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Abstract: The study of the influence of geological structure (e.g., faults) on radon ema-
nations is usually applicable provided that there are conditionally background (control)
territories with which radon indicators will be compared. In the presented study, we
selected an area where pre-Cenozoic faults that could potentially be associated with the
radon hazard of the Kuznetsk coal basin were not identified. The cover deposits in the
study area are represented by loamy and clayey strata overlying the Paleozoic sedimentary
cycles. The radon field was estimated based on the radon flux density (RFD) and radon
activity concentration (RAC) in the soil gas. The RAC was measured in two ways—by the
sorption method on activated carbon and by the method of active sampling of soil gas
from a borehole. At the same time, the role of meteorological conditions and the physical
properties of the soil in the radon field was assessed. Our study shows that local variations
in the physical properties of the soil are insignificant and do not have a significant effect on
the RAC in the soil gas of the Kuznetsk coal basin, with the exception of soil moisture. High
values of RAC in the territory considered as conditionally background, in the absence of
pre-Cenozoic faults, suggest other causes (the presence of the latest Neogene–Quaternary
faults, high concentrations of 226Ra, or other insufficiently studied causes). Due to the
absence of faults, it is possible to assume a diffusion type of radon transfer in the geological
environment, which indicates a shallow source of radon in such high concentrations. Our
results indicate that studies of the 226Ra content and additional studies of the radon hazard
of similar areas should also be carried out.

Keywords: soil radon; radon flux density; RFD; radon activity concentration; RAC; soil
properties; cover deposits; Kuznetsk coal basin

1. Introduction
Currently, most countries in the world are making efforts to reduce human exposure

to negative environmental factors for the population, thereby reducing the risks of various
pathologies, increasing the time of healthy life and life expectancy. One of the problems
is reducing the impact of radon [1]. Radon is the second factor in the development of
lung cancer, after smoking, with exposure to both factors, and the risks increase synergisti-
cally [2,3]. Radon is most dangerous in closed, poorly ventilated rooms, where it can enter
from the underlying rocks (geogenic radon) [4–7]. The influence of other sources—building
materials [8,9], water, or atmospheric air is, as a rule, comparatively insignificant [10,11],
but the building structures themselves can increase the accumulation of radon [5,12]. The
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most dangerous is 222Rn, which has the longest half-life of all the isotopes of radon, which
allows it to accumulate in environments, including the atmosphere of residential build-
ings under certain conditions [13]. The role of other isotopes in the general radiation
exposure of the population is generally insignificant, and is generally limited to certain
geological situations.

222Rn is a decay product of 226Ra, which belongs to the uranium radioactive series,
beginning with 238U. Radium is usually found in the upper soil horizons mostly in a weakly
mobile form, which makes it an important radiation factor that must be taken into account
in engineering and environmental surveys. When radium decays, radon is released into
the pore space of soils, where it is sorbed on soil particles, dissolves in water, or migrates
due to diffusion, advection, or convection forces. Diffusion forces, caused by differences in
radon activity concentrations (RAC) in the soil gas, were considered key to its migration
in soils and its transfer to the daylight surface and, accordingly, into residential buildings.
Their role was subsequently re-evaluated since the rate and half-life (3.82 days) significantly
limit the distance from which it can move. The roles of advective and convective processes
have previously been significantly underestimated, but at present they are defined as key
ones. High RAC in soil gas cannot be explained by the decay of 226Ra and processes of
only diffusion transfer. There are some hypotheses and theories regarding the mechanisms
of radon transfer. For example, in some cases, radon emission accompanies the rise of
“geogas” from the depths, where radon is transported in the general mixture of gases in
the form of “microbubbles” [14–18]. It is known that active tectonic processes leading to
a change in the stress–strain state of rocks are capable of changing the transport of radon
in the soil gas and stimulating its exhalation to the surface, which is most pronounced
in fault zones [19–25]. There is evidence that the temperature difference between the soil
air and the surface layer of the atmosphere can stimulate the exhalation of radon to the
surface, but at what depth this mechanism operates is a debatable issue [26–30]. It is known
about the «chimney effect», which is realized due to the annual cycle of differences in the
temperatures of the body of the rock mass and the atmospheric air, as well as differences in
temperatures at the foot of mountain slopes and its watersheds. In this case, atmospheric
air is capable of transporting radon through permeable zones of the massif [31].

In addition to those listed, there are factors of radon emanation, which also have a
significant impact on the RAC and migration of radon in soils. Physical characteristics
of the soil, such as density, moisture, and porosity, can reduce the emanation of radon
from minerals after the decay of radium, can increase or decrease the possibilities of
radon transportation through the pore space of soils, or reduce the sorption of radon
on soil particles [32–34]. These examples complement the meteorological factors already
described above for the processes of radon migration from the surface layers of soil into
the atmosphere.

The diversity of radon migration factors complicates its studies and monitoring in soils,
and also affects the forecast of radon-hazardous places and complicates the interpretation
of the results. As a result, some factors are often neglected, and attention is focused on
the primary predictors. For example, when creating radon geogenic potential (RGP) and
geogenic radon hazard index (RGHI) models, a limited set of indicators is used to build
models, or only available data are used [35–39]. Some progress in predicting radon hazard
is currently being made by machine learning (ML), which is able to take into account
a large number of indicators and build quite acceptable forecast maps, but only in the
presence of representative data, both in terms of the number of parameters and their spatial
representativeness [40–43].

