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Abstract: Radon flux measurements provide information about how much radon rises from the
ground toward the atmosphere, thus, they could serve as good predictors of indoor radon con-
centrations. Although there are many different mapping methods with many different input data,
radon flux data are generally missing and are not included for the delineation of radon priority
areas (RPA). The aim of this literature review is to investigate to what extent radon flux was used, or
could be used, for the delineation of RPAs. Numerous factors influencing radon flux were identified,
but quantifying their contribution to radon flux measurement still remains a challenge. Different
methods and measuring devices were used for the determination of radon flux, thus it is necessary to
identify possible inconsistencies in order to harmonise different radon flux measurements. Due to
the complexity of radon flux measurements, only two countries were identified to have performed
national surveys on outdoor radon, which were of much smaller scale compared to those on indoor
radon. A positive correlation between radon flux and radon quantities, such as radon in soil gas and
indoor radon, indicates that radon flux could be used as an input parameter for the estimation of
RPA. By reviewing radon flux models, it was concluded that up-to-date modelled radon flux maps
have reached excellent spatial resolution and will be further improved, hence, they could serve as an
input for the estimation and delineation of RPA.

Keywords: radon flux; models; radon priority area; literature review; traceRadon

1. Introduction

Radon is a noble radioactive gas, and half of the effective doses from all ionising
radiation comes from exposure to radon and its short-lived decay products [1]. Radon was
first recognised as a health problem among miners in the United States of America [2] and
Czechoslovakia [3]; thus, it was identified as a human carcinogenic [4]. Afterwards, radon
in indoor environments started to be monitored more systematically through national
radon programmes [5-7]. Finally, radon is identified as one of the major causes of lung
cancer, accounting for between 3% to 14% of all lung cancers [8]; consequently, it was
included in the Basic Safety Standards (BSS) for protection against ionizing radiation [9].
BSS requires that EU member states define radon reference levels, establish a radon action
plan, delineate Radon Priority Areas (RPA, i.e., areas where the annual average radon
concentration is expected to be higher than the reference level in a significant number of
dwellings), and inform the public about their radon levels [9].
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Being chemically inert, radon has been used in many environmental studies as well.
It is used as a tracer gas for investigation of volcanic activity, earthquake prediction, and
groundwater movements [10-14]; to improve Atmospheric Transport Models (ATM); to
investigate atmospheric mixing processes; and to estimate fluxes of greenhouse gasses
(GHG) using the Radon Tracer Method [15-28].

To increase the accuracy of both radiation protection measurements and those used for
GHG modelling, traceability to SI units is needed for radon release rates from soil, radon
concentration in the atmosphere, and valid models for radon dispersal. Both radiation pro-
tection and climate research need to improve the accuracy of low-level radon concentration
measurements and to ensure traceability to SI units. In this regard, the metrological project
EMPIR 19ENV01 “Radon metrology for use in climate change observation and radiation
protection at the environmental level” (traceRadon) [29] aims to develop traceable methods
for the measurement of outdoor low-level radon activity concentrations in the range of 1 to
100 Bqm 3 with uncertainties of 10% (k = 1), and to improve the accuracy of radon flux
measurements. Both the climate and radiation protection communities will benefit from
these data [29,30]. Improving accuracy and providing measurements capable of resolving
diurnal variations will help climate change research by providing necessary inputs for the
Radon Tracer Method, which is used to better estimate greenhouse gases emission [16,28].

Moreover, one of the aims of the project (in work package WP4) with respect to the
issue of radiation protection is to explore the use of radon flux and outdoor (atmospheric)
radon data for environmental problems in order to predict RPAs based on concepts from
Geogenic Radon Potential (GRP) and the Geogenic Radon Hazard Index (GRHI), described
in detail in the following section. A literature review focusing on the use of outdoor radon
for the prediction of RPAs has been published recently within the scope of traceRadon [31],
and this review is focused on the use of radon flux for radiation protection purposes and
the prediction of RPAs.

In Section 2, concepts and existing methods for delineating RPAs are discussed. The
general use of radon flux is described in Section 3. Section 4 discusses factors influencing
radon flux that help to understand its properties, and in Section 5, different radon flux
measurement techniques are summarised. Then, Section 6 reports a literature overview
of radon flux surveys performed worldwide and the correlations of Rn flux with other
radon quantities, such as indoor radon concentrations, radon in soil gas, 226Ra content in
soil, and gamma dose rate. An overview of different radon flux models developed for
atmospheric transport studies is given in the Section 7. Finally, the possibility of using
radon flux measurements or models for radiation protection purposes is discussed.

