
Construction and Building Materials 414 (2024) 134967

Available online 15 January 2024
0950-0618/© 2024 Elsevier Ltd. All rights reserved.

Review 

Methodology for assessment of radon diffusion coefficients in membranes, 
used as radon barriers in construction and refurbishment 
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c Department of Mathematics, Physics and Technological Science, Universidad Cardenal Herrera-CEU, CEU Universities, Valencia, Spain   

A R T I C L E  I N F O   

Keywords: 
Radon 
Membrane 
Diffusion 
Radon source 
Radon barriers 
Radon coefficient diffusion 
Inexpensive method 
Radon mitigation 

A B S T R A C T   

In the near future, research on new materials for radon barriers can be expected to rise in order to meet a greater 
demand of radon mitigation solutions because of the increasingly lower radon levels that the EU legislation aims 
to. Such research would need a method for the determination of the radon diffusion coefficient and this paper 
presents an inexpensive method for that purpose, using affordable radon detectors and a simple experimental 
setup that does not require any tubing or any pumping. Besides the use of two Electronic Integration Devices as 
radon detectors, the experimental setup used in our method consists only in a two-chamber container made of 
steel and a small-sized radon source, which was produced in our lab using a 226Ra solution. The radon diffusion 
coefficient is determined by measuring radon levels in both chambers of the container, which are separated by a 
membrane made of the material whose radon diffusion coefficient is to be determined. Radon diffuses from a 
source chamber to a receiver chamber trough the membrane, being the amount of radon that has passed through 
and the rate at which it has done so the key parameters in the calculation of the radon diffusion coefficient. Our 
method can handily measure materials with a radon diffusion coefficient above or equal to 10-11 m2 s-1 or, 
provided that the sample is thin enough, verify that the coefficient is lower than 10-12 m2 s-1. Its precision is good 
enough to provide radon coefficient diffusion values with a good repeatability as the RSD is as low as a 35% for 
materials in which the coefficient is in the order of 10-11 m2 s-1. This means that our method is valid for screening 
materials for radon barriers and checking their compliance with technical specifications.   

1. Introduction 

Health risks of radon exposure in workplaces such as mines have long 
been known and consequently the places in which workers are exposed 
have been monitored accordingly [1,2]. The awareness of radon expo
sure for regular people at home only dates from the 1970 s, initiating a 
trend of increasingly restrictive laws aimed at the reduction of indoor 
radon levels, particularly since the radon was discovered as a leading 
cause of lung cancer, second only to smoking [2]. The International 
Radon Project of the World Health Organization was established in 
2005. It produced a handbook on indoor radon [3] in 2009 and lead to a 
global initiative on radon awareness, urging programs for indoor radon 
measurements and the development and adoption of radon mitigation 
solutions, and requesting legal changes to the states in order to address 
the problem. Building materials can also contribute to indoor radon 

levels [4–8], but radon exhalation from soil and its leakage into the 
buildings has a higher contribution and therefore high indoor radon 
levels are usually addressed using anti-radon barriers to prevent radon 
infiltration into the buildings [9]. The most recent legal changes in 
radon legislation, such as the transposition of the 2013/59/EURATOM 
directive (which sets the indoor radon reference level to 300 Bq m− 3) 
[10,11] into the laws of the EU member states, caused a demand for 
solutions for the mitigation of radon presence, including new materials 
to be used as radon barriers. Legislation on radon exposure at home is 
heavily influenced by the exposure to radon that is expected in each 
region, so radon maps in each state are commissioned by their govern
ments. Those radon maps can be produced from direct measurements of 
indoor radon levels, as in the UK [12], or be predictive maps based on 
geological maps and radiometric measurements in soil, as in Germany 
[13–15] and the Czech Republic [16]. For instance, the Nuclear Safety 
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Council (in Spanish: Consejo de Seguridad Nuclear; CSN), an indepen
dent Spanish institution of the General State Administration, has pro
duced a predictive map of radon exposure to radon in Spain [17] and, 
subsequently, Spanish municipalities have been classified according to 
the probability that buildings constructed there without specific radon 
protection solutions will have radon concentrations above the reference 
level. Recent changes in legislation [18] require that buildings to be 
constructed in certain municipalities (those belonging to the class in 
which the presence of high radon levels is most likely to occur) must 
incorporate radon mitigation measures, including, but not limited to, 
the use of radon barriers. 

