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Abstract 

A soil-vegetation-atmospheric transfer (SVAT) model for radon and its progeny is presented to 

improve process-level understanding of the role of forests in taking-up radionuclides from soil radon 

outgassing. A dynamic system of differential equations couples soil, tree (Scots pine) and atmospheric 

processes, treating the trees as sources, sinks and conduits between the atmosphere and the soil. The 

model’s compartments include a dual-layer soil column undergoing hydrological and solute transport, 

the tree system (comprising roots, wood, litter, and foliage) and the atmosphere, with physical 

processes governing the transfers of water and radon products between these compartments. A dose 

post-processor calculates dose rates to the trees from internal, external, and surface radiation 

exposures. The parameterisation is based on measurement data from the Grote Nete Valley in the 

Belgian Campine region. 

The model suggests that the tree intake of radon progeny is principally from the atmosphere, whereas 

radium is mainly taken-up from soil by the root uptake process, leading to an additional fraction of 

ingrown radon progeny in the tree by this route. It is also suggested that atmospheric uptake of radon 

is an essential mechanism when evaluating the tree uptake of 214Po, 214Pb and 218Po and subsequent 

decay products. The model also indicates a slow uptake of radionuclides by the tree roots, with 

timescales in the order of years, leading to different dose rates for young and mature trees. The 

importance of foliar surface deposition, leading to a dominance of surface doses to the tree needles, is 

also highlighted. These mechanisms, ignored in most assessment models, are necessary improvements 

for assessment tools dealing with the impact of radon and its progeny in forests, with regard to legacy 

sites with 226Ra contamination. 
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1. Introduction 

The objective of radioecological modelling of forests is to mathematically simulate the distribution, 

cycling and sinks of radionuclides in vegetation considered together with the surrounding soil and 

atmosphere. There is a dual purpose to this type of modelling: research and impact assessment. The 

research model aims at understanding the role of trees as 'biological pumps' cycling radionuclides and 

water by mathematically representing the key processes in an integrated way. This is achieved by 

implementing the governing equations of processes controlling the movement of water (e.g. 

evapotranspiration, groundwater flow, sap flow) and energy (e.g. solar irradiation, changes in 

temperature), and linking the radionuclide transport to these fluxes (Diener et al., 2017). The impact 

assessment model focusses on making an estimation of the radiation doses to man and the 

environment (Calmon et al., 2009). Both types of models require prediction of radionuclide transfer 

dynamics within forest compartments, running in parallel with water transport (Rantavaara et al., 

2001).  

Radionuclide exchange in forests combines multiple complex processes involving soil water and 

element transport, root uptake (Li et al., 2001), sap flow (Hölttä et al., 2006), the biological pumping 

function of trees, or transpiration (Monteith and Unsworth, 2007), translocation between parts of the 

tree (Van den Hoof and Thiry, 2012), immobilisation and storage, washout and litterfall (Berg, 2000; 

Copplestone et al., 2000), all of which regulate the entry, circulation, storage and exit of substances in 

the tree. This requires understanding the biogeochemical cycling of the elements in the forest (Raven 

et al., 2001), taking account of seasonal variations in soil hydrology (Perez-Sanchez et al., 2012), 

modelling water movement from a shallow water table to the root zone (Raes and Deproost, 2003; 

Vincke and Thiry, 2008), considering the translocation of substances inside the tree (Ceulemans et al., 

2003; Van den Hoof and Thiry, 2012) and understanding the behaviour of radionuclides in soil and 

vegetation (Casadesus et al., 2008). It is necessary to consider radon-specific processes such as soil 

exhalation, atmospheric aerosol formation and plant deposition (Porstendörfer, 1994; Vives i Batlle et 

al., 2011). One must face-up to this complexity and achieve a fit-for-purpose model that is sufficiently 

complex to be realistic, but sufficiently simple to be practical. 

The present study, developed within the EC RADONORM project (https://www.radonorm.eu/), aims 

to cover the gap between research and assessment modelling, by providing a realistic way to capture 

the main processes but making the necessary simplifications to reduce the number of parameters 

required, to be a viable model for use in assessments. The emphasis is on treating the trees as an 

integral part of the soil plant–atmosphere continuum, acting as sources, sinks and conduits between 

the atmosphere and the soil and effectively linking these terrestrial realms in a soil–plant–atmosphere 

continuum. Such a model can provide an integrated context to field studies in radium-contaminated 

sites (Sweeck et al., 2024; Vanhoudt et al., 2021), as part of site characterisation studies for 

remediation. 

Following atmospheric deposition, the primary source of tree contamination is direct interception of 

aerosol by the canopy, followed by further translocation from foliar surfaces to structural components 

of the tree. After the initial exposure period, the dominant process is the recycling caused by the self-

cleaning of the canopy by precipitation wash-off (throughfall) and litterfall (which returns 

radionuclides to soil after decomposition) as well as re-entry by root uptake of the radionuclides that 

have migrated into the soil profile (Diener et al., 2017).  

When the contamination is located below ground, the transfer processes from soil to tree are most 

important, including vertical migration in the soil column, root uptake, vertical transport, and the 

recycling of radionuclides from trunk to leaves and back to soil by the litterfall. The balance between 

input from below the tree and the return processes to the ground can take a long time to achieve 

(Vincke and Thiry, 2008), with daily oscillations caused by changes in evapotranspiration and 



seasonal oscillations caused by fluctuations in the water table between wet and dry periods. The 

number of processes involved and associated uncertainties require simplification of the problem 

during modelling, with fine adjustments to the model to achieve a water balance between the 

volumetric water content of the soil column layers, the net recharge, surface water inflow/outflow, 

evaporation from soil and transpiration from the tree. 

The objective of this paper is to prove the feasibility of a fit-for-purpose, simplified modelling 

approach to solve the SVAT problem for radon and its progeny, using approximations to the 

hydrology, vegetation and atmospheric processes requiring less parameters than used in more 

complex solute transport, geochemical and vegetation models e.g. Hydrus (Šimůnek et al., 2006) and 

PHREEQC (Deckmyn et al., 2008; Parkhurst, 1995). The resulting prototype model is applicable to 

situations in which the source of contamination is both below ground (the 226Ra and associated 

progeny in the soil) and above-ground (the atmospheric aerosol of radon progeny that arises from 

radon emanated and exhalated from the 226Ra in the soil). 

Radon gas (222Rn) and its decay products (collectively described as “radon”) are not only an issue in 

houses but also in the outdoor environment where it escapes from the soil and enters the environment, 

which can be an issue for biota on the surface. For modelling purposes, one can assume that the radon 

progeny forms small particle clusters (unattached fraction) which in turn attach to aerosol particles 

(attached fraction). Both the unattached and attached fractions have a given deposition velocity 

(Chamberlain, 1991; Porstendörfer, 1994; Porstendörfer et al., 1978; Vives i Batlle et al., 2011), so 

that the radon progeny can be taken up by trees, whence they can return to the forest surface by 

litterfall (Fig. 1).  

 

Figure 1: Processes influencing uptake of turnover of soil-emanated radon by vegetation. 

Radon progeny deposited onto trees can contribute significantly to the plant dose, justifying their 

modelling in context of a SVAT system. It is reasonable to assume that the presence of trees can have 

an impact on the atmospheric distribution of the radon, potentially effecting changes in the balance 

between the unattached and the attached fractions. By considering four basic processes: diffusion 

through stomata without aspiration, permeation through plant leaves, direct deposition of particles and 

translocation, a model can reproduce basic characteristics of the airborne radon mixture (i.e. the 

proportions of the different aerosol components) and assess in a holistic way the impact of radon in 

both vegetation and its surrounding environment.  

1.1 Study hypotheses  

In this study, a soil-vegetation-atmospheric transfer (SVAT) model for radon and its progeny was 

built by coupling the atmospheric radon model by Vives i Batlle et al. (2011) with the SCK CEN 

ECOFOR (ECOlogical model for FOrest Radioecology) SVAT model developed and documented in 

the previous EC TERRITORIES project (Brown et al., 2019; Diener et al., 2017; Urso et al., 2019). 

At the start of our investigation, we aimed to use this integrated model to evaluate four hypotheses: 



a) That the uptake of radon progeny by the tree roots occurs at a slow timescale (of the order of 

decades) compared with atmospheric uptake, such that the soil-tree transfer ratios take 

decades to stabilise. 

b) That tree uptake of the aerosol of radon progeny is a significant contribution to the total plant 

activity compared with root uptake, so that this mechanism should not be ignored in impact 

assessment. 

c) That the activity deposited on the foliage surfaces results in a significant component of the 

total dose received by the tree, representing a third component in addition to external and 

internal exposure. 

d) That forest vegetation can induce a disequilibrium in the atmospheric aerosol of the radon 

progeny, with potential implications for site remediation. 

2. Model design 

The model includes the following compartments: (a) a dual-layer soil column undergoing 

hydrological and solute transport, (b) the tree system (comprising roots, wood, litter, and foliage) and 

(c) the atmosphere (free, unattached, and attached aerosol fractions), as shown in Fig. 2.  

Figure 2: Model schematic with components indexed according to substance (1 to 7, with 1 

corresponding to water and > 1 to radionuclide) and soil layer (1 to 2). 

The key processes considered are soil transport (infiltration, Darcy flow, capillarity, retardation, 

diffusion, and soil gas exhalation), transfer to vegetation (wet and dry deposition, root uptake, 

xylem/phloem transport and evapotranspiration), wind dispersion and return of radionuclides to soil 

(litterfall and decomposition). A dose post-processor calculates radiation doses to the trees and the 

non-human biota living in the forest floor.  
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The model was parameterised using a combination of data from the Grote Nete Valley in the Belgian 

Campine region (Sweeck et al., 2024) with some supplementary pine tree physiology data from the 

nearby Kepkensberg radioecological observatory site in the Belgian Campine region (Vanhoudt, 

2015). 

2.1 Soil submodel description 

The soil submodel is a substantially simplified interpretation of processes that, in their full version, 

would require solving the Richards’ equation for transport of water across the soil column (Richards, 

1931), coupled with the transport (advection and dispersion) equation for the solutes (Diener et al., 

2017). In this sense, it can be best described as being semi-mechanistic. Although not exactly 

“simple,” our approach is not as complex, parametrically demanding and computationally expensive 

as the fully mechanistic approach. It is adequate to predict the time-dependent radionuclide 

concentration in conditions of moderate flow rate, due to its use of Darcy law. If the flow approaches 

zero or high flow occurs (e.g. in high hydraulic conductivity soils with fractures), flow linearity is 

lost, and our approximation may lose applicability. 

