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ABSTRACT. This paper describes a five-month experiment (February – July 2021) measuring the gradual thaw diffusion of 
radon-222 (further in the article – radon) from a frozen environment in NW Russia (i.e. Arhangelsk region). Red clay substrate 
containting a high content of 226Ra filled the bottom insides of 200-liter barrel holding the source of radon and buried at 1.6 
m depth (e.g., the radium source zone), then covered with native soil, filled with water and frozen under in-situ conditions. 
Radon measurements were carried out from soil surface above the container (disturbed soil layer) and at background location 
(undisturbed soil layer). Several periods of increased radon flux density were observed, which was related to radium source 
zone thawing. It was shown that in 1-2 days after thawing of the radium source zone and drying of the upper soil layer, the 
radon flux increases sharply – more than 8 times compared to background values. These results show a strong relationship 
between radon flux density and soil temperature profiles at different depths. The calculations of radon sourced from frozen 
and thawed zones show how temperature phase of substrate (e.g. clays) control the barrier influence of radon migration. 
It reduced them by 10-20 times (according to the results of a theoretical calculation), depending on the characteristics of 
frozen rocks (density, porosity). Thus, the barrier function of permafrost is related to the physical properties of ice and frozen 
rocks. These temperture phases controls radon emanation coefficients and significantly influences the migration of radon to 
the earth’s surface. 
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INTRODUCTION

 Over the past few years, the problem of climate change 
has grown to the most pressing issue in the world. As the 
arctic regions warm twice the global rate, changes in the relief, 
vegetation, fauna and property intensify (Zolkos et al. 2021). 
Rapid thawing leads to distinct ground collapse and high 
topographical relief, leading to thermokarst wetlands that 
further accelerate thawing by increasing talik formation and 
wetland development (Farquaharson et al. 2019).
 One of the most important negative results of climate 
warming is the thawing of permafrost soils. Thermokarst 

wetlands and abrupt thawing promote greenhouse gas (GHG) 
emissions of carbon dioxide (CO2) and methane (CH4), which 
in turn accelerate polar amplification, which promote further 
ground thaw/collapse, and leading to a potential permafrost 
carbon feedback. (Walter Anthony et al. 2018; Obu et al. 
2019, Biscaborn et al. 2019). Recent studies indicated that the 
permafrost boundary is gradually shifting from south to north 
and its depth is progressively increasing (Zhang et al. 2021). Few 
examples of such behaviors are noticeable such has the giant 
sinkhole-blow out craters in the Yamalo-Nenets Autonomous 
Okrug (Buldovicz et al. 2018), the collapse of major industrial 
buildings in Norilsk (Koptev 2020) and rapid relief changes in 
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the boreal and/or tundra ecoystems (Ji et al. 2019, Doloisio et al. 
2020).
 While changes in the parameters of permafrost leads 
to the redistribution of macro- and microelements in the 
geological environment (Shirokova 2021, Dahédrey Payandi-
Rolland 2021, Pokrovsky 2021), one poorly understood factor 
has so far remained underdeveloped here but is related to the 
afermomented permafrost degradation processes – natural 
radioactivity – which everywhere in the geological environment, 
including landforms developed under permafrost conditions. 
Our prior work concerning radioactivity and the radioactive 
radon gas emerging from permafrost provides the justified 
context for these above concerns, as we investigated both the 
policy and shortfalls of environmental monitoring of radioactive 
elements in permafrost settings (Puchkov et al. 2021). 
 Radon is a member of the uranium-238 radioactive decay 
chain, which makes up over 99% of all uranium on earth. Radon 
is constantly formed in all geological environments. The physical 
and chemical properties of radon allow it to be used as a tracer 
for studying many geological and atmospheric processes 
(Sabbarese et al. 2021, Giustini et al. 2019, Miklyaev et al. 2010, 
Baskaran et al. 2016, Daraktchieva et al. 2021, Selvam et al. 2021). 
At the same time, radon is a dangerous radioactive element that 
can lead to lung cancer where high concentrations are present, 
for example, in dwellings (Lorenzo-Gonzalez et al. 2020, Maier 
et al. 2021, Petrova et al. 2020, Rodríguez-Martínez et al. 2018, 
Rosenberger et al. 2018).
 Until now, there are few scientific works devoted to the 
behavior of radon in frozen rocks and permafrost, while at the 
same time thawing and changing phase boundaries, thereby 
altering the pathways for radon migration to the surface. Most 
of those works are of a theoretical nature (Puchkov et al. 2021). 
Technically, there is existing scientific works showing permafrost 
is an excellent barrier to migiate upward migration of radon 
from the ground (Glover et al. 2022) which shows the need to 
extend these results elsewhere, as permafrost conditions are 
heterogenious and geographically unique. This concerns drives 
our investigations into how radioactive gas will migrate and to 
flow to the earth surface if permafrost thaws.
 The purpose of this scientific paper is to demonstrate the 
influence of the process of thawing of frozen soils on radon flux 
during a laboratory experiment. For this, an experimental site 
with a frozen container containing 226Ra (radioactive source) was 
prepared. The total activity of the radioactive source was about 
4200 Bq and the radon flux density (RFD) was measured over a 
5-month period. These experimental results will contribute to 
the fate and transport of radon emissions from permafrost to 
post-permafrost conditions.

