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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• An algorithm to calculate the radon 
exhalation of porous soils was 
developed.

• It was validated by literature compari
son with models and measurements.

• An in-depth sensitivity analysis of the 
algorithm was done.

• The application to a phosphogypsum 
repository was in concordance with 
measurements.

A R T I C L E  I N F O

Keywords:
Radon
Radon exhalation
Phosphogypsum
Radon transport

A B S T R A C T

The pilling of waste materials with high 226Ra concentrations like phosphogypsum represents a potential health 
risk in many countries, making it important to understand radon transport through soils and develop mitigation 
techniques. The objective of this work is to develop and validate an open-source algorithm for evaluating radon 
transport through porous materials, and its application to estimate the radon exhalation depending on the 
applied restoration. Methodology has been validated by comparing our algorithm with literature data. A mean 
relative difference of 10% between our algorithm and the literature experimental measurements, and 14% with 
the literature model results were found. A sensitivity analysis was done by varying the input parameters and 
different boundary conditions were tested. The algorithm was compared against laboratory simulations of a 
phosphogypsum repository in Spain, with a mean relative difference of 13% compared with our results. Among 
the radon mitigation covers tested, the lowest exhalation was achieved by a geomembrane sheet. It was also 
tested with in-situ measurements of already restored sections of the repository finding a mean relative difference 
of 6% between the measurements and the algorithm. The measured topsoil cover reduction was 18%, and the 
algorithm estimated a 17% reduction in radon exhalation. In conclusion, an open-source alternative to the 
exhalation prediction of multi-layer soils was created, validated and gave accurate estimations.
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1. Introduction

The 238U series radionuclides are among the most significant con
tributors to the radioactivity of the Earth’s crust. In its decay chain, we 
find 226Ra is found, which in turn decays to 222Rn. 222Rn ambient con
centrations greatly depend on the local sources, which can be natural, or 
human made. In Huelva (Southern Spain) there is a phosphogypsum 
(PG) repository, a material that is a by-product from the production of 
phosphoric acid, used as fertiliser, which is created through the chem
ical treatment of phosphate rocks (PR). For every gram of PR processed, 
around 1.5 g of PG are produced [1–3]. PG is categorized as Naturally 
Occurring Radioactive Material (NORM) as phosphate rocks contain 
high levels of 238U (about 50 times of 238U in relation to unperturbed 
soils), and in relation to the radioactivity amount contained in PR, more 
than 95% of 226Ra remains bound to the PG material [4–6].

Huelva factories processed from 1965 to 2010 about 2 million tons of 
PR annually, yielding 2.5–3 million tons of PG. Until 1998, the 20% of 
the PG produced was released to the Odiel River and the remaining 80% 
was stored in large piles, covering about 1000 ha of land near the fac
tories on the right bank of the Tinto River channel. From 1998 onwards, 
the totality of the PG was stored in piles. The average concentration of 
226Ra in the PG stored in these stacks typically ranges from 500 to 
1000 Bq kg− 1, with an average of 650 Bq kg-1, which is 20 times higher 
than the background values found in typical soils [7–9]. Today there are 
4 different zones. Zone 1 is a restored area with a soil cover of about 
30 cm above the PG surface along with a vegetal cover. Zones 2 (up to 
20 m height), and 3 are unrestored areas, while zone 4 is an already 
restored area. The presence of 226Ra in PG will result in the release of 
222Rn gas, which is a health risk for workers and local populations. 
Waste management strategies include piling PG to increase its height 
rather than its surface area, which can reduce radon exhalation rates, 
and covering PG with different materials to minimize radon passing 
through [10–12]. In the Huelva repository the exhalation of different 
zones has been measured [8,9], finding the following ranges: 
22–1220 Bq m-2 h-1 (zone 1), 800–7090 Bq m-2 h-1 (zone 2), and 
110–1800 m− 2 h− 1 (zone 3). For zone 4 there are no published 

measurements before or after restoration. Values of radon exhalation 
from others PG repositories from around the world cover a wide range of 
values, varying between 200 – 18000 Bq m-2 h-1 [13–16]. The typical 
soil average value for exhalation is of 58 Bq m-2 h-1 [17,18], which is 
consistent with the values measured in an agriculture soil 75 km from 
the Huelva PG repository, ranging from 10 to 40 Bq m-2 h-1 [9].

The understanding of radon transport through a material is of great 
importance when studying and developing a possible solution to miti
gate the risk of radon exposure caused by it [19–21]. The main terms in 
the transport equation are radon generation and decay, as well as 
diffusion and advection mechanisms, although most models generalize 
to a diffusion model when defining the problem equations [22,23]. The 
boundary conditions commonly used are of fix constant concentration 
value, ambient concentration, or null concentration at the top of the 
material, and the concentration at an infinite depth at the bottom of the 
material. Once the material concentration is known, calculating the 
resulting exhalation can help predict the final radon concentration to 
which the public is exposed.

Several researchers have developed a way to obtain the resulting 
radon exhalation from soil. In the stationary state, an analytical solution 
can be applied, as done by Zhuo et al. [24] and Wu et al. [25] in their 
one-dimensional diffusion model. In Zhuo et al. [24] they use a refor
mulated exhalation model with equations for the radon emanation 
factor and the radon diffusion coefficient depending on temperature, 
porosity and moisture content. To validate their results, they compare 
with experimental data obtained in their laboratory, which simulate the 
same conditions as the model input. In Wu et al. [25] the analytical 
solution was used to fit laboratory experimental data on radon con
centration at different depths, to determine the radon diffusion coeffi
cient of the soil and then the exhalation. The analytical solution is easier 
to apply, but less accurate. Another common approach is to use the finite 
element method (FEM) [10,26,27] or finite differences method (FDM) 
[28] to obtain a numerical solution. López-Coto et al. [10] uses a 
three-dimensional diffusion model in the transient state and solves for 
the divergence to the steady state using the Elmer tool. They also use an 
equation dependent of porosity and moisture for the diffusion 

Fig. 1. Repository piles in the Huelva region at different times and sampling area location.
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coefficient, studying the changes in the exhalation with these two pa
rameters. Muñoz et al. [26] and Neznal et al. [27] both applied a 
two-dimensional stationary diffusion and advection model. [26] used 
COMSOL Multiphysics software and Neznal et al. [27] uses the special 
software RADON2D computer model to solve the numerical equation. 
Muñoz et al. [26] applies an equation dependent on porosity, moisture 
and temperature to calculate the radon diffusion coefficient, perme
ability and emanation rate. There are also one-dimensional stationary 
models with numerical solutions, such as Chitra et al. [28] They used a 
MATLAB finite difference scheme to solve a transient diffusion and 
advection model for the divergence to the steady state. In their work, 
they found that including advection only slightly altered the concen
tration profile under typical soil conditions.