2. Radon Priority Area—RPA

Maps of environmental radioactivity are important on a local, regional, national and
even worldwide scale as they assist in the planning and decision making of both authorities
and citizens.

The identification of RPAs is a sensitive task as it raises some obligations for the region
under consideration [9]. In such areas, radon measurements in workplaces are required,
and awareness programs and a strategy for reducing radon exposure in dwellings should
be established. In some countries, radon measurements in workplaces are required outside
of the RPA also [32]. A definition of RPA was not given precisely in BSS; instead, it was left
to member states to provide their own definition of the RPA, which as a consequence led to
different RPA maps. Therefore, many efforts have been made to discuss a concept of the
RPA [33-37].

According to the questionnaire on indoor radon surveys issued in European countries,
11 out of 19 countries have reported 300 Bqm 3 as the Reference Level (RL), while some
have chosen 100 or 200 Bqm~3 as a RL [38]. Most of the countries participating in the
questionnaire have defined RPA on the basis of the percentage of dwellings having indoor
radon concentration above RL, i.e., an area is defined as an RPA if the probability of the
indoor radon concentration is above certain RL. This probability (threshold) ranges from
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1% in the case of Malta and the United Kingdom up to 30% in the case of the Czech
Republic [38]. Norway defined all of its territory as RPA. Two other definitions of RPA
were also used: an area is defined as RPA (i) if the mean indoor radon concentration of the
area is above RL, or (ii) if certain conditions are fulfilled (e.g., the gamma dose rate is above
a certain level) [36].

As reported in the BSS, the identification of RPA needs a relatively simple statistical
procedure that involves a few types of input data. The most common approach uses data
that are expressed in the same method of measure, e.g., indoor radon concentration and the
Reference Level. In that case, in order to get a reliable estimation of the RPA, it is important
to carry out representative indoor radon surveys [6,7,39,40].

Other approaches involve the use of qualitative (non-measured) input data, such as
the type of geology and/or lito-stratigraphic data, and quantitative data with different unit
measures (e.g., geological, geochemical, morphological, and meteorological data) that in
general represent proxy variables related to potential radon available at the Earth’s surface
(e.g., GRP or GRHI), while indoor radon concentration is used for the determination of the
RPA [41-45]. The GRHI could be conceptualized in terms of a measure of the “Rn proneness”
of an area due to geogenic factors, i.e., a tool to decide whether an area is as RPA as the one
used for the definition of the RPA. GRHI incorporates available geological data [44]. On the
other hand, GRP is mainly defined through the “Czech method” [41], combining the radon
in soil and permeability measurements, which depends on soil properties, hydrology and
geology and, therefore, is limited by the availability of the required data [44].

The use of different available input data related to radon production and migration
from the Earth’s subsurface to the shallow environment, and the ability to enter buildings
(e.g., measured quantities, geological data, meteorological data, and anthropogenic factors)
led to the development of different mapping methods by using spatial regression techniques
(ANOVA, Geographical Weighted Regression, Empirical Bayesian Regression Kriging,
Machine Learning, Forest Regression) [43,46-51].

In Germany, Petermann et al. (2022) have shown that reducing high radon concentra-
tions only in RPA will affect only a small proportion of residents as less than 1% of lung
cancer fatalities are attributable to radon located in the RPA [35]. Therefore, when the aim
is to reduce collective risk rather than individual, a map of lung cancer incidences would
be more suitable [35]. A decision matrix on the choice of the appropriate radon map that
would best serve its purpose is proposed in Hughes et al. in [52].

One of the tasks within the metrological research project 16ENV10 “Metrology for
radon monitoring” (MetroRADON—http://metroradon.eu, accessed on 25 November
2020) was to evaluate different mapping methods for the delineation of the RPAs and
to develop a strategy to harmonise possible inconsistences of radon levels across the
border [53]. In the framework of the MetroRADON project, an intercomparison exercise of
different mapping methods was performed, and it was concluded that different methods
predict similar classifications of RPAs, while problems emerge only when the thresholds
for the classification of RPAs are close to mean indoor radon concentrations [54].