For a comprehensive study of the influence of various geological factors (e.g., faults)
on radon transport and exhalation, it is necessary to define conditionally background
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(control) territories, with which radon indicators will be compared. In the presented study,
we chose an area with no established pre-Cenozoic faults that could potentially be related
to the radon hazard of the Kuznetsk coal basin and in which we previously obtained
relatively significant RAC in soil gas [44,45]. In addition, our study covered a small area to
demonstrate the importance of local variations in high RAC predictors. Obtaining a large
number of measurements in a short period of time allowed us to reduce the influence of
diurnal and other cycles characteristic of RAC in soil gas and its exhalation to the surface,
and also to reduce the influence of cycles associated with diurnal meteorological and
geodynamic cycles.

2. Materials and Methods
2.1. Study Area

The study area is located in the northern part of the Kuznetsk tectonic depression of
the Hercynian folded-nappe structure (Figure 1).
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Figure 1. Map of the locations of sites for studying in Kuznetsk coal basin.

In geomorphological terms, the area is located on a polygenetic basement loess,
prolluvial, lake-alluvial plain. Most of it is located on the left bank of the Tom River
within the Kuznetsk Basin. It is composed of wide, flat, and gently sloping watersheds
with elevation changes from 260 to 320 m. In the basement of the plain formed on the
Cretaceous–Paleogene alignment surface, there are Paleozoic rocks (Permian and Jurassic
coal-bearing sediment cycles) (Figure 2).



Geosciences 2025, 15, 14 4 of 23
Geosciences 2025, 15, x FOR PEER REVIEW 4 of 25 
 

 

 

Figure 2. General geological map of the study area (compiled based on Lavrenov P.F. et al.) [46,47]. Figure 2. General geological map of the study area (compiled based on Lavrenov P.F. et al.) [46,47].



Geosciences 2025, 15, 14 5 of 23

The structure of the loose cover includes loessoids of the Bachatskaya and Elovskaya
formations with a total thickness of up to 50 m. The cover deposits of the study area
are attributed to the Elovskaya formation of the upper link of the Neopleistocene of the
Quaternary period. This formation covers the watersheds and floodplain terraces of
Kuzbass in a mantle-like manner. Throughout the entire depression, deposits of this age
cover the loessoids of the Bachatskaya formation, alluvial deposits of the terraces, or are
located directly on the bedrock, as is observed in the studied area. In general, the formation
corresponds to loess-like loams in terms of granulometric composition, among which
medium and heavy varieties are found, and light varieties are less common [47].

In the composition of loams, the light fraction predominates (98–99%) and consists
of quartz, feldspars, mica, and rock fragments [48]. The heavy fraction is dominated by
epidote, amphiboles, and magnetite, and contains zircon, garnet, sphene, rutile, anatase,
tourmaline, and apatite. The clay fraction consists of hydromicas, quartz, kaolinite, mont-
morillonite, calcite, and hematite. The thickness of the formation varies from 1 to 20 m.
The formation of the lessoids was favored by the relatively calm tectonic environment and
climatic conditions (there was a dry, cold climate) of the late Neopleistocene.

The relief surface is complicated by suffusion forms that developed on the loams
of this formation in the Holocene. The cover deposits lie directly on the deposits of
the upper part of the Krasnoyarsk formation (P2ks2), attributed to the middle section of
the Permian system. The depth of this formation is approximately 15–20 m within the
study area. It is represented by the interbedding of sandstones, siltstones, mudstones,
and rarely encountered, intraformational conglomerates. The role of sandstones and
conglomerates in the lower part of the formation increases, and of siltstones and mudstones
it increases in the upper part. This subdivision is distinguished within the North Kuzbass
facies zone, which is usually not characterized by the accumulation of organic matter
in comparison with the approximately coeval Kazankovo–Markinskaya and Uskatskaya
formations of Kuzbass. Various effusive rocks predominate among the fragments. The
rocks are folded into a synclinal structure with very gentle wings. On both sides of the
study site, there are supposed fault lines with a small uplift amplitude of up to 0.4 km and
a fault displacement dip angle of 10 degrees to the east. The lines of these fault planes are
located relatively far from the study area (from 1000 to 1500 m). No other disturbances
were found during geological exploration in this area, but smaller disturbances, including
those of Neogene-Quaternary age, are possible. Thus, for our territory, the most probable
factors for radon emission are the physical properties of the soils of the cover deposits
(loess-like loams, loams, and clays) and radioactivity (226Ra content).

2.2. Radon Volumetric Activity in Soil Air

A total of 20 boreholes was drilled, and they were 1.5 m deep and 0.08 m in diameter,
located in an orthogonal network, at a distance of about 130 m from each other (Figure 3).