The objective of this study was to develop and validate an open- 
source algorithm, RADEXH, that evaluates radon transport through 
contaminated material and a potential cover layer to calculate the final 
radon exhalation into the atmosphere. It was also investigated how 
changes in soil characteristics affect the radon exhalation rate and 
different boundary conditions for the problem were evaluated. As we 
cannot test the algorithm with in-situ or laboratory experiments 
involving a wide range of input parameters it was necessary to test the 
stability of the algorithm in these situations using a sensitivity analysis. 
Finally, the developed algorithm was applied, under real conditions, to 
the Huelva phosphogypsum repository case, comparing it with a labo
ratory simulation and in-situ measurements. It was important to 
compare not only with the controlled laboratory conditions, but also 
with real in situ conditions, in order to put the algorithm to the test. 
Fig. 1 shows a photo of the repository piles in the Huelva region, their 
evolution over time, and the location where the measurements for this 
study were taken.

The main novelty of this study is the easy access and application of a 
tool that will enable the study of the possible restauration of waste re
positories and the estimation of the reduction in radon exhalation prior 
to its implementation. As the issue of PG pilling and its potential health 
risk is present in many countries, the impact of this study is not only 
relevant to the Huelva case study but also has global significance. There 
are many different tools for the solving transport equations, with the 
main novelty of RADEXH being its easy application, as it is specific to the 
problem of radon transport in waste material piles and the calculation of 
the radon exhalation rate. The model is a simplified version of the actual 
contaminant transport problem, reducing it to a one-dimensional sta
tionary state. Its key benefit is that it is ready to use directly on multi
layer contaminated porous soils, eliminating the need to learn and apply 
a FEM or similar tool to a specific problem. This makes predicting waste 
accumulation and possible restorations accessible to a wider range of 
people through an open-source program. The program will be made 
available via a GitHub repository.

2. Theory and algorithm

2.1. Theoretical framework

Certain assumptions have been made in the radon transport equation 
used; 1) transport is only considered in one dimension, along the x-axis, 
from the bottom to the surface of the material, as we assume homoge
neity and linear transport; 2) the main mechanism for transport is 
assumed to be the diffusion, as the advection mechanism is only relevant 
in cases where the pressure gradient is significant such as high winds or 
entry into homes; and 3) we assume a steady state and no time depen
dence. The final radon transport equation is the following [29]: 

D
d2C(x)

dx2 − λRnC(x)+ f = 0, for0 ≤ x ≤ d (1) 

• C(x): radon concentration in the porous space of the material 
(
Bqm− 3)

• x: position along the thickness of the material from the bottom to the 
surface (m)

• D: radon effective diffusion coefficient (m2 s− 1)
• λRn: radon decay constant (s− 1)
• f : source term for the generation of radon from the material 

(Bqm− 3 s− 1)
• d: thickness of the material (m)

f = λRnC∞ = λRn
ρC226

Ra ε
β

(2) 

• C∞: maximal radon concentration in material pore space at large 
depth (Bqm− 3)

• ρ: bulk density of the material (kgm− 3)

• C226
Ra : activity concentration of 226Ra (Bq kg− 1)

• ε: radon emanation
• β: effective porosity

β = (1 − s+ sL)p (3) 

• p: porosity
• s: fraction of moisture saturation [30]
• L: Ostwald coefficient dependent on the temperature [31]

s =
wρ
ρwp

(4) 

• w: water mass content [32]
• ρw: water density (kgm− 3)

w =
mwet − mdry

mdry
(5) 

• mwet: wet mass in material (kg)
• mdry: dry mass in material (kg)

RH =
mwet − mdry

mwet
(6) 

• RH: relative humidity
• mdry: dry mass in material (kg)

For the radon emanation rate an equation dependant on the moisture 
content can be used [33]: 

ε = ε0
[
1+1.8

(
1 − e− 18.8s) ] (7) 

• ε0: radon emanation in dry conditions

For the boundary conditions the literature usually uses ambient 
concentration for the surface of the material and the maximal concen
tration at the bottom [22,25,26], as we show in Eqs. 8–9. 

C(x = 0) = C∞ (8) 

C(x = d) = Camb (9) 

• Camb: radon ambient concentration (Bqm− 3)

In this work, the condition used at the bottom of the soil was of zero 
radon flux (Eq. 10), as the condition for a fixed concentration is not 
appropriate for all soil thickness, being an approximation for large 
depths. The difference between both conditions will be demonstrated in 
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the results section. 