Since there are different criteria for the definition and identification of RPAs, it is
difficult to compare maps created by different national authorities. Bossew et al. demon-
strated that the identification of RPAs across country borders is affected by the type of data
aggregation (e.g., the geometry of the data support) and the scale of the used support [36].
This problem is defined as the Modifiable Areal Unit Problem (MAUP): the higher the
support used to aggregate data, the more difficult the harmonisation of the results at the
boundaries [36,55-57].

Although in the abovementioned mapping methods, many different input data were
used, it could be noticed that data on radon flux were generally missing and were not
included for delineation of the RPA. Radon flux measurements take a long time and,
therefore, are not cheap, while soil gas measurement is simpler and faster, even when not
a dynamic measurement. Radon flux gives an idea of how much radon comes out of the
ground towards the atmosphere and, therefore, represents a good predictor of the radon
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that could enter buildings. Radon in the soil gas only gives information on the level of
radon concentration in the ground, but this radon may never escape into the atmosphere.
Therefore, Rn flux measurements should be very useful to identify the RPA. Consequently,
the aim of this literature review is to investigate to what extent radon flux was used, or
could be used, for delineation of RPA.

3. Radon Flux Applications

Radon concentrations in soil gas, ground water, outdoor and indoor air, and radon
flux are used to study many different phenomena and problems, from radiation protection
to earthquake prediction to hydrocarbon contamination in the soil. Although all these quan-
tities describe parts of the same process—radon transport from 22°Ra decaying to different
surrounding media—different quantities are more suitable for various phenomena, and in
some cases, several of these quantities can be used together. In the following paragraphs,
several examples regarding the use of radon flux are listed with a short explanation.

e Radon flux is used in the radon tracer method to monitor emissions of different gasses,
and it is most often used for greenhouse gases. In this method, radon flux is often
considered constant over time and uniform, especially when performing large-scale
studies [16,22,26,58-62]. More recent radon flux models revealed large spatial and
temporal variability [63—65]. More details about models will be given in Section 7 of
this review. Grossi et al. (2014) improved the radon tracer method by using the model
developed at the University of Huelva to calculate time-dependent values of radon
flux [17]. In this model, it is considered that the only sink for radon is radioactive
decay, and that dilution by atmospheric mixing is the same for radon and for other
trace gases. Therefore, the surface emissions for any trace gas can be determined
if the mixing ratios for these gases and radon are known, provided that radon flux
is also known [59,60]. The TraceRadon project aims to build a metrological chain
to ensure high-quality flux measurements that could provide increase data input
for the radon flux method [30]. Some of the gasses investigated in different studies
include CO, [26,58,66], CH4 and N,O [21,59,67], CO,, CHy, N,O, and CFCs [22],
CHy4 [16,17,60], CO, and CHy [61], NoO [62] and H; [68].

e As there is large enrichment of 22Rn concentration in groundwaters compared to
surface waters, 2?Rn is used as a tracer to identify areas with groundwater dis-
charge [69,70]. From continuous measurements of 222Rn in water, radon fluxes can
be calculated for further used to estimate water fluxes that are otherwise difficult to
measure [69,70].

e Radon fluxis also used to plan, monitor, and evaluate the remediation of uranium mine
and mill sites [71]. Ota et al., have investigated the effectiveness of clay-covered soil
surfaces in radon flux suppression. From 80 days of continuous radon flux measure-
ments of clay-covered soil surface and bare soil surface, it was found that suppression
of the mean radon flux was 80% [72] In the USA, regulations require that radon flux
from active uranium mill tailing should not exceed 740 mBqm2s~! [73]; however,
although remediation is designed to fulfill requirements for radon flux, monitoring is
not mandatory [74,75]. In Argentina, radon flux measurements are performed periodi-
cally in mining and processing sites [76]. Radon flux is also measured in India [77].
Radon flux was measured to evaluate the effectiveness of earthen cover after 20 years
of service [75], as well as the effects of vegetation, clay cap, and environmental vari-
ables [78]. Due to high radium content, radon flux measurement is also of interest for
phosphogypsum piles and their remediation [79].

e  Very high values of radon flux can be found over active faults, so radon flux measure-
ments can be used to identify faults [80,81]. Various researchers have also performed
measurements along and perpendicular to the fault [82,83]. A study by Richon et al.
found that superficial soil can mask faults, causing radon fluxes to be indistinguishable
from background levels [84]. On the other hand, radon flux measurements, especially
over faults, can be used to predict earthquakes [85]. Steinitz et al. found a statistically
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significant relation between radon flux and weak earthquakes during a multiyear
study [86]. A study by Yakovleva and Karataev showed that using radon flux in combi-
nation with radon concentration in soil gas may improve the sensitivity of predictions,
compared to using only one of these parameters [87].