A soil drill 2 m long and 0.08 m in diameter was used for drilling. After drilling, the
boreholes were hermetically sealed with polyethylene film from the atmospheric air for at
least 24 h. Then, control sampling of soil gas was carried out; in the event of crumbling of
the walls or depressurization of the boreholes for any reason, these actions were repeated.
After the final preparation of the boreholes for the study, they were left in a hermetically
sealed state for 4–7 days before the start of measurements. Isolation was necessary to
establish equilibrium between radon in the soil pore and the borehole.
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Radon was measured in two ways. The first measurement of RAC in the soil gas
was carried out similarly to the study by [44]. Sampling was performed using a mobile
air sampler AB-07 (NTM-Zashchita, Moscow, Russia). To obtain real values of RAC in
the borehole, a closed-loop system was created between the borehole, air blower and
the storage flask. The air sampler circulated air through this system for 5 min, thereby
averaging the RAC in all parts of the system. In further analyses, a 50 mL storage flask was
used. All elements of this system were isolated to prevent air leakage and, accordingly,
radon loss from the borehole. The sampling itself was carried out from the bottom of
the borehole using flexible hoses with a diameter of 2 mm, rigidly fixed to a plastic pipe.
Sampling was carried out from the bottom of the borehole due to the high weight of
radon. After each sample collection, the entire system was ventilated with atmospheric
air for 5 min. The measurement of RAC was carried out on the Alfarad+ radiometer
(Moscow, NTM “Zashchita”, Russia). The basic principle of measurement was to estimate
the concentration of 222Rn in the radiometric chamber by its daughter product 218Po, with
a half-life of 3.05 min. The manufacturer’s declared error of the device is no more than
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±30%. For measurements, we tightly connected the storage flask and the internal detector
chamber of the Alfarad+ and ventilated it with a blower built into the device in a closed
system for 5 min to mix and average the values. The RAC was measured for 20 min in
the “soil radon” mode. After each measurement, the Alfarad+ chamber was ventilated
with atmospheric air for 5 min. Before measurements were taken, each collection flask was
kept for 4 h to minimize the influence of shorter-lived radon isotopes (220Rn) and their
daughter decay products (DDP) on the result. We also repeated air sampling the next day
in individual boreholes. The obtained values deviated from the previously obtained ones
by 10–15% and did not exceed the declared measurement error of the device.

The second method of measuring the RAC in soil gas was carried out on sorption
columns SC–13 using the Camera–01 complex (Moscow, Niton, Russia). The method is
based on the passive sorption of radon in a room, borehole, or other object on activated
carbon for 1–6 days and the subsequent measurement of the RAC on special sensors.
The lower detection limit was 30 Bq/m3. Sorption columns (SC–13) were filled with
regenerated carbon and were weighed with an accuracy of 0.01 g by an OHAUS PX125D
balance (OHAUS, Parsippany, NJ, USA). The column volume was 12.8 ± 0.6 cm3, and the
mass of the sorbent (activated carbon) was 5 ± 0.2 g. Before use, the carbon was regenerated
and dehydrated in a drying chamber for 4 h at a temperature of 150–170 ◦C. Then the
columns were lowered into each borehole to a depth of 1.4 m, which was necessary to
eliminate the influence of vertical differences of the RAC in soil gas. The columns had
a mesh on one side, through which radon freely entered, and after the study, this side
was tightly closed with a lid. The exposure was 23–26 h, and then the sorption columns
were tightly closed and sent to the laboratory. After that, the columns were re-weighed to
account for the sorbed moisture from the borehole. This was necessary because moisture,
as it accumulates, reduces the sorption potential of activated carbon for radon. When
measuring radon on the Camera–01 equipment, the RAC was estimated based on the
activity of its daughter decay products, 214Pb and 214Bi. The equilibrium with the parent
element required for measurement was achieved by 4-h of holding before the study. This
method also takes into account the weakening of the sorption properties of carbon when
moisture accumulates. This exposure also minimized the influence of short-lived radon
isotopes and their DDP on the analysis results.

RAC (CRn) was calculated using Equation (1) [49]:

CRn =
A × exp(λ× t)

V
(1)

where:

A is the total radon activity (Bq) in carbon at the end of sampling, Bq;
t is time (h) between the end of sampling and the start of measuring radon activity in carbon,
λ is the radon decay constant (0.00755 1/h),
V is the volumetric equivalent of SC–13 (m3), determined by Equation (2) [49]:

V = 10−3 × exp{1.58 + 0.307 × ln
(
texp

)
–0.923 ×

√
∆M–2.04 ×

√
∆M × exp

(
–0.0438 × texp

)
} (2)

where:

texp is the SC–13 sorption column passive sampling time (h),
and ∆M is the difference in mass (g) of SC–13 before and after exposure.

2.3. Measurement of Radon Flux Density (RFD)

The sampling and RFD calculation methods correspond to those used previously in
our works [44,45]. Around each borehole, 5 research points were located, oriented in the
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form of a square with a point in the center. At each point, there were 3 sorption columns,
in total at each research point—15 sorption columns, and throughout the entire field of
the RFD study—300. The RFD was estimated by the sorption method using the radon
monitoring complex Camera–01 (NTC-NITON, Moscow, Russia). The principle of the
method is passive sampling of radon as a result of its exhalation from the soil surface
using accumulation chambers. An accumulation chamber (NK–32) was installed on the
soil surface for 1–10 h (optimal is 5–6 h), which was a plastic container with a nylon mesh
on the bottom and an opening in the upper part. The mesh ensured that radon exhalations
from the soil entered the chamber, where it was sorbed on the surface of the coal. The upper
opening was used to load activated carbon from the columns (SC–13) and then unload
it after exposure. When the sensors were exposed, the upper opening was closed with
an additional (protective) sorption column with activated carbon so that radon from the
atmosphere did not penetrate into this chamber, but it remained open for air migration. The
RFD was estimated using the Camera–01 device based on the gamma and beta radiation
of short-lived DDP of 222Rn decay—214Pb and 214Bi—which are in a state of radioactive
equilibrium with radon. The coal that was previously loaded from the accumulation
chamber (NK–32) into the sorption column was kept for 4 h to establish equilibrium
between radon and its DDP and to minimize the effect of 220Rn and its DDP on the activity
of the coal. After that, it was loaded into the BDB–13 detection unit. Measurements on the
device were carried out for 30 min. The error declared by the manufacturer of this method
does not exceed 30%. The RFD measurement range was from 3 to 100,000 mBq m−2 s−1.
The air temperature should be between −5 and 40 ◦C. Relative humidity should not exceed
95% at an air temperature of 30 ◦C.