We used a “tipping-bucket” type of approach whereby up and down flows of water in the two soil 

layers are regulated by saturation, field capacity and residual water switches. The depth of the upper 

soil is assumed to be 0.24 m, based on our own observations of the depth of the organic layer at a 

Belgian Campine forest site. The depth of the lower soil is taken as 1.5 m, chosen to encompass the 

entirety of the pine tree root system, which we estimated to be 1.4 m. Each soil layer has two sub-

compartments 𝑆𝑖𝑗
𝑢 and 𝑆𝑖𝑗

𝑎  (unavailable and available - aka soil solution - fractions, respectively). These 

compartments are given here in matrix notation with indices i = 1 to 7 for water and the radionuclides 
226Ra, 222Rn, 218Po, 214Pb, 214Bi and 214Po, respectively, and j = 1 to 2 for surface and subsurface soil 

layers. The equation for the available fraction is as follows: 

𝑑𝑆𝑖𝑗
𝑎

𝑑𝑡
=

{
 
 

 
 (𝐼𝑛𝑖𝑅𝑖1 + ∅𝑖2

𝑢 𝐾2
𝐹𝐶  +  𝑊𝑖 +𝐷𝑐𝑖)𝐾1

𝑠𝑎𝑡 − ∅𝑖1
𝑑 𝐾1

𝐹𝐶 − (𝑅𝑢𝑖1 + 𝐸𝑣𝑖1)𝐾1
𝑟𝑒𝑠 + 𝐷𝑝𝑖

𝑢𝑛 + 𝐷𝑝𝑖
𝑎𝑡𝑡 − 𝐸𝑥𝑖1

𝑎 − 𝑆𝑟𝑝𝑖1 +𝐷𝑒𝑠𝑖1 +  𝑑𝑖1
𝑠𝑜𝑖𝑙

 (𝑓𝑜𝑟 𝑗 = 1)

(∅𝑖1
𝑑 𝐾1

𝐹𝐶 +𝐷𝑐𝑖)𝐾2
𝑠𝑎𝑡 − (∅𝑖2

𝑢 + ∅𝑖2
𝑑 )𝐾2

𝐹𝐶  − (𝑅𝑢𝑖2 + 𝐸𝑣𝑖2)𝐾2
𝑟𝑒𝑠  − 𝐸𝑥𝑖2

𝑎  − 𝑆𝑟𝑝𝑖2 +𝐷𝑒𝑠𝑖2 +  𝑑𝑖2
𝑠𝑜𝑖𝑙  

(𝑓𝑜𝑟 𝑗 = 2)

 

And, for the unavailable fraction:  

𝑑𝑆𝑖𝑗
𝑢

𝑑𝑡
= {

0 (𝑓𝑜𝑟 𝑖 = 1)

𝑆𝑜𝑟𝑝2𝑗 −𝐷𝑒𝑠2𝑗 − 2𝑆2𝑗
𝑢  (𝑓𝑜𝑟 𝑖 = 2)

𝑆𝑜𝑟𝑝𝑖𝑗 − 𝐷𝑒𝑠𝑖𝑗 + 𝑖−1𝑆𝑖−1𝑗
𝑢 − 𝑖𝑆𝑖𝑗

𝑢
 (𝑓𝑜𝑟 𝑖 > 2)

 

The volumetric water content for all layers is continuously updated by the model based on the 

component fluxes defined as follows: 

• 𝐼𝑛𝑖 is the input flux for water and radionuclides from precipitation. 

• 𝑅𝑖𝑗 is the retardation factor (see equation definition below). 

• ∅𝑖𝑗
𝑢  and ∅𝑖𝑗

𝑑  are the soil water upflow and downflow fluxes. 

• 𝑊𝑖 is the washout of water from tree foliage, controlled by the foliage washout coefficient. 

• 𝐷𝑐𝑖 is the plant root decomposition. 

• 𝑅𝑢𝑖𝑗 and 𝐸𝑣𝑖𝑗 are the fluxes for water root uptake and evaporation from soil (see vegetation 

model description). 

• 𝐾𝑖
𝑠𝑎𝑡 is a saturation switch: 𝐾𝑖

𝑠𝑎𝑡 = {
0 if 𝜃𝑖 > 𝑖

𝑚𝑎𝑥

1 by default
, where  is the volumetric water content. 



• 𝐾𝑖
𝐹𝐶 is a field capacity switch: 𝐾𝑖

𝐹𝐶 = {
0 if 𝜃𝑖 ≤ 𝑓𝑖

𝐹𝐶

1 by default
, where f is the field capacity. 

• 𝐾𝑖
𝑟𝑒𝑠 is a residual water switch: 𝐾𝑖

𝑟𝑒𝑠 = {
0 if 𝜃𝑖 ≤ 𝑖

𝑟𝑒𝑠

1 by default
, where res is the residual water capacity. 

• 𝐷𝑝𝑖
𝑢𝑛 and 𝐷𝑝𝑖

𝑎𝑡𝑡 are the deposition fluxes for the unattached and attached fraction of the radon 

progeny aerosol. 

• 𝐸𝑥𝑖𝑗
𝑎  is the radon exhalation flux from the soil available fraction. 

• 𝑆𝑟𝑝𝑖𝑗 and 𝐷𝑒𝑠𝑖𝑗 are the sorption and desorption rates between the soil unavailable and available 

fractions. For radon gas, an arbitrarily high desorption rate is used. The desorption rate for radon 

progeny is functionally linked to the sorption rate such that the equilibrium rate of radionuclide 

concentrations in two compartments is equal to the Kd. 

•  𝑑𝑖𝑗
𝑠𝑜𝑖𝑙  is the radioactive decay:  𝑑𝑖𝑗

𝑠𝑜𝑖𝑙 = {

0 for 𝑖 = 1
−𝑖𝑆𝑖𝑗

𝑎  for 𝑖 = 2

𝑖−1𝑆𝑖−1,𝑗
𝑎 − 𝑖𝑆𝑖𝑗

𝑎  for i > 2
 

At the top of the first layer, water and solutes enter by infiltration - an input rate governed by the 

precipitation (Baes and Sharp, 1983). When the soil column is fully saturated with water, infiltration 

is stopped, and the excess is diverted to runoff.  

Downward flow in porous soil is approximated by Darcy's law in a homogeneously permeable 

medium without gravity (horizontal column of length L), given by 𝑄 = −
𝑘𝑆𝐴

𝜇𝐿
∆𝑝 where Q is the flow, 

SA is the surface area, L is the column length, k is the permeability,  is the dynamic viscosity and ∆p 

= pb – pa is the pressure difference applied (Pa). Implicit in this expression is the acceleration of 

gravity, according to the expression ∆𝑝 = 𝜌𝑔∆ℎ. We assume here conditions of free drainage, given 

that, for the case study considered, the soil considered is sandy soil with a low water table (much 

below the 1 – 1.5 m of depth of the root zone), and we assume no extremes of soil dryness or 

saturation. For the hydraulic conductivity, we assume an empirical exponential parameterisation for 

the hydraulic conductivity: 𝐻𝑖 = 𝐻𝑖
𝑆𝑒

−𝛼(
𝜃𝑠𝑖−𝜃𝑖
𝜃𝑠𝑖−𝜃𝑑𝑖

)
, where si and di are the saturated and dry soil 

moisture contents and 𝐻𝑖
𝑆 is the saturated hydraulic conductivity (Kendy et al., 2003). 

The water up-flow through the soil column can only be approximately calculated. As a starting point, 

we used Newton's dynamic equation for a viscous non-compressible liquid, assuming Poiseuille flow. 

We deduced an approximate equation for the total volume 𝑉 = 𝑁𝑣 for the volumetric rate in the soil 

pores as 
𝑑𝑣

𝑑𝑡
=

1

2
𝜀𝑆𝐴𝑠

2 (
𝜀𝑆𝐴

2𝑉
−
1

4
𝜌𝑔𝜂 (

𝑠

𝛾
)
2
) where 𝜀 is the porosity, SA is the surface area of the soil 

compartment (a nominal value of 1 m2 can be used, as 𝑆𝐴 cancels out when converting the equation to 

a rate 
1

𝑣

𝑑𝑣

𝑑𝑡
), 𝜌 is the density, 𝜂 is the viscosity, s Is the sorptivity constant,  is the surface tension and 

 is a correction factor to compensate for the fact that soil water does not ascend linearly, but in a 

tortuous part. This flow is only possible for positive values of this equation. 

Element transport is linked to soil water via retardation processes in soil (with link to the Kd of the 

element, assumed to be dependent on soil moisture), with the retardation equation 𝑅𝑖𝑗
𝑓
=

(1 +
𝜌𝑖
𝑏(1−𝑖)𝐾𝑑𝑗

𝑖
)
−1

, where 𝜌𝑖
𝑏is the bulk density of the soil layer i, 𝑖 is the porosity, 𝐾𝑑𝑗 is the soil – 

water distribution coefficient of the radionuclide j, and 𝑖 is the volumetric water content. 

The model also assumes a reversible interaction between the exchangeable (soil solution) and fixed 

(soil matrix) fractions of radionuclides present in the soil, according to first-order exchange kinetics.  



The last key element of the soil model is the exhalation rate for radon gas, produced in the soil by the 

decay of existing 226Ra and released via the available fraction. The soil radon exhalation flux depends 

on the exhalation rate 𝑟𝑖𝑗
𝑒𝑥,𝑎

, modulated by soil moisture according to: 𝐸𝑥𝑖𝑗
𝑎 =

𝑟𝑖𝑗
𝑒𝑥,𝑎

𝑑𝑖
(1 −

𝜃𝑗

𝜃𝑠𝑗
 ) to take 

into account the reduction of air channels in the soil as saturation increases. The exhalation rate is 

calculated using the diffusive modelling approach of UNSCEAR (1993) as 𝐸𝑥𝑖𝑗
𝑎 = 𝐶𝑠

𝑅𝑛,𝑎𝐸√
𝐷𝑐𝜆𝑅𝑛

𝜀
. 

This approach does not include the effects of tortuosity or atmospheric pumping in surface soil layers. 

Here, 𝐶𝑠
𝑅𝑛,𝑎

 is the concentration of radon in the soil (assumed in secular equilibrium with the parent 
226Ra), E is the soil emanation coefficient, 𝐷𝑐 is the diffusion coefficient, 𝜆𝑅𝑛 is the decay constant of 

radon, 𝜀 is the porosity and 𝑑𝑖 is the depth of the soil layer. It is noteworthy that at equilibrium, this 

approach leads to a radon concentration in air 𝐶𝑎
𝑅𝑛 =

𝐶𝑠
𝑅𝑛,𝑎𝐸𝜌𝑏𝑢𝑙𝑘√

𝐷𝐶𝜆𝑅𝑛
𝜖

𝑣𝑤+𝜆𝑅𝑛ℎ𝑒𝑓𝑓
 where 𝜌𝑏𝑢𝑙𝑘, 𝑣𝑤 and ℎ𝑒𝑓𝑓 are 

the soil bulk density, the wind speed and the radon vertical dimension of mixing; that is, the relevant 

height to derive volume for the local atmosphere. This equation provides a way to validate the model 

with atmospheric radon concentration measurements, which was done successfully in this study. 