Radon concentrations in caves can be calculated based on radon flux [88].

Radon flux can be used for radiation protection purposes, which will be further in-
vestigated in this paper. For example, Lucchetti et al. integrated gamma dose rate
measurements with radon and thoron flux measurements to assess people’s exposure
to natural radiation and potential indoor radon [89]. However, radon exhalation was
measured from soil samples, not in situ. Ramola et al. (2011) used radon flux to es-
timate indoor radon concentrations [90]. However, radon flux was also calculated
based on the radon concentration in soil gas and not measured. Stavitskaya et al.
considered radon flux to carry out assessments of the radon risks of building plots [91].
Baeza et al. measured radon flux together with other parameters and indoor radon
concentrations, and showed that radon flux alone is sometimes a good predictor of
indoor radon concentrations, but in other cases, the correlation is much weaker [92].
Even negative correlations have been found in some cases [93]. Leshukov et al. in-
vestigated correlations between coal mine locations and radon flux, as well as indoor
radon concentrations, to identify areas where radon preventative measures need to be
taken during construction [94].

e  Another important topic related to radiation protection purposes concerns building
materials (commonly referred to as exhalation rate), which are the second most impor-
tant source of indoor radon after soil. Building materials rich in 2?°Ra, such as granites
or tuffs, represent a significant source of indoor radon [95,96]. The contribution to
the indoor radon concentration from building materials is even more pronounced in
energy-efficient buildings because an increase in the airtightness of homes increases
the accumulation of radon indoors [97]. As similar methods are used for radon flux
measurements from soil and building materials, some references on building materials
are used in this review; however, detailed analysis of radon flux measurements from
building materials is out of the scope of this review.

In the reviewed literature, the amount of radon activity that exhales each second per
square meter is called “radon flux” or “radon exhalation rate”. In this manuscript, the term
“radon flux” is used. Radon flux is most commonly expressed in mBqm~2s~! or Bgm 2h 1.
However, when radon flux was expressed in atoms cm~2s~1, conversion to mBqm 25!
was used (1 atom cm2s~! = 21.0 mBqm~2s71).

4. Factors Influencing Radon Flux

Radon is formed in rocks and soil from the alpha decay of 2°Ra, contained in mineral
grains, with the recoil energy of 86 keV. If placed close to the surface of the grain, radon
atoms could leave the grain and reach interstitial space (pore), and if they have enough
energy left, they could enter surrounding soil grains and become trapped. Although radon
atoms can diffuse through the grains into the pores, the diffusion coefficient of radon
in solids is very small; hence, a diffusion length is very small too (10~32~10!3 m). This
process could be neglected compared to the recoil [98-100]. The amount of radon that
escapes the rock/soil grain into the pore space with respect to the number of radon atoms
that are produced in the grain is defined as the emanation factor €. There are numerous
physical factors affecting radon emanation, such as the radium distribution in grains; the
size, shape, and crystal structure of the grain; moisture content; grain (soil) temperature;
atmospheric pressure; and radiation damage [101].

4.1. Soil Moisture

Soil moisture will reduce the speed of emanated atoms due to the much greater
stopping power of water, which reduces the probability that emanating radon will embed
in surrounding grain. This effect increases with the water content, up to the saturation
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level. The saturation is achieved faster for materials with smaller grain size [100,102-104].
However, it was also shown that with an increase of moisture content, the radon emanation
factor decreases after reaching a peak. For different types of soil, the emanation coefficient
reaches maximum at different water content: for general types of soil, emanation reaches
maximum for water content of 5%; for gravel at 1-2%; and for clay at 10-15% [105].