The research of new anti-radon materials and development of 
innovative radon barriers to be set up during the construction and 
refurbishment of buildings needs to meet current and future demands, 
increasingly improving the features of radon mitigation solutions. Such 
research requires a method for the determination of the radon diffusion 
coefficient in order to test the suitability of the new materials as anti- 
radon barriers. Currently, the ISO/TS 11665–13:2017 standard [19] 
provides a method, but such method, and many other methods [20,21] 
for the same purpose as well, requires a complex setup and expensive 
instruments, which is a handicap for many small-sized research labo
ratories, especially those whose main concern is not radon research. 

Diffusion is a transport phenomenon and as such it is an irreversible 
process in which time is a relevant variable, thus the determination of 
diffusion coefficients requires continuous measurements of the con
centration levels of the substance that diffuses. This fact excludes some 
methods for the determination of radon levels, such as those that require 
the use of charcoal canisters or Electret Ion Chambers (EIC), because 
they cannot detect radon level variations over short periods of time (<1 
day) [22–24]. The use of scintillation plates in combination with pho
tomultiplier units for the determination of the coefficient diffusion of 
radon is not uncommon, as it is used in the method described in the 
ISO/TS 11665–12:2018 standard [25], but it requires a specific setup 
that limits its use for other applications (e.g. in situ measurements of 
radon levels, which could be carried out to test the efficacy of the 
anti-radon barriers). In contrast, Electronic Integration Devices (EID) 
are versatile instruments for radon measurements. Despite the fact that 
they are outperformed in sensitivity and accuracy by Continuous Radon 
Monitors (CRM), EIDs may be preferable due to their more compact 
design and much lower cost. Despite the fact that household radon de
tectors are usually EIDs that are very inexpensive, they are not suitable 
for this application due to their poor accuracy and their slow response 
time, but the performance of professional (though more expensive) EIDs 
is fitting for research while their costs are still much lower than CRMs 
(they can be bought at three to five times lower cost). The main purposes 
of this article are presenting a new, cheap method for the determination 
of the radon diffusion coefficient in anti-radon materials and making a 
screening of the materials that are currently available as radon barriers. 
This inexpensive method is meant to be used during the development of 
anti-radon barrier materials for screening, i.e. as a way to test its efficacy 
as barriers without having to spend much of the budget in expensive 
devices. Alternatively, the lower cost of the new method means that the 
budget could be used for setting up additional devices for the simulta
neous determination of the radon diffusion coefficient of multiple 
anti-radon samples. 

Once the method has been set up, the determination of radon 
diffusion coefficients was carried out, focusing on commercially avail
able materials that are currently used as anti-radon materials. Many of 
these materials are used in geotextile membranes, which are used to 
improve soil characteristics before building on it, as they provide anti- 
radon properties to the membranes. These anti-radon membranes 
isolate the buildings from the soil on which they are built, not allowing 
the radon to enter inside. In most cases, these membranes are rolled and 
they are rolled out during the building process and then the joints are 
sealed in order to prevent radon and moisture from entering through 
them. Bitumen membranes allow joint sealing by torching, while other 

materials (such as polypropylene) require tapes. Many anti-radon 
membranes include some additional elements, such as a grid or an 
aluminum layer, in order to provide better physical properties such as 
higher puncture resistance and greater fracture strength. The presence 
of an aluminum layer is expected to cause an important effect on radon 
diffusion, since aluminum is a very effective barrier for radon because 
the diffusion coefficient of radon through aluminum is very low [26]. 
However it has to be noted that having a very low diffusion coefficient 
does not mean that the material is perfect for a radon barrier. In the case 
of aluminum foils, any movement of the building substructure could 
lead to tearing of the foil and thus to the loss of barrier properties. In 
some counties (e.g. Spain), barriers with aluminum layers are commonly 
used for protection of buildings against radon, but in others (e.g the 
Czech Republic) it is not allowed to use them according to some building 
standards (for example CSN 73 0601)[27]. 