The model assumes that radon exhalation occurs from the soil available fraction, because any radon 

generated in the unavailable fraction is immediately transferred to the available fraction, by virtue of 

the large desorption rate used. We ignore the fact that the radon emitted by the bottom layer has to 

pass through the top layer to reach the atmosphere, with a resulting reduction of the flux, because (a) 

the diffusion length of radon is higher than the thickness of the top layer, (b) the top layer has a lower 

volumetric water content, leaving abundant pore space for radon gas to diffuse and (c) upper soil has 

significantly lower density than bottom soil; hence the approximation holds true in this context. 

Lastly, decay chains are included using the Bateman equations based on the radioactive decay half-

life of the radionuclides involved (Bateman, 1910). 

2.2 Atmospheric submodel description 

The atmospheric fractions of radon and its progeny are represented by three compartments: free, 

unattached, and attached). Each sub-model contains compartments for the decay chain of radon: 222Rn 

 218Po  214Pb  214Bi  214Po. The -disintegrations 218Po  218At and 214Bi  210Tl are 

neglected due to their low intensity. In addition, there is a sink compartment to represent wind 

dispersal of the airborne material to the far field with a rate constant equal to 𝑟 = 𝑣𝑤ℎ𝑒𝑓𝑓. 

Wet deposition of radon and its progeny is not explicitly considered. This arises from a balance 

between model complexity and practicality, as the scavenging of differently-sized fractions of a 

rapidly dispersing aerosol is difficult to model. This decision is based on four reasons: (a) the low 

solubility of 222Rn in water (Lerman, 1979), (b) the fact that dry deposition is a more continuous 

process, with rainfall occurring a small fraction of the total time, (c) during rainfall, soil exhalation 

reduces due to soil waterlogging, depleting the pool of aerosol particles available for precipitation and 

(d) the plant-intercepted fraction strongly decreases with rainfall, at least for moderate to intense 

events, due to water and particle dripping (Gonze et al., 2014). Nevertheless, the model still uses 

rainfall-driven infiltration to calculate the water balance in the soil. 

Full details on the radon aerosol modelling are given in a previous publication (Vives i Batlle et al., 

2011). The starting point is the formation of products of the radon decay exhaled from the soil in the 

form of “free atoms.” After formation, they react very quickly (in less than a second) with vapours 

and gases, forming an airborne mixture of free atoms and clusters or colloids of “free radon progeny.” 

The latter tend to attach to atmospheric particles (Porstendörfer, 1994). This is represented in our 

model by linear transfer rates. The model then calculates the deposition of the unattached and attached 



fractions of the airborne radon progeny, as well as diffusion of radon gas from the free fraction to the 

vegetation. 

The deposition flux  (in m-2 s-1) as a function of the initial activity concentration of Rn in air 𝐶𝑎
𝑅𝑛 is 

calculated as 𝜑 =
𝐶𝑎
𝑅𝑛𝑣𝑑

𝜆𝑅𝑛
, where 𝜆𝑅𝑛 is the decay constant for radon and vd is the deposition velocity. 

The product 𝜑𝑆𝐴 (where SA is the surface area) is the rate constant for the process. Surface deposition 

is the most important parameter for removal of radon progeny from air (Porstendörfer, 1994), with a 

rate of removal 
𝑣𝑑𝑆𝐴

𝑉𝐺
where SA and VG are the surface area available for interception and the volume of 

gas above it, respectively.  

Different fractions of radon progeny (e.g., gas, unattached and attached fractions) show different 

deposition fluxes. The calculation is influenced by the equilibrium factor 𝐹 =
0.105𝐶( 𝑃218 𝑜)+0.516𝐶( 𝑃214 𝑏)+0.379𝐶( 𝐵214 𝑖)+6×10-8𝐶( 𝑃214 𝑜)

𝐶( 𝑅222 𝑛)
 , expressed in terms of the activity 

concentrations of the progeny and their potential alpha energy concentration (El-Hussein, 1996; 

Porstendörfer, 1994). The calculation also depends on the fraction of the unattached progeny, fp, 

which can be calculated as 𝑓𝑝 =
0.105𝐶𝑢𝑛𝑎𝑡( 𝑃218 𝑜)+0.516𝐶𝑢𝑛𝑎𝑡( 𝑃214 𝑏)+0.379𝐶𝑢𝑛𝑎𝑡( 𝐵214 𝑖)+6×10-8𝐶𝑢𝑛𝑎𝑡( 𝑃214 𝑜)

𝐶( 𝑅222 𝑛)×𝐹
. 

The atmospheric model calculates F and fp in real time. It can be assumed that all the attached 

progeny have the same deposition velocity vatt, and the contribution of the attached progeny to the 

total surface deposited activity can be ignored due to their much lower deposition velocity (Schmidt 

and Hamel, 2001).  

The deposition velocity is calculated using the equation 𝑣𝑑(𝑧) =
𝑘𝑣𝑓

𝑙𝑛(𝑘𝑣𝑓𝑧𝐷
−1)

 (Tadmor, 1973) where 

1/z is the surface per unit volume ratio of the air column, k is von Karman’s constant = 0.4 (USEPA, 

2004), vf is the friction velocity and D is the molecular diffusivity (i.e. the diffusion coefficient), 

relating to particles of a given size z, i.e. unattached versus attached fractions. A consequence of the 

above equation is that vd onto surfaces having a high surface area per unit volume ratio, such as leafy 

plant systems, is significantly higher than onto flat ground (Ferrandino and Aylor, 1985). Therefore, 

the leaf area index, L, is an important parameter for our model. 

We used average deposition velocities for the unattached and attached fractions onto ground, 𝑣𝑑
𝐴and 

𝑣𝑑
𝑈, from a previous study (Porstendörfer, 1994), and it can be seen that 𝑣𝑑

𝑈 ≫ 𝑣𝑑
𝐴 and that both 

increase with the surface area of the vegetation. We devised a simple method to scale the deposition 

velocity as an exponential function of L, taking advantage of the fact that there is a reasonable good 

exponential fit for the data, leading to the following scaling relationships: 𝑣𝑑
𝑢𝑛𝑎𝑡 = 𝛼𝑈𝑒

𝛽𝑈𝜆𝐿, and 

𝑣𝑑
𝑎𝑡𝑡 = 𝛼𝐴𝑒

𝛽𝐴𝜆𝐿. The rate constant for deposition rd is easily derived as 𝑟𝑑 = 𝑣𝑑 × 𝑆𝑉
−1 =

𝑣𝑑

ℎ
, where 

SV-1 is the surface area per unit volume of the air column of height h above the plant (Chamberlain, 

1991). 

2.3 Vegetation submodel description 

The vegetation sub-model contains 5 compartments: Roots, Wood, Litter, and foliage, divided into 

surface and interior. The Root uptake and evapotranspiration processes have already been described in 

the description of the soil model. 

The root uptake is calculated by an exponential root water uptake model (Li et al., 1999), assuming an 

exponentially decreasing root density distribution with depth z: 𝑅𝐷(𝑧) = 𝑅𝐷0 [1 −
1

1+𝑒−𝐸𝑧
+
1

2
𝑒−𝐸𝑧], 

where RD0 is the root density at z = 0 and E is an empirical 'extinction coefficient'. Provision is made 

for waterlogging (anaerobiosis, using a water stress coefficient). 



Both root uptake and the plant transpiration rate are controlled by the evapotranspiration demand, the 

main engine for water and solutes transport in the tree. This is modelled by the Monteith equation 

(Monteith and Unsworth, 2007), which calculates ETo, the reference evapotranspiration, namely the 

volume of water per unit area and time, as 𝐸𝑇0 =
𝛥(𝑅𝑛−𝐺)+

𝜌𝑎𝑐𝑝(𝛿𝑒)

𝑟𝑎𝑣

𝜆𝑣𝜌𝑤[𝛥+𝛾(1+
𝑟𝑠
𝑟𝑎𝑣

)]
. In this equation, Δ is the rate of 

change of saturation specific humidity with air temperature, Rn is the net solar radiation flux , G is the 

sensible heat flux into the soil, ρa is the dry air density, cp is the specific heat capacity of air, δe is the 

vapour pressure deficit, rav is the resistance of air (atmospheric conductance), γ is the psychrometric 

constant, rs is the resistance of tree foliage stoma (surface or stomatal resistance), v is the latent heat 

of water and 𝜌𝑤 is the density of water. The model calculates the actual evapotranspiration as a 

function of ET0 by scaling by the actual water content of the plant compartment. 

Fluids are assumed to circulate through the plant upwards (xylem upflow governed by the Poiseuille 

equation) and downwards (phloem downflow along an osmotic pressure gradient for a 20% sucrose 

solution) (Saupe, 2009) allowing translocation of the radionuclides with these flows.  

The ascending transport of water through the tree vessels (xylem flow rate) is calculated by means of 

the Poiseuille equation. The pressure differential above gravity necessary to maintain a certain 

velocity v is 𝛥𝛹𝑝 =
8𝜂ℎ𝑣

𝑟2
. The rate constant is the flow divided by the surface area and the height of 

the tree (dimensions of d-1), or 𝑟 =
1

8𝜂
(
𝑟

ℎ
)
2
𝛥𝛹𝑝.  

The descending flow rate (phloem flow rate) is calculated by an approximate equation, derived by us. 

The starting point is the Poiseuille equation, but now the pressure gradient is a downward osmotic 

pressure: 𝛹𝑜𝑠𝑚 =
𝜋𝑟4

8𝜂ℎ
𝑖𝑀𝑅𝑇, where we have used the Morse equation for the osmotic pressure (Amiji 

and Sandmann, 2002), expressed as iMRT=  . Here, i is the dimensionless van 't Hoff factor for 

sugars in water, the solute is assumed to be sucrose (C12H22O11) (Zimmermann and Ziegler, 1975), 

which makes up around 20% of sap (Saupe, 2009), T is the absolute temperature, R is the ideal gas 

constant, r is the vessels’ radius, M the molarity of the solution, 𝜂 the viscosity and h the tree height. 

The molarity of the sap can be calculated as 
𝜌

𝑀𝑎
(
𝑓

1−𝑓
) where  is the density of the sucrose and f is the 

fraction of solute (sucrose) by mass; hence an expression for the descent rate of the phloem is 𝑣 =

𝜒
𝑖𝜌𝑟2𝑅𝑇

8𝜂ℎ𝑀𝑎
(
𝑓

1−𝑓
), where an additional phloem drag coefficient to account for the tortuosity of the 

vessels. 

Water interception by the canopy, washout, absorption, and leaching are considered as transfer factors 

and litterfall plus litterfall decomposition are modelled by an empirically derived linear transfer rate. 

The model incorporates a simple logistic model for stand density, quantifying the effect of tree 

density on the leaf area index and, therefore, on water availability to the trees. 