− D
dC(x)

dx
|x=0 = 0 (10) 

The equation used for the radon diffusion coefficient is dependent on 
the porosity, water content of the soil and the medium temperature as 
follows [34]: 

D(p, s) = D0pe− 6sp− 6s14p (11) 

• D0: radon diffusion coefficient in air (m2 s− 1) [35]

D0 = 1.1⋅10− 5
(

T
273

)3
2

(12) 

• T: medium temperature (K)

Finally, the calculation of the radon exhalation from the surface into 
the ambient, once the profile radon concentration in the material is 
known, is as follows: 

E = − βD
dC(x)

dx
|x=d (13) 

• E: radon exhalation rate (Bqm− 2 s− 1)

2.2. Algorithm

The algorithm used, RADEXH, is a modification of a previously 
developed code for the calculation of the radon diffusion coefficient, 
RADCO [36]. It solves the transport equation (Eq. 1) with the finite 
element method (FEM) in a one-dimensional mesh along the thickness of 
the soil with the standard Galerkin approach [37]. This will create a 
system of linear algebraic equations that will be solved using the stan
dard Gaussian elimination method and the nodal concentration of the 
mesh will be given as a result. The size of the step was modified from 1 m 
to 1⋅10-3 m to see which is a good compromise between a fast and ac
curate result by seeing how the solution converged to a value. The 

conclusion was that 0.01 m was the ideal step. The FEM discretization of 
Eq. 1 applied was described in Anex B of the supplementary material.

3. Methodology and materials

3.1. Methodology

3.1.1. Radon exhalation rate and emanation factor
There are different methodologies for the measurement of the radon 

exhalation rate and emanation factor [38–40]. The one chosen and 
applied in this study is based on letting the problem material exhale into 
an accumulation volume, which was developed in previous works 
[41–43]. The radon concentration in the volume over time has a known 
equation, which is a balance between the radon generated by the ma
terial and the radon that is lost by natural radon decay, the system 
leakage and the back-diffusion effect. 

dC(t)
dt

=
ES
V

− (λRn + λb + λl)C(t) (14) 

• C(t): radon concentration in the accumulation chamber 
(
Bqm− 3)

• t: time of the measurements (s)
• S: exhalation surface of the material (m2)
• V: accumulation volume of the chamber (m3)
• λb: bound exhalation constant (s− 1)

• λl: leakage constant (s− 1)

λef = λRn + λb + λl (15) 

• λef : effective decay constant (s− 1)

C(t) = Csat +(C0 − Csat)e− λef t (16) 

• C0: initial radon concentration at the accumulation chamber (Bqm− 3)

• Csat : radon saturation concentration, that is C(t→∞) (Bqm− 3)

Different approximation can be done depending on the measuring 
time and the effective decay constant. By measuring the radon concen

Fig. 2. a) Laboratory set-up and b-e) materials used for the measurement of the radon exhalation rate for the simulation of the Huelva phosphogypsum repository.
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tration in the volume of accumulation for an interval of time and fitting 
the data of radon concentration versus the measurement time using a 
known equation the radon exhalation rate and emanation factor can be 
calculated. 

E = Csatλef
V
S

(17) 

ε =
E

SλRnC226
Ra m

(18) 

• m: mass of the sample (kg)

This methodology was applied both in a laboratory simulation of the 
repository and in-situ at the Huelva phosphogypsum repository.

3.1.2. Characterization of the materials
The porosity and real density of the phosphogypsum and topsoil 

samples was calculated using a pycnometer and calculating the apparent 
density using a probe of a known volume and weighing the sample in it. 
The samples were also weighed before and after drying them at 60ºC, 
until weigh was stable for a couple of days, and it was used to calculate 
the moisture content and relative humidity with Eqs. 5–6.

3.1.3. Radionuclides measurement
A coaxial HPGe extended range (XtRa)detector was used align with 

The Montecarlo Code LabSOCS [44,45] to determine the energy peak 
efficiency and the Genie 2000 [46] to apply the true coincidence sum
ming corrections (TCS) using the Peak-To-Total method. The activity 
concentration of 226Ra was determined both directly from the 186 keV 
photopeak and indirectly from the short half-life gamma-emitting 
progeny (214Pb and 214Bi). The interferences produced by 235U in the 
186 keV photopeak were removed by calculating the counts due to 235U 
from the 63 keV photopeak of 234Th [47,48]. Other radionuclides as 

210Pb, 228Ra, 228Th, and 40K were also determined. The procedure for 
averaging samples, backgrounds and quality controls was accredited by 
ENAC based on the UNE-EN ISO/IEC 17025:2017 standard [49].

3.2. Laboratory experiments set-up

The materials used to emulate the phosphogypsum repository were: 
Phosphogypsum (PG), topsoil (TS), and a high-density polyethylene 
geomembrane (GM), as can be seen in Fig. 2. The combinations of the 
materials were the following: 

• 0–0–10: 10 cm of PG.
• 0–30–10: 30 cm of TS + 10 cm of PG.
• 0–60–10: 60 cm of TS + 10 cm of PG.
• GM-0–10: 10 cm of PG + GM.
• 0–0–20: 20 cm of PG.
• 0–30–20: 30 cm of TS + 20 cm of PG.
• 0–60–20: 60 cm of TS + 20 cm of PG.
• GM-0–20: GM + 20 cm of PG.

The parameters used for the PG was a porosity of 0.5, a moisture 
content of 0.4, an emanation of 0.15, an activity concentration of 226Ra 
of 669 Bq kg-1 and a bulk density of 1210 kg m-3. For the TS the porosity 
was 0.4, the moisture content 0.2, the radon emanation rate 0.23, the 
activity concentration of 226Ra 25 Bq kg-1 and the bulk density 
1315 kg m-3. The temperature was around 293.15 K and the ambient 
concentration was measured with the help of a Radon Scout (Sarad) and 
averaged a value of 10 Bq m-3. After some testing a step in the mesh 
element of 0.01 m was chosen.