2. Experimental 

2.1. Instrumentation 

Our methodology requires the simultaneous measuring of Rn level in 
two different compartments that are separated by a membrane of the 
sample material, so it requires two radon detectors that will be working 
in parallel. Our detectors are two EIDs, model AlphaE (Bertin Technol
ogies, Montigny-le-Bretonneux, France). Each AlphaE has a rectangular 
prism shape (dimensions are shown in Table 1). It has aluminum 
housing and is able to measure radon levels from 20 Bq m-3 up to 10 MBq 
m-3 with adjustable measuring cycles ranging from 1 min to 12 h. Short 
measuring cycles provide a good time resolution at the cost of a low 
sensitivity while long cycles provide a high sensitivity with a poor time 
resolution. A measuring cycle of 1 h provides an adequate compromise 
between sensitivity and time resolution. 

In our experiments, the quality of the determination of the radon 
concentrations was a major concern. Therefore, it was checked period
ically, by comparison with the measurements obtained from a calibrated 
AlphaGuard detector in a controlled chamber. The deviations were 
lower than 10%. Background radon concentration was also checked 
periodically by enclosing the detectors in a sealed container outdoors for 
more than a week and considering only the last 48 h of the measure
ment. Then, background was subtracted from the corresponding 
measurements. 

2.2. Experimental setup 

Our methodology, in contrast to the original setup described in the 
ISO/TS 11665–13:2017 standard [19] and other studies [28], is based in 
two closed chambers in which the radon monitors are placed. This has 
the additional benefit that it dispenses with the use of a circuit for taking 
the radon to the detectors, where losses may occur, opting to put the 
detectors inside the compartments, taking advantage of the reduced size 
of the EIDs (CRMs are too large). The design of each chamber was cy
lindrical in shape and large enough to place the radon monitors inside, 
with a hitch in each chamber in order to firmly attach the detectors. 
Additionally, dispensing with the use of a circuit has prompted us to 
renounce to have a desiccant inside the experimental setup during 
measurements because any finely powdered desiccant also could 
potentially adsorb a small quantity of radon that could affect the 

Table 1 
Dimensions and weight of an AlphaE detector.  

Height (largest) 108 mm 

Width (largest) 77.5 mm 
Thickness (largest) 35.5 mm 
Volume 203.5 mL 
Weight 215 g  
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measurements [29] 29. Instead, it’s been decided to use a powdered 
desiccant only before each measurement in order to provide a low hu
midity environment inside the chambers, but removing it whenever the 
radon source and the detectors are being used. As a result of these 
changes, the experimental setup consists of only 3 parts: radon detectors 
(2 EIDs), a radon source and a 2-chamber container (plus the necessary 
nuts and bolts). Getting rid of the gas circuit can also lead to a marked 
decrease of radon leaks, as there are no joints or valves connecting tubes 
and radon can only escape the system between the chambers, where the 
membrane samples are placed and O-rings are used to provide 
airtightness. Tables 2 and 3. 

The radon source (Fig. 1) was made by adding well-known quantity 
from a certified standard of 226Ra (about 220 Bq) on a 0.4 µm Millipore 
filter attached to a circular metal plate, and then desiccated with an 
infrared lamp. As the standard medium was nitric acid, it causes some 
corrosion to the material and the initially flat surface develops some 
roughness, but it did not compromise its integrity and becomes usable as 
a radon source. The volume of the produced radon source is negligible 
when compared to the uncertainty of the available volume for the gas 
inside the chamber. 