MATERIALS AND METHODS

 The experimental site is located in the Arkhangelsk 
region (NW Russia), 30 km from the city of Severodvinsk (Fig. 
1). This territory belongs to the northern part of the East 
European plain. The region is characterised by a glacially 
formed landscape of flat plains, laterally extensive terraces and 
moraine belts dissected by river valleys (Jensen 2009). At the 
experimental site, the overburden layer is made of a mixture 
of gley-podzolic soils and loams, that is typical for this territory 
and the northern taiga. The upper soil layers were exposed 
to anthropogenic impacts after its agricultural use making 
them mix layers (urban soils). The content of 226Ra in these 
soils is low and equal to about 10 Bq·kg-1. For this reason, the 
background radon flux did not interfere with the experiment. 
Site and container preparations were carried out in February 
2021. During this period, the air temperature reached -40oC. 
A red clay with an increased content of 226Ra was used as a 
source of radon. Detailed radiation and physical characteristics 
of the radon source and the «background» soils are presented. 
During 5 months (March – July 2021, n days = 132), the RFD 
was measured in the control and background points coupled 
with soil temperature of 0.5, 1.0 and 1.5 m depths. The average 
daily temperatures at the city of Arkhangelsk, Russia according 
to the Northern Directorate for Hydrometeorology and 
Environmental Monitoring (http://www.sevmeteo.ru/) was 
used as the temperature of the atmospheric air.

Experimental site

 The experimental setup uses a container placed in a pit of 
1.6 m deep. The height of the container is 86 cm. The bottom 
inside container holds 40 kg of red clay (e.g radium source 
zone). The radium source zone was covered with surrounding 
soil up to the top of the container (overlapping layer). Holes 
were drilled at the bottom of the container for drainage of melt 
water. A detailed diagram of the experimental setup, its location 
and geometric characteristics are shown in Fig. 1. The container 
was then filled with water daily and reached a volume of 50 
liters for 7 days (total 350 liters of water). We specially prepared 
more water in the container because some of the water went 
through the drainage holes and also through the top of the 
container, allowing it to freeze on all sides of the outside. In 
extremely low temperatures (down to -40oC), the content of 
the container was quickly and naturally frozen. After freezing 
is achieved by temperature logger observations, the pit was 
backfilled with prior in-situ soil. Thus, the frozen container and 
prior soils filled the exgivated pit. 

GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY 2022

Fig. 1. The location of the experimental site and its geometric characteristics
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 Measurements of the RFD were carried out at two points. 
The control point was above the container and the background 
point was also at the surface at 10 meters away from the 
control point. When the topsoil subsided under thawing 
conditions, soils were added so that the measurement height 
above control point of the measurement did not change.

Radiometric measurement method

 The measurement of the RFD using the radon radiometer 
«Alpharad plus» (Manufacturer – «NTM» Protection, Moscow 
city, Russia) (Fig. 2) is based on the electrostatic deposition 
of charged 218Po ions from the air sample to the surface 
of the semiconductor detector. The electrical impulses 
generated by alpha particles on the detector were amplified 
with a preamplifier, fed to the input of an analogue-to-
digital converter and then processed with a computer. The 
measurements were displayed on a colour LCD screen and 
stored in a non-volatile memory. The radon radiation was 
determined by the number of registered alpha particles 
during the decay of 218Po atoms deposited on the detector 
(Afonin 2013).
 The samplers were installed on a leveled ground. The 
sampler is made of plastic. The depth of immersion in the soil 
is 1 cm. The edges of the sampler were covered with soil to 
prevent contact with the atmosphere. The sampler was stored 
for 30 minutes to allow radon accumulation. Air was then 
pumped through the radiometer chamber for 20 minutes. The 
measurement was carried out twice for 20 minutes. Before 
the second measurement, air was pumped again through the 
radiometer chamber. About 2 hours are necessary between 
the moment the sampler is installed and the measurement 
is obtained. Since the measurements were carried out at two 
points (background and control), two radon radiometers of 
the same type were used. A reference sample was initially 
used to test the convergence of the measurements using 
the two radiometers. The relative standard deviation of the 
measurements from the reference sample was no more than 

5-8%. As a reference sample, a 5-liter container with granite 
having a 226Ra activity of about 95 Bq·kg-1 and an emanation 
rate of 15% was used.

