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Abstract

:

The study specifies the changes in radon activity concentration (RAC) in soil gas with depth and emphasizes the significance of the meteorological factor for deeper boreholes. Radon activity concentration was measured in 0.6 m, 1 m and 1.5 m boreholes, and the depth gradient was also calculated. Spatial patterns were estimated using an autocorrelation index. RAC ranged from 9454 ± 439 Bq/m3 for 0.6 m, 16,031 ± 602 Bq/m3 for 1 m and 22,049 ± 937 Bq/m3 for 1.5 m. RAC increased with depth at most of the study sites and behaved quite uniformly in spatial terms. At the same time, no significant differences in the activity of uranium (238U) series isotopes at different soil depths were detected. Significant spatial variability in radioactivity and the physical properties of soils is noted. The highest gradient was between 0.6 and 1 m. It was found that with increasing depth the connection between the RAC and the meteorological conditions (temperature and humidity) of the surface layer of the atmosphere is lost. It follows that for shallow boreholes it is necessary to consider the influence of meteorological conditions. RAC in 1 m boreholes correlates with 1.5 m and 0.6 m boreholes, but no correlation was found for the 1.5 m and 0.6 m boreholes themselves. Thus, 1 m boreholes are optimal for radon monitoring. A high level of RAC indicates a high potential for indoor radon exposure in this territory, with corresponding epidemiological consequences in the long term.
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1. Introduction


Radon is an unstable noble gas element in the thorium–lead and uranium–lead radioactive series. The most common isotope of radon is 222Rn, with the longest half-life for radon at 3.82 days. Thus, 222Rn can accumulate indoors in significant proportions (residential buildings, underground constructions, etc.). The danger of 222Rn is mainly associated with its daughter decay products (DDPs), which are capable of causing severe spot irradiation of human respiratory system cells and even diffuse into the bloodstream [1,2,3].



The radon activity concentrations (RACs) in soil gas can vary significantly within the same tectonic structure. These differences may be caused by physical and geochemical properties of soils and other factors [4,5,6,7,8,9]. The most common trend is a positive correlation between RAC and depth [10]; e.g., Mao with colleagues [10] noted that the RAC increases with depth, but at the same time, it changes during the day to depths of 1.2 m in winter and 1.6 m in spring. It is noted in some works that meteorological conditions, mainly thermobaric, can significantly change the RAC in the upper layer of soil due to the removal of radon into the ground layer of the atmosphere and other processes [11,12,13,14]. At a certain depth, a “radon pause” occurs, which is assumed to be the boundary of the influence of the atmosphere on soil gas, i.e., the role of the “pump effect” is reduced or almost eliminated. Soil temperature conditions also influence the process of radon sorption on soil particles, and the rate of diffusion and advection of radon [15]. In some cases, a “blowing through” of the rock mass is observed due to the difference in temperature conditions of the permeable zones of the rock mass and the surrounding air, which can be represented as the “chimney effect” [16]. A similar mechanism is probably possible for caves [17]. In this case, this air flow can dilute the RAC in the soil gas, or, conversely, concentrate radon in the body of the rock massif. It is assumed that the “radon saturation”/“radon pause” zone occurs at depths of about 0.8–1.3 m; in other research, a pause/saturation zone is also noted at depths of 0.8–1.3 m, but below this the RAC begins to rise again [18,19,20]. Thus, the depth of this outer air-related soil air layer depends on the properties of the soil, and, as we assume, the main one is permeability.



In general, the farther from the surface, the less crack–pore space there is in the rocks. Liquids and gases, including radon, are usually found and actively migrate in these spaces. The migration of significant radon quantities from great depths is unlikely due to the short half-life, the gravity of the radon gas itself, and the weakness of diffusion. After formation, radon freely leaves the crystal lattice of minerals due to its high inertness, and is then released from rocks into the crack–pore space. From these cavities, radon is potentially capable of migrating with geogas, consisting of a flow of deep gases (methane, hydrogen, carbon dioxide, helium, etc.) to the surface, and part of the radon is adsorbed on clays and other rocks [21,22,23,24,25]. Thus, the flow of geogas in the form of microbubbles is capable of removing radon from sufficiently deep horizons of the lithosphere [26,27]. Geogas mainly moves along faults in the Earth’s crust and crosses aquifers [28]. This hypothesis has explained a large amount of experimental data. Thus, radon formed in near-surface soils is summed with the ascending flow, which creates a certain background level. In general, meteorological conditions also influence the flow of other gases that can also transport radon to the surface [29].



