In the case of
dispersed data, there are also most likely either random outliers or the presence of smaller
structures that should be studied at a larger scale.

3. Results
3.1. Differences in Physical Properties of Soils by Depth at the Local Level

Table 1 presents the results of the study of physical properties of soils at different
depths.

The largest coefficient of variation between observation points within both areas is
found for soil moisture, followed by the porosity coefficient. The K-W test shows no
differences between the three depth groups for the porosity coefficient and soil porosity,
but significant differences are found for soil density and moisture. Similar data patterns
are characteristic for the compared groups of 1.0 and 1.5 m, as well as for 0.6 and 1.5 m. At
the same time, for 0.6 and 1.0 m, there is no difference in soil moisture. A tendency for soil
density and moisture to increase with depth is noted for both locations.
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Table 1. Physical properties of soils at locations A and B.

Depth,m Mean + St. Er. Median Min Max Coeff. Variation 25%Q 75% Q  St. Deviation
0.6 1.77 £0.01 1.78 1.40 1.97 5.52 1.74 1.81 0.10
P, g/cm3 1 1.81 £0.01 1.80 1.70 2.18 4.66 1.76 1.85 0.09
1.5 1.83 £0.01 1.83 1.73 1.93 243 1.81 1.87 0.04
0.6 6.3 £0.6 5.1 1.6 16.8 58.6 35 8.9 3.7
W, % 1 54+05 44 1.7 13.9 58.5 2.8 7.5 3.2
A 1.5 74£05 7.3 2.1 19.7 48.4 4.6 9.6 3.6
0.6 60.6 £1.7 58.1 39.9  105.8 19.3 53.8 66.8 11.7
e 1 56.5 £+ 1.3 55.7 26.8 74.0 15.1 529 61.5 8.5
1.5 58.9 £1.0 58.3 449 77.0 11.1 54.3 62.9 6.5
0.6 374 +£0.6 36.7 28.5 51.4 11.3 35.0 40.1 4.2
n 1 35.9 £ 0.5 35.8 21.1 42.5 10.3 34.6 38.1 37
1.5 369 £ 0.4 36.8 31.0 43.5 6.9 35.2 38.6 25
0.6 1.78 £0.01 1.77 1.66 1.93 3.44 1.74 1.82 0.06
P, g/cm3 1 1.81 £0.01 1.81 1.71 1.96 3.37 1.78 1.85 0.06
1.5 1.84 £ 0.02 1.83 1.73 2.08 4.48 1.81 1.88 0.08
0.6 6.2 £0.6 6.1 1.6 10.1 42.7 3.8 8.4 2.6
W, % 1 6.7 £ 0.5 6.7 3.1 11.1 33.3 51 8.3 22
B 1.5 83+0.8 7.7 29 18.0 41.4 6.2 10.2 34
0.6 598 £ 14 58.5 50.3 73.1 10.6 55.5 64.7 6.3
e 1 584 +1.5 56.5 46.0 724 11.6 54.8 62.9 6.8
1.5 59.4+£2.0 58.4 43.2 84.7 15.3 543 63.3 9.1
0.6 373 £ 0.5 36.9 33.5 42.2 6.5 35.7 39.3 24
n 1 36.8 £ 0.6 36.1 315 42.0 7.2 354 38.6 27
1.5 37.1£0.8 36.9 30.2 459 9.4 35.2 38.8 3.5
3.2. Spatial Variations of Data at the Local Level
The spatial structural features of the data were studied using spatial autocorrelation,
and the results are presented in Table 2.
Table 2. Spatial autocorrelation of physical properties of soils at different depths in areas A and B.
Depth, m Observed Expected St. Deviation z-Score p-Value
0.6 —0.047 0.017 —-0.187 0.85
P 1 0.060 0.016 0.656 0.51
1.5 0.223 0.019 1.787 0.07 *
0.6 0.312 0.019 2451 0.01*
W 1 0.382 0.018 2.979 <0.01*
1.5 0.222 0.018 1.826 0.07 *
A 06 0005 —0022 0017 0129 090
e 1 0.016 0.018 0.284 0.78
1.5 0.296 0.018 2.350 0.02 *
0.6 0.004 0.018 0.198 0.84
n 1 0.038 0.017 0.468 0.64
1.5 0.309 0.018 2.436 0.02 *
0.6 —0.572 0.036 —2.741 0.01 **
P 1 —0.094 0.037 —0.213 0.83
1.5 0.135 0.032 1.046 0.30
0.6 —0.021 0.039 0.161 0.87
W 1 —0.224 0.038 —0.878 0.38
1.5 —0.203 0.034 —0.824 0.41
B 06 0530 —0.053 0038 2456 0.01
e 1 —0.083 0.037 —-0.157 0.88
1.5 0.168 0.033 1.213 0.23
0.6 —0.536 0.038 —2.475 0.01 **
n 1 —0.081 0.037 —0.146 0.88
1.5 0.183 0.034 1.270 0.20

*—clustered, **—dispersed.



