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Key Points 9 

1. Modeling shows that permafrost acts as a radon barrier, reducing radiation to a tenth of the 10 

background level, and increasing it behind the barrier. 11 

2. Instantaneous permafrost thawing gives plumes >200 Bq/m3 lasting over 5 years in buildings 12 

with basements, but no increase in pile-supported buildings. 13 

3. Radiation plumes over 200 Bq/m3 for up to 4 years also occur when slower thawing that results 14 

in 40% melt in less than 15 years is modeled. 15 

 16 

Abstract 17 

Radon is a natural radioactive gas accounting for approximately one in ten lung cancer deaths, with 18 

substantially higher death rates in sub-Arctic communities where smoking is more prevalent. Radon 19 

transport is significantly reduced in permafrost, but permafrost is now thawing due to climate change. 20 

The effect of permafrost thawing on domestic radon exposure is unknown. Here we present results 21 

from radon transport modelling through soil, permafrost and model buildings either with basements or 22 

built on piles. We find that permafrost acts as an effective radon barrier, reducing radiation exposure 23 

to a tenth of the background level, while producing a ten-fold increase in the radon activity behind the 24 

barrier. When we model thawing of the permafrost barrier, we find no increase in radon to the 25 

background level for buildings on piles. However, for buildings with basements the radon increases to 26 

over one hundred times its initial value and can remain above the 200 Bq/m3 threshold for up to seven 27 

years depending on the depth of the permafrost and the speed of thawing. When thawing speed is taken 28 

into account, radiations remains higher than the threshold for all scenarios where 40% melting occurs 29 

within 15 years. This new information suggests that a significant sub-Arctic population could be 30 

exposed to radon levels dangerous to health as a result of climate change thawing of permafrost, with 31 

implications for health provision, building codes and ventilation advice.  32 
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Plain Language Summary 33 

Radon is an invisible natural radioactive gas which causes approximately one in ten lung cancer deaths. 34 

It  affects smokers much more than non-smokers and causes higher death rates in sub-Arctic 35 

communities where smoking is more common. Radon flow is significantly reduced by permafrost, but 36 

permafrost is now thawing due to climate change. This paper models flow of radon through soil, 37 

permafrost and model buildings either with basements or on piles. We find that permafrost acts as an 38 

effective radon barrier. It reduces radiation to about a tenth of the background level. The trapped radon 39 

produces increases radiation behind the barrier. When we model thawing of the permafrost barrier, we 40 

find no increase in radon to the background level for buildings built on piles. However, for buildings 41 

with basements the radon increases to more than one hundred times its initial value for up to seven 42 

years depending on the depth of the permafrost and how fast the permafrost melts. This new 43 

information suggests that a significant sub-Arctic population could be exposed to radon levels 44 

dangerous to health as a result of permafrost thawing due to climate change. This has implications for 45 

health provision, building codes and ventilation advice. 46 

 47 

1. Introduction 48 

The National Council on Radiation Protection and Measurements has identified naturally occurring 49 

radon as the largest source of environmental radiation to persons living in the United States and the 50 

second leading cause of lung cancer after smoking (Nitzbon et al., 2020; Dela Cruz et al., 2011). It has 51 

been estimated to cause between 8,000 and 45,000 lung cancer deaths per year (Pawel and Puskin, 52 

2003; Al-Zoughool and Krewski, 2009). Radon causes approximately 10-14% of lung cancer deaths 53 

in USA (WHO, 2019; Lubin et al., 2004; Krewski et al., 2006; Krewski et al., 2005; BEIR VI, 1999) 54 

and about 3.3-8.3% in Europe (WHO, 2009; Darby et al., 2005; Darby et al., 2006).  55 

Radon is produced from rocks and soils containing significant concentrations of U238 and its decay 56 

products (Peto and Darby, 1994). It is transported through the rocks and soils by diffusion and 57 

advection (Chen et al., 1995; Othman et al., 2021), ultimately being either dispersed harmlessly in the 58 

atmosphere or leaching into buildings through their foundations where high concentrations can 59 

accumulate if the building is not ventilated (Chung et al., 2020). The worldwide average (UNSCEAR, 60 

2000) Ra226 activity is 39 Bq/kg. The diffusive and advective transport of radon through the soil is 61 
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controlled by the porosity, fluid saturations, diffusion coefficients and relative permeabilities of the 62 

soil. All of these parameters are expected to be reduced significantly in permafrost (Fortin et al., 2007).  63 

Since permafrost makes up about one fifth of the Earth’s terrestrial surface (Worsley, 1986), it 64 

would be expected that buildings constructed on permafrost might be protected to some degree by the 65 

permafrost acting as a radon barrier. It might also be expected that rapid permafrost melting (Nitzbon 66 

et al., 2020), that is now occurring as a result of climate change (Witze, 2020; Yumashev et al., 2019), 67 

might expose people living or working in buildings that were once underlain by permafrost to increase 68 

concentrations of radon as well as leading to further releases of carbon (Turetsky et al., 2020).  69 