Within the geological environment, vertical and horizontal changes in the volume of fissure–pore space are also observed, which depend on the properties of rocks and the presence of faults [30]. Zones of tectonic faults, in general, are characterized by greater permeability and volume of fissure–pore space, which contributes to the emanation and accumulation of large quantities of liquid and gaseous phases, including radon, and, potentially, their more active migration. These patterns make it possible to use radon to detect faults in the Earth’s crust by means of commonly appearing RAC anomalies [31,32,33]. High variability over time associated with RAC in soil gas in fault zones was also found, which is associated with a change in the volume of fissure–pore space as a consequence of a change in the stress–strain state of rocks [34,35]. With the prevalence of compressive forces, RAC mainly decreases, and increases with tension. In general, more dynamic faults have higher oscillations of the radon field above them [31,36]. This phenomenon is the basis for predicting earthquakes, rock bursts and other unfavorable tectonic processes based on the dynamics of soil radon [37,38,39,40]. It is also noted that the shape of the anomalous radon field in the fault zone may differ significantly. If radon is released from the faults into very thick, but at the same time, young loose deposits, the anomalous radon field can be quite large in area, but of lower intensity. If the thickness of the young deposits is small or they are absent, and the fault is close to the surface, the intensity of the radon field anomaly increases, and the area decreases. Usually, the area of the anomaly exceeds the area of the rock destruction zone outlet in the fault [34].



Serious problems in assessing meteorological factors on radon migration in the near-surface soil layer affect the correctness of assessing the radon hazard of faults, their detection and mapping, and assessing their current activity [41,42,43]. In most studies on radon fields, measurements are made at depths of 0.5–1.0 m. At such a measurement depth, there is a high probability of errors due to the strong influence of weather conditions on the RAC in soil gas. At the same time, to detect the fault and its boundaries, a large volume of observations are required, and the role of daily differences in this case increases. The aim of our study is to investigate the features of the vertical gradation of RAC in soil gases in the area of an ancient fault. This will allow us to supplement the information on the permeability of fault areas for radon, since it is assumed that the increased crack–pore space of the fault area is capable of stimulating air exchange between the soil gas and the surface layer of the atmosphere. The relevance of studying RAC in soil gases is associated with the correlation of these data with the radon hazard of residential buildings [44,45,46,47]. These studies are especially important for areas of seismic activity, since the intensity of radon gas emission is greatest in such areas [40]. These territories include the Kuznetsk coal basin and the tectonic structures surrounding it.




2. Materials and Methods


2.1. Study Location


Radon measurements were conducted within the Leninskaya tectonic zone of the Kuznetsk trough. It is characterized by predominantly gentle linear folding. Tectonically, it is dissected by large faults (Kutonovsky, Kilchigiz, Zhurinsky and Vinogradovsky) into several tectonic blocks. The faults have displacement amplitudes from 1 to 4 km, and the fault plane dip angle changes from 20 to 85 degrees. Most faults are characterized by a zone of accompanying crushing from 10 to 300 m, depending on the size. The dominant role in the structure of tectonic blocks belongs to large synclines with wide and rounded locks—called brachysynclines. These folds are characterized by length-to-width ratios from 3:1 to 6:1. The fold wings have dip angles from 10 to 40 degrees. The folds are asymmetrical due to the pressure of the Salair fold belt from west-southwest to east-northeast. The complexity of the geological structure increases towards the Salair structures.



The research points are located on the Zhurinsky fault (Figure 1).



This fault in the research area changes its angle of incidence from 20 to 35 degrees, and the displacement amplitude is about 1.3 km. This disturbance is distinguished within the Paleozoic, but not younger deposits, according to the literature, and was discovered during geological exploration. In Kuzbass, underground and open-pit coal mining causes changes in the geodynamic state of the lithosphere and active technogenic seismic activity. This can cause significant changes in radon fields, especially in such areas and, probably, in areas with ancient disturbances that have become more active as a result of technogenic impact.



This territory is composed of Paleozoic rocks of Devonian, Carboniferous and Permian ages. The rock masses of these blocks are represented by interbedded sedimentary rocks (sandstones, siltstones, mudstones and coals), which form sedimentation cycles of different scales. In the area of our VAR measurements, the rocks belong to the Uskat and Kazankovo–Markinskaya suites of the middle section of the Permian system. These rocks are intensively dislocated and complicated by folds and faults. The folds are expressed in the form of brachyfolds, mainly synclines. Anticlines in the study area are of subordinate importance, and, as a rule, their cores are disturbed by large-amplitude faults.



In neotectonic times (Neogene–Quaternary periods), the territory experienced multidirectional, intermittent and low-amplitude movements of crustal blocks, which occurred both along old faults and those formed at that time [48,49]. From the point of view of geomorphology, the study area is a denudation-accumulative hilly-ridged plain, dissected by watercourses and heights from 220 to 240 m. The cover deposits of this time have a variable thickness from 10 to 60 m and are represented by fractions from pebbles to clays, with a significant predominance of the latter, and the upper part is represented by loess-like loams. They belong to proluvial–diluvial and glacial–proluvial deposits, and other types [48].



The Zhurinsky fault is one of the representatives of the fault structures that cross the Kuznetsk coal basin in the submeridional direction, parallel to the structures of the Salair tectonic belt. According to our earlier calculations, within the area of this fault and the accompanying area of increased fracturing, there are about 7500 residential buildings [50]. And within the syngenetic structures, there are significantly more of these buildings.




2.2. RAC in Soil Gas and Depth Gradients


A total of 46 points were examined, each including 3 boreholes of different depths of 1.5, 1.0 and 0.6 m, but the same diameter (0.08 m). The location of the research boreholes for each point is shown in Figure 2.