The RFD calculation was performed using Equation (3) [49]:

σRn =
λ× A

f × S ×
{

1 − exp
(
−λ× texp

)} , (3)

where:

A is the radon activity (Bq) in the coal of the working layer NK–32 at the end of
passive sampling,
λ is the radon decay constant (1/s),
texp is the duration (s) of coal sampling in chamber NK–32,
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.

Overall, the method allows for the assessment of radon exhalation from the soil, which
provides information on soil permeability for radon. Repeated measurements at the same
points were carried out in 15% of cases, and the results did not exceed the manufacturer’s
error of 30%, and in most cases, the error was less.

2.4. Measuring the Physical Properties of the Soil

Sampling was carried out from a depth of 1.5 m in sterile plastic containers with tightly
closing lids.

We assessed the following physical properties of the soil:

• moisture,
• soil density,
• porosity, and
• void ratio (porosity coefficient).
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The assessment method described in GOST 5180–2015 [50] and our other work was
used with minor changes. Natural humidity was assessed by sequentially weighing the
sample during drying at a temperature of 105 ± 2 ◦C. In this case, the assessment was
made using Equation (4) [50]:

W = 100 × m1–m0

m0–m
(4)

where:

W is the soil moisture content (%),
m1 is the mass (g) of wet soil with a weighing bottle,
m0 is the mass (g) of dried soil with a weighing bottle,
and m is the mass (g) of an empty weighing bottle.

The natural density of the soil was measured by the standard procedure of weighing a
paraffin-coated sample in water. In this case, the assessment was carried out according to
Equation (5) [50]:

P =
m × pp × pw

pp × (m1 − m2)–pw × (m1–m)
(5)

where:

m is the mass (g) of the soil sample before paraffin-coating,
m1 is the mass (g) of the paraffin-coated sample,
m2 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/cm3;
and pw is the density of water at the test temperature, g/cm3.

Soil porosity based on the density of soil particles and the skeleton (dry) of the soil
was calculated using Equation (6) [51]:

n =
Ps–Pd

Ps
(6)

where:

Ps is the density of soil particles, g/cm3,
and Pd is the density of dry soil (g/cm3).

The porosity coefficient demonstrates the ratio of the pore volume to the solid phase
of the soil and was calculated using Equation (7) [51]:

e =
Ps–Pd

Pd
(7)

where:

Ps is the density of soil particles (g/cm3),
and Pd is the density of dry soil (g/cm3).

2.5. Statistical Analysis

All data sets were tested for normality using the Kolmogorov–Smirnov and Shapiro–Wilk
tests. Data comparisons between observation points were performed using the Kraskes–Wallis
test (p < 0.05). Correlations were determined using the Spearman correlation coefficient
(p < 0.05).
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2.6. Spatial Analysis

The design of the interpolation models of various indicators (physical properties of
soil, RFD, RAC in the soil gas, etc.) was performed using the inverse distance weighting
(IDW) method in ArcGIS 10.8.1.

2.7. Meteorological Conditions During the Study

The design of the experiment implied taking samples in large quantities in a limited
time interval. In this way, we tried to avoid the influence of meteorological factors that
have a daily variation in influence [29].

During sampling by the air sampler, the temperature was 19–22 ◦C with an aver-
age value of 20.56 ± 0.23 ◦C, and the variation coefficient was 5%. The pressure was
981.3–981.5 hPa with an average value of 981.4 ± 0.03 hPa, and the variation coefficient had
an extremely low value of 0.01%. The relative humidity was 47–60%, with an average value
of 52.05 ± 0.85%, and the variation coefficient was 7.3%. The sampling was performed
from 12:00 to 17:00 with a stable atmosphere and no precipitation.

The RFD was studied during the period of stable thermobaric conditions, from 10:00
to 19:00. The average exposure time of the sorption chambers was 6–7 h. The air tem-
perature during the exposure period did not have significant differences. The average
air temperature during the study period was 21.72 ± 0.31 ◦C and varied within a range
of 20.28–23.30 ◦C with a variation coefficient of 6.42%. The atmospheric air pressure was
981.4–983.7 hPa with an average value of 982.5 ± 0.25 hPa and a variation coefficient of
0.12%. The relative humidity was 48.35–53.07% with an average of 51.39 ± 0.37% and a
variation coefficient of 3.24%.

The meteorological conditions during the RAC measurement by the sorption method
were also highly stable and had no significant pressure and temperature changes. The
average exposure time of the sorption chambers was 25–27 h. The temperature was
19.83–20.03 with an average value of 19.91 ± 0.02, and the variation coefficient was 0.33%.
The pressure was 974.1–974.5 hPa with an average value of 974.3 ± 0.03 hPa, and the
variation coefficient was 0.01%. The relative humidity was 68.52–70.17%, with an average
value of 69.42 ± 0.12%, and the variation coefficient was 0.78%. When studying soil radon in
a similar way, but without taking into account the depth of the trap, the variation coefficients
were also low—for temperature—0.15%, for pressure—0.01%, for humidity—0.44%. The
variability of meteorological conditions during sampling was extremely low, as evidenced
by the low variation coefficients for all measurements.

All meteorological data were collected from a meteorological station located near the
study area. Additional verification of meteorological data was also carried out on site
using a mobile weather station, Weather Station PCE-FWS 20N (PCE (Beijing) Technology
Co., Ltd., Beijing, China). Due to the short distance and homogeneity of the landscape, we
did not receive large differences between the data from the weather station and the mobile
weather station.