The radon monitors used for the measurements were one RAD7 
(Durridge) and one RTM (Sarad). To avoid systematic differences in the 
measurements, the detectors were compared against each other using a 
reference soil [41]. Also, the RTM device was calibrated by SARAD with 

Fig. 3. a) Core sample taken and b-c) in-situ set-up for the measurements of the radon exhalation rate at the Huelva phosphogypsum repository. In c) the topsoil was 
eliminated to measure directly in the phosphogypsum.
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date of 05/10/2023 and the RAD7 was calibrated comparing to the 
RTM. For this reason, both devices were used in the measurements 
without bias. The laboratory set-up (Fig. 2) consists of 2.4 L rectangular 
propylene chambers where the different materials will be placed and can 
be stacked on top of each other. Each of the pilled boxes were filled in a 
way that no air gaps were left between them. In total 6 kg of PG and 
18 kg of TS were used (around 3 kg per chamber). An empty chamber 
with an entry and an exit for the connection with the radon detector is 
placed at the top to take measurements of the radon concentration and 
calculate the radon exhalation. The chambers are attached between 
them by using acrylic filler. Both the chamber material and the filler 
were tested to assure low radon leaks and verify its suitability.

3.3. In-situ measurements set-up

A similar concept is used for the in-situ set-up (Fig. 3). Two cylin
drical propylene chambers of 9.7 L each, were placed on top of the re
pository in zone 1 to measure the radon concentration and obtain the 
radon exhalation. The measurements were done in zone 1, on top of the 
naked PG and on top of the topsoil cover. The chambers were inserted a 
few centimetres, one of them 3 cm and the other one 6 cm, to reduce the 
leaks and the strength of the back-diffusion effect [42]. Each chamber 
had an entry and an exit for the radon devices, the same as previously 
mentioned.

Additionally, a core sample was taken (Fig. 3) consisting of 68 cm of 
PG and 20 cm of TS. The core was divided into 13 section (3 of TS and 10 
of PG), each measuring 6–8 cm. In these sections, the radionuclides were 
measured using gamma spectrometry, alongside the moisture content 
and relative humidity. More information about the core sections is dis
played at Table SM1 in the supplementary material.

For RADEXH the parameters used for s and 226Ra activity concen
tration are the one in Figs. 6–7 and Tables SM1-SM2. The porosity, radon 
emanation factor and the bulk density were 0.5, 0.15 and 1210 kg m-3 

for the PG and 0.4, 0.23 and 1315 kg m-3 for the TS. The average tem
perature for the day and time of the measurements was 286.15 K and the 
radon ambient concentration was measured with the same Radon Scout 
monitoring the ambient concentration of the laboratory and had an 

averaged value of 22 Bq m-3. The step in the mesh was 0.01 m.

4. Results

4.1. Validation

To validate the methodology, a comparison with the literature was 
carried out since there is no standard reference material for this mea
surement. The transport model used on each of the references can be 
seen in Table 1. The parameters given to the algorithm and taken from 
the respective references are presented in Table 2. Most cases are of 
homogeneous contaminated soil, except for cases 7 and 8. The first one 
is of a contaminated soil covered by a non-contaminated soil, and the 
second one is a stack of different contaminated soils.

Table 3 shows the algorithm results and the comparison with the 
ones given by the literature. In some cases of the literature, apart from 
calculating the radon exhalation using a model (Exhalation Reference in 
Table 3), they also took experimental measurements, in-situ or labora
tory, (Exhalation Measurement in Table 3). Additionally, the relative 
difference (RD in Table 3) between our results and the references was 
calculated as RD(x, y) =

y− x
x .

As can be seen from the results, there is concordance between the 
predictions of our algorithm and the data in the literature, even repro
ducing the experimental results better than the model references for all 
cases except for case 4. On average, there is a 10% relative difference 
between our results and the experimental results, and a 14% relative 
difference between our results and the reference model results. The 
worst results are for the comparison with the reference model in case 2 
and for the comparison with the experimental measurement in case 4. 
However, the similarity with the experimental measurement in case 2 is 
very good, with a relative error of only 3%. For case 4, our results are in 

Table 1 
Radon transport models used on each of the references.

Case Reference Model type

1 [50] 1D steady state analytic solution
2 [25] 1D steady state analytic solution
3 [24] 1D steady state analytic solution
4 [24] 1D steady state analytic solution
5 [10] 3D transitory numerical solution with COMSOL
6 [10] 3D transitory numerical solution with COMSOL
7 [10] 3D transitory numerical solution with COMSOL
8 [27] 2D steady state numerical solution with RADON2D

Table 2 
Input data from literature used for the validation of the methodology. p is porosity, s is moisture content, T is temperature, ε is radon emanation, C226

Ra is the Ra226 

activity concentration, ρ is the density, f is the radon generation rate, D is the radon diffusion coefficient, d is the thickness and Camb is the ambient radon concentration.

Case p s T(K) ε C226
Ra (Bq kg-1) ρ (kg m-3) f (Bq m-3 s-1) D (m2 s-1) x10-6 d (m) Camb (Bq m-3)

1 0.3 0 - - - - 0.129749 - 3 10000
2 0.37 0.064 293.15 0.22 59 1500 - - 2 15
3 0.6 0.43 289 0.347 18 980 - - 2 0
4 0.41 0.59 290 0.33 30 1570 - - 2 0
5 0.5 0.1 283.15 0.2 500 1210 - - 3 5
6 0.5 0.5 283.15 0.2 500 1210 - - 3 5
7 0.5 0.5 298.15 0.2 500 1210 - - 3 -

0.5 0.6 298.15 0 0 - - - 0.4 5
8 0.3 - - - - - 0.041 1.3 0.3 -

0.32 - - - - - 0.032 2.4 0.3 -
0.32 - - - - - 0.032 2.5 0.4 -
0.35 - - - - - 0.09 1.5 0.3 -
0.43 - - - - - 0.075 1.2 0.2 0

Table 3 
Results of the exhalation for the different cases and comparison with the refer
ence model result and experimental measurement, being RD the relative dif
ference between the results that appear in the parenthesis, being RD the relative 
difference between the results that appear in the parenthesis.