After drilling, the boreholes were hermetically sealed from atmospheric air for at least 24 h, after which the walls were checked for crumbling, and the first soil gas samples were taken. Samples were collected approximately 1 month after the borehole was isolated. This holding time was necessary to establish equilibrium between the soil gas and the borehole gas itself. Soil gas samples were collected using an AV-07 air sampler (NTM-Zashchita, Moscow, Russia), as described previously [50]. Air samples were collected in 50 mL flasks. A closed system was used for sampling: gas was pumped from the borehole into the blower, then into the flask, and then back into the borehole. This allowed RAC to be averaged throughout the system. Gas circulation lasted 5 min, and after each sampling the entire system was actively ventilated with atmospheric air for 5 min. Sampling was carried out from the bottom of the borehole, since radon is heavier than atmospheric air. In order to reduce the influence of shorter-lived radon isotopes (220Rn) on the sample activity, the flasks were kept for approximately 4 h. VAR was measured by an Alfarad+R radiometer (NTM-Zashchita, Moscow, Russia); the error of this device is no more than ±30%. The device measures RAC by the decay of 218Po (half-life is 3.05 min), which is formed after the decay of 222Rn. Soil gas was pumped into the detector chamber of this device in a closed system through a dehumidifier for 5 min. RAC was assessed using the “soil radon” mode, and the duration was 20 min. After each sample, the detector chamber was ventilated with atmospheric air for 5 min.



Distances from sample point to fault displacement vary from 2 m to 650 m, with an average of 235 m; these parameters were used in further RAC data analysis. These spatial data are not normally distributed.



Depth gradients were calculated as the change in RAC ratio between depths of 1.5/1.0 m, 1.0/0.6 m, 1.5/0.6 m and 0.6/0 m, respectively. The gradient shows the change in RAC per 1 m of depth. All values of gradients and average RAC between three depths (1.5 m, 1.0 m, and 0.6 m) were standardized relative to the average value for all observation points. RAC at depth 0 was taken as 0 Bq/m3, since this is the most probable value based on the fact that rapid dilution of soil gas occurs in the surface layer [51].




2.3. Statistical and Spatial Analysis


Statistical processing began with an analysis of the data’s compliance with the normal distribution using the Kolmogorov–Smirnov and Shapiro–Wilk tests with statistical significance p ≤ 0.05. Next, a search for correlations was performed using the Spearman correlation coefficient (rs) with statistical significance p ≤ 0.05 between the RAC in soil gas, its depth gradation with meteorological conditions, and distance from the fault displacement. To confirm differences between samples (e.g., RAC at different depths), the Mann–Whitney test with statistical significance p ≤ 0.05 was used. For all procedures the Statistica 14.0 program (StatSoft, Tulsa, OK, USA) was used. All spatial studies were performed in ArcGIS 10.8.1. The Moran’s I test was used to assess spatial autocorrelation of the data. This test measures the spatial autocorrelation of data based on the spatial location of objects and their attribute values (in this case, RAC in soil gas and RAC depth gradation). Accordingly, this tool evaluates whether there are cluster structures (clusters) in the data set, or whether they are dispersed (dispersed position) or completely chaotic. Positive values of the Z-indicator indicate a tendency to clustering, and negative values indicate a tendency to dispersal. The significance assessment (p-level) is necessary to confirm statistical significance. In this case, the null hypothesis implies a chaotic (random) arrangement of objects and their attributes. More detailed information on the method can be found in the literature provided [52,53]. All calculations were performed by ArcGIS software. The Natural Neighbor tool was used to perform data interpolation.




2.4. Meteorological Data


Meteorological information was obtained from a meteorological station located near the study area. On-site data were refined using a mobile meteorological station, Weather Station PCE-FWS 20N (PCE (Beijing) Technology Co., Limited, Beijing, China). Since the territory is quite flat, we did not expect large differences between the meteorological situation at the study sites and in the area of the meteorological station. This assumption was confirmed by measurements using a mobile weather station.



RAC in soil gas was measured on days without rainfall and with meteorological conditions, as follows. Air temperature varied from 10 °C to 29 °C, average 20.05 ± 0.82 °C. Pressure fluctuated from 968.3 hPa to 986.7 hPa, with an average value of 980.7 ± 0.8 hPa. Humidity varied from 37% to 76%, on average 55.8 ± 0.89%. Temperature, pressure and humidity were in accordance with the method requirements for measurements.




2.5. Brief Description of Physical and Radioactive Properties of the Studied Soils


We have previously studied the physical properties of soils in the Kuznetsk coal basin [54]. Moisture, soil density, porosity and void ratio/porosity coefficient were studied. Soil radioactivity was studied using an ultra-pure germanium detector for gamma spectrometry. A uranium radioactive series (238U) was identified, for which total activities were calculated taking into account the sample weight. The study assumed the presence of a secular equilibrium between elements and isotopes in the radioactive series. Data on the physical and radioactive properties are summarized in Table 1.