Gamma Spectrometry Measurements 

 Gamma spectrometry is a widely used method to 
measure gamma radiation from radionuclides of natural 
origin, including Ra-226. It is a universal, non-destructive 
and easy-to-use method, especially at the stage of sample 
preparation and in the measurement process (Syam et al. 
2020, IAEA 2013). A semiconductor gamma-spectrometric 
complex with nitrogen cooling ORTEC with a GEM 10 P4-70 
HPGe detector (Ametek Ortec, Oak Ridge, TN, USA) complete 
with lead shielding was used to determine radionuclide Ra-
226 in soils and radium source zone. The gamma spectrometer 
resolution along the 1.33 MeV (60Co) line is 1.75 keV and its 
relative efficiency is 15%. The measurement geometry is 
a 1-L Marinelli vessel (counting sample). The activity of the 
Ra-226 radionuclide is determined from the radionuclide Pb-
214 (351.93 keV with a quantum yield of 35.60%) and Bi-214 
(609.32 keV with a quantum yield of 45.49%, 1120.29 keV with 
a quantum yield of 14.92%, 1764.49 keV yield with a quantum 
yield of 15.3%). 

Calculation methods

 The radon emanation coefficient can be determined 
by two methods: gamma-spectrometric and radiometric 
(emanation) methods. The gamma spectrometric method 
was selected for the present research. The method consists of 
measuring the gamma activity of samples at various intervals 
after they are placed in a hermetically sealed container. We 
used a Marinelli plastic container sealed with a thick layer 
of sealant. According to our experimental data (Yakovlev et 
al. 2021), this method of sealing allows minimizing radon 
leakage from the container. In this experiment, counting 
samples were prepared in the form of a crushed sample with a 

Fig. 2. The radon radiometer «Alpharad plus»
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grain size of less than 0.5 mm in a 1-L Marinelli vessel. Samples 
were measured daily for 21 days after they were sealed. Based 
on the results of these measurements, the following were 
determined: the activity of 226Ra without taking into account 
the accumulation of its decay products; the activity of 226Ra 
taking into account the accumulation of its decay products; 
the emanation coefficient; and the period during which the 
daughter products of 226Ra decay enter a state of radioactive 
equilibrium. The counting sample was depressurized after the 
experiment and after 1–2 days for the activity of 226Ra to be 
measured again. Based on the results of the experiment, the 
radon emanation coefficient (its free state) was determined 
using the following equation (1):

 where А226Ra (non-equilibrium) is the activity of 226Ra (in a 
nonequilibrium state) determined as the average value of the 
results of the first and last measurements (unsealed) in Bq∙kg−1; 
and А226Ra (equilibrium) is the specific activity of 226Ra (in an 
equilibrium state) determined as the average value of the 
results of the last 5 measurements in a sealed state, in Bq∙kg−1.
 The radon production rate, P (Bq∙m−3∙h−1), was calculated 
using the following equation (2) (IAEA 2013, Pereira et al. 2017):

 where λ is the decay constant for radon (2.1∙10−6 s−1) 
and ρb is the bulk density, in kg∙m−3.

 The average density of the rock sample was determined 
by paraffin-coated method. This last physical parameter was 
calculated to assess the level of radon production. A detailed 
method and algorithm for calculating the average density are 
given in Yakovlev (2021) in which the average density of rock 
made of kimberlite was estimated.

RESULTS AND DISCUSSION

Radiation and physical parameters of soils and the radium source 
zone on the site

 Table 1 shows the general characteristics of the samples 
under study. The studied soils are represented by the 
following: (1) technogenically altered loams, (2) gley-podzolic 
soils, (3) loams, (4) overlying soils (mixed gley-podzolic 
soils and loams) and (5) red clay (radium source zone). The 
background measurement points are represented by soils (1) 
– (3). The measurement reference points are represented by 
the overlying soils (4) and the radium source zone (5).
 Despite the overlying soils above the radium source zone 
have a mass of about 400 kg and a total activity of 226Ra of 
about 4200 Bq, the low levels of emanation coefficient and 
radon production rate do not allow them to create high 
values of the RFD. This can be seen as the background point, 
i.e. at which the highest value of the RFD does not exceed 45 
mBq·m-2·s-1 (see Fig. 3). From table 1, it can be noted that the 
radium source zone has the highest values of the activity of 
226Ra, the coefficient of emanation and the radon production 
rate. 
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Fig. 3. The accumulation of radon decay products after sealing sample – red clay
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Type of soils
Radiation and physical parameters

226Ra concentration, Bq·kg-1 Emanation coefficient, % Radon production rate, Bq∙m−3∙h−1 Bulk density, g·cm-3

Technogenically altered loams 10,9 10,3 12,7 1,5

Gley-podzolic soils 8,8 15,7 12,5 1,2

Loams 11,3 9,5 13,0 1,6

Overlying soils 10,4 12,2 14,4 1,5

Red clay (radium source zone) 103,8 25,7 322,7 1,6

Table 1. Radiation and physical parameters of soils and the radium source zone
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 The Fig. 3 shows an example of a curve for the 
accumulation of radon decay products after sealing sample 
– red clay. It can be noted that the state of radioactive 
equilibrium occurs in two weeks. The measurement 
uncertainty of 226Ra from its decay products was no more 
than 10%.