Case Exhalation (Bq m-2 s-1) x10-2 RD 
(Experimental, 
RADEXH) (%)

RD 
(Reference, 
RADEXH) 
(%)

Experimental Reference RADEXH

1 - 4.72 4.73 - 0.3
2 6.0 ± 0.6 4.7 ± 1.7 6.19 3 32
3 1.06 1.05 1.10 4 5
4 2.85 2.44 2.07 -27 -15
5 - 50.8 37.1 - -27
6 - 22.6 19.1 - -15
7 - 8.61 8.85 - 3
8 1.6 ± 0.3 1.77 1.50 -6 -15
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the same order of magnitude and the deviation from the reference model 
is only 15%. Therefore, when there is more discrepancy with one of the 
results, whether the experimental one or from reference model, the 
other one gives a lower relative difference. We can then conclude that 
we have successfully validated the algorithm through these 
comparisons.

4.2. Sensitivity analysis

We modified up to 8 parameters for the sensitivity analysis: the 
porosity, p, the fraction of moisture saturation, s, the medium temper
ature, T, the density, ρ, the activity concentration of 226Ra, C226

Ra , the 
radon emanation factor at dry conditions, ε0, the ambient radon con
centration, Camb, and the thickness of the material, d. A low, medium and 
high values for each parameter were chosen, the middle one based in the 
usual values found in the literature and increasing and decreasing the 
parameter a 90% from its middle value. For the dry conditions emana
tion values was taken into account the use of Eq. 7, to not have invalid 
values, having for the emanation a minimum value of 0.03, for s = 0.04 
and ε0= 0.015, and a maximum value of 0.81, for s = 0.76 and 
ε0= 0.285. The exhalation for every possible combination was 
computed, making 6561 cases. The values for the studied parameters are 
shown in Table 4.

With the data obtained for all combinations between the parameters 
in Table 4, the covariance between the exhalation and the input pa
rameters was calculated along with the relative difference between the 
exhalation for the medium values of the input parameters (E0) with the 
one obtained when increasing (E+90%) and decreasing (E− 90%) each 
parameter and leaving the rest constant (Table 5).

We can see from the results that the most influential parameters are 
the ones that appear in the source equation (Eq. 2) and in the radon 
diffusion coefficient equation (Eq. 11), which are p, s, ε0, CRa and ρ. This 
means that particular care should be taken when measuring them to 
ensure the lowest possible level of uncertainty. This is even more 
important for moisture content, as it is sensitive to ambient conditions. 
And finally, d, that does not appear directly in the equations, but it has 
some influence on the result. The one that influences less is the ambient 

concentration, Camb, whose covariance factor is practically zero. The 
temperature is the one with the second lowest value as it influences in D 
thought D0 (Eq. 12) and in E though β (Eq. 3), but the changes are not 
that significance in comparison with other parameter changes. Most of 
the parameters seem to be generally directly proportional except for s 
and Camb which are inversely proportional. We can also see that the 
parameters always behave in the opposite way when increasing or 
decreasing. For example, when increasing s a 90% the exhalation will 
increase and when decreasing s a 90% the exhalation will decrease, 
being the relative difference positive and negative respectively. So, for 
each parameter we have a positive and a negative relative difference, 
except for p that the exhalation decreases in both cases.

The maximum and the minimum value obtain between all the 6561 
cases are shown in Table 6 along with the input parameters for each 
case.

These results agree with the expected behaviour of the exhalation 
considering the equations. The parameters that appear in the source 
equation, ε0, C226

Ra and ρ, show a directly proportional relationship, so we 
find the minimum value of the exhalation for the values of ε0 = 0.015, 
C226

Ra = 35 Bq kg-1 and ρ = 120 kg m-3, which are the lower values of 
these parameters and the maximum for the values of ε0 = 0.285, C226

Ra =

665 Bq kg-1 and ρ = 2810 kg m-3, which are the highest values. The 
temperature also follows a directly proportional relationship, as β and D 
both increase when the temperature increases, from 275.15 K to 
311.15 K, rising the exhalation as a result (Eq. 13). A higher β and a 
higher D means an easier transport thought the soil to the surface. As the 
ambient concentration influences the boundary condition (Eq. 9), its 
increase reduces the concentration gradient between the soil surface and 
the ambient and therefore the exhalation decreases. For the parameter d, 
a higher value of d = 5.7 m means there is more material to generate 
radon, resulting in a higher exhalation rate. The changes in p and s in
fluence in the radon diffusion coefficient in a more complex way. What 
we can see with this result is that an increase in the moisture content 
translates to a lower exhalation, which makes sense physically as a 
higher water content will make the transport more difficult. In this case, 
for the porosity, we have the maximum exhalation for a value of p =

0.76 and the minimum exhalation for the value of p = 0.04, as with a 
higher porosity there will be more space for the radon to transport and in 
consequence a higher exhalation. This difference between the behaviour 
of p with the exhalation in Tables 5 and 6 could be for the change in 
moisture, as both if these parameters appear in the diffusion coefficient 
equation (Eq. 11). Figures showing the variation of the exhalation with 
each parameter, with curves for each combination, meaning in each 
curve the rest of the parameters are constant, was represented and can 
be seen in the supplementary material (Fig. SM2 to SM9). The previously 
explained behaviour of the parameters is observed in these figures as 
well.

Some of these parameters have a complex effect on radon exhalation. 
For example, the thickness of the exhalating material is critical when 

Table 4 
Input data used for the sensitivity analysis.

Parameter Low Medium High

p 0.04 0.4 0.76
s 0.04 0.4 0.76
T(K) 275.15 293.15 311.15
ε0 0.015 0.15 0.285
C226

Ra (Bq kg-1) 35 350 665
ρ (kg m-3) 120 1200 2280
Camb (Bq m-3) 1.5 15 28.5
d (m) 0.3 3 5.7

Table 5 
Result of the covariance between the 8 input parameters of the algorithm and the exhalation and relative difference between the exhalation for the medium values of 
the input parameters (E0) with the one obtained when increasing (E+90%) and decreasing (E− 90%) each parameter and leaving the rest constant.

p s T ε0 C226
Ra ρ Camb d

Covariance 0.207 -0.162 0.013 0.307 0.307 0.307 -1.41 ⋅ 10-5 0.147
RD(E0, El− 90%) (%) -92 6 -5 -90 -90 -90 2⋅ 10-3 -69
RD(E0, E+90%) (%) -9 -66 4 90 90 90 -2⋅ 10-3 0.3

Table 6 
Maximum and minimum radon exhalation obtain for the in the sensibility analysis and the input parameters.