The soil in the study area at a depth of 0.6 m has a variation coefficient of 5.1% for density, 49.9% for moisture, 9.4% for porosity and 16.7% for the porosity coefficient. For a depth of 1.0 m, the variation coefficients are 4.5% for density, 45.4% for moisture, 10.3% for porosity and 15.3% for the porosity coefficient. In 1.5 m boreholes, the variation coefficient for density is 3.6%, for moisture 40.2%, for porosity 7.7%, and for the porosity coefficient 12.5%. For all depths, the variation coefficients for soil density are 4.7%, for moisture 46.2%, for porosity 9.3%, and for the porosity coefficient 15.2%.



Statistically significant differences (p < 0.05) in soil density and moisture content were found for different depths. With increasing depth, there is a slight increase in soil density and moisture content. Porosity and the porosity coefficient do not show significant differences between different depths. The study area is characterized by fairly high variation coefficients. There is a slight decrease in soil activity with depth, but at the same time, the activity values of the uranium series for the study area do not have statistically significant differences (p > 0.05). In spatial terms, the variation coefficient is quite high—85.3%.





3. Results


3.1. Soil Air VAR


The RAC in soil gas in the fault territory varied from 3599 to 46,339 Bq/m3 (Table 2).



As the measurement depth increased, a higher RAC in soil gas was obtained (p < 0.01). The 1.5 m boreholes are characterized by a non-normal distribution, while the rest (1.0 m, 0.6 m and the average of the three depths) are characterized by a normal distribution of data.



Table 3 shows the correlation between RAC at different depths and meteorological data.



A correlation was found between the temperature of the surface air layer and the RAC at a depth of 0.6 m. We did not find any correlations for other depths. A moderate to weak correlation was also found with the average temperature for the time interval (from 1 to 3 h) before the start of soil gas sampling for depths of 0.6 m and 1 m. For the other pairs, the correlations were not statistically significant. There are no correlations of RAC between depths of 1.5 m and 0.6 m, but for a depth of 1.0 m there is a correlation with both 1.5 m and 0.6 m.




3.2. Depth Gradation of RAC in Soil Gas


Figure 3 shows the standardized RAC depth gradients (three gradients 1.5/1.0, 1.0/0.6, 0.6/0 for each point) in soil gas and the average RAC between three measurements at different depths within one study point.



Almost all of the studied points were characterized by a positive gradient value, which confirms the increase in RAC according to depth. For four observation points (points 4 and 41 for depths of 1.0 m/0.6 m and points 8 and 34 for depths of 1.5 m/1.0 m), negative gradient values were found. Moreover, in none of the cases was the gradient negative for the ratio 1.5 m/0.6 m.



The depth gradation values have statistically significant differences (p < 0.01) between 1.5/1.0 and 1.0/0.6, as well as for 1.0/0.6 and 0.6/0, but not for 1.5/1.0 and 0.6/0 (p > 0.05).



Table 4 presents the statistics for RAC depth gradation.



The depth gradation values have a normal distribution, except for the 1.5/0.6 gradation. In general, the values change from negative (−6278 Bq/m3) to positive (42,920 Bq/m3) within the study area. In 57% of cases, the 1.0/0.6 depth gradation exceeds the 1.5/0.6 gradation, and in 83% of cases, it exceeds the 0.6/0 gradation. The depth-accompanying increase in RAC mainly occurs at depths from 0.6 m to 1.0 m.



Table 5 shows the correlations between the RAC depth gradation in soil gas and meteorological indicators.



Correlation analysis demonstrates a moderate relationship between the average RAC in soil gas and depth gradation 1.5/0.6 (rs = 0.49; p < 0.05) and depth gradation 1.0/0.6 (rs = 0.37; p < 0.05).



The study did not find correlations between depth gradation and the meteorological indicators taken into account in the study. The exception is the depth gradation indicator for 0.6 m and zero depth.




3.3. Characteristics of the Spatial Features of the Depth Gradation of RAC in Soil Gas


Table 6 contains the estimated spatial correlations of RAC in soil gas and its depth gradation with the distance from the displacer fault.



There is a tendency to increase with distance from the Zhurinsky fault for RAC depth gradation of radon values for 1.5/1 and 1.5/0.6, as well as for the RAC at depths of 1.5 m and averaged values between the three depths at each observation point.



Table 7 shows the results of the study of depth gradation using spatial autocorrelation methods.



Table 8 shows the results of the study of RAC in soil gas using spatial autocorrelation methods.



For most points, there are no reliable differences from a random distribution over the territory.



Figure 4 and Figure 5 shows the results of data interpolation in the fault zone at different depths in the two studied areas.





4. Discussion


4.1. RAC in Soil Gas at Different Depths


High RAC in soil gas at different depths may indicate the activity of this fault, or a fault formed on its base in the Neogene–Quaternary periods. The activity of this fault was suggested in previous geomorphological studies [49]. The newest faults are usually more active in the removal of various gases (222Rn, H2, CH4, CO2, He, etc.) from deep horizons of the Earth’s crust.