Just as element transport is linked to soil water via retardation processes in soil (with a link to the Kd 

of the element, assumed to be dependent on soil moisture), in the vegetation model, empirically-

derived selectivity coefficients (Gielen, 2013; Gielen et al., 2016) link element fluxes to the water 

fluxes in plants in an approach similar to the BioRUR model (Casadesus et al., 2008).  

The interaction of atmospheric radon with plant foliage follows four processes: (a) 222Rn diffusion 

through stomata and 222Rn permeation through plant epidermis (free fraction to plant interior); (b) 
218Po, 214Pb, 214Bi and 214Po interception by stomata (unattached and attached fractions to plant 

interior); (c) 218Po, 214Pb, 214Bi and 214Po deposition (unattached and attached fractions to plant 

surfaces); and (d) Transfer of deposited 218Po, 214Pb, 214Bi and 214Po from plant surface to plant 

interior. 



The plant interception of unattached and attached fractions derives from the number of particles lost 

per unit time from the air column is 
𝑑𝑁𝐷

𝑑𝑡
= −(

𝑛𝑆𝜎𝑆𝜆𝐿𝑣𝑑

ℎ
)𝑁𝐷, where nS is the number of plant stomata 

per unit plant interception area, S is the surface area of the individual stomata, ND is the number of 

atoms of radon progeny in an air column of surface SG and h is the radon vertical dimension of 

mixing. This gives a rate constant of 𝑟𝑑𝑒𝑝(𝑠𝑡𝑜𝑚𝑎𝑡𝑎) =
𝑛𝑆𝜎𝑆𝜆𝑣𝑑

ℎ
.  

The foliage stomata radius st was assumed to vary between a minimum value of zero and a maximum 

value max as stomata open and close within a daily cycle of 8.63 × 105 s: 𝜌𝑠𝑡 = 𝜌𝑚𝑎𝑥 [1 −

𝑖𝑛𝑡 (
𝑡

43200
) + 2 𝑖𝑛𝑡 (

𝑡

86400
)]. This discontinuous equation can slow down considerably the Runge-

Kutta numerical solver used by ModelMaker. This was resolved by changing the default integration 

method to Gear’s method (Gear, 1971), which is more appropriate for stiff systems. For long duration 

model runs where sub-daily variation is not required, execution can be accelerated by taking: 𝜌𝑠𝑡 =
1

2
𝜌𝑚𝑎𝑥. 

Diffusion of radon gas through stomata was represented by the diffusion equation −
𝑑𝑁

𝑑𝑡
=

𝐷𝐴

𝑙𝑠
(𝑐𝑜𝑢𝑡 −

𝑐𝑖𝑛) where 
𝑑𝑁

𝑑𝑡
is the number of atoms passing through the membrane per unit time (m-2 s-1); A is the 

area of the leaf that is acting as a conduit, i.e. the stomata, relating to the surface area of soil SA 

through the equation 𝐴 = 𝜆𝐿𝑆𝐴𝑛𝑠𝜎𝑠. Here, D is the diffusion coefficient D, ls is the length of the 

stomatal channel; and 𝑐𝑜𝑢𝑡 − 𝑐𝑖𝑛 is the difference in radon concentration between outside air and the 

substomatal cavity.  

If Cout > Cin, radon diffuses into the leaf according to 
AL

in

Rn

A

out

Rn
inout

SL
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hS

N
cc


−=− . The plant is 

assumed to have a porosity , with a thin epidermis compared with the overall thickness of the leaf, L. 

An upper limit of LSAL for plant leaves can thus be calculated. Hence, −
𝑑𝑁𝑅𝑛

𝑜𝑢𝑡

𝑑𝑡
|
𝑑𝑖𝑓𝑓

=
𝑑𝑁𝑅𝑛

𝑖𝑛

𝑑𝑡
|
𝑑𝑖𝑓𝑓

=

𝜆𝐿
𝐷

𝑙𝑠
𝑆𝐴𝑛𝑠𝜎𝑠 [

𝑁𝑅𝑛
𝑜𝑢𝑡

ℎ𝑆𝐴
−

𝑁𝑅𝑛
𝑖𝑛

𝜆𝐿𝐿𝛾𝑆𝐴
] =

𝜆𝐿𝐷𝑛𝑠𝜎𝑠

ℎ𝑙𝑠
𝑁𝑅𝑛
𝑜𝑢𝑡 −

𝐷𝑛𝑠𝜎𝑠

𝐿𝛾𝑙𝑠
𝑁𝑅𝑛
𝑖𝑛 ≡ 𝑟𝑖𝑛

𝑑𝑖𝑓𝑓
𝑁𝑅𝑛
𝑜𝑢𝑡 − 𝑟𝑜𝑢𝑡

𝑑𝑖𝑓𝑓
𝑁𝑅𝑛
𝑖𝑛 , whereupon the 

rate constants for the process are 𝑟𝑖𝑛
𝑑𝑖𝑓𝑓

=
𝜆𝐿𝐷𝑛𝑠𝜎𝑠

ℎ𝑙𝑠
 and 𝑟𝑜𝑢𝑡

𝑑𝑖𝑓𝑓
=

𝐷𝑛𝑠𝜎𝑠

𝐿𝛾𝑙𝑠
. 

The permeation of free fraction through foliage can be interpreted as transport through a membrane 

that is acting as a resistance to diffusion: 
𝑑𝑁

𝑑𝑡
=

−𝐾𝑆

𝑤
(𝑐𝑖𝑛 − 𝑐𝑜𝑢𝑡), where N is the number of atoms of 

parent radon in the atmospheric compartment (free progeny > 5 orders of magnitude below can be 

neglected); K is the permeability of the membrane (m2 s-1); S is the cross-sectional area of the flow 

(m2), equal to the total surface of the leaf minus the surface area of the stomata, ( )ssAL nS  −1 ; w is 

the thickness of the membrane, equal to the thickness of the leaf’s epidermis; and cin-cout is the 

concentration gradient between outside and inside the leaf. 

Substitution of these equations yields −
𝑑𝑁𝑅𝑛

𝑜𝑢𝑡

𝑑𝑡
|
𝑝𝑒𝑟𝑚

=
𝑑𝑁𝑅𝑛

𝑖𝑛

𝑑𝑡
|
𝑝𝑒𝑟𝑚

=
𝐾𝜆𝐿(1−𝑛𝑠𝜎𝑠)

𝑙𝑠
(
𝑁𝑅𝑛
𝑜𝑢𝑡

ℎ
−

𝑁𝑅𝑛
𝑖𝑛

𝜆𝐿𝐿𝛾
) ≡

𝑟𝑖𝑛
𝑝𝑒𝑟𝑚

𝑁𝑅𝑛
𝑜𝑢𝑡 − 𝑟𝑜𝑢𝑡

𝑝𝑒𝑟𝑚
𝑁𝑅𝑛
𝑖𝑛 , from where the rate constants are 𝑟𝑖𝑛

𝑝𝑒𝑟𝑚
=

𝐾𝜆𝐿(1−𝑛𝑠𝜎𝑠)

ℎ𝑙𝑠
 and 𝑟𝑜𝑢𝑡

𝑝𝑒𝑟𝑚
=

𝐾(1−𝑛𝑠𝜎𝑠)

𝐿𝛾𝑙𝑠
. During the day, the flow through the plant membrane can be neglected because the 

proportion of stomata area Ssn   is as high as 15%. However, during the night, diffusion through the 

barrier will be the only route of entry into the leaf and therefore this process cannot be neglected. 



For ease of model construction, we derived a single expression for a semi-permeable leaf: 

−
𝑑𝑁𝑅𝑛

𝑜𝑢𝑡

𝑑𝑡
|
𝑑𝑔𝑎𝑠

=
𝑑𝑁𝑅𝑛

𝑖𝑛

𝑑𝑡
|
𝑔𝑎𝑠

= (𝐷𝑛𝑠𝜎𝑠 + 𝐾(1 − 𝑛𝑠𝜎𝑠)) [
𝜆𝐿

ℎ𝑙𝑠
𝑁𝑅𝑛
𝑜𝑢𝑡 −

1

𝐿𝛾𝑙𝑠
𝑁𝑅𝑛
𝑖𝑛 ] ≡ 𝑟𝑖𝑛

𝑔𝑎𝑠
𝑁𝑅𝑛
𝑜𝑢𝑡 − 𝑟𝑜𝑢𝑡

𝑔𝑎𝑠
𝑁𝑅𝑛
𝑖𝑛  

As material is washed-out from plant leaves, it can become partially sequestered by the stomata 

(translocation). The total open surface area of the leaf (sum of the aperture area of all stomata) with 

respect to plant surface area is 𝑛𝑠𝜎𝑆. Hence, the translocation rate of washed-out particles back into 

the plant is 𝑟𝑡𝑟𝑎𝑛𝑠 = 𝑟𝑊𝑛𝑠𝜎𝑆 and the leaf leaching-out rate should be 𝑟𝑙𝑒𝑎𝑐ℎ = 𝑟𝑊(1 − 𝑛𝑠𝜎𝑆), adding 

to the total washout rate rW.  

2.4 Dosimetry sub-model description 

The dosimetry part of the model is based on dose coefficients extracted from the ERICA Tool 

(Version 2). In this version, the internal dose rate calculations are simplified so the low energy (< 10 

keV) β, the higher energy β +  and the  components of the dose can be directly aggregated into a 

single internal dose coefficient. However, radiation weighting factors can be introduced if desired.  

For external exposure, we consider that the tree is above ground, given the emphasis placed on 

irradiation from atmospheric radon and the progeny. These changes are consistent with ICRP 

Publication 136 (ICRP, 2017).  

Activity concentrations for radionuclide i (i.e. 226Ra, 222Rn, 218Po, 214Pb, 214Bi and 214Po) in each model 

compartment j, were calculated as 𝑎𝑖𝑗
𝑠𝑜𝑖𝑙 =

𝐴𝑖𝑗

𝑀𝑗
=

𝑁𝑖𝑗𝜆𝑖

𝜌𝑗𝑑𝑗𝑆𝐴
 (soil), 𝑎𝑖𝑗

𝑝𝑙𝑎𝑛𝑡
=

𝑁𝑖𝑗𝜆𝑖

𝑓𝑗𝑀𝑗
 (plant matter) and 𝑎𝑖𝑗

𝑎𝑖𝑟 =

𝐴𝑖𝑗

𝑉
=

𝑁𝑖𝑗𝜆𝑖

ℎ𝑆𝐴
. The model uses these activity concentrations to calculate unweighted absorbed doses, 

using the following equations:  

• External dose rates from radionuclide i in the atmosphere for the attached, unattached and free 

fractions are calculated as 𝐷𝑅𝑖,𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛
𝑎𝑖𝑟 =

𝐶𝑖,𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛
𝑎𝑖𝑟

𝜌𝑎𝑖𝑟
𝐷𝐶𝑖

𝑒𝑥𝑡 where 𝐶𝑖,𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛
𝑎𝑖𝑟  is the activity 

concentration in air in Bq m-3 (summing the individual free, unattached and attached fractions), 

𝐷𝐶𝑖
𝑒𝑥𝑡 is the dose coefficient for external exposure and 𝜌𝑎𝑖𝑟 is the density of air (necessary to 

convert 𝐶𝑖,𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛
𝑎𝑖𝑟  to Bq kg-1, given that 𝐷𝐶𝑖

𝑒𝑥𝑡 has units of µGy h-1 Bq-1 kg). The total dose rate 

for all radionuclides is then calculated as 𝐷𝑅𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛
𝑎𝑖𝑟 = ∑ 𝐷𝑅𝑖,𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝑎𝑖𝑟𝑁
𝑖=1 . For simplicity and 

conservatism, an occupation factor of one is assumed. 