GeoHazards 2024, 5

1301

Some spatial ordering is revealed by the formation of cluster structures and the
disruption of clustering in the form of dispersion structures. Most of the results are
characterized by indices indistinguishable from a random distribution of data.

3.3. Spatial Features of the Physical Properties of Soils at the Regional Level

Based on the smallest variation coefficient for 1.5-2 m depth, we compared territories
significantly distant from each other; these data are presented in Table 3.

Table 3. Physical properties of soils for the entire region of the Kuznetsk coal basin.

Mean + St. Er. Median Min Max C?ef.f' 25% Q 75% Q St. Deviation
Variation
P, g/cm3 1.94 £+ 0.01 1.94 1.77 2.13 3.65 1.89 1.99 0.07
All W, % 20.3 £ 0.9 21.3 74 32.0 29.1 16.0 25.3 5.9
territory e 67.0 £ 1.7 66.7 36.9 97.6 21.9 57.5 77.7 14.7
n 38.3+22 37.2 21.7 74.4 30.0 30.5 429 11.5

Lower soil moisture variation coefficients are noted, while the porosity coefficient and
soil porosity increase at the regional scale of the study.

In general, for the studied data, within each studied territory there are also local
variations in the physical properties of soils. The coefficient of variation for moisture
content ranged from 3% to 59%, for soil density from approximately 0.7% to 17.5%, for
porosity from approximately 0.8% to 110%, and for the porosity coefficient from 1.6% to
65.6%. The variogram cloud for the data is shown in Figure 2.

The variograms can show local outliers (nuggets), which can be errors or important
artifacts of local data variation.

The spatial autocorrelation assessment is presented in Table 4.

Table 4. Spatial autocorrelation of data at the regional level.

St.

Observed Expected Deviation z-Score p-Value
P 0.311 0.061 1.359 0.17
All W 0.160 0.024 0.062 0.740 0.46
territory e 0.224 e 0.062 0.999 0.32
n 0.218 0.058 1.006 0.31

At the regional level, regular spatial structures of data were not obtained; the distribu-
tion of values is chaotic.
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Figure 2. Variograms of physical properties of soils at the regional level. (A) density, (B) moisture,
(C) porosity coefficient and (D) soil porosity.
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4. Discussion

According to our data, the physical properties of soils have some variability in relation
to depth. For both areas (A and B), the humidity and density of the soil increased with
depth, but the porosity remained almost unchanged. Usually, soils are characterized by an
increase in the humidity and density of the soil, as well as a decrease in porosity and the
porosity coefficient with depth.

The absence of statistically significant differences in soil moisture at depths of 0.6 and
1 m, with overall low moisture, is most likely due to the small amount of precipitation
during the study period, which were the conditions during our experiment. The waters
in this zone are mainly represented by hygroscopic and surface film water, but, deeper,
the role of free water (capillary and gravitational) increases. Low density indicators in
some samples are a consequence of the uneven depth of the base of the decompressed
upper-layer soil; in this case, soil particles got into the sample, which significantly reduced
the density of the sample. The moisture content of soils usually reduces the possibility
of radon diffusion. An increase in porosity, simultaneously with an unchanged humidity
index, leads to a decrease in the proportion of pores occupied by water. Under these
conditions, radon can migrate quite freely.

In agreement with the results of previous works, the properties of the soil affect the
processes of accumulation and migration of radon in it [39-41]. The upper soil layer (up
to 1 m, depending on the type of soil) is characterized by a better ability to release radon
to the daylight surface due to its higher porosity and its dependence on the gradient of
thermobaric conditions between the ground layer and the soil air [42,43]. Soil moisture
also can affect the decrease or increase of radon exhalation from the soil [44,45]. Increased
migration occurs due to the decrease of radon sorption on the surface of wet soil particles.
When the volume of moisture increases even more and it closes the crack/pore space for
radon migration, its emission decreases. In this paper, we conclude that low soil moisture,
high porosity and a high porosity coefficient contribute to the removal of radon from
the soil from depths of up to 1 m and, according to this, the concentration of radon will
probably increase deeper. In general, loosening and decreasing the moisture content of soils
closer to the surface leads to a better connection between the thermobaric conditions of the
soil air and the surface atmosphere; this leads to better migration activity of radon. This
is indirectly confirmed by a large number of studies in which the concentration of radon
increases with depth and its daily and seasonal cycles are clearly expressed, correlating
with meteorological conditions [18,20].