The patterns of increasing RAC in soil gas with depth similar to those in this study are also noted in other works [10,18,19,20]. As a rule, lower RAC in near-surface soil conditions is associated with more active gas exchange between the atmosphere and soil gas. This is also confirmed in our work by a decrease or complete absence of a correlation between RAC in soil gas and the thermobaric conditions of the atmosphere with depth. The absence of a correlation between the RAC in soil gas at a depth of 1.5 m and 0.6 m also confirms this statement. Thus, high RAC at great depths may not be associated with high RAC at shallow depths, and vice versa. Due to the correlation between RAC at a depth of 0.6 m and meteorological parameters (air temperature), it should be assumed that weather conditions can affect the quantitative values of radon at each observation point. This requires interpreting the results with caution; it is recommended to check the values at each, mainly shallow, borehole over a longer period.



Also, generally, the role of other factors in RAC in soil gas (226Ra content, porosity, density, humidity and other determinants) probably increases with depth. In our study, there is a small but statistically significant change in the physical properties of the soil with depth, firstly, moisture content and then, density. At the same time, all assessed physical properties of the soil are characterized by greater variation in space than in depth. Soil moisture can change the behavior of RAC in the soil gas—initially, there is an increase in the accumulation and migration of radon due to a decrease in the possibility of its sorption on the surface of moistened soil particles, and then, on the contrary, it decreases due to the filling of the pore space with moisture [15,55]. In general, the low soil moisture is due to the study design, in which we excluded precipitation before measurements.



The absence of a statistically significant difference in the activity of the uranium series at different depths excludes the significant influence of this factor on the difference in RAC in soil gas at different depths and its gradient. At the same time, a high variability in the content of uranium radionuclides in space is noted, which is important for further assessment of the influence of this factor on the safety of the geological environment.



For smaller depths, a positive correlation of medium strength with air temperature and a negative correlation of weak strength with air humidity are noted. The influence of meteorological conditions on the RAC in soil gas should be taken into account when studying radon fields for various practical and fundamental purposes (assessment of geodynamic processes, forecasting rock bursts and volcanic eruptions, monitoring the radon hazard of the geological environment, forecasting the radiation load on the population based on collected field data, etc.) [56,57]. Also, for the RAC at a depth of 1 m, a positive correlation was found with the air temperature at the time preceding the sampling of RAC in soil gas.



The lag in our conditions is up to 3 h. This pattern, the delayed effect of thermobaric conditions on the RAC in the soil gas, was noted by Zafrir et al. [13]. The presence of a correlation with the temperature of the atmospheric air for 0.6 m boreholes and with some time lag for 1 m boreholes can be associated with a decrease in the proportion of radon adsorbed by soil grains; thus, the amount of radon in the borehole will increase. The change in soil temperature and, consequently, soil gas will have a daily cycle, when heating comes from the surface and spreads to some depth. Thus, for shallow boreholes the impact will be more significant, and for deep ones it will have a delayed effect, which is what we see from our data. Moreover, an increase in soil temperature leads to an acceleration of diffusion, the presence of vertical differences, and to advective transfer of gases [15].



Previously, it was believed that to eliminate the influence of daily fluctuations in weather conditions, it was sufficient to measure RAC in soil gas at depths of 0.5–1.0 m [58]. However, a number of studies do not confirm this [8,9,19]. In our study, there is a connection up to a depth of 1 m, and then for depths of 1.5 m it is completely absent. Thus, RAC in gas of deep boreholes may be more dependent on seasonal variations in temperature, pressure and humidity, and in shallow boreholes on daily variations. Air humidity leads to an increase in surface moisture (including dew) on the upper soil horizons and boreholes walls, which reduces the radon flux due to a decrease in the space for diffusion and advection. This correlation is usually characteristic of the radon flux density and radon in shallow boreholes [6,50,59].



RAC in soil gas in 1 m boreholes has a correlation with smaller (0.6 m) and larger (1.5 m) depths, which implies the greatest efficiency is in drilling boreholes of this depth (1 m) for monitoring studies. Boreholes of smaller depth will significantly depend on meteorological conditions of measurements, the role of which increases with an increase in the volume and detail of studies; boreholes of greater depth require more labor for preparation.



The significant difference in RAC in soil gas at different depths (approximately 9.5 kBq/m3 for 0.6 m, 16 kBq/m3 for 1 m and 22.5 kBq/m3 for 1.5 m) suggests that direct (without taking into account the measurement depth) comparison of data between studies at different depths is impossible. For example, according to our data, the average RAC for 0.6 m boreholes is quite safe and does not require measures to protect buildings from radon, but for 1.5 m boreholes the results indicate a greater radiogenic hazard of the soil and the mandatory implementation of preventive anti-radon measures in residential buildings. Based on the Swedish criterion [60], values above 10 kBq/m3 require reduction of the radon impact on the population, and in our work, this level of danger includes the majority of measurement points for 1 m boreholes and all points for 1.5 m boreholes [61]. High RAC in soil gas at the depths studied may have radiogenic effects on the population [62].



RAC in soil gas in 1 m boreholes is characterized by slightly lower variability relative to other depths, which also confirms the greatest efficiency of these boreholes for monitoring studies. But this statement is accurate if the radon field is sufficiently homogeneous. Conducting additional studies to identify local variations will help to clarify this. At the same time, the use of data from deeper horizons can affect the forecast of radon release to the surface and residential buildings, and reduce the information content of the assessment of radiation exposure to the population. In other words, it cannot be stated that the RAC in soil gas at depths of 1.5 m will increase the radon flow into a residential building. The absence of correlations between soil radon and radon exhalation confirms this to some extent. At the same time, in some studies [63,64] this connection exists, but most likely in this case local geology plays a role.