Exhalation (Bq m2 s-1) p s T (K) ε0 C226
Ra (Bq kg− 1) ρ (kg m− 3) Camb (Bq m− 3) d(m)

3.57 0.76 0.04 311.15 0.285 665 2280 1.5 5.7
1.04 ⋅ 10-5 0.04 0.76 275.15 0.015 35 120 28.5 0.3
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considering the boundary conditions or the already mentioned effect of 
moisture content and porosity in the diffusion. Thus, a more detailed 
analysis of parameters d, p and s was done

For the case of the porosity, p, and the moisture content, s, a more 
detailed value sweep was done for a mean constant value of the rest of 
the parameters, in a range from 0.1 to 0.9 in steps of 0.1 for p and s, in all 
possible combinations. This was also done for the thickness of the ma
terial, d, for a constant value of the rest of the parameters, in a range 
from 0.05 m to 6 m in steps of 0.05 m. For this variation in d the two 
mentioned boundary conditions for the bottom of the soil (Eqs. 8 and 10) 
were tested. The values for these detailed cases are in Table 7.

Fig. 4 shows the results for case 1 in Table 7. In Fig. 4a we can see the 
radon exhalation as a function of the porosity with different curves for 
each of the moisture contents, and in Fig. 4b we can see the radon 
exhalation in function of the diffusion coefficient with different colours 
for the different moisture content and different point sizes for the 
different porosities.

As expected, the changes in the exhalation with p and s are directly 
related to the chosen diffusion coefficient equation (Eq. 9). In cases with 
a low moisture content, exhalation increases with higher porosity as 
there is more available space for radon transport, resulting in a higher 
diffusion coefficient and exhalation. This can clearly be seen in Fig. 4a in 
the blue (s = 0.1) and orange (s = 0.2) curve and at the end of Fig. 4b 
where the blue and orange points (s = 0.1 and s = 0.2) increase in size 
marker (in porosity) as the D increases.

As the moisture content rises, a higher porosity results in a lower 
diffusion coefficient and exhalation, as can be seen from the curves with 

s ≥ 0.3 in Fig. 4a, and in the beginning and middle part of Fig. 4b where 
bigger markers of the same colour are lower in the curve than smaller 
ones. For example, for the green (s = 0.3) where the marker size for p 
= 0.9 correspond to a lower D than the marker sizes for p = 0.8–0.6. This 
is because a larger amount of water is stored at high porosities, which 
blocks a greater proportion of the small pores in the material and results 
in a lower diffusion coefficient and exhalation [51,52]. This proves that 
the algorithm is working correctly, as this is the expected behaviour 
from the used equation for D. Additionally, exhalation decreases with 
moisture content at the same porosities, but the effect of Eq. 7 can be 
seen in the slightly different trend for s = 0.1. For this value, the 
emanation is of 0.38, whereas for the other moisture values, the 
emanation is around 0.42, with variations of less than 1%. The 
emanation increases with moisture content as the water traps radon in 
the pores, preventing it from returning to the solid grains. This can be 
seen in Fig. 4a, which shows some overlap between s = 0.1 and s = 0.2, 
and in Fig. 4b, where the curve for s = 0.1 is displaced towards lower 
exhalations. However, it appears that the behaviour with D is more 
dominant.

Fig. 5 shows the results for case 2 in Table 7. In Fig. 5a the is a 
representation of the exhalation versus thickness (d), for different 
boundary conditions at the bottom of the soil. In Fig. 5b there is a graph 
of the contribution to the total exhalation, if the total thickness of a 
material was 6 m of ascending thickness and having the boundary 
condition at the bottom as flux null (Eq. 10). The contribution to the 
total was calculated as the division between the exhalation at the 
different thicknesses and the exhalation at a 6 m thickness, Ed=x

Ed=6
.

Table 7 
Input data for the analysis of p, s and d.

Case p s T (K) ε0 C226
Ra (Bg kg− 1) ρ (kg m− 3) Camb (Bq m− 3) d(m)

1 [0.1,0.9] with 0.1 step [0.1,0.9] with 0.1 step 293.15 0.15 350 1200 15 3
2 0.4 0.4 293.15 0.15 350 1200 15 [0.05,6] with 0.05 step

Fig. 4. Variation of the exhalation with a) porosity with different colour curves for different moisture contents and b) radon diffusion coefficient versus porosity 
(different marker size), and moisture (different colours). With the mean constant values of T = 293.15 K, d = 3 m, ε0 = 0.15, C226

Ra = 350 Bq kg-1, ρ = 1200 kg m-3 

and Camb = 15 Bq m-3.
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With Fig. 5a we can see that Eq. 4 is not valid as a boundary condition 
for low thickness and once it reaches 1.5 the difference with the flux 
boundary (Eq. 10) is less than a 10%. This is important as Eq. 8 is a very 
used boundary condition sometimes for cases were the contaminated 
soil only reaches around 1 m where the relative difference between the 
conditions was around 30%. This discrepancy is due to the assumption 
done for boundary condition in Eq. 8 that the concentration at the 
bottom of the soil is equal to the concentration at a very large depth, 
when x→∞. So, the assumption that the thickness of the soil is deep 
enough to have that behaviour at the bottom of the soil happens only, or 
is a good approximation, from 1.5 onwards. This makes the null flux 
boundary condition a more appropriate one for wide range of thickness 
values. This is an important result, as this boundary condition is widely 
accepted in this type of problem. Although it is a good approximation 
that makes it easier to solve the transport equation, it is important to 
know its range of application.