The global cryosphere, defined as all of the areas on Earth with frozen water, shrank on average by 70 

about 87,000 km2 per year (about 33,000 square miles per year), between 1979 and 2016 as a result of 71 

climate change according to a recent study (Peng et al., 2021). It has also been recently estimated that 72 

5 million people live on permafrost in the Arctic Circumpolar Permafrost Region (ACPR), of which 73 

42% will become permafrost-free due to climate-driven thawing by 2050, affecting 3.3 million 74 

inhabitants (Ramage et al., 2021). The solid geology of these northern polar regions is predominantly 75 

composed of metamorphic and plutonic terranes (Petrov and Pubellier, 2018) that contain raised levels 76 

of U238 and its decay products (Scheib et al., 2009), exacerbating the risk.  77 

Sociological factors need also to be taken into account. It is well recognised that radon-acquired 78 

lung cancer is about 26 times (25.8+5.4/-4.5) more prevalent in tobacco smokers than it is for non-79 

smokers (Darby et al., 2005; Lubin et al., 2004; Krewski et al., 2006). This is especially important 80 

considering that the prevalence of smoking in the Arctic has always been high (79% for the Inuit of 81 

Greenland in 1997 (Bjerregaard et al., 1997),  62.3% for the Inuit of Canadian Arctic in 2012). Sparsity 82 

of data means that more recent estimates are not available, but though likely to be smaller, still 83 

considerably higher than recent values of 17.8%, 23% and 16.3% for the UK, EU and USA, 84 

respectively (WHO, 2009). It seems that, in arctic Canada at least, the population is likely to be more 85 

sensitive to increases in domestic and work-place radon as a result of their lifestyle. This may be 86 

balanced to some extent by the style of  buildings that predominate. In northern areas it is more 87 
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common for buildings to be raised off the ground on piles, with natural ventilation occurring below 88 

the building (Buijze and Wright, 2021). This type of construction would be naturally immune to radon. 89 

Little is known about the transport of radon in soils and especially in permafrost. In this modelling 90 

we use the best values we can obtain in order to numerically model the transport of radon from the soil 91 

and into several types of building in the presence of a permafrost layer and when the permafrost has 92 

melted. 93 

 94 

2  Methods 95 

2.1 Model  96 

All modelling is carried out by the finite element solution of linked partial differential equations in two 97 

dimensions and as a function of time using Comsol Multiphysics®. An example of the physical models 98 

used is shown in Figure 1. Each is 60 m wide and includes a 45 m depth of soil. The permafrost layer 99 

for each calculation has uniform thickness, which has been varied between 0.5 m and 5 m in 0.5 m 100 

steps. The unfrozen topsoil layer has been assumed to be of uniform thickness, and has been varied 101 

between 0 m and 15 m thick in four steps. There are four soil domains; (a) soil below the permafrost 102 

layer, (b) the permafrost layer, (c) the soil above the permafrost layer on each side of the building.  103 

The model buildings are each split into three domains. For the modern building style, the domains 104 

are; (i) a rectangular basement (3 m high, 18 m wide), which is just below the surface of the soil and 105 

penetrates into the permafrost layer, (ii) a rectangular main living space (10 m high, 18 m wide), and 106 

(iii) a triangular roof space (5 m high, 18 wide). For the traditional style of building, the domains are; 107 

(i) a ventilated underfloor space (2 m high, 18 m wide), which contains piles that penetrate into the 108 

permafrost layer, (ii) a rectangular main living space (10 m high, 18 m wide), and (iii) a triangular roof 109 

space (5 m high, 18 wide). 110 

A two dimensional mesh is created and refined in all domains of the model. The mesh consists of 111 

triangles which have side lengths no larger than 1 m in the body of the model, and no larger than 0.2 112 

m along all boundaries except those where the boundary conditions of insulation and symmetry are 113 
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applied, where they are no larger than 0.5 m. There are about 25,000 elements in the final model. The 114 

number of elements controls the speed of the final solution. We found that the solutions were reached 115 

within several minutes on a standard 3 GHz laboratory PC, and hence retain the described geometry 116 

for clarity even though the model is symmetric and could be reduced to half of its size. 117 

 118 

 119 

 120 

Figure 1.  The geometries of the two models tested in this work with dimensions, boundary 121 

conditions and an example FEM mesh. 122 

 123 

 124 
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2.2  Differential Equations  125 

The fundamental differential equations follow from Fick’s and Darcy’s laws, and Laplace’s equation: 126 