High RAC in soil gas at different depths within one observation point may indicate good soil permeability for radon [65]. At the same time, it is currently impossible to determine its source and main migration route, since it requires considering the content of 226Ra, which primarily determines the diffusion contribution to soil radon, emanation coefficient and a number of other parameters. In our case, we can conclude that there are no differences between depths in relation to the uranium radioactive series, but there is no significant variation in space. Information is also needed on the presence, volumes and ratio of associated gases (methane, carbon dioxide and hydrogen) in the soil air, which, as a rule, indicate a deeper removal of radon [16,24,25,26,27], i.e., determine the advective contribution. In addition, the isotopic composition of these associated gases can allow us to establish the depth of methane or carbon dioxide based on the ratio of carbon isotopes (12C and 13C). In the fault zone, associated gases and radon itself migrate quite actively from different depths. This is the subject of our further research [66,67].




4.2. Soil Radon Depth Gradient


The greatest increase in RAC in soil gas occurs when moving from 0.6 m boreholes to 1.0 m. This feature is most likely associated with a decrease in the daily influence of the conditions of the surface layer of the atmosphere on the temperature of the upper part of the soil [68]. Also, the role of daily changes in the thermobaric conditions of the active soil layer is probably reduced, which in turn affects the movement of soil gases (diffusion and advection/convection) and the sorption properties of soil particles, as noted earlier [15]. The difference in temperature conditions of the soil air and the surrounding atmosphere leads to the movement of soil gases, including radon, into the ground layer of the atmosphere.



The presence of single measurements with negative gradations indicates differences in soil properties at some observation points. This is confirmed by the large variability of the physical properties of the soil and radioactivity. Thus, the local geological situation can significantly change radon migration. Our study demonstrates that it is necessary to make several measurements of RAC in soil gas in different boreholes for one observation point, since local variation can be very significant, and in some cases, occurs with depth. The properties of the soil can significantly affect the soil radon and its depth gradient.




4.3. Spatial Features of RAC in Soil Gas and Its Vertical Gradation


The spatial distribution of the data does not have significant patterns, which is confirmed by the spatial analysis of the data autocorrelation estimated using the Moran’s I index. Some anomalies are found in the radon field, which are shown in Figure 4 and Figure 5. However, this statement should be interpreted with caution, given the error of the equipment. According to our preliminary studies, at similar concentrations we obtained about 10%. In this study, the coefficient of variation of the VAR is within 30%, which generally corresponds to the measurement error of the device declared by the manufacturer.



Some spatial differences and correlations of RAC in soil gas with distance from the Zhurinsky fault plane form anomalies in the form of a “halo” near the main fault plane zone, which occurs near faults [39,69]. The shape of the anomaly can change significantly for many reasons, including fault activity, fault type, etc. [35,70]. It has been noted that high RAC in the soil gas does not necessarily have to be observed throughout the fault, since, in this case, local variability associated with the geological environment plays a role [71].



The existence of a large area with high RAC in soil gas values may have been influenced by the type of fracture zone in the fault. In our case, we have a homogeneous space of high RAC. Radon from the fault can be localized along the displacement line or not detected in the displacement at all; other options are also possible [39]. It is noted that the fault exit to the surface forms a smaller anomaly, but more intense than faults that go under the loose cover; the anomalies in this case will have less intensity, but a larger area [69,70]. In other works, it was found that the composition of soil air can change over a larger area than the disturbed fault zone [34,37].



In our case, we should not exclude the influence of mining activities in the Kuznetsk coal basin, which can lead to the formation of new and the activation of old faults and permeable zones for deep gases [72]. Underground mines at a distance of up to 2.5 km can change the permeability of the geological environment for gases, similarly to what happens above the mines themselves [73,74,75], since the extension zone caused by the collapse of the mined-out space can be significantly larger in area than the working itself. In areas where underground coal mining has been carried out, the migration of gases (methane, carbon dioxide and radon) from the abandoned mine and overburden deposits continues for a long time in an uncontrolled and chaotic manner [76].





5. Conclusions


We measured the RAC in soil gas in boreholes of various depths and assessed the depth gradation of this indicator. The results demonstrate that in the fault zone there are similar patterns of concentration changes with depth as in areas without a fault. Apparently, the presence or absence of a fault does not affect the influence of the meteorological situation on the migration of soil radon. It was found that with increasing depth, the connection with meteorological conditions (temperature, pressure and air humidity) is lost. The greatest increase in RAC in soil gas is observed from a depth of 0.6 m to 1 m. At most study points, an increase in RAC in soil gas is noted with depth. Therefore, comparison of research data is impossible without adjusting the borehole depth; this is especially important for depths characterized by the maximum gradation of this indicator (in our case, from 0.6 m to 1 m). In spatial terms, there is no clustering of data for any indicators; therefore, the research area is quite homogeneous.