Fig. 5b, shows that the first 50 cm is responsible of 50% of the total 
exhalation, while the 80% is provided by the top 90 cm of phospho
gypsum, reaching the saturation (99.9%) for around the top 3 m. This is 
consistent with the common practice of piling waste up in height rather 
than surface area reduces the exhalation rate.

4.3. Laboratory experiments

In Table 8 the exhalation value for the different configurations of the 
prism is shown for the experimental and simulated exhalation with our 
algorithm. The effective decay constant for these experiments varied 
around 5.1⋅10-6-1.21⋅10-5 s-1 which are similar or close to the radon 
decay constant. The curve fit for of each exhalation result can be seen in 
Fig. SM10-SM15 in the supplementary material.

As we can see, the results agree with each other, although there are 
some differences. The mean relative difference between the predicted 
values and the experimental measurements is 13%, excluding the geo
membrane cases.

We can see that for the cases with the topsoil covers the algorithm 
prediction is higher than the experimental results. This may be because 
staking more chambers increases the experimental error by introducing 
small leaks in the experimental set-up and possible air gaps between 
chambers, even though the chambers are filled in order to prevent them, 
resulting in a non-continuous material profile unlike what the algorithm 
assumes. The pilling of the chambers also creates interfacial disconti
nuities where the chambers connect with each other which adds to the 
differences between the experimental set-up and the algorithm. Another 

Fig. 5. a) Radon exhalation versus the thickness for two different boundary conditions at the bottom of the soil b) contribution of the different thickness to the final 
total exhalation of 6 m of soil having flux 0 at the bottom. With p = 0.4, s = 0.4, T = 293.15 K, ε0 = 0.15, C226

Ra = 350 Bq kg-1, ρ = 1200 kg m-3 and Camb = 15 Bq m-3.

Table 8 
Experimental and predicted result with the algorithm for the exhalation in the different set-ups of the prisms, along with the reduction of different covers, being RD the 
relative difference between the results that appear in the parenthesis.

Set-up Exhalation (Bq m-2 s-1) ⋅10-3 RD (Experimental, RADEXH) (%) Reduction (%)

Experimental RADEXH Experimental RADEXH

0–0–10 18.1 ± 1.1 15.8 -12 - -
0–30–10 9.7 ± 0.3 11 13 46 30
0–60–10 9.2 ± 0.6 10.3 12 49 35
GM-0–10 < 0.4 0.07 - - 99.6
0–0–20 32.6 ± 0.4 31.7 -3 - -
0–30–20 17.8 ± 0.6 21.7 22 45 32
0–60–20 16.4 ± 1.1 19.7 16 50 38
GM-0–20 < 0.2 0.07 - - 99.78
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Fig. 6. a) Relative humidity content, RH, and b) moisture content, s, measured at different depths for the core taken in zone 1.

Fig. 7. Radionuclides, a) 238U, b) 226Ra, c) 210Pb, d) 228Th, f) 40K, measurements at different depths for the core taken in zone 1. The points not represented in 40 K 
were below the detection limit of 48 Bq kg-1.
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possible source of error is the moisture content parameter. As explained 
in the previous section, this parameter is sensitive to changes and has a 
significant influence on exhalation. Even though precautions were taken 
and the measurements were carried out in a laboratory setting with no 
significant changes in humidity or temperature, the samples may have 
suffered small changes during the measurement period.

As expected, the GM cases had lower exhalation due to the low 
porosity and radon diffusion coefficient of high-density polyethylene 
materials, which makes it a common remediation solution. The exha
lations for these GM cases were under the detection limit, making it the 
best cover against radon, and the results given by the algorithm agree 
with the limits. The radon diffusion coefficient used for the geo
membrane was determined using the methodology explained in [36]. 
Also, pilling up PG increases the exhalation because, as we discussed in 
the previous section, most of the contribution to the exhalation in a 
porous material is given by the first meter and in our experimental 
conditions we only have 10 and 20 cm.

4.4. In-situ experiments

A core was taken from restored zone 1 of about 68 cm of PG and 
20 cm of TS. The depth value in Figs. 6–8 are the mean point of the 
corresponding 13 sections of the core. The wet and dry masses were 
measured in different sections, and the relative humidity and moisture 
content were calculated from these measurements. (Table SM1 and 
Fig. 6).

As expected, the relative humidity (RH) is very correlated with 
moisture (s), finding a linear regression fitting of r2 = 0.98, as both of 
them depend on the difference between the wet and the dry weight (Eqs. 
4–6). The moisture content increases with the depth, ranging the rela
tive humidity and moisture content for the topsoil of 5.4 and 15.7% and 
of 13.7 and 32.3% for the PG, respectively. There is a discontinuity in 
the interphase (from -17 cm to -23 cm), from -30 cm to -36 cm and from 
-69 cm to -76 cm, probably due to the hygroscopic properties of the PG 
for his P2O5 content, which makes it absorb surrounding moisture easily 

in combination with mixture in with the topsoil for the higher points. 
Also, the sample was taken in February after a period of 25 days without 
rains, which agrees with the data as there is humidity, but it does not 
reach very high values. The result for s at different points of the soil will 
be used as an input parameter for the algorithm.

The results for natural radionuclides concentrations are shown in 
Fig. 7, and the activity ratios of 226Ra/238U and 210Pb/226Ra in Fig. 8 are 
included (Table SM2). The 226Ra values obtained were used as input for 
the algorithm.

For the topsoil the mean values obtained agree with previous mea
surements in that zone [8,9] and with non-perturbed soils from the 
world [53,54]. At the last topsoil point at -17 cm, the 238U content is 
higher than for the other TS points, near to 100 Bq kg-1, and a little bit 
for the 210Pb, despite the 226Ra content not being higher. This is ratified 
by the 226Ra/238U activity ratio at -17 cm (0.32 ± 0.03, so 238U activity 
concentration is 3 times the 226Ra one), meaning that there is no secular 
equilibrium between these radionuclides. The same but in a lower 
proportion happens for 210Pb/226Ra, with a value of 1.40 ± 0.16 at -17 
cm.