2.3. Methodology 

As stated in a previous section, our experimental setup has dispensed 
with the use of gas circuits, so the gas does not pass though a desiccant as 
in other authors’ experimental setups [26]. Placing a desiccant inside 
the chambers was an option that was readily discarded for two reasons. 
First, the desiccant could adsorb some radon (especially finely divided 
powdered desiccants), which might lead to systematic errors. Second, 
the desiccant would decrease the available volume for radon diffusion. 
However, controlling humidity was considered indispensable, so before 
measurements, a finely divided powdered desiccant (CaO) is placed 
inside the chambers at least two days before the measurements begin. 
When the system is opened in order to place the detectors and the Rn 
source, the desiccant is removed. This process is carried out in a low 
humidity environment, a laboratory in which relative humidity is 
continuously monitored. 

Once the detectors and the Rn source are put inside the container (as 
shown in Fig. 2), the membrane is fixed between both chambers and the 
system is hermetically sealed. The container and its content are left over 
for three weeks (similarly to the original ISO/TS 11665–13:2017 stan
dard [19]), during which the Rn is released by the source and will diffuse 
through the membrane and the detectors will record Rn levels in each 
chamber in 1 h intervals. The radon source is placed in the lower half of 
the container, which is the source chamber, while the upper half, the 
receiver chamber, does not content any Rn before the measurements 
begin. Unless the test ends in failure, the Rn level inside the source 
chamber will stop increasing because the quantity of the Rn that is 
released by the source will be equaled by the sum of the Rn that diffuses 
towards the other chamber and the Rn that disintegrates. Simulta
neously, the Rn level inside the receiver chamber will increase because 
Rn diffuses in from the source chamber. Once the pre-established time 

period for measurements has lapsed, the system is opened and the 
recorded Rn levels are retrieved from the detectors. Those Rn levels 
recorded in the two detectors are used to carry out the calculations. 

Between consecutive measurements, the two radon detectors require 
a ‘cooldown’ because radon levels the signal registered by the detector 
does not decrease instantaneously despite the fact that the detectors are 
placed in a room with very low radon levels. Once the measurements of a 
sample is finished and the chambers are opened, the detectors are stored 
in a well ventilated room until the radon levels registered drop and 
correspond to the low radon levels of the room. This require up to three 
days. The twenty-one days for the measurements and the three days for 
the ‘cooldown’ mean that the sample output is about 0.04 samples per 
day. It is also recommended to avoid measuring the same sample several 
times in a row. Radon inside the sample should leave them (or disinte
grate) before a new determination of the radon diffusion coefficient is 
carried out because radon already present in the sample would interfere 
with the diffusion of radon produced during the new measurements. The 
twenty-four days that require the measurements of a different sample is 
time enough to get rid of the radon from the previous measurements. 

Sample thickness was determined experimentally in our laboratory 
by using a Mitutoyo Absolute® (model ID F-150) digital indicator, 
which can measure from 0 to 50 mm with a resolution of 0.001 mm. 
Thickness was measured along the surface of the sample in at least 9 
equally spaced points per sample when the samples had a flat surface. 
One sample, due to the fact that it has an inserted fiber mesh (therefore, 
sample thickness is lower between fibers), required a much thorough 
sampling, so thickness was measured in 20 points. 

The ISO/TS 11665–13:2017 standard [19] provides three different 
methods for the determination of the radon diffusion coefficient and two 
ways for doing the calculations, depending on whether the data used for 
the calculations correspond only to the phase of stationary radon 
diffusion or whether data from the phase of non-stationary radon 
diffusion are used. Calculations using only data from the phase of sta
tionary radon diffusion (which takes place when the determination is 
carried out using methods B and C) are much simpler and, therefore, 
more widely used. Despite the fact that simpler and easier calculations 
are always preferable, dispensing with the use of a gas circuit or a valve 
for releasing the radon from the receiver chamber does not allow car
rying out measurements with stationary radon diffusion. As a result, our 
methodology for the determination of the radon diffusion coefficient 
leads to the more complex calculations of non-stationary radon diffu
sion, used in method A of the aforementioned ISO standard. The pro
cedure for the calculations for non-stationary radon diffusion, which 
uses finite element method (FEM), is explained both in Annex B of the 
ISO/TS 11665–13:2017 standard [19] and in a preceding article by 
Jiránek and Svoboda [30]. Due to the complex, time-consuming calcu
lations required, a script for GNU Octave was coded in order to automate 
the calculation process and data processing. Following the recommen
dations of the ISO standard, the values for h (radon transfer coefficient) 