• Dose rates from internally-incorporated radionuclide i in the tree are calculated as 𝐷𝑅𝑖,𝑡𝑟𝑒𝑒
𝑖𝑛𝑡 =

𝐶𝑖
𝑡𝑟𝑒𝑒𝐷𝐶𝑖

𝑖𝑛𝑡 where 𝐶𝑖
𝑡𝑟𝑒𝑒 is the activity concentration in tree (sum of all three fraction activities 

divided by whole tree mass) and 𝐷𝐶𝑖
𝑖𝑛𝑡 is the dose coefficient for internal exposure. The total 

dose is calculated by summation of the individual radionuclides as above.  

• Similarly, surface doses are approximated as 𝐷𝑅𝑖,𝑡𝑟𝑒𝑒
𝑠𝑢𝑟𝑓

= 𝐶𝑖
𝑡𝑟𝑒𝑒 𝑠𝑢𝑟𝑓

𝐷𝐶𝑖
𝑠𝑢𝑟𝑓

, where the surface 

dose coefficients 𝐷𝐶𝑖
𝑠𝑢𝑟𝑓

 are those calculated for vegetation by Vives i Batlle et al. (2011). The 

total dose is similarly calculated by summation of the individual radionuclide components. 

The model calculates doses unweighted by radiation quality. Given that 226Ra, 222Rn, 218Po, 214Pb, 214Bi 

and 214Po are, in the main, -emitters, a radiation weighting factor RWF of 10 can be applied to the 

result, as per the ERICA methodology’s guidance (Brown et al., 2008). The short-lived -emitting 

nuclides are the predominant contributors to dose because they have high specific activity and the 

highest absorbed fractions.  

With regards to doses to the biota inhabiting the surface of the soil, these can be calculated from the 

model-generated soil activity concentration in the soil layer. Given the ability of the ERICA Tool 



version 2 to perform assessments on a timed series of concentrations, we see no benefit in 

incorporating this functionality into the model at this stage. Instead, it is easy to export a file of soil 

concentrations and use the ERICA Tool directly. 

2.5 Model parameterisation 

The model was parameterised with site-specific data from the Kempen area of Belgium, including 

daily readings of temperature, solar irradiation, rainfall, crop coefficient, leaf area index and sap flow. 

Additional generic modelling parameters for the Scots pine model tree used here were obtained from 

the SVAT ECOFOR model produced under EC TERRITORIES (Brown et al., 2019; Diener et al., 

2017; Urso et al., 2019). With this information, the model can calculate the cycling of water, radon 

and its progeny between soil, trees, and atmosphere, as well as the emanation and exhalation of radon 

gas from soil, the formation of the aerosol of the radon progeny and its transfer to, and turnover by, 

the vegetation.  

The parameter set used by the model are given in Table 1 below. An additional set of temperature, 

leaf area index, crop coefficient, irradiation and precipitation data taken at the meteorological mast of 

the Belgian Nuclear Research Centre in Mol, Belgium, is given in Fig. 3. For longer-duration 

modelling simulations (in the order of years) where sub-daily variations are not required, the model 

uses time-averaged minimum and maximum temperatures, leaf area index, crop coefficient, 

irradiation and precipitation as extracted from this dataset: 280 – 287 K, 2.17, 1.14, 115 J m-2 s-1 and 

2.8 × 10-8 m s-1, respectively.  

Table 1: Standard parameters from the ECORADON model 

Category Subcategory Definition Value Units Uncertainty Source 

Hydrology parameters   

  Hydraulic conductivity 

exponential attenuation parameter 

11 Unitless Medium Kendy et al. (2003) 

E  Soil emanation coefficient 0.25 Unitless Low UNSCEAR (1993) 

η  Water dynamic viscosity 0.001 kg m-1 s-1 Negligible Basic 

  Water surface tension (at 25°C) 0.0719 kg s-2 Negligible Basic 

Kd 226Ra Soil-liquid distribution coefficient 8.47 m3 kg-1 High ERICA Tool 

 222Rn  0 m3 kg-1 High ERICA Tool 

 218Po  416 m3 kg-1 High ERICA Tool 

 214Pb  372 m3 kg-1 High ERICA Tool 

 214Bi  7 m3 kg-1 High ERICA Tool 

 214Po  416 m3 kg-1 High ERICA Tool 

K  Radon permeability constant 1.25 × 10-11 m2 s-1 Negligible Basic 

Hc
sat Upper soil Saturated hydraulic conductivity 2.93 × 10-5 m s-1 Med - High Raes and Deproost (2003) empirical 

equation, using soil composition data 

 Lower soil  3.18 × 10-7 m s-1 Med - High Raes and Deproost (2003) equation, 

using soil composition data 

ρbulk
soil Upper soil Soil bulk density 850 kg m3 Negligible Basic - using soil composition data 

 Lower soil  1550 kg m3 Negligible Basic - using soil composition data 

ρp
soil  Soil particle density (assumed 

quartz) 

2650 kg m3 Negligible Basic - Baes and Sharp (1983) 

h Upper soil Soil layer thickness 0.26 m Negligible By definition 

 Lower soil  1.4 m Negligible By definition 

fc  Field capacity (sandy soil) 0.134 Unitless Low - Med Raes and Deproost (2003) 

rsorp H2O, 222Rn Sorption rate 0 s-1 Negligible By definition 

 226Ra, Rn progeny  1.736 × 10-7 s-1 Med - high Based on Kd and soil properties 

res All layers Residual soil volumetric water 

content 

0.02 Unitless Negligible By definition 

  Empirical tortuosity parameter 3 Unitless Medium Iversen and Jørgensen (1993) 

rp  Reference soil capillary channel 

radius  

6.5 × 10-6 m Low Calculated from particle size, SSGTC 

(2008) 

Atmospheric parameters   

ρair  Density of air at STP 1.239 kg m-3 Negligible Basic 

ratt H2O, 226Ra, 222Rn Attachment rate constant 0 s-1 Negligible Basic 

 Rn progeny  0.02 s-1 Negligible (Porstendörfer, 1994) 

rclust  Clustering rate 2.3 s-1 Negligible (Porstendörfer, 1994) 

Cp  Specific heat capacity of dry air 1005 J Kg-1 K-1 Negligible Basic 

Dc
soil  Diffusion coefficient of radon in 

soil 

1.0 × 10-6 m2 s-1 Negligible Basic 

Dc
stomata  Diffusion coefficient of radon in 

plant stomata 

1.1 × 10-5 m2 s-1 Low - med Yu et al. (1993) 

ffc Upper soil Fractional field capacity 0.118 Unitless Low – med Calculated (Brakensiek et al. 1984; 

Schroeder et al. 1994) 

 Lower soil  0.5 Unitless Low - med Calculated (Brakensiek et al. 1984; 

Schroeder et al. 1994) 

heff  Effective mixing height 1 m Negligible By definition 

PA  Atmospheric pressure 1.01 × 105 Pascals Negligible Basic 



 

hrel  Relative humidity 0.55 Unitless Negligible Basic 

Rspec  specific gas constant for dry air 287.058 J kg-1 K-1 Negligible Basic 

v  Reference wind speed 0.001 m s-1 Negligible By definition 

Vegetation parameters   

a  Allometric parameter a for pine 

tree 

0.152 Kg Low Xiao and Ceulemans (2004) 

b  Allometric parameter b for pine 

tree 

2.234 Unitless Low Xiao and Ceulemans (2004) 

ran  Anaerobiosis ratio 0.9 Unitless Low Raes and Deproost (2003) 

hcrop  Reference crop height value for 

evapotranspiration 

0.12 m Negligible By definition 

DBH  Tree diameter at breast height 0.2897 m Low Van den Hoof and Thiry (2011) 

rdec  Decomposition rate 7.29 × 10-9 s-1 Low - med Pausas (1997) 

E  Coefficient for soil evaporation 1 Unitless Medium Lindroth and Perttu (1981) 

LAI  Leaf area index 2 Unitless Low Own measurement 

  Mean porosity of the substomatal 

cavity  

0.35 Unitless Medium Terashima et al. (2005) 

hleaf  Leaf thickness 2.5 × 10-4 m Low - Med Pachepsky and Acock (1996) 

µfrac Bark Tree mass fractions 0.086 Unitless Low Own measurement 

 Belowground  0.26 Unitless Low Own measurement 

 Litter  0.01 Unitless Low Own measurement 

 Needles  0.22 Unitless Low Xiao and Ceulemans (2004) 

 Roots  0.191 Unitless Low Own measurement 

 Wood  0.55 Unitless Low Own measurement 

RDmax  Maximum root depth 1.4 m Low Vincke and Thiry (2008) 

Msucr  Molecular mass sucrose 0.342 kg mol-1 Negligible Basic 

  Relative water content of tree 0.5 Unitless Low Pollock (1896) 

µphl  Fraction of sucrose by mass 0.2 Unitless Low Lane (2012) 

  Phloem drag coefficient 0.5 Unitless Low Nonweilwer (1975) 

rxy  Xylem pore radius 4 × 10-5 m Low - Med Avila et al. (2023) 

rph  Phloem pore radius  5 × 10-6 m Medium Lisboa et al. (2019), Taiz and Zeiger 

(2006) 

fabs  Plant absorption factor 0.15 Unitless Medium Van den Hoof and Thiry (2012) 

fint  Plant interception factor 0.29 Unitless Medium Van den Hoof and Thiry (2012) 

ρplant  Plant density 103 Kg m-3 Negligible Basic 

ρphloem  Phloem density 1.08 × 103 Kg m-3 Negligible Lane (2012) 

ρtree  Tree bullk density 700 Kg m-3 Negligible Ketterings et al. (2001) 

ρw  Water density 103 Kg m-3 Negligible Basic 

ΔΨp  Pressure differential for xylem 1.05 × 105 kg m-1 s-2 Low Amiji and Sandmann (2002) 

r  Ratio of max to porosity 1 Unitless Negligible By definition 

σst  Stomata density 5 × 108 m-2 Medium Pachepsky and Acock (1996) 