3. Results
3.1. RAC in Soil Gas

The RAC in soil gas in 20 studied boreholes are presented in Table 1.
RAC vary widely, and repeated measurements by the active radon sampling method

are not always within the error limits of the device (no more than 30%). Similar situations
are noted at some points for the passive sorption method. But these deviations were noted
in the case of the location of sorption columns (SC–13) or air intake hoses at some distance
from the bottom, which was recognized when using an air sampler.
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Table 1. RAC in soil gas obtained using active sampling with an air-sampler and passive sorption.

№

RAC in Soil Gas ± SE, Bq/m3

Alpharad+ Camera–01

First Sampling Second Sampling 1.4 m Different Depth
1–1.4 m

1 20,877 ± 6263 28,346 ± 8503 33,500 ± 5000 28,200 ± 4200
2 12,975 ± 3892 10,601 ± 3180 26,100 ± 3900 10,300 ± 1500
3 29,975 ± 8992 30,786 ± 9235 38,200 ± 5700 35,100 ± 5300
4 26,062 ± 7818 26,214 ± 7864 28,300 ± 4200 27,400 ± 4100
5 26,303 ± 7890 29,171 ± 8751 34,900 ± 5200 27,800 ± 4200
6 42,173 ± 12,651 14,707 ± 4439 33,200 ± 5000 24,600 ± 3700
7 24,271 ± 7281 32,496 ± 9748 29,700 ± 4400 20,800 ± 3100
8 19,598 ± 5879 33,589 ± 10,076 22,700 ± 3400 23,000 ± 3400
9 31,804 ± 9541 18,834 ± 5650 37,500 ± 5600 24,400 ± 3600
10 27,446 ± 8233 25,971 ± 7791 33,100 ± 5000 24,800 ± 3700
11 28,366 ± 8509 – 33,500 ± 5000 26,900 ± 4000
12 24,182 ± 7254 – 48,500 ± 7300 40,200 ± 6000
13 27,771 ± 8331 – 47,300 ± 7100 33,600 ± 5000
14 22,653 ± 6795 – 23,700 ± 3500 23,200 ± 3500
15 20,596 ± 6178 – 22,500 ± 3400 18,300 ± 2700
16 28,481 ± 8544 – 33,800 ± 5000 24,900 ± 3700
17 28,800 ± 8640 – 39,400 ± 5900 29,000 ± 4300
18 22,234 ± 6670 – 27,400 ± 4100 26,800 ± 4000
19 23,595 ± 7078 – 29,100 ± 4400 30,100 ± 4500
20 21,698 ± 6509 – 30,200 ± 4500 28,700 ± 4300

Average values for the entire studied field obtained by both methods differ significantly
(Table 2).

Table 2. Descriptive statistics for average RAC in soil gas values obtained by 2 methods.

Parameters

RAC in Soil Gas ± SE, Bq/m3

Alpharad+ Camera–01

First Sampling Second Sampling 1.4 m Different Depth
1–1.4 m

Mean + St.er 25,493 ± 1311 25,072 ± 2462 32,630 ± 1600 26,405 ± 1396

Median 25,167 27,280 33,150 26,850

Min 12,975 10,601 22,500 10,300

Max 42,173 33,589 48,500 40,200

Coeff. Variance 22.99 31.06 21.93 23.64

25% Q 21,966 18,834 27,850 23,800

75% Q 28,424 30,786 36,200 28,850

St. Deviation 5862 7787 7156 6242

The Spearman correlation coefficient was calculated and high values were obtained
for the pairs RAC 1.4 m/RAC 1–1.4 m (R = 0.70, p < 0.01) and the RAC first sample/RAC
1.4 m (R = 0.69, p < 0.01). At the same time, we obtained statistically significant differences
between these pairs (K-W p < 0.05). For the remaining values, no correlation or differences
were found. The highest RAC in soil gas values were obtained by the passive sorption
method of the measurement in 1.4 m depth. This method also showed the lowest variation
coefficient within the study field. Also, this method is not characterized by sporadic low
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values, as in the others. Figure 4 shows the spatial results of RAC in soil gas obtained by
different methods.
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depth of 1.4 m; (B) sorption method (Camera–01) without taking depth into account (from 1 to 1.4 m);
(C) indicator obtained using an air blower and a collection chamber (Alpharad+).

The data obtained by the sorption method in accordance with the depth formed a
certain linear shape of the anomaly of high values. Some spatial similarity was observed
between the data obtained by different methods. In the central part of the figure, a low
RAC in soil gas value can be observed. A high spatial gradient between measurement
points, mainly expressed from west to east, can be noted.

3.2. RFD

RFD for each point and for the entire studied field are presented in Table 3.
For all points, no significant deviation of RFD (more than 3 sigma) from the average

value was observed. The minimum values were within the detection level of the device,
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and the maximum did not exceed 100 mBq m−2 s−1. The variation coefficients differed at
each study point. For the entire study area, a fairly low variation coefficient (16.8%) can
be concluded, and the variation within each point is from 18 to 46.2%. According to the
regulatory documentation adopted in the Russian Federation—NRB99/2009 [52], this RFD
field is classified as a safe territory, since the lower boundary corresponds to a value of
80 mBq m−2 s−1. In our study, single measurements exceeded this value.

Table 3. RFD for the studied area.