Table 2 
Materials, dimensions and weight of each chamber.  

Material Carbon steel 

Coating Yes (cold galvanizing 
coating) 

External diameter 149 mm 
Internal diameter 106.5 mm 
Internal height 140 mm 
Thickness 4.25 mm 
Internal volume 1300 ± 21 mL 
Available volume (after substraction of the volume of 

the detector) 
1097 ± 22 mL 

Weight 215 g  

Table 3 
Radon diffusion coefficients of the studied samples (uncertainties expressed as 
SD).   

Thickness Technical 
sheet 

This paper 

PE-Al-PE 0.35 ± 0.05 
mm 

2.3⋅10-12 m2 

s-1 
< 2.0⋅10-13 m2 s-1 

Multilayered barrier 
with Al 

1.94 ± 0.16 
mm 

1⋅10-16 m2 s-1 < 4⋅10-12 m2 s-1 

Bituminous membrane 
A 

2.44 ± 0.12 
mm 

7⋅10-12 m2 s-1 (1.99 ± 0.66)⋅10-11 

m2 s-1 

Bituminous membrane 
B 

3.60 ± 0.08 
mm 

4.8⋅10-12 m2 

s-1 
< 9⋅10-12 m2 s-1 

Polyurethane (PU) 2.14 ± 0.20 
mm  

(1.86 ± 0.60)⋅10-11 

m2 s-1 

PVC 0.147 ± 0.003 
mm  

< 3⋅10-13 m2 s-1  
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and ε used in this article are 0.1 m s-1 and 0.5, respectively. 
The general process for the calculation of the radon diffusion coef

ficient is an iterative process in which, assuming values for the radon 
diffusion coefficient (D), the values of the radon concentration in the 
receiver container for each time interval are calculated from the 

corresponding values of the radon concentration in the source container, 
as well as from the volume of the containers (V), the sample area (i.e. the 
area through which radon diffuses, SS) and the thickness of the sample 
(d). The correct value of the radon diffusion coefficient (D), is the value 
for which the calculated values of the radon concentration in the 
receiver container are more similar to the corresponding radon con
centrations obtained experimentally, carrying out the determination of 
the coefficient by a least squares optimization method. In some cases, 
the signal-to-noise ratio of the radon concentration measurements is too 
low and the radon diffusion coefficient cannot be determined accurately. 
That situation occurs when the sample has a very low radon diffusion 
coefficient or the sample is too thick, so very little radon is able to pass 
through it. In such cases, an upper limit for the radon diffusion coeffi
cient can be calculated. Assuming most of the signal is due to noise, we 
have conservatively defined our upper limit for the radon diffusion co
efficient as the lowest value of D for which at least the 99% of the 
calculated values of the radon concentration in the receiver container 
are greater than the corresponding experimental values. Additionally, 
the data that corresponds to the first 7 days are omitted because the 
calculated values always are too low during these first 7 days, the 
amount of radon that reached the receiver chamber is very low so its 
signal is lower than the noise, so the upper limit would need to be too 
high to have calculated values higher than the noise at first and after the 
seven days have elapsed, the calculated values would be much higher 
(one or two orders of magnitude) than the measured values. It is 
important to note that despite not being able to accurately determine the 

Fig. 1. Experimental setup consisting in a two-chamber container: plan (2-point perspective) and photos. a) Front elevation of a single chamber. b) Plan view of the 
chamber. c) Photo of the container with a sample in between the two chambers. d) Photo of the bottom (source) chamber showing the EID and the radon 
source inside. 