A high RAC in soil gas indicates a high potential for indoor radon exposure in this territory, with corresponding epidemiological consequences in the long term. It is necessary to introduce and improve the ventilation of residential premises, despite its limited effectiveness in the harsh local climatic conditions. It seems valuable to create a map of geogenic radon potential, which will help to identify and assess potentially dangerous areas and reduce the impact on the population. The role of tectonic faults and their potential activation during mining on the removal of radon from their geological environment remains unclear. But these studies are necessary for Kuzbass, taking into account the location of most settlements near these potentially dangerous features.
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Figure 1. Layout of observation points in the Kuznetsk coal basin. 
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Figure 2. Location of boreholes at each point. 
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Figure 3. Standardized RAC depth-dependent gradients and average RAC for all boreholes. 
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Figure 4. Spatial features of RAC in soil gas and its depth gradation for the first territory. 
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Figure 5. Spatial features of RAC in soil gas and its depth gradation for the second territory. 
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Table 1. Physical and radioactive properties of soil in the study area.
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	Soil Density, g/cm3
	Moisture, %
	Porosity, %
	Porosity Coefficient, %
	238U Radioactivity Series Activity, mBq/g





	0.6
	1.77 ± 0.01
	7 ± 0.52
	38.1 ± 0.01
	62.2 ± 0.02
	17.01 ± 2.11



	1
	1.82 ± 0.01
	6.6 ± 0.44
	36.4 ± 0.01
	57.8 ± 0.01
	15.80 ± 2.13



	1.5
	1.84 ± 0.01
	8.7 ± 0.52
	37.5 ± 0.01
	60.4 ± 0.01
	15.45 ± 1.85



	All depths
	1.81 ± 0.01
	7.4 ± 0.29
	37.4 ± 0.01
	60.1 ± 0.01
	16.09 ± 1.17










 





Table 2. RAC in soil gas.
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Parameters

	
Depth, m

	
Average RAC from 3 Depths




	
1.5

	
1.0

	
0.6






	
Mean, Bq/m3

	
22,049

	
16,031

	
9454

	
15,845




	
St. error, Bq/m3

	
937

	
602

	
439

	
541




	
Median, Bq/m3

	
21,394

	
16,491

	
9246

	
15,295




	
Minimum, Bq/m3

	
11,114

	
7464

	
3599

	
9283




	
Maximum, Bq/m3

	
46,339

	
25,918

	
17,520

	
26,672




	
Coeff. variance, %

	
28.8

	
25.5

	
31.5

	
23.2




	
25% quartile, Bq/m3

	
17,584

	
13,033

	
7462

	
13,418




	
75% quartile, Bq/m3

	
25,764

	
18,752

	
10,978

	
18,405











 





Table 3. Correlations between RAC and meteorological data.






Table 3. Correlations between RAC and meteorological data.





	Parameters
	Depth 1.5 m
	Depth 1.0 m
	Depth 0.6 m
	Average RAC





	T, °C
	No
	No
	0.48 **
	0.37 **



	P, hPa
	No
	No
	No
	No



	H, %
	No
	No
	−0.32 *
	No



	T, °C (average for 1 h)
	No
	0.31 *
	0.51 **
	0.41 **



	T, °C (average for 2 h)
	No
	0.34 *
	0.52 **
	0.43 **



	T, °C (average for 3 h)
	No
	0.36 *
	0.52 **
	0.44 **



	Depth 1.5 m
	-
	0.62 **
	No
	-



	Depth 1.0 m
	0.62 **
	-
	0.54 **
	-



	Depth 0.6 m
	No
	0.54 **
	-
	-







* p ≤ 0.05, ** p ≤ 0.01.













 





Table 4. Depth gradation of RAC in soil gas.






Table 4. Depth gradation of RAC in soil gas.





	
Parameters

	
RAC/Depth, (Bq/m3)/m




	
1.5/1

	
1.0/0.6

	
1.5/0.6

	
0.6/0

	
1.5/1–1.0/0.6

	
1.0/0.6–0.6/0






	
Mean, Bq/m3

	
12,035

	
16,443

	
13,994

	
9454

	
−4408

	
6989




	
St. error, Bq/m3

	
1417

	
1305

	
1048

	
439

	
1770

	
1467




	
Median, Bq/m3

	
10,157

	
15,305

	
12,705

	
9246

	
−5210

	
6011




	
Minimum, Bq/m3

	
−6278

	
−1795

	
4335

	
3599

	
−27,539

	
−13,445




	
Maximum, Bq/m3

	
41,833

	
42,920

	
42,316

	
17,520

	
17,550

	
34,665




	
Coeff. variance, %

	
79.8

	
53.8

	
50.8

	
31.5

	
−272.3

	
142.3




	
25% quartile, Bq/m3

	
5866

	
11,010

	
9264

	
7462

	
−13,503

	
1639




	
75% quartile, Bq/m3

	
16,360

	
21,235

	
18,124

	
10,978

	
5803

	
14,171











 





Table 5. Correlation (rs) of RAC in soil gas and other parameters.






Table 5. Correlation (rs) of RAC in soil gas and other parameters.