Soil moisture at all depths has a very high variability across different study locations.
This indicator will be important for mapping radon potential at the local level and extrapo-
lating to regional radon hazard forecasting. Such spatial variability at the local level can
significantly and randomly affect the final result at all scales [26].

Climate conditions significantly affect the average annual radon emission to the sur-
face [46]. Within the Kuzbass, precipitation varies from less than 400 mm to approximately
700 mm per year with a maximum in summer. Humidity has a significant impact on radon
migration in soils, which leads to a significant decrease in the quality of radon hazard
prediction based on permeability [11].

The study area is characterized by predominantly loamy soils, in which radon diffusion
dominates, and convection as a migration method is hampered by low permeability [47,48].
In this case, permeability will increase with the activation of tectonic processes, which will
lead to the formation of fault structures. Fault zones obviously affect such processes [49-51].
Otherwise, the radon flux to the surface will depend on the concentration of ?*°Ra in the
upper soil layer; as is known, diffusion is very limited by distance. It is also known that the
emanation coefficient of rocks is partially inversely dependent on grain size [11], which is
to be expected in our case, since the size of soil particles is quite small.

Extremely low variability of soil density in natural soil composition at the local level
is noted for both territories. For territory A, the variation coefficient decreases with depth,
while for territory B, on the contrary, it increases. Thus, different local geological conditions
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can lead to differences in soil density in different horizons. Clustering of data for territory
A by soil moisture at all depths and clustering of data by density, porosity and porosity
coefficient for depths of 1.5 m suggest the presence of a cluster of soils with similar moisture
content and other properties that are distinguishable from the rest of the territory. The
presence of such spatially clustered data for a small study area suggests that local conditions
must be taken into account in the spatial analysis of the physical properties of soils.

Spatial dispersion patterns of the data for area B for soil density, porosity and void
ratio at depths of 0.6 m indicate the presence of strong lateral differences/gradients of these
parameters, which are common in this location, compared to random occurrence. If we
note the small distance between observation points, most likely, there is spatial variation
of these properties on a smaller scale. There is an increase in the coefficient of variation
of average porosity values and the porosity coefficient at the regional level, while these
data do not form any spatial structures (cluster or dispersion). Lower variability of the soil
moisture indicator is also noted.

Our research is limited by the amount of data used in the regional assessment, as
follows from Figure 1, which indicates the unevenness of the data in space. In this regard,
it is necessary to increase the amount of data, striving for a more uniform distribution
in space. However, the existing data are concentrated in the main locations of residence
of the population in the coal basin and can be used to assess geogenic radon without
losing the accuracy of the model for these areas. Studying the physical properties of
soils for Quaternary deposits, which almost completely cover more ancient rocks and
dominate the geological environment of the Kuzbass cover deposits, will allow us to
approach the construction of a relevant map of the radon hazard of the territory. It is
considered that it is the upper horizons of the lithosphere, their physical and radiogenic
properties, that determine the radon hazard of the territory, especially for geodynamically
quiet territories [52]. The presented data allow us to formulate the directions of further
research. Based on the dominant composition of soils (mainly loams), we understand that
the main force of radon movement will be diffusion, and the radon level in this case mainly
depends on the content of 2?°Ra in the soils.

5. Conclusions

In this paper, we studied the features of vertical variation of physical properties of soil,
which differed in density and moisture, but not in porosity and the porosity coefficient.
Spatially, local clusters were found, and the data showed autocorrelation. This study
demonstrates that when assessing the spatial homogeneity of data and their quality, it is
necessary to consider the coefficients of variation and autocorrelation indices at different
scales, which are affected by local effects. In this case, when assessing the significance of
predictors of radon concentration in soils and its migration (physical properties of the soil
in our case), it is necessary to take into account the presence of geographic local structures,
which implies the use of geographically weighted regression (GWR). The use of this method
is beyond the scope of our study, but in the future it will help us to demonstrate spatial
associations between physical properties of soils, alongside other predictors, and the radon
hazard of the territory. Based on the variability of humidity and the fairly homogeneous
nature of the studied soils (loams), to assess the radon hazard, it is necessary to study the
influence of climatic conditions (precipitation volume) of the Kuznetsk coal basin, since the
permeability of the environment for radon will be determined by soil moisture. With the
predominance of substantially clayey soils, it is necessary to study the content of ??°Ra in
the upper horizons, since it is assumed that radon is predominantly diffusely transferred,
in which its role is dominant.
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