Seasonal changes in RFD

 Changes in the RFD at the control and background 
points along with air and soil temperatures at different 
depths are shown in Fig. 4. From March 1 to July 11, an 
increase in the RFD occurred 4 times. The first time, the 
RFD increased slightly at the beginning of April, both at the 
control and background points. This is due to an increase in 
air temperature above 0oC and the beginning of thawing of 
the upper soil layers. In early May, when the air temperature 
sharply increased to 10-25 oC, the depth of soil thawing was 
up to 1 m. During this period, there was a second increase 
in the RFD. At the same time, the temperature of the radium 
source zone remained below 0oC. In this regard, the nature 
of the increase in the RFD was the same both for the control 
point and the background point. During this period, the 
depth of soil thawing continued to gradually increase. As 
soon as the surface temperature of the radium source zone 
increased to 0 oC and above, there was a sharp increase 
in the RFD at the control point. At the same time, at the 
background point, the radon activity did not change. From 
the moment the radium source zone began to thaw until its 
complete thawing, the RFD increased by about 7-8 times, 
reaching a maximum value of about 240 mBq·m-2·s-1. Further, 
the radon activity did not change and the experiment was 
stopped afterward. Fluctuations in the RFD after complete 
thawing of the radium source zone were associated with 
weather events (rainfall) and changes in soil characteristics 
(moisture).

Statistical and factor analysis of changes in RFD under 
experimental conditions

 Despite the dependence of the RFD on air and soil 
temperatures, a statistical analysis of the measured 
data was carried out and a correlation matrix was 
built. The statistical characteristics and the correlation 
matrix were divided into two large blocks (spring and 
summer) for convenience. Each block was divided into 
separate months. The results of the calculated statistical 

characteristics and the correlation matrices are given in 
Appendix A.
 There was a good correlation between air and soil 
temperature (R=0.73-0.89) as well as between RFD in 
control and background points (R=0.81) in March. In 
May, high relationships between air temperature and 
soil temperature at 0 meter (R=0.85) as well as between 
soil temperature at 0 m and 1 m (R=0.72) were observed. 
In April, there were no significant correlations in the 
measured parameters. This is due to the fact that the RFD 
varied only at the beginning of April and then the radon 
activity remained constant.
 In spring, RFD changes were insignificant and were 
associated with thawing of soil up to 1.3 m deep. The 
RFD values at the control and background points during 
this period were the same, which means that there was 
no influence of the radium source zone. A significant 
correlation between RFDs in the control and background 
points were observed only in March (R=0.81) and in May 
(R=0.87) for the whole experiment.
 The summer period (June) was characterized by a 
very good correlation between RFD at the control point 
and soil temperature at different depths (R=0.75 for 0 
m, R=0.79 for 0.5 m, R=0.83 for 1.0 m, R=0.97 for 1.5 m). 
This is due to the fact that the radium source zone was 
intensely melting and contributed to an increase in RFD 
at the surface. At the same time, RFD at the background 
point remained at a constant level and no dependence 
on soil temperature was found.
 Fig.s 5 and 6 show linear regressions for RFD and 
soil temperature at 1 m (for spring) and for RFD and soil 
temperature at 1.5 m (for summer). There is a good correlation 
(R=0.9) between radon flux density and soil temperature at 
1 m depth in spring (Fig. 5) and at 1.5-m depth in summer 
(Fig. 6) at the control point. RFD increased by a factor of 
26.7 and 22.2 in spring and in summer. This corresponds 
when soil temperature at 1-1.5-meter depth increased by 
1 °C.
 The calculated correlation matrices were approved by 
the construction of the frequency diagrams. Frequency 
distribution of RFDs in the control and background 
points (Fig. 7) is similar in March (up to 90% of RFDs in 
the range of 0.5-9 mBq/m2s and 0.5-5.5 mBq/m2s in the 
control and background points respectively) and in April 
(up to 90% of RFDs in the range of 12-18.5 mBq/m2s and 
12-16.5 mBq/m2s in the control and background points 
respectively). 

Andrey V. Puchkov, Elena V. Berezina et al. RADON FLUX DENSITY IN CONDITIONS OF PERMAFROST THAWING: ...

Fig. 4. Temporal changes in the RFD at the control and background points
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Fig. 5. Linear regression fits for RFD to soil temperature at 
1 m depth from spring measurements in the control point

Fig. 6. Linear regression fits for RFD to soil temperature at 
1.5 m depth in summer

Fig. 7. Frequency counts (in %) of RFD for control (red) and background (blue) points
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 In May, RFDs in control and background points are 
about 2 times higher than in April. 
 In June and July, the significant difference (2-4 times) 
in RFDs between measurement points was observed. 
RFD in July in the control point reaches 238 mBq/m2s 
(90-th percentile) while RFD in the background point is 
36 mBq/m2s (90-th percentile).
 The factor analysis was used to select the main factor 
loadings separately for spring (Table 2) and summer 
(Table 3).

 In spring, two factors were enough (Table 2 and Fig. 
5). The first factor (Factor 1) is related to the temperature 
change in air and soil at 0 and 1 m. The second factor 
(Factor 2) determines the strongness of the relationships 
between RFDs in control and background points and near-
surface soil temperature. In spring, there is no significant 
difference in RFDs between disturbed (control point) and 
undisturbed (background point) soil layers. 
 The factor analysis for the summer data (Table 3 and 
Fig. 6) shows SS loadings > 1 only for Factor 1.  Those points 
of the Factor 1 are the main ones determining RFD in the 
control point and are caused by temperature change at 
different soil depths particularly at 0.5 and 1.5 m.