No.
Radon Statistics, mBq m−2 s−1

Mean + St.er Median Min Max 25% Q 75% Q St. Deviation Coeff. Variance

1 33.6 ± 2.6 35 21 53 25 41 10.2 30.4
2 45 ± 5.1 45 22 99 27 54 19.6 43.6
3 28.3 ± 3.1 29 11 52 17 38 11.9 42.2
4 36.9 ± 2.9 36 19 55 28 48 11.3 30.6
5 41.1 ± 3 40 24 62 33 52 11.6 28.2
6 41.2 ± 3.9 40 20 65 28 58 15.0 36.3
7 35.2 ± 4 34 9 77 26 40 15.4 43.8
8 45.7 ± 3.5 47 18 73 39 54 13.5 29.5
9 23.9 ± 1.9 27 8 35 19 29 7.3 30.7

10 38.9 ± 2.8 37 19 61 35 45 10.5 26.9
11 33.8 ± 2.2 34 20 52 28 39 8.5 25.1
12 30.0 ± 3.6 31 9 50 19 45 13.9 46.2
13 36.0 ± 4.2 33 14 68 24 52 16.3 45.3
14 38.3 ± 2.1 38 27 58 33 42 7.9 20.7
15 48.3 ± 3.3 47 30 75 36 56 12.9 26.7
16 42.4 ± 2.8 40 26 62 35 50 10.7 25.2
17 42.1 ± 4.2 39 16 78 33 55 16.2 38.6
18 32.2 ± 3.4 30 10 58 24 40 13.3 41.3
19 32.5 ± 2.3 32 13 43 28 41 8.8 27.0
20 34.4 ± 1.6 35 22 46 31 38 6.2 18.0
Av 37 ± 1.4 36.5 23.9 48.3 33.1 41.6 6.2 16.8

Statistically significant differences (K-W test) were found between all observation
points (p < 0.01). A matrix of differences was compiled for all points using the K-W
criterion (p < 0.05) (Table 4).

Table 4. Matrix of differences of the RFD between observation points.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

1 - - - - - - + + - - - - - + + - - - -

2 - + - - - - - + - - + - - - - - - + -

3 - + - + + - + - + - - - + + + + - - -

4 - - - - - - - + - - - - - + - - - - -

5 - - + - - - - + - - - - - - - - - - -

6 - - + - - - - + - - - - - - - - - - -

7 - - - - - - + + - - - - - + - - - - -

8 + - + - - - + + - + + - - - - - + + +

9 + + - + + + + + + + - + + + + + - + +

10 - - + - - - - - + - - - - - - - - - -

11 - - - - - - - + + - - - - + + - - - -
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Table 4. Cont.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

12 - + - - - - - + - - - - - + + - - - -

13 - - - - - - - - + - - - - + - - - - -

14 - - + - - - - - + - - - - + - - - - -

15 + - + + - - + - + - + + + + - - + + +

16 + - + - - - - - + - + + - - - - + + +

17 - - + - - - - - + - - - - - - - - - -

18 - - - - - - - + - - - - - - + + - - -

19 - + - - - - - + + - - - - - + + - - -

20 - - - - - - - + + - - - - - + + - - -

-—there are no differences; +—there are differences.

High values are noted for point 9 (17/20 cases), 15 (11/20), 3, 8 (9/20), and 16 (8/20).
For most of the study points, statistically significant differences were found with only a
small number of other points.

Figure 5 shows the spatial characteristics of the RFD.
Spatially, the territory can be divided into two areas (southwest and northeast) with

relatively high and low RFD values, respectively. There are also points with high RFD
gradients relative to their neighbors.
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3.3. Physical Properties of Soil

Physical properties of soil in the study area are presented in Table 5.
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Table 5. Physical properties of soil in the study area.

1* Mean + St.er Median Min Max 25% Q 75% Q St.
Deviation

Coeff.
Variance

P, g/cm3 1.96 ± 0.01 1.95 1.86 2.06 1.92 1.99 0.06 2.82

W, % 26.4 ± 0.7 25.6 22.3 34.4 24.4 28.1 3 11.5

e, % 75 ± 2 76 64 94 69 78 7 9.50

n, % 43 ± 1 43 39 49 41 44 2 5.31

1*—Physical properties of soils: P—soil density, W—moisture, e—porosity coefficient, n—porosity.

The study area was characterized by loams of a fairly porous structure and high
density of natural composition, while the humidity and porosity coefficient have a relatively
small variation coefficient. The conditions for the emanation and migration of soil radon
were quite uniform. However, these parameters can influence spatial differences of the
RAC in soil gas. The soil conditions for the emanation and migration of radon were
quite homogeneous.

The spatial features of the physical properties of the soil are presented in Figure 6.
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The physical properties of the soil in the study area did not demonstrate a pronounced
spatial structure with high and low values, i.e., there is most likely missing clustering in the
data. The point form of small anomalies along the gradient of a relatively homogeneous
field is characteristic. No spatially oriented features were noted within the study area.
Meanwhile, some similarity is noted between the maps of soil moisture and porosity, which
indicate the presence of pores filled with moisture. These point anomalies were also noted
visually during field work, with the presence of higher visible moisture and even, in some
cases, the accumulation of groundwater immediately after drilling.

3.4. Relationships Between RAC in Soil Gas, RFD, and Meteorological Indicators

The correlation matrix of the relationships between radiation hazard indicators (RFD
and RAC in soil gas) and the physical properties of the soil and meteorological conditions
is presented in Table 6.

Table 6. Correlation matrix.

Parameters RFD RAC (Alpharad+)
RAC–Different
Depth 1–1.4 m
(Camera–01)

RAC–1.4 m
(Camera–01)

Radiologic parameters RFD – No –0.54 ** No

Physical properties of soil

P, g/cm3 No No No No
W, % No No No 0.44 *
e, % No No No No
n, % No No No No

Meteorological conditions

T, ◦C – No – –
P, hPa – No – –
H, % – No – –

T, ◦C av. 1 h – No – –
T, ◦C av. 2 h – No – –
T, ◦C av. 3 h – No – –
T, ◦C av. 4 h – No – –
T, ◦C av. 5 h – No – –
T, ◦C av. 6 h – No – –
T, ◦C av. 7 h – No – –
T, ◦C av. 8 h – No – –
T, ◦C av. 9 h – No – –
T, ◦C av. 10 h – No – –

Tav No – No No
Pav No – No No
Hav No – No No
Tmin No – – –
Pmin No – – –
Hmin No – – –
Tmax No – – –
Pmax No – – –
Hmax No – – –
Trange No – – –
Prange No – – –
Hrange No – – –

* p < 0.05; ** p < 0.01.