Fig. 2. The filter has suffered some corrosion by the nitric solution in which the 
226Ra was added, but has not disintegrated into pieces and remains attached to 
the plate. (a) Radon source consisting in a Millipore filter attached to a metal 
plate. (b) As shown in the photo, a support piece made of transparent plastic, 
which is not attached to the plate, is used for safely handling the radon source 
when it is not being used in measurements. 
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value of the diffusion coefficient, the fact that radon levels in the 
receiver container was very low (and, therefore, the signal-to-noise ratio 
was poor) is a strong evidence that those samples have a high efficacy as 
radon barriers. 

3. Results and discussion 

3.1. Radon leakage test 

A test was made in order to verify the airtightness of the chambers. 
Both chambers were sealed tight in an environment with high radon 
levels (~450 Bq m-3) using a steel cover which was screwed, after 
placing a radon detector inside each chamber. After sealing the cham
bers, the system was moved to an environment with much lower radon 
levels (a well-ventilated room in a second floor) [31] and was not 
opened for 5 days. Leakage would cause a faster drop in Rn levels inside 
the chambers than natural Rn decay. Measured data were obtained and 
fitted to an exponential curve and the experimentally obtained value for 
the exponential parameter (λexp=2.28 ± 0.44⋅10-6 s-1) is statistically 
equal to the decay constant of radon (λ = 2.11⋅10-6 s-1), i.e. the radon 
leakage rate (λl= λexp-λ) is 1.77⋅10-7 s-1, much lower than λ and statis
tically equal to 0. Just as our experimental setup was designed, 
dispensing with a gas circuit for the radon, thus, avoiding tube joints, is 
the main cause of avoiding leakage. 

In addition to the radon leakage test, any potential escape of radon 
from the chambers was always taken on account because it would 
compromise the results. For that reason, a pair of household radon de
tectors is used during the measurements. One detector is always next to 
the container in which the determination of the radon diffusion coeffi
cient is taking place, in an unventilated room where radon levels very 
rarely reach 50 Bq m-3. The other detector is placed in the next room in 
order to be in similar conditions (temperature, atmospheric pressure, 
ventilation, lighting and background radon levels). Any radon leakage 
during measurements would raise the radon levels measured by the 
detector next to the two-chamber container but it would not make any 
difference to the levels of the detector in the other room. As expected 
with an airtight container, the radon levels measured by the household 
radon detectors never show values that exceeded the normal values in 
those rooms and the difference between the values of those detectors 
was statistically insignificant. 

3.2. Determination of radon diffusion coefficients 

The radon diffusion coefficient in several commercially available 
anti-radon membranes was carried out. Additional materials were also 
tested in order to compare our results to other articles. Measurements 
took 21 days for each sample, similar to the ISO/TS 11665–13:2017 
method and in contrast to other authors’ methods [21,28] (in which the 

Fig. 3. Effective (~97% radon level reduction) radon membrane: polyurethane. a) Photo of the sample. b) Graph of the evolution of Rn levels in both chambers of the 
container during the determination of the radon diffusion coefficient. c) Graph showing the calculated values of the concentration in the receiver chamber for 
D= 1.86⋅10-11 m2 s-1 vs. the corresponding experimental values. 
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determination of the radon diffusion coefficient can be made in 48 h or 
less). Long measurement time is required not only because having more 
data increases signal-to-noise ratio, but also because it is essential to 
have enough data. Due to the fact that non stationary radon diffusion 
occurs, the calculation of the radon concentrations of the receiver 
chamber is a recursive process, which means that having too little 
experimental data could lead to large deviations. 