What does the diffusion equation show?

Based on the results of the experiment and its statistical 
analysis, it was demonstrated that a change in the radon 
situation can occur when the permafrost conditions 
in the geological environment change. In the present 

experiment, this fact was noticed immediately when the 
radium source zone thawed. We assume that this is due 
to the physical properties of ice and permafrost. First of all, 
it is necessary to take into account the porosity of the ice. 
This porosity will influence the emanation of the rock. In 
this case, radon atoms are emanated from the solid phase 
into the pore space of the soil (production of «free» radon) 
due to the recoil energy arising from the alpha decay of the 
parent 226Ra. It can be assumed that the emanation of rock 
in its frozen state will be much lower than in the thawed 
state.
 We hypothesized that some hypothetical area is 
composed of rocks similar to a radium source zone. 
Distribution of radon concentration in the frozen state 
and thawed state was calculated up to 10 m deep. The 
following picture is obtained (Fig. 8).
 The following diffusion equation (3) was used to 
calculate distribution of radon concentration [Marenniy 
A.M. 2016]:

 where:
C(x) – distribution function along the vertical profile of the 
radiation of «free» radon in the rock, Bq•m-3;
CRa – concentration of 226Ra in the rock, Bq•kg-1;
Кэм – coefficient of radon emanation in soil, stand. units;
ρ – soil density, kg•m-3;
λ – radon decay constant, 1•s-1;
D – diffusion coefficient of radon in soil, m2•s-1.

Andrey V. Puchkov, Elena V. Berezina et al. RADON FLUX DENSITY IN CONDITIONS OF PERMAFROST THAWING: ...

Parameters Uniquenesses

Air temp. °C 0.130

Soil temp. at 0 m, °C 0.005

Soil temp., at 0.5 m, °C 0.186

Soil temp., at 1 m, °C 0.195

Soil temp., at 1.5 m, °C

Radon flux density, control point, mBq m-2 s-1 0.055

Radon flux density, background, mBq m-2 s-1 0.006

Loadings

Factor1 Factor2

Air temp. °C 0.841 0.402

Soil temp. at 0 m, °C 0.833 0.549

Soil temp., at 0.5 m, °C 0.618 0.657

Soil temp., at 1 m, °C 0.778 0.446

Soil temp., at 1.5 m, °C

Radon flux density, control point, mBq m-2 s-1 0.500 0.834

Radon flux density, background, mBq m-2 s-1 0.449 0.890

SS loadings      2.841 2.582

Proportion Var   0.474 0.430

Cumulative Var   0.474 0.904

Table 2. Factor analysis from spring data

Notes: Test of the hypothesis that 2 factors are sufficient. The chi square statistic is 57.95 on 4 degrees of freedom.
The p-value is 7.8e-12

(3)C x C K eRa ЭM
D
x

( ) ( )= −
−

• • •
•

ρ
λ

1
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Fig. 8. Distribution of radon concentration in frozen and thawed rocks

Parameters Uniquenesses

Air temp. °C 0.718

Soil temp. at 0 m, °C 0.005

Soil temp., at 0.5 m, °C 0.129

Soil temp., at 1 m, °C 0.264

Soil temp., at 1.5 m, °C 0.005

Radon flux density, control point, mBq m-2 s-1 0.028

Radon flux density, background, mBq m-2 s-1 0.994

Loadings

Factor1 Factor2

Air temp. °C 0.529

Soil temp. at 0 m, °C 0.783 0.619

Soil temp., at 0.5 m, °C 0.925 0.128

Soil temp., at 1 m, °C 0.816 0.266

Soil temp., at 1.5 m, °C 0.998

Radon flux density, control point, mBq m-2 s-1 0.979 -0.117

Radon flux density, background, mBq m-2 s-1 - -

SS loadings      4.088 0.770

Proportion Var   0.584 0.110

Cumulative Var   0.584 0.694

Table 3. Factor analysis from summer data

Notes: Test of the hypothesis that 2 factors are sufficient. The chi square statistic is 38.87 on 8 degrees of freedom.
The p-value is 5.2e-06 



13

 The obtained radiation and physical parameters of the 
radium source zone were used to calculate this diffusion 
equation. At the same time, for the frozen state, an 
emanation coefficient equal to 1% was used. This value of 
the emanation coefficient assumes the absence of radon 
in a «free» state and its presence in the crystal lattice of ice.
Fig. 8 shows that in frozen conditions, the concentration 
of radon can reach no more than 2000 Bq•m-3. With the 
complete thawing of such rocks, the concentration of 
radon will increase 20 times and can reach 43000 Bq•m-3.
The actual environment and conditions may be completely 
different. This calculation is shown as a simple example 
to understand that the condition of permafrost, frozen 
state of soils and rocks can play a barrier role for radon 
flux, reducing them by 10-20 times, depending on the 
characteristics of the frozen rocks (density, porosity). 
Another fact proving the barrier function of permafrost 
may be the isotopic ratios in the soil and rock profile up 
to 20 m deep. For the isotopic ratio, 226Ra and 210Pb can be 
used. The ratio of these isotopes around 1 would indicate 
the absence of «movement» of radon, which is most likely 
in a bound state in the permafrost. This will be included 
in a future contribution to study the behavior of radon in 
conditions of frozen ground, permafrost or ice.