A correlation between soil moisture and radon concentration obtained by the sorption
method was found as well as a negative correlation between RFD and VAR in soil air. No
correlations were found for the remaining pairs of indicators.

4. Discussion
The entire territory of Kuzbass was previously classified as radon-hazardous [53].

This was mainly due to the geodynamic activity of the Altai Mountains and its northern
mountain spurs. Our radon studies were conducted on a territory that is not associated
with known fault structures within Kuzbass and the results obtained seem applicable to us
in a real assessment of radon hazard.
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The RFD in the study area can be considered safe, according to the existing standard
(NRB-99/2009) [52]. The level that does not require any measures for migration of the
penetration of geogenic radon into buildings is 80 mBq·m−2·s−1. In spatial terms, the
southwestern part of the study area is an area of higher RFD, and the northeastern part of the
area is an area of lower RFD. These areas are characterized by low spatial gradients between
observation points, but also contain adjacent points with significantly higher gradients.
It is noted that individual RFD points form statistically significant point anomalies with
high gradients relative to adjacent points. These results are quite typical for RFD and are
related to soil features at a more local level and the manifestation of spatial patterns at
smaller scales. The absence of anomalies exceeding the average level by more than 3 sigma
demonstrates that, in general, the area does not have areas with high radon exhalation to the
surface, which could be associated with faults in the earth’s crust, or high concentrations of
226Ra. Thus, most likely, there is no deep radon migration, and its source is surface deposits.
Previously, similar studies have shown that RFD is highly correlated with meteorological
conditions (T, P, H) [31–34], including in Kuzbass [44,45]. The air temperature is usually able
to influence the rate of radon exhalation to the daylight surface and reaches a maximum
at the boundary of the environments (soil and atmosphere) [26,27,29]. Typically, this
influence is expressed in daily and longer cycles of RFD changes on the day surface,
and is in good agreement with similar temperature cycles [27,54–57]. In our study, this
pattern was not found, but this does not exclude its presence. The most likely reason
for this is the experimental design as RFD was measured over only a few days under
highly stable meteorological conditions (variation coefficients 6.42% for T, 0.12% for P,
and 3.24% for H). It should be noted separately that the coefficient of the variation of T,
P, and H during the exposure of SC–13 sorption columns did not exceed 1%. Thus, at
the 20 studied points, for each of which 15 measurements were made, the difference may
be due to local variations in soil permeability and the content of 226Ra in the surface soil
horizons. Previously, the results of measuring the RFD, collected over longer periods and
under different meteorological conditions, often had significant variability [44,45,58]. Also,
the regularities of connections between meteorology and various types of radon migration
in soils obtained earlier by Miklyaev P. and colleagues [41,59] confirm our conclusions
about the dominance of diffusion transfer in the studied territory. Convective transfer
is characterized by a pronounced correlation with the meteorological situation. These
conclusions were obtained by them in a similar geological situation.

The RFD in the study area does not correlate with the RAC in the soil gas since it
reflects the exhalation of radon from the upper soil horizon and depends significantly on
atmospheric conditions and soil permeability. The horizon of our soil measurements was
apparently located more deeply than the area in which the connections with the RFD were
manifested. For similar soils, we have already obtained such a pattern in Kuznetsk tectonic
depression [44,45].

The RAC in the soil gas is quite high if we rely on the Swedish radon hazard criterion.
An indicator of ≥10 kBq/m3 is typical for a moderate radon-hazardous area [60]. According
to the maps in Figure 4, all areas are classified as areas where moderate radon protection is
required. But this may be a consequence of the greater depth of boreholes, since it is known
that most criteria are given for depths of 0.8–1 m, which is less than our boreholes. Previous
studies have shown an increase of the RAC in soil gas with depth ([61–65]). According to
the previously proposed criteria of Eisenbud and Gesell [66], the territory is considered
moderately radon hazardous from 10 to 40 kBq/m3 [60], and the Swedish criteria from
10 to 50 kBq/m3. In our work, only the sorption method identified such territories in the
region of 5% of the total area. All other methods did not demonstrate significant territories
even above 40 kBq/m3. But it is worth understanding that for a true assessment of radon
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hazard, it is necessary to understand the permeability of the geological environment for
radon. In this case, permeability is capable of changing under the influence of changing
stress–strain conditions of the geological environment [67–69]. Figure 4 shows a high
spatial gradient between measurement points, mainly from west to east. Overall, the
RAC in soil gas is high for an area where pre-Cenozoic faults have not been identified.
Potential causes may be the lack of detail in the geological survey here, the presence of a
Neogene–Quaternary fault traced by a submeridional river, or high 226Ra concentrations.
It is known that Neogene–Quaternary faults do not always have a significant effect on
the radon field [70]. When using sorption sampling of RAC in soil gas, a slightly lower
variation coefficient is noted at higher values (mean, median, etc.) in relation to the method
using an air sampler. Repeated measurements using an air sampler led to results close to
the primary ones in terms of average values, but at certain points, quite serious deviations
were observed. We assume here the influence of the sampling process; with incomplete
immersion of the SC–13 sorption columns, the indicators may be underestimated since
radon accumulates at the bottom of the boreholes. Given the low coefficient of variation,
reduced probability of radon sampling from different depths, potentially lower influence of
meteorological conditions and short geodynamic cycles, the sorption method seems more
acceptable for radon monitoring. It looks especially promising for shallow boreholes.