𝐽𝑑𝑖𝑓𝑓,𝑎 =  −(1 − 𝑆𝑤)𝜙𝜏𝑎𝐷𝑎∇𝐶𝑎     [1] 127 

𝐽𝑑𝑖𝑓𝑓,𝑤 =  −𝑆𝑤𝜙𝜏𝑤𝐷𝑤∇𝐶𝑤     [2] 128 

𝐽𝑎𝑑𝑣,𝑎 =  −𝐶𝑎
𝑘𝑎

𝜇𝑎
∇𝑃      [3] 129 

∇2𝑃 = 0        [4] 130 

where J are the bulk fluxes of radon (Bq m-2 s-1), the subscripts adv and diff refer to advection and 131 

diffusion respectively, and a, w, i and s refer to air, water, ice and solid surfaces, Sw is the water 132 

saturation of the pore space (fractional),  is the porosity of the soil (fractional),  are the tortuosities 133 

of the radon flow (fractional) in each phase, Dw and Da are the diffusion coefficients of radon in water 134 

and air (m2 s-1), ka is the intrinsic permeability to air (m2), a is the dynamic viscosity of air, Cw and Ca 135 

are the radon concentrations in each phase (Bq m-3), and P is the gas pressure (Pa). 136 

It is assumed that radon is generated within the soil and permafrost at a rate Σ[Bq m−3 s−1] =137 

 𝜂𝜌𝑏𝜆𝐶𝑅𝑎226, which is constant in space (i.e., the same in all soils and permafrost and zero elsewhere) 138 

and in time (Gadd and Borak, 1995), where is the sum of the fractional emanation coefficients into 139 

the air, water, ice and adsorbed phaseair+water+ice+surfaceb  is the soil bulk density (kg m-3), 140 

is the decay constant of radon (s-1) andCRa226 is the radium-226 activity per unit dry mass (Bq kg-1).  141 

The mass balance equations for each phase (air, water, ice and solid surfaces, respectively) are: 142 

(1 − 𝑆𝑤 − 𝑆𝑖)𝜙
𝜕𝐶𝑎

𝜕𝑡
= ∇ ∙ ((1 − 𝑆𝑤 − 𝑆𝑖)𝜙𝜏𝑎𝐷𝑎∇𝐶𝑎) +

𝑘𝑎

𝜇𝑎
∇𝑃 ∙ ∇𝐶𝑎 − (1 − 𝑆𝑤 − 𝑆𝑖)𝜙𝜆𝐶𝑎 +143 

 𝜂𝑎𝜌𝑏𝜆𝐶𝑅𝑎226 − ∑ (𝑇𝑎𝑗 − 𝑇𝑗𝑎)𝑗≠𝑎   [5] 144 

𝑆𝑤𝜙
𝜕𝐶𝑤

𝜕𝑡
= ∇ ∙ (𝑆𝑤𝜙𝜏𝑤𝐷𝑤∇𝐶𝑤) − 𝑆𝑤𝜙𝜆𝐶𝑤 +  𝜂𝑤𝜌𝑏𝜆𝐶𝑅𝑎226 − ∑ (𝑇𝑤𝑗 − 𝑇𝑗𝑤)𝑗≠𝑤   [6] 145 

𝑆𝑖𝜙
𝜕𝐶𝑖

𝜕𝑡
= ∇ ∙ (𝑆𝑖𝜙𝜏𝑖𝐷𝑖∇𝐶𝑖) − 𝑆𝑖𝜙𝜆𝐶𝑖 +  𝜂𝑖𝜌𝑏𝜆𝐶𝑅𝑎226 − ∑ (𝑇𝑖𝑗 − 𝑇𝑗𝑖)𝑗≠𝑖    [7] 146 

𝜌𝑏
𝜕𝐶𝑠

𝜕𝑡
= −𝜌𝑏𝜆𝐶𝑠 + 𝜂𝑠𝜌𝑏𝜆𝐶𝑅𝑎226 − ∑ (𝑇𝑠𝑗 − 𝑇𝑗𝑠)𝑗≠𝑠      [8] 147 
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Advection is assumed negligible for the water and ice phases, while both diffusion and advection are 148 

assumed to be negligible for the solid phase at the timescales covered by this modelling. Note that the 149 

units of Cs are exceptionally Bq kg-1. 150 

 151 

 152 

Figure 2. Transfer coefficients 𝑇𝑗𝑘 = 𝛼𝑗𝑘Γ𝑗𝐶𝑗 and 153 

their relationship with the 4 phases present in 154 

permafrost. 155 

 156 

 157 

 158 

 159 

The radon will distribute itself between all four phases by sorption and solution. This process is 160 

described by transfer coefficients Tjk (Bq m-3 s-1), which are defined as the rate of transfer of radon 161 

activity per unit volume from phase j to phase k.  The first order transfer coefficients are given by 162 