The determination of low radon diffusion coefficients is limited by 
the sensitivity of the EIDs. Measurements of radon levels lower than 
100 Bq m-3 are very noisy for the used radon monitors. Too low radon 
levels in the receiver chamber are caused by low radon diffusion co
efficients, an excessive thickness of the sample or a combination of both 
conditions. When radon levels are too low (i.e. signal-to-noise ratio is far 
from ideal) to allow fitting the data to an upward curve (the calculated 
radon levels in the receiver chamber always increase over time), the 
value of the radon diffusion coefficient cannot be accurately determined, 
but an upper limit of such value was calculated. Fig. 3 shows an example 
in which the material —a polyurethane membrane— has a moderate 
radon diffusion coefficient, while Fig. 4 shows another example in which 
the material —a multilayer composite material made from two layers of 

PE film with an inserted polyester fiber mesh and an aluminum layer 
(PE-Al-PE sample)— has a very low radon diffusion coefficient and, 
consequently, measurements of radon levels in the receiver chamber are 
noisy. The sample in which the determination of the radon diffusion 
coefficient was most difficult was the PE-Al-PE sample. 

Repeatability was evaluated with the determination of the radon 
diffusion by measuring the same sample at least three times. Repeat
ability was equal or lower than 35% for samples with a diffusion coef
ficient in the order of 10-12 m2 s-1. Sample thickness has a dramatic effect 
on the limit of detection as the radon diffusion coefficient in thick 
samples is much more difficult to determine than in thin samples. As 
shown in Table 1, all materials that were addressed in this paper have 
radon diffusion coefficients that are several orders of magnitude lower 
than of concrete (10-9-10-8 m2s-1, according to Daoud and Renken [32]) 
and all of them have coefficients in the order of magnitude 1⋅10-11 m2 s-1 

or lower. According to Jiránek’s article [33, Fig. 2 33], it means that a 
thickness of 3 mm or lower is enough to meet the requirements when the 
minimum radon resistance (RRn) is 300 Ms/m and the reference level for 
indoor radon concentration is 200 Bq m-3, justifying its use as 
radon-proof insulations. 

Fig. 4. Extremely effective (~99.99% radon level reduction) anti-radon membrane: a multilayer composite material made from two layers of PE film with an 
inserted polyester fiber mesh and an aluminum layer (PE-Al-PE sample). a) Photo of the sample. b) Graph of the evolution of Rn levels in both chambers of the 
container during the determination of the radon diffusion coefficient. The radon diffusion coefficient cannot be accurately determined due to sensitivity restrictions 
but an upper limit value can be calculated. c) Graph showing the calculated values of the concentration in the receiver chamber for D= 2.0⋅10-13 m2 s-1 vs. the 
corresponding experimental values. 
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When comparing our results with the data provided by the manu
facturers in the technical sheet, it seems that most of the values of the 
radon coefficient diffusion are similar or lower than those of the tech
nical sheet and within the intervals obtained with our method, with the 
sole exception of the PE-Al-PE (the manufacturer may have used the 
maximum thickness –that is, taking on account the thickness of the mesh 
fibers– as the sample thickness, while we have used the average thick
ness for the calculations). Additionally, our results show that mem
branes with aluminum layers (such as the PE-Al-PE sample) are very 
effective as anti-radon barriers because, despite the low thickness of the 
samples, the aluminum layer(s) provides a very low radon diffusion 
coefficient. These results are in line with other studies [26], as multi
layered barriers with Al layers (such as the PE-Al-PE sample) combine 
the low radon diffusion coefficient of aluminum (around 1⋅10-13 m2s-1) 
and radon adsorption by polymers. Bituminous membranes are also very 
effective radon barriers. The values of their radon coefficient diffusion is 
within the range of values provided by Jiránek and Kotrbatá [34] 
(7.7⋅10-13 m2s-1 and 7.2⋅10-11 m2s-1). Their radon diffusion coefficient is 
slightly higher (which is offset with a higher barrier thickness) but 
provides other advantages that make them more suitable as anti-radon 
barriers in many cases (such as adaptability to rough surfaces and 
easier joint sealing). PVC is also used in radon barriers due to its low 
radon diffusion coefficient. Our results demonstrate that this material is 
very suitable for radon barriers because its radon diffusion coefficient is 
very low (<3⋅10-13 m2s-1), which is more in line with those of Ruvira et 
al.’s article [28] ((3.55 ± 0.43)⋅10-14 m2s-1) than those of Jiránek and 
Kačmaříková’s article [35] ((1.72 ± 0.99)⋅10-11 m2s-1), although the 
content of plasticizers in PVC has a notable effect on the radon diffusion 
coefficient (in general, rigid PVCs with low plasticizer content have 
lower radon diffusion coefficients than flexible PVCs with higher plas
ticizer content). Despite its excellent anti-radon properties, the rigidity 
of PVC membranes (sheets) with low plasticizer content somewhat 
discourages its use as radon barriers as it severely limits its applications 
and, on the other hand, the flexible PVC with high plasticizer content 
has an unremarkable diffusion coefficient. Additionally, there are many 
other materials with great flexibility, such as polyurethane (PU), which 
could also be used as radon barriers, provided that such membranes 
exceed the minimum thickness to match the required reduction in radon 
levels. The value of the radon diffusion coefficient for PU we have ob
tained is not statistically different from the results featured in Jiránek 
and Kačmaříková’s article [35] ((2.83 ± 3.26)⋅10-11 m2s-1), considering 
the confidence interval. 