Future health risks if the hypothesis is confirmed

 The negative impact of radiation exposure on human 
health is a known fact. The degree of the negative effect 
of this radiation is determined by the magnitude of the 
dose regardless if it is caused by natural or artificial source 
of ionizing radiation (Karabanov 2013, Radon: An Overview 
of Health Effects 2015). Back in 1988, the Congress of the 
World Health Organization and the International Agency 
for Research on Cancer reviewed the available data and 
recognized that the intake of radon in the body leads to 
the development of lung cancer in humans (Nenakhova 
2006). In 2009, UNSCEAR, based on a detailed scientific 
assessment of epidemiological data, made a statement at 
the UN General Assembly that there is direct evidence to 
support a detectable risk of lung cancer for the population 
from radon in dwellings. The statement concluded that 
there is no effective lower threshold of radon concentration 
below which radon exposure poses no danger. Strong 
scientific evidence demonstrates that radon-induced lung 
cancer is a significant public health risk with children at 
greater risk than adults (as is often the case with exposure 
to toxic substances/radiation) (Radon indoor air, Canada 
2014).
 In the case of a hypothesis about the barrier function of 
permafrost for radon flux, there are theoretical studies with 
the construction of a mathematical model of radon intake 
into residential buildings (Glover 2006, Glover 2007, Glover 
2022). In these studies, the authors estimated the radon 
concentration in a residential building in the event of an 
instantaneous melting of permafrost 13 m thick. According 
to their calculations, the radon concentration can increase 
100 times, which will lead to an excess of the permissible 
values of the radon concentration (criteria of 100-300 Bq∙m-
3 for many countries). According to the model constructed 
by the authors, this level can persist for several years and 
will then gradually decrease. The authors believed this fact 
is extremely relevant considering the extremely negative 
effect of radon on the incidence of cancer. Our studies 
confirm the barrier function of permafrost for radon flux. 
Based on our measurements, an increase in RFD at the 
surface up to 20 times is observed.

 We assume that residential buildings built without 
an air layer in permafrost areas may be affected by 
radon in a warming climate. This will lead to an increase 
exposure to radon for the people living in such buildings. 
When confirming this assumption, it will be necessary to 
provide additional protective actions for such buildings. In 
addition, it will be necessary to take into account the effect 
of permafrost thawing when assessing the potential radon 
hazard of the territory before starting the construction 
of the new buildings. In Russia, a similar coefficient exists 
in assessing the potential radon hazard (Klimshin et al. 
2010). But the value of that coefficient does not exceed 
2. The coefficient takes into account only the layer of 
seasonal freezing and not the degradation of permafrost. 
Therefore, it will be necessary to take into account the 
predictor presented in this work when calling for (amend) 
existing laws. Such changes in the legislation will prevent a 
possible negative effect on human health associated with 
an increase exposure to radon for the population of the 
Arctic countries. This is especially true for the territories 
of the central and northern parts of Canada, Russia, the 
northern part of the Scandinavian (Sweden, Norway, 
Finland) countries and the United States (Alaska) (Puchkov 
et al. 2021).

CONCLUSIONS

 In this paper, an experiment with a frozen source 
of radon (red clay with a high content of 226Ra) and its 
gradual thawing in natural conditions was described. The 
experiment was carried on a 5-month period with radon 
and temperature measurements in soil every day. In total, 
132 measurements of RFD and soil temperature at different 
depths were made. These results show a strong relationship 
between radon flux density and soil temperature profiles 
at different depths. The calculations of radon sourced from 
frozen and thawed zones show how temperature phase of 
substrate (e.g. clays) control the barrier influence of radon 
migration. From March 1 to July 11, RFD increased 4 times. 
From the moment the radium source zone began to thaw 
until its complete thawing, RFD increased by about 7-8 
times reaching a maximum value of about 240 mBq•m-2•s-1. 
Fluctuations in RFD after complete thawing of the radium 
source zone were associated with weather events (rainfalls) 
and changes in soil characteristics (moisture).
 A statistical and factor analysis of the measured values 
was carried out. There was a good correlation between 
air and soil temperature (R=0.73-0.89) as well as between 
RFD in control and background points (R=0.81) in March. 
In May, air temperature and soil temperature at 0 meter 
(R=0.85) were correlated as well as soil temperature at 
0 and at 1 meter (0.72). In April, there was no significant 
correlation in the measured parameters. This is because 
the RFD variation was only at the beginning of April. After 
this variation period, the radon activity remained at a 
constant level. During summer (June), a strong correlation 
was observedbetween RFD at the control point and soil 
temperature at different depths (R=0.75 at 0 m, R=0.79 at 
0.5 m, R=0.83 at 1.0 m, R=0.97 at 1.5 m). This is because the 
radium source zone was intensely melting and contributed 
to an increase in RFD at the surface. Simultaneously, RFD 
at the background point remained at a constant level 
and no dependence on soil temperature was found. An 
increase of 26.7 and 22.2 mBq•m-2•s-1 on RFD during spring 
and summer corresponds to an increase of 1 °C of the soil 
temperature at 1-1.5 m depth.
 The factor analysis showed that, in spring, RFD change 
was mainly caused by air and soil (at 0 and 1 m) temperature 
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changes. There was a high relationship between RFDs 
in control and background points and near-surface soil 
temperatures. In spring, there was no significant difference 
in RFDs between the soil layers in control and background 
points. During summer, RFD change was caused by 
temperature variation at different soil depths, particularly 
at 0.5 and 1.5 m in the control point.
 The calculation of distribution of radon concentration in 
frozen and in thawed state based on the diffusion equation 
showed that frozen soils and rocks played a barrier role for 
radon flux, reducing them by 10-20 times depending on 
the characteristics of frozen rocks (density, porosity). We 