Rst
min  Stomata maximum radius 10-6 m Medium Pachepsky and Acock (1996) 

Rst
max  Stomata minimum radius 0 m Negligible By definition 

hT  Average tree height 35 m Low Rushforth (1981) 

rw  Washout rate 4.6 × 10-7 s-1 Medium Simulated with data from Van den 

Hoof and Thiry (2011)        

K  Tree stand surface density 0.0359 m-2 Low Van den Hoof and Thiry (2011) 

Dosimetry parameters   

DCCext 226Ra Dose coefficient for external 

exposure 

0 µGy h-1 

Bq-1 kg 

Low ERICA Tool 

 222Rn  2.3 × 10-7 µGy h-1 

Bq-1 kg 

Low ERICA Tool 

 218Po  7.0 × 10-9 µGy h-1 

Bq-1 kg 

Low ERICA Tool 

 214Pb  2.3 × 10-4 µGy h-1 

Bq-1 kg 

Low ERICA Tool 

 214Bi  1.1 × 10-3 µGy h-1 

Bq-1 kg 

Low ERICA Tool 

 214Po  4.8 × 10-8 µGy h-1 

Bq-1 kg 

Low ERICA Tool 

DCCint 226Ra Dose coefficient for internal 

exposure 

0 µGy h-1 

Bq-1 kg 

Low ERICA Tool 

 222Rn  3.2 × 10-3 µGy h-1 

Bq-1 kg 

Low ERICA Tool 

 218Po  3.5 × 10-3 µGy h-1 

Bq-1 kg 

Low ERICA Tool 

 214Pb  7.9 × 10-5 µGy h-1 

Bq-1 kg 

Low ERICA Tool 

 214Bi  6.6 × 10-5 µGy h-1 

Bq-1 kg 

Low ERICA Tool 

 214Po  4.4 × 10-3 µGy h-1 

Bq-1 kg 

Low ERICA Tool 

DCCsurf 226Ra Dose coefficient for foliar surface 

exposure 

0 µGy h-1 

Bq-1 kg 

Low Vives i Batlle et al. (2011) 

 
 222Rn  0 µGy h-1 

Bq-1 kg 

Low Vives i Batlle et al. (2011) 

 
 218Po  1.7 × 10-3 µGy h-1 

Bq-1 kg 

Low Vives i Batlle et al. (2011) 

 
 214Pb  8.1 × 10-5 µGy h-1 

Bq-1 kg 

Low Vives i Batlle et al. (2011) 

 
 214Bi  7.9 × 10-5 µGy h-1 

Bq-1 kg 

Low Vives i Batlle et al. (2011) 

 
 214Po  2.2 × 10-3 µGy h-1 

Bq-1 kg 

Low Vives i Batlle et al. (2011) 

 
General       

SD  Duration of 1 day in s 86400 s d-1 Negligible Basic 

π  Pi 3.14159 Unitless Negligible Basic 

g  Acceleration of gravity  9.81 m s-2 Negligible Basic 

R  Ideal gas constant 8.314 J K-1 mol-1 Negligible Basic 

i  Van 't Hoff constant 1 Unitless Negligible Basic 

SA  Surface area  1 m2 Negligible Nominal value  

 226Ra Decay constant 1.37 × 10-11 s-1 Negligible Basic 

 222Rn  2.10 × 10-6 s-1 Negligible Basic 

 218Po  3.73 × 10-3 s-1 Negligible Basic 

 214Pb  4.31 × 10-4 s-1 Negligible Basic 

 214Bi  5.86 × 10-4 s-1 Negligible Basic 

 214Po  4.23 × 103 s-1 Negligible Basic 

PAEC 218Po Potential alpha energy 

concentration 

0.105 J m-3 Negligible Basic - Porstendörfer (1994) 

 214Pb  0.516 J m-3 Negligible Basic - Porstendörfer (1994) 

 214Bi  0.379 J m-3 Negligible Basic - Porstendörfer (1994) 

 214Po  6 × 10-8 J m-3 Negligible Basic - Porstendörfer (1994) 



 

Figure 3: Time-dependent dataset of vegetation, atmospheric and solar irradiation data for the first 

two years of the model simulation, showing both the daily variability and the annual periodicity of the 

data. 

Of the 109 parameters listed in Table 1, 32 (marked “basic”) derive from common science knowledge. 

Another 10 (h for upper and lower soil, res, rsorp for water and 222Rn, v, heff, hcrop, Rst
max, r and SA) 

have a value assigned by definition. These 42 parameters are qualitatively considered to have 

negligible uncertainty.  

A group of 14 vegetation parameters were determined in the same field study area by us or by other 

authors (DBH, LAI, µfrac for the 6 tree mass fractions, RDmax, hT, ρtree, rw,  and K), being either 

dimensional/mass measurements, or calculated with empirical formulae based on soil composition (ffc 

for upper and lower soil). These parameters are qualitatively assumed to have low uncertainty.  

The next block of parameters contains 18 dose coefficients for the different radionuclides. Internal 

and external exposure dose coefficients (DCCint and DCCext , respectively) originate from the ERICA 

radiological assessment tool for non-human biota (https://erica-tool.com/ERICA Tool). Surface 

deposition dose coefficients (DCCsurf ) are from another source (Vives i Batlle et al., 2011). The 

dosimetry parameters are based on accurate physical particle tracking MonteCarlo simulations, so 

they are assumed to have low uncertainty. 

A substantial group of 26 parameters in Table 1, either measured or equation-derived, are directly 

referenceable to a published source, with uncertainties qualitatively estimated to range from negligible 

to medium, depending on the parameter.  

The 9 remaining parameters are (a) the 6 Kds (known to have high uncertainty) and (b) the saturated 

hydraulic conductivities (Hc
sat) for upper and lower soil, together with and the soil sorption rate (rsorp), 

assumed to have medium to high uncertainty. Uncertainty in rsorp depends on Kd uncertainty because 

rsorp is functionally linked to the desorption rate such that at equilibrium, the ratio of concentrations in 

unavailable and available soil fractions is equal to the Kd. Since desorption is a fast process, 

equilibrating soon with sorption compared with the model simulation timescales (in the order of 

years), the model is relatively insensitive to variability in rsorp.  

Our analysis suggests that only a small fraction (7%) of the model input parameters have major 

influence on model uncertainty, as previously noted in studies of this nature (Petropoulos et al., 2009; 

https://erica-tool.com/


Staudt et al., 2010). The Kd and the hydraulic conductivity are the principal uncertainty sources. High 

uncertainties in the Kd are a common feature of radioecological models (Bossew and Kirchner, 2004; 

Diener et al., 2017; Kirchner et al., 2009), with order of magnitude variations expected depending on 

experimental method, soil physico-chemical properties and sampling location. An added difficulty is 

that model-calculated Kds significantly deviate from those observed in the field (Raskob et al., 2018).  

A similar problem occurs with the hydraulic conductivity, complicated by its being a function of the 

soil’s water content and physico-chemical properties (Diener et al., 2017). The hydraulic conductivity 

introduces significant uncertainty in the soil hydrology part of the model, as it can vary by more than 

one order of magnitude (Herrera et al., 2022; Sudicky, 1986). The hydraulic conductivity is usually 

defined according to the empirical equations (Ippisch et al., 2006; Kendy et al., 2003; van Genuchten, 

1980) which are calibrated with measured values of the saturated hydraulic conductivity, leading to 

both experimental and modelling uncertainties. 

The initial model conditions were set as follows: (a) 226Ra initially present in the unavailable fraction, 

with activity concentration of 103 Bq kg-1; and (b) initial volumetric water contents () of 0.12 and 

0.42 in soil layers 1 and 2 of the available fraction, equivalent to 0.0312 and 0.63 cubic m3 per unit m2 

surface area, respectively. These  are the final values of a 2-year model run with constant (averaged) 

meteorological conditions), i.e., we are assuming that the water balance in the soil at the beginning of 

the simulation is already at equilibrium.  

Selectivity coefficients (SCs) for radionuclides in tree compartments, defined as the ratio between 

radionuclide and water transfer rates, displayed in Table 2, were obtained from the ECOFOR model 

created in the EC TERRITORIES project, based on empirical measurements (Brown et al., 2019; 

Diener et al., 2017; Gielen, 2013; Gielen et al., 2016; Urso et al., 2019). 

Table 2: Selectivity coefficients (m3 for water or Bq kg-1 for radionuclide) 

Parameter Water 226Ra 222Rn 218Po 214Pb 214Bi 214Po 

SCleaves → air 1 0.00E+00 1 0.0E+00 0.0E+00 0.0E+00 0.0E+00 

SCleaves → wood 1 1.26E-01 1 1.3E-01 1.3E-01 1.3E-01 1.3E-01 

SClitter → soil 1 9.70E-02 1 3.2E-02 3.2E-02 3.2E-02 3.2E-02 

SCroots → wood 1 1.80E-04 1 1.6E-04 9.8E-04 5.7E-04 1.6E-04 

SCsoil → root 1 1.58E-01 1 4.5E-02 9.6E-01 5.0E-01 4.5E-02 

SCwood → leaves 1 3.00E-03 1 2.2E-03 4.2E-03 3.2E-03 2.2E-03 

SCwood → litter 1 1.30E-01 1 4.1E-02 4.1E-02 4.1E-02 4.1E-02 

SCwood → root 1 1.26E-01 1 1.3E-01 1.3E-01 1.3E-01 1.3E-01 

SCleaves → litter 1 2.30E-01 1 3.8E-02 3.8E-02 3.8E-02 3.8E-02 

 

Derivation of the SCs in these studies was conducted by an iterative numerical algorithm, backed by 

measurement data. The first step was to deduce initial SC values for 226Ra, conjecturally taken to 

resemble the SCs for Mg and Ca, derived from stable element data in pine trees from the nearby Mol 

site (Gielen et al., 2016). For the radon progeny radionuclides, we scaled the 226Ra SCs by the ratios of 

transfer factors of these elements relative to radium, obtained from a previous study (Vandenhove et 

al., 2009). We then used ModelMaker’s numerical least-squares fitting method to vary these initial 

parameters iteratively until they fit with measured concentration ratios in the compartments of a 

purposely-sampled tree (soil, root, wood, foliage, and litter). For 222Rn, a SC of one was assigned, 

signifying that radon gas does not concentrate selectively in any compartment. For 218Po and 214Po, we 

adopted the SC for 210Po, the radioelement measured in the test tree. We made the same assumption 

for 214Pb in relation to 210Pb measured data.  

The discrepancies between the modelled inter-compartment concentration rations and measurement 

data when using the optimised SCs ranged between 1 and 8%. The most sensitive parameters are the 

soil-to-root SCs for the various radioelements because they determine the soil-to-root solute transfer. 