𝑇𝑗𝑘 = 𝛼𝑗𝑘Γ𝑗𝐶𝑗, where j, k  {a,w,i,s}, jk  are exchange rates (s-1), Cj are radon concentrations, and Γ𝑗 163 

is a multiplier (Γ𝑗 = (1 − 𝑆𝑤 − 𝑆𝑖)𝜙,  𝑆𝑤𝜙,  𝑆𝑖𝜙, and b for j={a,w,i,s}, respectively. The transfer 164 

coefficient are shown schematically in Figure 2. 165 

By assuming that (i) adsorption to wet surfaces or ice is negligible, (ii) exchange between water, air 166 

and ice phases occurs at a timescale much shorter than those typical of radon transport, and (iii) 167 

exchange between the air and solid surface adsorbed phase is fast or negligible, it is possible to follow 168 

a reduction similar to that by Rogers and Nielson (1991a; 1991b). Water has a much larger affinity to 169 

most minerals than radon, so assumption (i) is reasonable. Typical exchange times between air and 170 

water are estimated to be between 0.1 and 10 seconds for water layers 10 to 100 m thick, which is 171 

considerably shorter than the timescales involved with concentration changes due to diffusion and 172 

advection in soils (hours to days), substantiating the second assumption for water and air. As for the 173 

degree of adsorption or absorption of radon molecules on ice surfaces, a comparison of the 174 
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experimentally determined adsorption enthalpy of radon on ice of -19.21.6 kJ/mol (Eichler et al., 175 

2000) with the adsorption enthalpies of radon on other solid state surfaces, the solution enthalpy of 176 

radon in water, and the formation enthalpy of a hypothetical radon clathrate hydrate shows that with a 177 

high probability radon is adsorbed as a free atom on the ice surface and is not fully coordinated by 178 

water dipoles. We can find no data to support assumption (ii) for exchange between ice and air or 179 

water. 180 

Consequently, the linked partial differential equations reduce to: 181 

𝛾
𝜕𝐶𝑎

𝜕𝑡
=  ∇ ∙ (𝐷 ∇𝐶𝑎) +

𝑘𝑎

𝜇𝑎
∇𝑃 ∙ ∇𝐶𝑎 − 𝛾𝜆𝐶𝑎 + Σ    [9] 182 

where:  𝛾 = (1 − 𝑆𝑤 − 𝑆𝑖+𝑆𝑤𝐿𝑎𝑤+𝑆𝑖𝐿𝑎𝑖)𝜙 + 𝜌𝑏𝑘𝑎  is the operating porosity,  183 

𝐷 = ((1 − 𝑆𝑤−𝑆𝑖)𝜏𝑎𝐷𝑎 + 𝑆𝑤𝜏𝑤𝐷𝑤𝐿𝑎𝑤 + 𝑆𝑖𝜏𝑖𝐷𝑖𝐿𝑎𝑖)𝜙 is the effective diffusion coefficient,  184 

and  Σ = 𝜂𝜌𝑏𝜆𝐶𝑅𝑎226 is the source term. 185 

The parameters Law and Lai are Ostwald coefficients, j are tortuosities, Dj are diffusion coefficients 186 

and Sj are phase fractions for each phase. In this work we set CRa226=40 Bq/kg, which is a conservative 187 

33% of the range 10-100 Bq/kg given by Nazaroff (1992) in his review for mean soils in the USA, and 188 

=0.2, which is cited as typical for soils after compiling emanation coefficients for soils from 13 189 

sources (Nazaroff, 1992). For simplicity the thawing assumes all ice thaws to water with no change in 190 

porosity, which implies that in this model there is no compaction of soil upon thawing nor radon 191 

pumping from the compaction process. We were unable to find diffusion coefficient data for radon in 192 

ice. However, observations of diffusion of CO2 through ice in the field vary between 2.4510-10 m2/s 193 

and 1.4110-10 m2/s, increasing with temperature (Ahn et al., 2008) and between 1.110-11 m2/s and 194 

310-11 m2/s at 270 K for diffusion parallel and perpendicular to the c-axis, respectively (Ikeda-195 

Fukazawa et al., 2004a; 2004b). Consequently we have assumed that the mean diffusion coefficient of 196 

radon in ice at 270K can be represented by a value of 210-11 m2/s. Since this value is about 100 times 197 

less than the diffusion coefficient for radon in water, even a large error will be insignificant in the 198 

modelling. 199 
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 200 

2.3  Boundary Conditions and Assumptions 201 

The boundary conditions are shown in Figure 1. All lateral soil boundaries were set to 202 

insulation/symmetry conditions as was the lower boundary of the model. The outer walls of the 203 

building were set to insulation/symmetry for an unventilated building and to Ca=0 Bq/m3 for a fully 204 

ventilated building. Boundaries within the building and between the soil and permafrost were set to 205 

represent continuity in the radon concentration, and the soil surface boundary condition was Ca=0 206 