assume that the barrier function of permafrost may be 
demonstrated further by the study of isotopic ratios of 
226Ra and 210Pb in the soil and rock profiles up to 20 m deep. 
The ratio of these isotopes around 1 would indicate the 
absence of «movement» of radon, which is most likely in 
a bound state in the permafrost. This will be the next step 
in studying the behavior of radon in conditions of frozen 
ground, permafrost or ice.
 The results of the presented experiment confirm the 
assumption about the barrier function of permafrost for 
the flow of radioactive radon gas.
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APPENDICES
APPENDIX A. STATISTICAL CHARACTERISTICS OF THE OBSERVED PARAMETERS AND CORRELATION MATRICES

Parameter Air temp. °C
Soil temp. 
at 0 m, °C

Soil temp., 
at 0.5 m, °C

Soil temp., 
at 1 m, °C

Radon flux 
density at

control point, 
mBq m-2 s-1

Radon flux 
density at

background,
mBq m-2 s-1

March

Air temp. °C 1.00 0.89 0.81 0.73 0.48 0.38

Soil temp. at 0 m, °C 0.89 1.00 0.96 0.92 0.61 0.52

Soil temp., at 0.5 m, °C 0.81 0.96 1.00 0.96 0.66 0.60

Soil temp., at 1 m, °C 0.73 0.92 0.96 1.00 0.65 0.61

Radon flux density, control point, mBq m-2 s-1 0.48 0.61 0.66 0.65 1.00 0.81

Radon flux density, background, mBq m-2 s-1 0.38 0.52 0.60 0.61 0.81 1.00

April

Air temp. °C 1.00 0.46 0.16 0.23 0.02 0.02

Soil temp. at 0 m, °C 0.46 1.00 0.00 0.47 0.20 -0.14

Soil temp., at 0.5 m, °C 0.16 0.00 1.00 0.19 -0.16 -0.28

Soil temp., at 1 m, °C 0.23 0.47 0.19 1.00 0.37 0.07

Radon flux density, control point, mBq m-2 s-1 0.02 0.20 -0.16 0.37 1.00 0.25

Radon flux density, background, mBq m-2 s-1 0.02 -0.14 -0.28 0.07 0.25 1.00

May

Air temp. °C 1.00 0.85 -0.10 0.43 0.42 0.32

Soil temp. at 0 m, °C 0.85 1.00 0.30 0.72 0.68 0.68

Soil temp., at 0.5 m, °C -0.10 0.30 1.00 0.64 0.78 0.82

Soil temp., at 1 m, °C 0.43 0.72 0.64 1.00 0.83 0.90

Radon flux density, control point, mBq m-2 s-1 0.42 0.68 0.78 0.83 1.00 0.87

Radon flux density, background, mBq m-2 s-1 0.32 0.68 0.82 0.90 0.87 1.00
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Table A2. Correlation matrix of parameters in summer

Parameter
Air temp. 

°C
Soil temp. 
at 0 m, °C

Soil temp., 
at 0.5 m, °C

Soil temp., 
at 1 m, °C

Soil temp., 
at 1.5 m, °C

Radon flux 
density, 

control point, 
mBq m-2 s-1

Radon flux 
density, 

background, 
mBq m-2 s-1

June

Air temp. °C 1.00 0.47 0.27 0.27 -0.21 0.09 -0.29

Soil temp. at 0 m, °C 0.47 1.00 0.94 0.92 0.83 0.75 0.11

Soil temp., at 0.5 m, °C 0.27 0.94 1.00 0.98 0.82 0.79 0.25

Soil temp., at 1 m, °C 0.27 0.92 0.98 1.00 0.86 0.83 0.22

Soil temp., at 1.5 m, °C -0.21 0.83 0.82 0.86 1.00 0.97 0.11

Radon flux density, control point, 
mBq m-2 s-1 0.09 0.75 0.79 0.83 0.97 1.00 0.04