It should also be noted that despite the fact that it appears to be a 
considerable difference between the results of this article and that of 
other authors’ articles, reproducibility in the determination of radon 
diffusion coefficients is actually very difficult to achieve, particularly for 
materials in which radon diffuses with difficulty (very low radon 
diffusion coefficients). Not only because there are huge differences in 
the values of radon diffusion coefficient provided by different authors 
[21,28,32,34–36] (which is explained by the fact that their methods for 
the determination of the coefficient values are different), but also 
because the determination of the radon diffusion coefficient of different 
samples of the same material can provide results within a wide interval 
of values (up to two orders of magnitude) even if the determination is 
made by using the same method [34,35]. These differences, as other 
authors have pointed out in previous articles [28,32,34], can be 
attributed to the different test conditions, but also to the fact that 
different manufacturers of a same material use different additives (such 
as the plasticizers that are added to PVC), which, even if they are present 
in trace levels, may have a significant effect on radon diffusion. 

4. Conclusions 

The conclusions can be summarized as followed:  

• The two-chamber container is airtight. This was achieved be getting 
rid of any tube joints that a gas circuit would require.  

• The new method is able to determine the radon coefficient diffusion 
of samples as low as 10-11 m2s-1, being (1.99 ± 0.66)⋅10-11 m2 s-1 the 
highest value among the measured samples. Such low diffusion co
efficients means that those samples meets the acceptance criterion 
for valid radon barriers suggested by Jiránek [33] if the thickness is 
equal or higher than 3 mm (considering the very restrictive limit of 
RRn,min=300 and a maximum indoor radon level of 200 Bq m-3). Its 
precision is good enough to provide radon coefficient diffusion 
values with a good repeatability as the RSD is as low as a 35%, which 
is acceptable for inexpensive radon detectors despite the fact that 
EIDs are clearly outperformed by CRMs. Thus, its inexpensiveness 
makes it a suitable method for screening anti-radon membranes. 

• Results provided by our new method does not contradict radon co
efficient diffusion values found in the literature, especially taking on 
account the fact that radon coefficient diffusion values of samples of 
a same material are very variable.  

• Thin membranes that contain an aluminum layer are at least as 
efficient radon barriers as thicker barriers, such as those made of 
bituminous materials.  

• As expected, all commercially available anti-radon materials that 
were tested have radon coefficient diffusion values that are much 
lower than that of concrete. 
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[35] M. Jiránek, V. Kačmaříková, Radon diffusion coefficients and radon resistances of 
waterproofing materials available on the building market, J. Environ. Radioact. 
209 (2019) 106019, https://doi.org/10.1016/j.jenvrad.2019.106019. 
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