Bq/m3. Boundaries between the soil or permafrost and the basement of the building were initially set 207 

to represent continuity in the radon concentration. This last assumption was made for simplicity. All 208 

models include 0.3 m thick basement walls whose boundaries represent radon concentration 209 

continuity, but whose porosity, diffusion coefficient and gas permeability are taken from those of 210 

concrete (Cozmuta et al., 2003). 211 

 212 

Table 1. Modelling parameters 213 

 
Value 

Before Melt 
Value 

After Melt 
Units Source/Notes 

Sw 0 0.9 - Imposed 

Si 0.9 0 - Imposed 

Law 0.253 0.253 - Ongori et al. (2015) 

Lai 0.253 0.253 - Assumed = Law 

 0.245 0.245 - No compaction 

b 2.22×103 2.25×103 kg/m3 Calculated with ma=2650 kg/m3 

ka 9.8710-17 9.8710-20 m2 Chuvilin et al. (2021) 

a 7 7 - Moldrup et al. (2000) 

i 1 7 - Moldrup et al. (2000) 

w 7 1 - Moldrup et al. (2000) 

Dair 1.110-5 1.110-5 m2 s-1 Barrio-Parra et al. (2022) 

Di 2.010-11 2.010-11 m2 s-1 
Ahn et al. (2008); Ikeda-Fukazawa 

(2004a; 2004b) 

Dw 1.310-9 1.310-9 m2 s-1 Barrio-Parra et al. (2022) 

 0.2 0.2 - Cozmuta et al. (2003) 

 2.110-6 2.110-6 s-1 Nazaroff (1992) 

CRa226 40 40 Bq kg-1 Cozmuta et al. (2003) 

 214 

 215 

 216 

 217 
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2.4  Scenarios 218 

The scenarios modelled in the study are represented by Table 1. A major challenge has been to obtain 219 

values for porosity, diffusion coefficient and gas permeability that are representative of reality. There 220 

has been very few experimental determinations of these parameters. A mean value of 0.2 has been 221 

assumed for the soil porosities. The Ostwald coefficient for the solution of radon in water is 0.253 at 222 

293 K (Ongori et al., 2015), and that for the solution of radon in ice has been assumed to be the same. 223 

 224 

Figure 3. Modelled variation of the effective diffusion coefficient Deff in arbitrary units as a function 225 

of time t in years from the diffusion coefficient of fully frozen permafrost (Dp =1 unit) to that of fully 226 

defrosted soil (Ds =1000 units) according to  𝐷𝑒𝑓𝑓 =  𝐷𝑠 − (𝐷𝑠 − 𝐷𝑝)𝑒−𝑎𝑡, where a controls the rate 227 

of change. 228 

 229 

2.5  Modelling Permafrost Melt 230 

We model the changes to the diffusion coefficient of radon through melting permafrost by assuming 231 

that the effective diffusion coefficient Deff follows an exponential transition from the diffusion 232 

coefficient of the fully frozen permafrost Dp to that of the fully defrosted soil Ds according to 𝐷𝑒𝑓𝑓 =233 

 𝐷𝑠 − (𝐷𝑠 − 𝐷𝑝)𝑒−𝑎𝑡. Here t is the time in years and the exponential coefficient a controls the rate of 234 

change. For clarity, we show this behaviour in Figure 3, where arbitrary units have been used for 235 
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clarity, with Dp = 1 unit and  Ds=1000 units. The solid curves show the scenarios used in this 236 

modelling, from quasi-instantaneous melting represented by the black line (40% change after 237 

4.38 hours) to the longest transition represented by the orange line (40% change after 500 238 

years). The curve colours are the same as used for the results in the main body of the paper. The 239 

dashed lines show scenarios which were not modelled in this paper.  240 

 241 

3.  Results 242 

3.1  Permafrost as a Radon Barrier 243 

Here we present results from numerical modelling of radon transport through soil, permafrost and 244 

various types of ventilated and unventilated model buildings. Modelling has been carried out  for two 245 

types of building, for scenarios involving advective and/or diffusive transport, and for different rates 246 

of permafrost melting.  247 

Figure 1 shows the two model scenarios that were studied in this work together with boundary 248 

conditions and a typical finite element modelling mesh.  249 

 Initial modelling was carried out with a 13 m thickness of permafrost in place and the modelling 250 

parameters shown in Table 1. We find that the presence of the permafrost acts as an effective radon 251 

barrier even in the absence of advective transport. This is the case irrespective of how deep the 252 

permafrost barrier is placed, as shown in Figure 4 for the basement style building.  253 