We verified that the calculated SCs resulted in the correct soil-to-whole tree transfer factors as 

experimentally determined, with relative differences ranging from 0.5 to 5%. 

The model was implemented in the user-friendly ModelMaker platform (Adamatzky, 2001; Citra, 

1997; Rigas, 2000). The model was executed for 2-year periods (6.32 × 107 s) using the proprietary 

Gear mathematical solver, designed for stiff differential equation systems. We used a set number of 

7300 output points. A relative error per time step of 0.09 was decided upon after various trials. This 

optimises model execution speed whilst not impacting on solver accuracy. The execution times were 

fast, at 13 seconds. With constant (average) meteorological conditions, the model executes in 4.5 s for 

simulations of 25 years’ duration. 

3. Results and discussion 

3.1 Hydrology 

Model-calculated water content for the simplified 2-layer soil column over a 2-year period is given in 

Fig. 4. Changes in  between the soil layers are mainly driven by the time-dependent rainfall, 

infiltration, and evaporation processes. The profile clearly reflects the fact that the upper part of the 

soil receives water inputs from the atmosphere only (i.e. precipitation) with little influence of the 

water table (drainage conditions). It is not possible to validate directly this calculation without soil 

probe moisture data taken over an extended period. However, our model calculation resembles 

previously measured and model-simulated contents in multi-layered forest soil from a study site in 

Mol (518110N, 5850E), in the centre of the Campine region of Belgium, with results ranging between 

10 and 25% (Schneider et al., 2013). Our model also appears to be consistent with the volumetric 

water content in the top soil being generally between 10 and 20%, with fast precipitation-induced 

fluctuations (Vincke and Thiry, 2008). 

Figure 4: Model calculation of the volumetric water content () in the organic surface soil layer 1 and 

the underlying mineral soil layer 2 over a 2-year period. 

If the model starts from a dry soil column, it takes about 1 year for the hydrology to equilibrate. This 

is also consistent with our previous ECOFOR model, with minor differences caused by the fact that 

ECOFOR has a 10-layer soil model whereas our model is simplified to two soil layers.  

The model-calculated potential evapotranspiration ET0, shown in Fig. 5, exhibits annual periodicity 

between a minimum of 3 × 10-9 m s-1 and a maximum 6.2 ×10-8 m s-1, super-imposed to sub-annual 



fluctuations arising from the daily changes in precipitation, temperature, and solar irradiation, all of 

which affect directly the evaporation and transpiration fluxes. ET0 is higher than the sum of the 

evaporation and transpiration fluxes because it is a theoretical value, equivalent to the maximum 

possible evapotranspiration. Conversely, the individual evaporation and transpiration fluxes calculated 

by the model are corrected by actual water availability in both tree and soil compartments. 

 

Figure 5: Representation of the reference evapotranspiration ET0, the evaporation from soil water flux 

and the transpiration from plant leaves flux over a two-year period 

3.2 Vegetation  

The ECORADON-modelled activity concentrations of radionuclides in the two soil layers and the 

various tree components are given in Figs. 6 and 7, respectively.  

 

 

 

 

 

 

 

 

 

Figure 6: Model-calculated activity concentrations of radionuclides in the two soil layers.  

The 2-year modelling simulation shows that as the model simulation progresses, radionuclides are 

gradually transferred to the available fraction and follow the soil hydrological cycle, whilst radon is 

exhaled to the atmosphere, forming the radon progeny aerosol, whereupon it is also taken-up by trees. 

From there, radionuclides can return to the soil by litterfall or root release/decomposition.  

Lower soil Upper soil 



Fig. 6 shows that 226Ra in soil remains constant at the initial condition of 103 Bq kg-1, whereas 222Rn 

overlaps with its progeny, with a rapid build-up from zero followed by daily and seasonal oscillations 

around 600 Bq kg-1 in upper soil and 103 Bq kg-1 in lower soil. The difference in behaviour between 

upper and lower soil is due to the action of solute fluxes between the lower soil layer and to removal 

by root uptake.  

 Fig. 7 shows activity concentrations in whole tree with and without atmospheric input of exhaled 
222Rn arising from the 226Ra in the soil, to visualise the impact of the atmospheric processes. These 

simulations were conducted with the stomata radius disabled, because this smoothens the rapid daily 

fluctuations that would obscure the graphs.  

Figure 7: Model-calculated activity concentrations of radionuclides in whole tree. Left: without 

atmospheric input of exhaled 222Rn and the progeny. Right: including atmospheric input. Note the 

overlap of 214Bi with 214Po meaning the former is not visible on the graph. 

If deposition of atmospheric radon is excluded, the dominant radionuclides (214Pb and 214Po) reach 

concentrations of 1.5 and 2 Bq kg-1 in about 10 days, respectively. The significance of the 10-day 

delay is that of a model warm-up period, since the model starts computing with all radionuclide 

compartments set to zero (except for the soil unavailable fraction), compounded with the slow uptake 

of 226Ra from soil via the root system. After this initial time, the model displays annual oscillations 

(governed by the solar, temperature and precipitation cycles) between a minimum of 1.5 Bq kg-1 in the 

winter and a maximum of 30 Bq kg-1 in the summer. 218Po activities reach 8 × 10-3 Bq kg-1 after some 

10 days, two orders of magnitude lower than 214Po and 214Pb, and a shallower annual oscillation 

pattern is experienced with a generally increasing trend, without attaining full periodicity in a 2-year 

period, due to the slow speed of the uptake process which in fact continues building-up over the 

lifetime of the tree. 226Ra and 222Rn have the lowest concentrations. 

The model’s output does not display approximate equilibrium between radium, radon and all the 

radon progeny. This is due to the multiple routes of entry of radon products into the tree. The model 

combines a slow uptake of 226Ra from roots, leading to the formation of radon products inside the tree, 

with the relatively fast direct uptake of radon and its products (with no radium) from the atmosphere. 

Moreover, different elements have different migration rates between soil, root, and tree 

compartments, governed by the different Kds and plant selectivity coefficients, meaning that physical 

secular equilibrium cannot be reached. 

In fact, the addition of soil-exhaled radon deposition fluxes to vegetation significantly increases the 

uptake of 214Po, 214Pb and 218Po by the tree, so that after some 15 days, these radionuclides have 



already attained activity concentrations of 7, 6 and 3 Bq kg-1. The most visually impacting result is the 

three-order of magnitude increase in the 218Po taken-up by the tree, which undergoes a shallow 

ascending pattern with highly dampened annual oscillations until reaching 3.5 Bq kg-1 which mirror 

the annual variations in leaf area index. Conversely, the uptake of 226Ra and its decay product 222Rn 

remains approximately the same.  

This situation can be interpreted as that the tree takes up the radon progeny principally from the 

atmosphere, whereas radium taken-up from soil (and the subsequent secular equilibrium concentration 

of radon) by the root uptake process dominates. The observable excess of atmospherically generated 

and plant taken-up 214Po, 214Pb and 218Po, in comparison with the secondary progeny ingrowth 

mechanism by the plant after radium root uptake, is directly observable. This proves that the 

atmospheric interception mechanism is important, confirming our hypothesis that radon product 

interception is an essential mechanism when evaluating the tree uptake of 214Po, 214Pb and 218Po and 

other radon products further down the decay chain. Therefore, errors of up to 120% (218Po) can be 

incurred when this mechanism is not considered. 

The dynamically-calculated soil-tree transfer factors after 2 years of exposure are given in Table 3. 

Given the gradual build-up of water and element concentrations in the tree over the early part of the 

modelling period, we decided to consider the first year as a “model warm-up period” and we focus on 

the second year as a better approximation to the true transfer factor. Given the annual oscillatory trend 

of the data, we give maximum and the minimum values corresponding to time points of 4.74 × 107 s 

and 6.32 × 107 s, respectively.  

Table 3: Model-calculated soil-whole tree transfer factors at the time of maximum (4.74 × 107 s) and 

minimum (6.32 × 107 s) for the last year of 2- and 25-year simulations, respectively, including and 

excluding plant uptake from the atmosphere.  

Run time Deposition Value 226Ra 222Rn 218Po 214Pb 214Bi 214Po 

2 years Enabled Min 4.1E-04 5.0E-04 5.0E-03 3.4E-02 4.5E-02 4.5E-02 

   Max 5.4E-04 6.7E-04 4.2E-03 6.8E-03 7.9E-03 7.9E-03 

   Average 4.8E-04 5.9E-04 4.6E-03 2.0E-02 2.6E-02 2.6E-02 

   Max/Min 1.3E+00 1.3E+00 8.4E-01 2.0E-01 1.7E-01 1.7E-01 

  Disabled Min 4.1E-04 5.0E-04 6.5E-04 2.8E-02 3.9E-02 3.9E-02 

   Max 5.4E-04 6.7E-04 6.8E-04 2.3E-03 2.9E-03 2.9E-03 

   Average 4.8E-04 5.9E-04 6.7E-04 1.5E-02 2.1E-02 2.1E-02 

   Max/Min 1.3E+00 1.3E+00 1.0E+00 8.1E-02 7.5E-02 7.5E-02 

25 years Enabled End of run 5.0E-03 6.2E-03 9.9E-03 2.3E-02 2.8E-02 2.8E-02 

  Disabled End of run 5.0E-03 6.2E-03 6.3E-03 1.8E-02 2.3E-02 2.3E-02 

  Enabled/disabled 1.0E+00 1.0E+00 1.6E+00 1.3E+00 1.2E+00 1.2E+00 

For 226Ra and 222Rn, there is no variation in uptake when the atmospheric mechanism is enabled in the 

model, because that there is no 226Ra in the atmosphere, 222Rn does not deposit onto the vegetation 

and, therefore, these radionuclides can only enter the plant by root uptake. For 218Po, the average 

transfer factor considering all uptake routes is a factor of 7 higher than considering uptake from soil 

only. For 214Pb, 214Bi and 214Po, the excess is by a smaller factor of 1.3. A secondary finding is that the 

amplitude of the seasonal oscillations of the 214Pb, 214Bi and 214Po transfer factors becomes reduced 

when the atmospheric route is enabled, as shown by the Max/Min ratios in Table 3. 

As mentioned previously, even a 2-year period is a relatively brief time for the tree concentrations to 

reach equilibrium. Prior simulations with the precursor ECOFOR model had showed the process does 

not attain steady state on a timescale of a few years. For this reason, we performed a long duration 

modelling simulation with a time integration period of 25 years, both excluding and including the 

atmospheric deposition process. To reduce the long execution time, we performed the simulation with 

averaged values of temperature, leaf area index, crop simulation, radiation, and precipitation (as 

discussed previously), instead of using the daily record available at our location. The results of this 



model run, which allows a more realistic calculation of transfer factors for a mature tree, are given in 

Figure 8. 