	
Parameters

	
RAC/Depth, (Bq/m3)/m




	
1.5/1.0

	
1.0/0.6

	
1.5/0.6

	
0.6/0






	
T, °C

	
No

	
No

	
No

	
0.48 **




	
P, hPa

	
No

	
No

	
No

	
No




	
H, %

	
No

	
No

	
No

	
−0.32 *




	
T, °C (average for 1 h)

	
No

	
No

	
No

	
0.51 **




	
T, °C (average for 2 h)

	
No

	
No

	
No

	
0.52 **




	
T, °C (average for 3 h)

	
No

	
No

	
No

	
0.52 **




	
1.5/1.0 m

	
No

	
No

	
No

	
No




	
1.0/0.6 m

	
No

	
No

	
0.54 **

	
No




	
1.5/0.6 m

	
0.76 **

	
0.54 **

	
No

	
No




	
0.6/0

	
No

	
No

	
No

	
No




	
Av. VAR

	
No

	
0.37 **

	
0.49 **

	
0.61 **








* p ≤ 0.05, ** p ≤ 0.01.













 





Table 6. Spatial features of RAC in soil gas and its depth gradation.






Table 6. Spatial features of RAC in soil gas and its depth gradation.





	Parameters
	Distance from Research Points to the Displacement Fault





	RAC 1.5 m
	0.42 **



	1.5/1
	0.36 *



	1.5/0.6
	0.49 **



	Av. RAC
	0.29 *







* p ≤ 0.05, ** p ≤ 0.01.













 





Table 7. Result of the analysis of Moran’s I for depth gradient.






Table 7. Result of the analysis of Moran’s I for depth gradient.





	
Parameters

	
RAC/Depth, (Bq/m3)/m




	
1.5/1

	
1.0/0.6

	
1.5/0.6

	
0.6/0

	
1.5/1–1.0/0.6

	
1.0/0.6–0.6/0






	
All data




	
Observed

	
−0.125

	
0.089

	
0.158

	
0.134

	
−0.319

	
0.105




	
Expected

	
−0.022

	
−0.022

	
−0.022

	
−0.022

	
−0.022

	
−0.022




	
St. Deviation

	
0.021

	
0.021

	
0.019

	
0.021

	
0.022

	
0.021




	
z-score

	
−0.714

	
0.770

	
1.301

	
1.074

	
−2.012

	
0.875




	
p-value

	
0.475

	
0.442

	
0.193

	
0.283

	
0.044 **

	
0.382




	
First research area




	
Observed

	
−0.084

	
0.279

	
0.242

	
−0.086

	
−0.276

	
0.245




	
Expected

	
−0.04

	
−0.04

	
−0.04

	
−0.04

	
−0.04

	
−0.04




	
St. Deviation

	
0.044

	
0.046

	
0.040

	
0.047

	
0.050

	
0.047




	
z-score

	
−0.208

	
1.482

	
1.416

	
−0.213

	
−1.057

	
1.312




	
p-value

	
0.835

	
0.139

	
0.157

	
0.832

	
0.291

	
0.189




	
Second research area




	
Observed

	
−0.170

	
−0.206

	
−0.064

	
0.301

	
−0.2704

	
−0.098




	
Expected

	
−0.053

	
−0.053

	
−0.053

	
−0.053

	
−0.053

	
−0.053




	
St. Deviation

	
0.038

	
0.037

	
0.035

	
0.037

	
0.038

	
0.037




	
z-score

	
−0.607

	
−0.799

	
−0.060

	
1.832

	
−1.110

	
−0.235




	
p-value

	
0.544

	
0.425

	
0.952

	
0.067 *

	
0.267

	
0.814








*—clustered, **—dispersed.













 





Table 8. Result of the analysis of Moran’s I for RAC in soil gas.






Table 8. Result of the analysis of Moran’s I for RAC in soil gas.





	
Parameters

	
RAC, Bq/m3




	
1.5

	
1.0

	
0.6

	
Av. RAC






	
All data




	
Observed

	
0.181

	
0.084

	
0.134

	
0.206




	
Expected

	
−0.022

	
−0.022

	
−0.022

	
−0.022




	
St. Deviation

	
0.020

	
0.021

	
0.021

	
0.021




	
z-score

	
1.448

	
0.731

	
1.074

	
1.576




	
p-value

	
0.148

	
0.465

	
0.283

	
0.115




	
First research area




	
Observed

	
0.181

	
0.085

	
−0.086

	
0.093




	
Expected

	
−0.04

	
−0.04

	
−0.04

	
−0.04




	
St. Deviation

	
0.040

	
0.048

	
0.047

	
0.046




	
z-score

	
1.106

	
0.573

	
−0.213

	
0.619




	
p-value

	
0.269

	
0.567

	
0.832

	
0.536




	
Second research area




	
Observed

	
0.061

	
−0.048

	
0.301

	
0.181




	
Expected

	
−0.053

	
−0.053

	
−0.053

	
−0.053




	
St. Deviation

	
0.038

	
0.038

	
0.037

	
0.039




	
z-score

	
0.583

	
0.024

	
1.832

	
1.178




	
p-value

	
0.560

	
0.981

	
0.067 *

	
0.239








*—clustered
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