According to our data, there are no significant correlations between the meteorological
parameters of the atmosphere (at a level of 2 m above the surface) and radon indicators
(RFD and RAC in soil gas, measured in two ways). When measuring RAC in soil gas by the
sorption method, the role of meteorological conditions is even lower than when actively
sampling from boreholes with an air sampler. The sorption method as an integral one,
allowing estimation of the average RAC for a longer period. In our studies, conducted
in another territory of Kuzbass, there was also no connection between meteorological
conditions and RAC in soil gas for deep boreholes, and it was manifested only at depths of
0.6 and with some time lag at depths of 1 m and for air temperature. The soils were very
similar in granulometry and other properties [61].

Soil physical properties did not show large differences between sites, but the variation
coefficient decreased in the order W < e < n < P. Porosity and other soil properties usually
have a significant effect on radon migration [71–74]. Soil moisture has a high variability
within the study area and is likely to have the greatest effect on RAC in soil gas and radon
migration in the soil. Such variability at the local level can significantly and randomly affect
the final result at other study scales. This should be considered when making forecasts of
the radon hazard of the territory. At this depth, water is mainly represented by hygroscopic
and surface-film water, and as it gets deeper, the amount of free water (capillary and
gravitational) increases. Soil moisture can affect the RAC and migration of radon in soil
gas [33,75–78]. Radon mobility increases due to a decrease in the ability of radon to be
sorbed on the surface of wet soil particles. With increasing humidity, pores and other voids
in soils are occupied by moisture, which reduces radon mobility, i.e., the rate of diffusion
and advection. Less dense soils, which simultaneously have a good emanation coefficient,
will have a fairly high RAC in the soil gas. The obtained humidity values are generally
consistent with the data obtained for the cover deposits of the Kuznetsk Basin of similar
granulometric composition (25 to 20%) [79], which allows us to use the obtained results
in predicting the behavior of radon in similar conditions, mainly with respect to cover
deposits. A high proportion of pores in the rock volume (porosity), combined with an
unchanged humidity indicator, leads to improved radon migration. High RAC in soil gas
can be due to high soil moisture, which leads to a decrease in radon sorption in the soil
and, accordingly, its migration into the borehole void [26,80]. But we did not find any
correlations or spatial features, due to the multitude of predictors affecting RAC in soil
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gas. Meanwhile, some similarity of the maps of soil moisture and porosity was noted,
which indicates the presence of pores filled with moisture. These point anomalies were also
noted visually during field work, with the presence of higher visible moisture and, even, in
some cases, of groundwater accumulation immediately after drilling. The presence of point
anomalies is most likely associated with the existence of clay lenses, which are aquicludes
and affect the saturation of overlying strata with moisture.

Our study has some limitations that we considered when interpreting the results.
Mainly, this is the lack of data on the content of 226Ra, but the obtained RAC in the soil gas
already allows us to consider it unsafe even without identifying the source of radon. For
areas located on Paleozoic faults and the boundaries of mine workings, the RAC in soil
gas is comparable to the obtained results. At the same time, the RFD differs quite strongly,
and when compared with the areas of mine workings of Kuzbass, these differences are
even greater. Considering that this territory was chosen as a background one based on
primary tectonic features, surface deposits can be considered the source of radon until
other sources are discovered. The study area is characterized by loamy soils, with slight
differences in physical properties. As is known from earlier studies, for clays and loams,
advection migration of radon will be difficult, including to the daylight surface, which is
consistent with our low RFD values [81,82]. At the same time, these dispersion soils have a
high emanation coefficient, i.e., the release of radon after its decay from 226Ra [77].

We do not have our own data of this kind, but a number of works suggest a 40–60%
emanation coefficient for these types of soils. It is also known that the predominant method
of radon migration for them will be diffusion; it is usually limited to a length of 0.8 m. All
these features indicate a high concentration of 226Ra in the soil. The study of cover deposits
in Kuzbass must be continued in connection with this circumstance.

Assuming that Kuzbass is characterized by predominantly diffusion transfer of radon,
we do not exclude the existence of advective transfer of radon from deeper horizons, since
some faults are currently active. Therefore, we intend to further study the composition
and ratios of soil gases (CO2, H2, CH4), which can be indicators of deeper migration of
radon in the composition of “geogas” [16,83]. Simultaneous analysis of carbon and oxygen
isotopes is also planned, which can help determine the depth and source of these gases in
the geological environment [84,85]. To determine the areas of constant radon removal, we
propose to study the ratios of lead 210Pb and 226Ra in soils, which, as expected, will disrupt
their secular equilibrium in the gas phase (radon) of exhalation from the soil [86].

5. Conclusions
We have studied RAC in the soil gas in the territory outside the known fault structures

within the Kuznetsk coal basin, and obtained important results that can be used in the
real assessment of the radon hazard of the entire basin. The obtained RAC in soil gas is
quite high, while its exhalation to the daylight surface is difficult, as evidenced by the low
RFD. Since the dominant type of cover deposits in Kuznetsk coal basin, as in our study, are
loams and clays, which are characterized by potentially high emanation coefficients, we
can talk about the content of 226Ra in cover soils as the most significant source of radon and
a factor in the radon hazard of most territories. The diffusion migration of radon will be
dominant in these conditions. Thus, the obtained results allow us to formulate the correct
methodology for studying the radon hazard of the Kuznetsk coal basin.
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