Figure 8: Model-calculated transfer factors radionuclides in whole tree (sum of roots, wood, leaf 

surface and leaf interior fractions). Left: simulation without atmospheric input of exhaled 222Rn and 

the progeny. Right: simulation including atmospheric input. Note the overlap of 214Bi with 214Po.  

The calculated transfer factors without and with atmospheric deposition component are also given in 

Table 3 (section for 25-year simulation). For comparison, values including atmospheric deposition are 

5.0 × 10-3 (226Ra), 6.2 × 10-3 (222Rn), 9.9 × 10-3 (218Po), 2.3 × 10-2 (214Pb), and 2.8 × 10-2 (214Bi and 
214Po). Measured transfer factors for the Kepkensberg radioecological observatory taken during the 

EC project TERRITORIES were (3.1 ± 1.8) × 10-2 (226Ra), (3.2 ± 1.7) × 10-2 (210Pb) and (2.1 ± 1.1) × 

10-2 (210Po) (Brown et al., 2019). The comparativeness is limited, given the large spatial variability of 

the transfer factors, and the fact that the pines in the Kepkensberg site are sited on a radium-rich CaF2 

sludge heap.  

A particularly important finding of this long-range calculation is that the transfer factors for 218Po, 
214Pb, 214Bi and 214Po when including atmospheric deposition are 1.6, 1.3, 1.2 and 1.2 times higher, 

respectively, than excluding deposition, indicating the importance of this mechanism, and quantifying 

the error that would be committed in assessment models where this mechanism is not taken into 

account. 

3.3 Verification of the exhalation and the radon progeny aerosol calculations 

Figure 9 shows the modelled activity concentrations of 222Rn and its progeny in the atmospheric 

aerosol, composed of free, unattached, and attached fractions. The total 222Rn concentration after 2 

years is 185 Bq m-3. The concentration of 226Ra in soil at the end of the 2-year period is 103 Bq kg-1. 

This leads to a 222Rn/226Ra activity concentration ratio of 0.19 kg m-3.  



We verified the 222Rn/226Ra ratio experimentally by means of passive plastic track etching samplers in 

the Grote Nete Valley in the Campine region of Belgium. The experimental results give variable 

concentrations with an average of 122 ± 96 and 640 ± 160 Bq kg-1 for 222Rn and 226Ra, respectively (n 

= 8). Despite a one-order of magnitude range for both radon and radium concentrations, the 
222Rn/226Ra ratio is relatively stable around a mean value of 0.24 ± 0.12 kg m-3. Our ratio of 0.19 is 

statistically compatible with the mean value, proving that the exhalation model based on a diffusive 

equation is sufficiently fit for purpose. 

 Figure 9: Activity concentrations of 222Rn and its progeny in the three atmospheric aerosol 

components (for the case of both plant deposition and soil root uptake enabled).  

In terms of aerosol composition, namely the equilibrium factor F and the fraction of the unattached 

progeny fp, the model indicates F = 0.12 and fp = 8.6% for the case in which plant deposition is not 

considered. With plant deposition, the results are F = 0.080 and fp = 12.3%. This clearly confirms our 

hypothesis that the forest vegetation alters the make-up of the aerosol of the radon progeny by 

reducing the equilibrium factor and increasing the unattached progeny fraction (due to preferential 

removal of the unattached fraction, which has the highest deposition velocity, by the trees). In 

particular, (a) the equilibrium factor decreases significantly below one with plant deposition, 

compatible with the theoretical expectation that for higher deposition (i.e. enhanced by vegetation) F 

will tend to zero, and (b) the mean fp is low, and the inverse relationship between F and fp (James et 

al., 1988) is reproduced by the model.  

That the model approximates well the measured 222Rn concentration in air in the Belgian Nete Valley 

(Sweeck et al., 2024), (within a factor of < 2) indicates that the radon exhalation - aerosol formation - 

foliar deposition pathway is well-calculated. Radon concentration depends strongly on wind velocity.  



3.4 Dose calculations 

Dose rates to the trees over timescales of 2- and 25-years, unweighted by radiation quality, are shown 

in Figure 10. For internal exposure, 214Po is the most important contributor to dose, closely followed 

in descending order 218Po, 222Rn (ingrown from 226Ra taken-up by the plant), and much less 

significantly (two orders of magnitude below) 214Pb and 214Bi. This is fully consistent with results 

from the radon model of Vives i Batlle et al. (2011) (Vives i Batlle et al., 2011), which constitutes a 

point of verification for the present model. 

 Figure 10: Unweighted dose rates to tree for the different radionuclides (left) and total dose rates 

(sum for all radionuclides) for internal, external, and surface dose components, over 2-year (top) and 

25-year timescales (bottom). For the 2-year simulation, the external dose for free radon overlaps with 

the unattached component.  

One of the most significant characteristics of this model is the possibility to calculate dose rates to 

foliage arising from the surface-deposited radon progeny (an exposure route not explicitly considered 

in most assessments, e.g., the ERICA Tool). This turns out to be the main dose component of the total 

dose rate (sum of all radionuclides), followed more than one order of magnitude below by external 

exposure to the attached fraction, and much further below (two orders of magnitude) the total tree 

internal dose and external exposures to the unattached fraction of the aerosol, respectively. In this 

regard, our model also gives answers consistent with our previous study on radon doses to vegetation 

(Vives i Batlle et al., 2011). 

The internal exposure grows monotonically, surpassing the attached fraction external dose after some 

17 years. This highlights the fact that the radiation dose depends on the age of the tree, since the 

uptake of radionuclides by the tree is a slow process. Therefore, this model allows the calculation of 



(quite different) dose rates for young (2-years) and mature (25-years) trees, a fact that is also ignored 

in most assessment models. For internal doses, the differences between both are about one-order of 

magnitude, as shown in Fig. 11. For external doses, the pattern does not change. 

Figure 11: Assessment of dose to terrestrial biota calculated for the modelled concentrations using the 

ERICA tool.  

The total unweighted dose rate for the tree after 25 years is 0.064 µGy h-1. Using a RWF of 10 for -

emitting radionuclides, 3 for < 10 keV -emitters (in line with 3H dosimetry) and 1 for  10 keV - 

and all -emitters results in a 10-fold increase in the total 222Rn, 218Po and 214Po internal and surface 

deposition dose rates, all other doses remaining unchanged. Since the predominant contributors to 

dose are -emitters, the total dose rate to the tree is approximately 0.64 µGy h-1. This is well below 

the ERICA benchmark value of 10 µGy h-1, indicating that there are no significant risks to forest 

vegetation in a site with soil 226Ra concentrations of 103 Bq kg-1.  

An assessment with the ERICA Tool the concentration modelled (average of upper and lower soil) of 

989 Bq kg-1 soil concentration gives a total dose rate of 2.56 µGy h-1, also below 10 µGy h-1. The 

factor of 4 difference is because ERICA has a higher in-built level of conservatism, both in terms of 

assuming equilibrium partitioning between vegetation and soil, and in the conservatisms involved in 

the ERICA calculation, particularly in terms of transfer factors and Kds. We consider our assessment 

to be more realistic, and therefore reductive of conservatism. 

For the concentrations in soil generated in this assessment, the ERICA Tool produces the assessment 

for terrestrial biota shown in Fig. 11. The screening value of 10 µGy h-1 is exceeded for all but Bird, 

Flying Insects and Gastropod. However, at the dose rates reported, no effects are predicted, based on 

the evidence of the FREDERICA radiation effects database (Copplestone et al., 2008).  

ERICA is also able to make a radon gas assessment for breathing organisms, having implemented the 

method of Vives i Batlle et al. (2017). For an average radon concentration in air of 190 Bq m-3, all risk 

quotients are below unity, the highest being for arthropod (0.38), flying insects (0.25), gastropod 

(0.19) and annelid (0.12), with the remainder an order of magnitude below.  

It must be noted, however, that concentrations in radium-rich soils can exceed the values calculated in 

our case study. It has been previously noted that dose rates to burrowing mammals arising from 222Rn 

exposure are probably an order of magnitude or more than suggested in previous assessments of 

natural background, which had omitted this exposure route, exceeding in some cases the screening 

level (Beresford et al., 2012). This suggests that, for radon, effort is required to better put the 

benchmarks into background context, depending on the assessment level. 

4. Conclusions 

A SVAT model for radon and its progeny is developed, combining a simplified soil hydrology and 

dynamic transfer to Scots pine trees, deriving activity concentrations in the tree (and associated soil-



vegetation transfer factors), and using exhalation rate and radon aerosol calculations. The model has a 

dosimetry module for dose calculations. A simple, diffusion-based, model of uptake of radon by the 

vegetation can represent processes that effectively remove the activity of the radon progeny deposited 

on plant foliage. The model can illustrate the interception of radon progeny and the reduction of the 

radon aerosol’s equilibrium factor, as well as the further translocation of the progeny through the tree, 

ending in soil deposition of litterfall. 

We have performed an exercise in which the model is run with and without activating the atmospheric 

route of entry into the tree canopy and we validated the study hypotheses. This includes our principal 

inference that tree uptake of the aerosol of radon progeny is a significant contribution to the total plant 

activity taken together with root uptake, and thus it cannot be ignored in radioecological modelling.  

This model shows that several mechanisms ignored in most assessment models are, in fact, quite 

relevant. Such mechanisms are (a) the slow uptake of radionuclides by the tree roots, in line with 

observations by other modellers and for other radionuclides (Thiry et al., 2009; Van den Hoof and 

Thiry, 2012), meaning that concentrations never stabilise (i.e. the transfer factor is not constant) 

leading to different dose rates for young and mature trees, (b) the deposition of radionuclides on leaf 

surfaces, leading to a dominance of surface doses, (c) the difference in transfer factors for different 

isotopes of the same element radionuclide chain (i.e. 214Po vs. 218Po) and (d) the need to include radon 

exhalation- atmospheric deposition in assessments, without which significant errors can be made. 

In this paper, we have explored the significance of uncertainties in the modelling parameters, 

highlighting the significance of the Kd and the hydraulic conductivity in this respect. In future work, 

these uncertainties should be quantified to progress this model beyond the proof-of-concept stage. 

This quantification ought to include single- and multi-parameter sensitivity analyses using lognormal 

probability density functions, confidence interval calculations or more advanced statistical methods 

(Bigeard et al., 2019; Staudt et al., 2010), in order to guide future radiological impact assessments. 

Several parts of the model call for further development. The radon diffusion coefficient could be 

augmented to represent the effects of tortuosity and of atmospheric pumping in surface soil layers. 

Wet deposition could be included explicitly. The number of soil layers can be increased to add 

vertical resolution to the soil column. The model prototype could be re-cast in a programming 

language allowing for parallel computing, making possible to perform probabilistic calculations 

efficiently. Lastly, the model should be applied to different scenarios, in order to assess its 

transferability. Application of this model is foreseen in remediation activities planned for landfill sites 

with radium hotspots, where there is a need to perform radiological assessments for the trees and the 

forest floor biota.  
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