For the world average Ra226 activity of 39 Bq/kg (UNSCEAR, 2000), the permafrost reduces the 254 

domestic radon concentrations by 80 to 90% (4 to 8 Bq/m3) while leading to an increase in the 255 

concentration in the radon behind the barrier by up to 11.43 times (445.8 Bq/m3). Consequently, 256 

permafrost can provide an effective protection from radon. 257 

This modelling observation accords well with the observations of Conen and Robertson (2002), 258 

who report a strong decrease in radon flux from a constant rate of  about 1 atom cm−2 s−1 for all latitudes 259 

south of 30°N, decreasing northwards to 0.2 atom cm−2 s−1 at 70°N. 260 
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 261 

Figure 4. Radon activity distribution is controlled by the 13 m thick permafrost barrier, wherever 262 

it is positioned,  here (a) 2 m from the surface, or (b) 15 m. 263 

 264 

3.2  The Effect of Building Type 265 

Thawing of the permafrost is beginning to occur as a result of global climate change (WHO, 2019; 266 

Witze, 2020; Yumashev et al., 2019). When we model this thaw we observe transient plumes of radon 267 

passing through some types of building. The plume of radon has an intensity and duration which 268 

depends on the style of building, the depth to the permafrost layer, whether advection as well as 269 

diffusion plays a part in the radon transport process, and the time taken to melt the permafrost 270 

sufficiently for it to become patent to radon.  271 

 272 
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 273 

 274 

Figure 5. Selected time steps (from 180) showing the radon concentration plume passing through the buried basement-style model building 275 

after the quasi-instantaneous melting of the permafrost (left scale for the top-right model, restricted right scale for all of the remaining time 276 

steps). 277 
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 278 

 279 

Figure 6. Selected time steps (from 180) showing the radon concentration plume passing through the piles-style model building after the 280 

quasi-instantaneous melting of the permafrost (left scale for the top-right model, restricted right scale for all of the remaining time steps). 281 
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 For the type of building that contains a basement that is buried in the soil, we observe a well-282 

developed plume of radon which lasts over a decade, and is greater than the threshold value of 200 283 

Bq/m3 for up to about 7 years. Figure 5 shows the temporal variation of this observation as radiation 284 

maps for the  building and the soil at 8 selected time-steps out of about 180 that resulted from the 285 

modelling. A video of the progression of the plume for all rendered time-steps is available by request 286 

from the author or from the additional data pages. In this case, the depth to the top of the permafrost 287 

is 2 m and the melting of the permafrost is considered to be quasi-instantaneous. The time step parts 288 

are shown on a restricted scale to show the radon plume more effectively. In these models the  initial 289 

values of radon concentration within the building (5 to 10 Bq/m3) are increased transiently, up to 70-290 

fold, to values of the order of about 350  Bq/m3 by the passage of the released radon through the 291 

building. After a number of years the radon disperses and the value in the building falls to the value 292 

that would have been typical if the permafrost layer had not originally occurred (around 39 Bq/m3 in 293 

this modelling) over a period greater than 50 years. 294 

For building having a basement that rests directly on the ground, we observed a temporal variation 295 

of the plume that is almost identical to that shown in Figure 5, and hence we do not include it as a 296 

separate figure.For buildings raised on piles there was no increase in radon in the building for any of 297 

the scenarios. Figure 6 shows the analogue temporal variation in this case. This expected result 298 

confirms that buildings built on piles are sufficiently well-ventilated that they do not suffer from radon 299 

build-up.  300 

It is recognised that the common practice is for the spaces under pile-supported dwellings to be 301 

partially enclosed in order that the space can be used a secure store and to alleviate the ingress of snow. 302 

We have not attempted to model this scenario, but we believe that it is unlikely for radon to build-up 303 

in these semi-ventilated spaces sufficiently for the insulated building above to see an increase in radon 304 

concentration. 305 

 306 
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3.3  The Effect of Permafrost Depth 307 

The remainder of this paper address buildings with basements that either lie partly or immediately 308 

above or within the permafrost.  309 

In the first of these scenarios, we modelled the mean intensity and transience of radon plumes within 310 

the building as a function of the depth of the buried  permafrost layer for the case where all radon was 311 

transported by diffusion, which is the common case, and for a sudden increase of the ability of the 312 

permafrost to transport radon. Such an occurrence might be likened to instantaneous melting, but in 313 

reality is more likely to occur when sufficient melt has occurred for a radon transport pathway to form.  314 

The resulting data are given in the form of arithmetic mean radon concentration (in Bq/m3) within 315 

the building as a function of time so that the temporal progression of risk due to radon can be tracked 316 

more quantitatively and with a better temporal resolution. 317 

Figure 7 shows that both the radon concentration and the period of raised radon concentrations 318 

within the building increase as the depth to the permafrost layer decreases. Radon concentrations do 319 

not exceed 200 Bq/m3 for permafrost layers starting at a depth greater than about 9 m. However, for 320 

permafrost starting at less than this depth, the plume of radon can exceed 350 Bq/m3 and remain over 321 

the 200 Bq/m3 level for over 6.66 years. The greater depths provide diffusive routes for the radon to 322 

disperse and be released to the atmosphere without encountering the building.  323 