The mean activity concentrations measured for the phosphogypsum 
agree with the previously ones measured [8,9], with much high values 
for the 238U, 226Ra and 210Pb in the PG than in the TS and the reverse for 
228Th and 40K. In PG 40K is around 10 times lower than in TS, although, a 
higher 40K value is observed at PG1 compared to the other PG points. 
This could indicate a mixture of PG and TS in that section. For the ac
tivity ratios we can see that the 226Ra and 232U are not in secular equi
librium in the PG. The 210Pb and 226Ra are near to secular equilibrium 
for most of the points, with only a slightly disequilibrium for points -84 
cm and -36 cm.

This disequilibrium between 226Ra and 238U in the PG and at point 
-17 cm could be due to the migration U from PG into TS due to the higher 
mobility of this radioelement in relation others as 226Ra and 228Th [55, 
56]. For the 210Pb a similar effect can be seen, but in a much lower 
proportion.

The radon exhalation rate was predicted with our algorithm and 

Fig. 8. Activity ratios, a) 226Ra/238U, b) 210Pb/226Ra, calculated at different depths for the core taken in zone 1.
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measured experimentally. For these experiments, a period of measure
ment was chosen for which λef t≪1, and a linear approximation to Eq. 16
was applied. In this approach the effective decay constant cannot be 
calculated. The results and comparison between them are shown in 
Table 9 and the curve fit of each exhalation result can be seen in 
Fig. SM16-SM17 in the supplementary material.

We can see that the simulated values are lower than the measured 
ones, with a relative difference of 6% with PG and of 5% with PG 
+ 20 cm TS. This is a good result considering the approximations made 
in the algorithm. For example, it assumes a 1D mesh that does not 
consider possible lateral transport, a clean transition between the layers 
of the material, when, in reality, there is mixing at the interface between 
the PG and the TS, and a continuous material profile, as mentioned in 
the previous experiment. Another important difference is the possible 
discrepancy between the moisture in the in-situ setup and the moisture 
measured in the laboratory once the core was taken there as it is a 
sensitive and influential parameter. Also, the exhalation reduction for 
the 20 cm TS cover is similar for both results, of 18% for the experi
mental measurement and 17% for our algorithm. So, the mitigation 
evaluation is correct. The developed algorithm has the advantage that it 
can easily perform a sensitivity analysis, providing the conditions for the 
highest exhalation rate, so remediation can be planned considering 
possible variations from expected conditions.

5. Conclusions

The main conclusions were the following: 

1. An algorithm to predict the radon exhalation rate of a multilayer 
porous material was developed and validated by comparing it with 
the literature and will be made available as an open-source software.

2. The sensitivity of the algorithm with the different input parameters 
was studied and it was found that the most influential ones are the 
source and diffusion parameters, that is, the emanation, density, 
226Ra content, porosity and moisture content.

3. A more detailed study was done for some of the most significance 
parameters (porosity, moisture content and thickness). In general, 
exhalation decreases with moisture content, but for some porosities 
at the lowest moisture value, the effect of moisture on the emanation 
creates a displacement to lower exhalations. For low moisture values, 
the radon exhalation rate increased with porosity, but for values 
higher than 0.3, there was a decrease in the exhalation rate with 
increasing porosity.

4. The fixed value boundary condition at the bottom of the material, a 
commonly used condition, was found to not give good results for 
material thicknesses lower than 1.5 m. This makes the null flux 
condition a more appropriate for a wider range of thickness values.

5. The first metre of material has the greatest influence on the final 
exhalation, of about 85% of the total contribution.

6. Given all this, the recommendation when using RADEXH is to pay 
special attention to measuring the emanation, density, 226Ra content, 
porosity and moisture content, especially the latter as it is most 
sensitive to change. Using the flux null boundary condition is also 
recommended, as it provides a better representation of the experi
mental situation.

7. The Huelva phosphogypsum repository piles were simulated in the 
laboratory, and different cover materials were tested. A good 

agreement between the algorithm and the experimental results was 
found, with a mean relative difference of 13%. The cover material 
that achieved the highest exhalation reduction was a geomembrane 
sheet.

8. The experimental in-situ measurements in the phosphogypsum re
pository were done on top of the naked PG and on a topsoil cover. 
There was a relative difference of around 6% between our algorithm 
and the experimental result. The reduction of the topsoil cover was 
estimated correctly, with our algorithm showing a result of 16% and 
the experimental measurements of 17%.

To summarize, an open-source algorithm to predict the radon 
exhalation rate of a contaminated soil was developed and validated, and 
its dependence on different input parameters and boundary conditions 
was studied. It was then applied to the Huelva phosphogypsum re
pository, providing good results in the estimation of the radon exhala
tion rate and the reduction of different covers. Even though this model 
approximates the actual physical situation with a one-dimensional mesh 
steady-state diffusion transport model, the main novelty is its easy 
application to the specific problem of radon transport through a multi- 
layer soil. Users only need to know the material's characteristics to es
timate the radon exhalation rate, eliminating the need to adapt their 
problem to a broader software tool.

Environmental implication

The piling of waste materials is a common practice globally. If the 
repository contains naturally occurring materials waste with high 226Ra 
one of the main concerns is the radon that will be generated and exhaled 
into the environment. This makes the radon exhalation rate an impor
tant parameter to study when planning the restoration and mitigation. 
The main concerns are the workers in the area and the potential future 
use of the land, as continuous exposure to radon can lead to health 
problems. Therefore, the accessibility of a tool to predict the radon 
exhalation of a multi-layer material is of relevance.
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[45] Suárez-Navarro, J.A., Moreno-Reyes, A.M., Gascó, C., Alonso, M.M., Puertas, F., 
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[47] Suárez-Navarro, J.A., Benavente, J.F., Expósito-Suárez, V.M., Caño, A., Hernaiz, G., 
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