Radon flux density, background, 
mBq m-2 s-1 -0.29 0.11 0.25 0.22 0.11 0.04 1.00

July

Air temp. °C 1.00 0.78 0.70 -0.06 0.66 0.27 -0.49

Soil temp. at 0 m, °C 0.78 1.00 0.80 -0.04 0.80 0.08 -0.42

Soil temp., at 0.5 m, °C 0.70 0.80 1.00 0.12 0.92 0.24 -0.11

Soil temp., at 1 m, °C -0.06 -0.04 0.12 1.00 0.40 0.88 0.39

Soil temp., at 1.5 m, °C 0.66 0.80 0.92 0.40 1.00 0.48 0.01

Radon flux density, control point, 
mBq m-2 s-1 0.27 0.08 0.24 0.88 0.48 1.00 0.14

Radon flux density, background, 
mBq m-2 s-1 -0.49 -0.42 -0.11 0.39 0.01 0.14 1.00
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Table A3. Statistical characteristics of the observed parameters

Parameter N total Mean Stand. Dev. Min Med Max P10 P90

March

Air temp. °C 31 -5.76 7.40 -22.80 -4.60 4.30 -14.00 3.50

Soil temp. at 0 m, °C 31 -2.63 3.41 -8.30 -3.30 3.40 -6.80 2.40

Soil temp., at 0.5 m, °C 31 -3.80 2.25 -6.80 -4.50 -0.10 -6.10 -0.20

Soil temp., at 1 m, °C 31 -4.45 2.08 -6.80 -5.40 -0.80 -6.20 -1.00

Soil temp., at 1.5 m, °C - - - - - - - -

Radon flux density, control point, mBq m-2 s-1 31 3.19 3.28 0.00 2.00 12.00 0.00 9.00

Radon flux density, background, mBq m-2 s-1 31 2.74 2.66 0.00 2.00 12.00 0.00 4.00

April

Air temp. °C 30 3.50 2.95 -1.90 3.40 11.00 -0.10 7.65

Soil temp. at 0 m, °C 30 3.91 0.90 1.20 4.05 5.30 2.85 5.10

Soil temp., at 0.5 m, °C 30 -0.43 0.13 -0.70 -0.40 -0.10 -0.60 -0.30

Soil temp., at 1 m, °C 30 -0.72 0.09 -0.90 -0.70 -0.60 -0.80 -0.60

Soil temp., at 1.5 m, °C - - - - - - - -

Radon flux density, control point, mBq m-2 s-1 30 15.33 2.71 11.00 15.50 22.00 12.00 18.50

Radon flux density, background, mBq m-2 s-1 30 14.27 1.80 10.00 14.00 18.00 12.00 16.00

May

Air temp. °C 31 9.80 7.02 -0.90 7.30 25.40 2.30 19.30

Soil temp. at 0 m, °C 31 7.11 3.10 2.40 7.00 13.40 3.10 11.50

Soil temp., at 0.5 m, °C 31 1.29 1.99 -0.60 -0.10 4.50 -0.40 4.20

Soil temp., at 1 m, °C 31 -0.40 0.23 -0.80 -0.40 0.00 -0.70 -0.10

Soil temp., at 1.5 m, °C - - - - - - - -

Radon flux density, control point, mBq m-2 s-1 31 28.19 7.12 12.00 29.00 38.00 18.00 36.00

Radon flux density, background, mBq m-2 s-1 31 26.58 7.44 15.00 28.00 37.00 17.00 35.00

June

Air temp. °C 30 16.67 3.95 8.80 17.00 23.60 11.50 21.85

Soil temp. at 0 m, °C 30 13.31 2.25 8.60 13.55 16.30 9.70 15.80

Soil temp., at 0.5 m, °C 30 8.87 2.68 4.00 9.75 12.00 4.40 11.65

Soil temp., at 1 m, °C 30 4.98 3.42 0.00 5.25 9.30 0.40 8.90

Soil temp., at 1.5 m, °C 20 2.43 2.26 -0.10 1.95 6.30 0.05 5.95

Radon flux density, control point, mBq m-2 s-1 30 81.33 50.30 33.00 69.50 212.00 35.50 168.50

Radon flux density, background, mBq m-2 s-1 30 33.80 2.12 30.00 34.00 38.00 30.50 36.00

July

Air temp. °C 10 18.76 4.53 12.30 18.50 25.50 13.45 24.75

Soil temp. at 0 m, °C 10 15.73 0.84 14.20 16.10 16.40 14.25 16.40

Soil temp., at 0.5 m, °C 10 13.16 0.46 12.10 13.25 13.80 12.45 13.65

Soil temp., at 1 m, °C 10 8.69 0.52 8.00 8.50 9.50 8.10 9.40

Soil temp., at 1.5 m, °C 10 7.25 0.25 6.80 7.25 7.60 6.90 7.55

Radon flux density, control point, mBq m-2 s-1 10 213.70 20.83 185.00 217.00 241.00 185.50 238.00

Radon flux density, background, mBq m-2 s-1 10 33.50 2.42 29.00 34.00 36.00 29.50 36.00