 324 

3.4  The Effect of Speed of Permafrost Melt 325 

The results in Figure 7 assume an instantaneous transition of the diffusion coefficient for radon from 326 

that for permafrost to that for the associated soil. Clearly, this assumption is unrealistic. Consequently 327 

we have tested 5 scenarios where the change in the effective diffusion coefficient Deff varies as a 328 

function of time as described in the methodology. In these scenarios a 40% increase in diffusion 329 

coefficient occurs after 0.5, 5, 50 and 500 years as controlled by an exponential coefficient a=1, 0.1, 330 

0.01 and 0.001, respectively. The results of modelling are shown in Figure 8.  331 
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Figure 7. Evolution of arithmetic mean radon concentration within basement style buildings after 332 

sudden increase in the ability of permafrost to transport radon by diffusion for four different depths 333 

to the top of the permafrost (d=0 m to 15 m). 334 

 335 

In all cases radon concentration peak diminishes and spreads out in time as the melt process 336 

lengthens. It is expected that this occurs because the longer the timescale, the greater chance that the 337 

radon can diffuse laterally ‘missing’ the building, while the radon already in the building has a greater 338 

time to disperse naturally.  339 

The 200 Bq/m3 threshold is exceeded for all scenarios where a<0.035 which represents a change in 340 

effective diffusion coefficient Deff of 40% in 15 years or shorter. In Figure 8 we show the time for 341 

which the mean radon concentration in the building is above 200 Bq/m3 as coloured bars. The period 342 

for which the radon concentration is greater than 200 Bq/m3 is 4.2 years for the quasi-instantaneous 343 

case (black, 40% change in the effective diffusion coefficient Deff in 4.38 hours), compared to 4.65 344 

years (blue) for a 40% change in Deff in 6 months, and 4.6 years (red) for a 40% change in Deff in 5 345 

years. The longer it takes to reach 40% change in effective diffusion coefficient, the lower the peak 346 
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radon concentration, until about 15 years, whereupon the peak radon concentration never exceeds the 347 

200 Bq/m3 threshold 348 

 349 

 350 

Figure 8. Evolution of the arithmetic mean radon concentration for quasi-instantaneous melt and 351 

four longer melt profiles approximating to 40% increase in diffusion coefficient after 0.5, 5, 50 and 352 

500 years, as defined in the methodology, and d=2 m. Coloured bars show time above the 200 Bq/m3 353 

threshold. 354 

 355 

In reality melting is likely to take place in step with seasonal temperature changes, which makes 356 

this modelling a very much simplified model. However, it does show that even if transport is solely 357 

diffusional, short time scale changes can lead to large changes in radon concentration in buildings. 358 

3.5  Radon Transport Mechanisms 359 

It is expected that radon transport will mainly occur by diffusion. However, there may be occasions 360 

where diffusion and advection occur concurrently. Initial modelling, indicates that added advection 361 

brings the peak in the radon concentration forward in time and increases its value significantly, but 362 
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also reduces the length of time values exceed the 200 Bq/m3 threshold. The plume of radon passes 363 

more swiftly by being driven by advective flow, and might by-pass the building if the transport 364 

pathways around it are easier than through the building. There is also the possibility that radon 365 

dissolved in advectively driven water may add to the radon concentration in the building, however this 366 

transport mechanism was not modelled explicitly in this work.  367 

It is also expected that the speed of permafrost melting will also have less effect for scenarios 368 

including significant advective transport. Once partially melting of permafrost leads to the 369 

development of connected pathways capable of sustaining flow they are expected to become dominant, 370 

reducing the sealing capacity of the remaining permafrost layer and resulting in short duration, 371 

barometrically-driven (Perrier and Girault, 2013), high intensity radon plumes which could be 372 

extremely dangerous. Further modelling will be required to confirm the implications of advective-373 

diffusive radon transport. 374 

It is clear that further modelling is needed and an exploration of diffusive and advectively-driven 375 

radon transport will be the subject of a future paper. 376 

 377 

4  Discussion 378 

The modelling presented in this paper represents only an initial study. The headline conclusion is that 379 

the melting of permafrost could expose a significant number of people to levels of radon in excess of 380 

the 200 Bq/m3 threshold that many countries adopt.  381 

We recognise five important qualifying issues to the main conclusion, some of which will reduce 382 

the impact of the results and some which amplify their importance.  383 

First, all of the results discussed in this work are for unventilated buildings. Consequently, the 384 

results should all be considered to be worst-case scenarios.  385 

Second, many of the northern community will be protected simply because their dwellings are well 386 

ventilated by traditional design, being built clear of the ground on piles (Buijze and Wright, 2021). 387 
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However, many of the more modern buildings are not constructed in this way, and one must also take 388 

account of modern commercial developments that are occupied by workers for the greater portion of 389 

the day.  390 

Third, it is currently unclear how fast the permafrost melts. One might expect, and we show by 391 

modelling in this paper, that longer melt times mitigates against a sudden release of radon. However, 392 

not enough is known about the transport properties of permafrost to predict the development of its 393 

permeability as it degrades. It may not be true that a 40% partial melting of the permafrost results in a 394 

proportional increase in radon transport, as has been found for building materials with different water 395 

contents (Fournier et al., 2005). Rather, it is perfectly possible that a 5% partial melting of the 396 

permafrost might abruptly open fractures in the permafrost that would then act as radon 397 

superhighways.  398 

Fourth, we have been forced to make a number of assumptions in the modelling, some of which can 399 

be removed in future modelling. One example of this is the imposition of seasonal variations in 400 

melting, perhaps based on field observations. The largest uncertainty in this modelling is the very 401 

sparse data concerning the storage, transport and partition of radon in water, gas, solid and ice phases 402 

within the permafrost and how these change as the permafrost melts. It is, consequently, a major 403 

recommendation of this work that experimental field and laboratory measurements are carried out to 404 

clarify this uncertainty. 405 

Another assumption in the modelling is that there is no reduction of porosity upon thawing, which 406 

is to say that there is no compaction of the soil upon thawing. We know that such compaction does 407 

occur and is significant. Furthermore, such compaction amounts to a processes whereby radon can be 408 

‘pumped’ out of the ground by the compaction process. Consequently, the results presented in this 409 

paper may represent less risk than is actually present. 410 

Finally, it is well recognised that radon-acquired lung cancer is 25.8 (+5.4/-4.5) times more 411 

prevalent in tobacco smokers than it is for non-smokers (Darby et al., 2005). This is especially 412 
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important considering that the prevalence of smoking amongst the inhabitants of northern Canada and 413 

Greenland is approximately three times that of the global average  of 21% (WHO, 2019). No data is 414 

available pertaining to the smoking rates in the northern Russian Federation, however, it is possible 415 

that smoking rates are significantly above the global mean here too. These populations would be very 416 

significantly sensitive to any release of radon which may occur as a result of permafrost melt. 417 

 418 

5  Conclusions 419 

We have used finite element modelling to examine the effect of permafrost melt due to climate 420 

change on radon exposure in buildings.  421 

Initial modelling showed that a layer of permafrost provides an effective barrier to radon 422 

irrespective of whether the permafrost starts near the surface of starts at depths up to 15 m, 423 

with radon concentrations behind the barrier reaching up to 445.8 Bq/m3 which is almost 12 424 

times the value that would have been the case without the presence of the barrier. This 425 

represents a dynamic reservoir of radon if it were released.  426 

It was confirmed that increases in the ability of gases to diffuse through permafrost caused 427 

by instantaneous partial melting resulted in the release of radon in a plume that raised the radon 428 

concentration in basement style buildings (either buried basements or basements resting on the 429 

surface) up to 350 Bq/m3 and remaining greater than the 200 Bq/m3  threshold for about 7 years 430 

for permafrost starting at the surface. Plumes were less intense and exceeded the threshold for 431 

shorter times as the depth to the top of the permafrost increased, until the peak radiation of the 432 

plumes were no longer exceeding the threshold.  433 

Pile-constructed buildings exhibited no rise in radon at any time in the modelling.  434 

Modelling was carried out to take account that melting of permafrost will not be 435 

instantaneous. Melting curves for the quasi-instantaneous case, and 40% melting occurring in 436 

0.5, 5, 50 and 500 years were examined. For the first three of these cases the radon plume 437 
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provided domestic radon concentrations greather than the 200 Bq/m3 threshold for between 4.2 438 

and 4.65 years, but later values did not exceed the threshold, with the threshold limit occurring 439 

at about 15 years for a 40% melt. 440 

Further modelling is being carried out to ascertain the effect of adding advective radon 441 

transport to the diffusion transport reported in this work, as well as to examine diurnal and 442 

seasonal melting of the permafrost. 443 

We recognise that despite the problem of radon being allayed by good ventilation, the risk to 444 

the 5 million people live on permafrost in the Arctic Circumpolar Permafrost Region (ACPR) is high 445 

because (i) rocks underlying these regions provide more radon than the global average, (ii) 446 

radon has not previously been recognised as a problem in these areas due to the protective 447 

permafrost barrier, (iii) northern populations have smoking rates that are about 3 times the 448 

global mean and that radon-acquired lung cancer is 25.8 (+5.4/-4.5) times more prevalent in tobacco 449 

smokers than it is for non-smokers, and (iv) though traditional pile-constructed buildings still exist, 450 

more and more concrete basement-type buildings for homes, offices, shops and industry are being 451 

built. 452 

 453 
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