4.2. Emanation Coefficient

Radium distribution in solid grains also influences radon emanation. In many primary
minerals, radium is distributed uniformly in the grain. In this case, the emanation coefficient
is inversely proportional to the grain size until it reaches a saturated value [106]. In the case
of secondary minerals, radium is often distributed mostly on the grain surface, causing
an almost constant emanation coefficient with grain size [107]. It has been observed that
radionuclides with a larger radius tend to accumulate on the grain surface, unlike smaller
particles, such as potassium, which tends to be in crystal lattice [108]. The emanation
coefficient increases monotonously in the range of temperatures from —20 °C to 45 °C [109].

In addition to “objective” physical factors, there are also experimental factors that
could influence the results of emanation factors, such as the sample preparation, sample
instrument, environment, and methods. Emanation factors reach values up to 0.25 for
minerals, 0.40 for rocks, and 0.83 for soil, with an average of 0.03, 0.13, and 0.20, respec-
tively [101,110].

4.3. Diffusion-Advection

Once the radon atom emanates from the grain, it moves from soil pores toward the
surface of the soil. The most dominant transport mechanism is the diffusion as there
are difference of several orders of magnitudes between radon concentrations in soil gas
and the outdoor air [98,111]. In general, diffusion can be described by the Ficks law: the
diffusion coefficient in porous materials depends on the pore structure (tortuosity), pore
fluids (water), adsorption properties of the solid matrix, temperature, etc. Radon diffusion
will decrease with both a decrease in grain size and an increase in water content [100,112].
Mainly radon produced in shallow soil layers contributes to surface radioactivity due to a
short diffusion length that for most soil ranges between 0.5 m and 1.5 m [112,113].

Radon in the soil can also be transported to the surface by advection processes due to
pressure differences. The influence of meteorological conditions occurs near to the surface,
while at greater depths, advection is only due to pressure changes (i.e., faults and fractures)
and the presence of gas carriers, such as CO,, CHy, and N, [7,12,114-118].

Radon transfer from the parent material to the atmosphere is influenced by several
physical factors, such as porosity, temperature, pressure gradients, and moisture [119]. A
good correlation between radon flux and the porosity of the material was found [120,121].

Bedrocks, superficial deposits, and faults (fracturing) also affect radon flux. Faults
increase radon flux, and the influence of superficial deposits depends on the physico-
chemical characteristics of the deposits [82,122,123]. The condition of the soil surface also
significantly influences radon flux. For example, if the soil surface is frozen or covered by
water, the exhalation rate will be drastically reduced. Yamazawa et al. investigated the
effect of snow and frozen soil on radon diffusion from the soil to the atmosphere. They
found that frozen soil reduces diffusion by a factor of 2, while a 1.2 m thick layer of snow
reduces radon flux by a few dozen [124]. Upper horizons formed by weathering crust can
have similar effects [41].

When the radium rich layer is covered by a material with low radium content, ex-
halation is reduced. The thickness of the soil cover and other soil properties—such as
compactness, water retention, and geochemistry—will affect radon flux as well [112,125]. It
is very important to consider the perturbed ground, which can completely change all of the
parameters related to radon exhalation, especially in urban areas [126]. More importantly,
radon flux can differ drastically even among adjacent building plots, therefore causing
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high local spatial variations. Seismic activity [85,127,128], and also traffic and other urban
vibrations [126], can cause large temporal variations in radon flux also.

4.4. Moisture and Temperature

The influence of water content is opposite for emanation and exhalation. The combined
effect on radon exhalation is such that exhalation increases with the water content until
“saturation” is achieved. At this point, radon emanation does not increase with water
content, but the diffusion through the water is much slower than diffusion through the
air, causing the exhalation to decrease with increased water content. Therefore, radon
exhalation shows maximum value at some level of water content, which depends on the
soil properties. For many materials, maximum exhalation is achieved for water content of
several percent to 10%, and a significant drop in exhalation is observed for water content
above 25% [71,112,129-132]. In Figure 1, the typical dependence of radon flux as a function
of soil moisture content is presented [129].
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Figure 1. Radon flux from soil as a function of soil moisture content (taken from [129]).

The temperature also affects different processes occurring in the soil. Increasing soil
temperature reduces adsorption and increases the emanation coefficient, thereby increasing
the concentration of radon in soil gas [111]. The diffusion coefficient also increases with
the temperature; consequently, overall, radon exhalation increases with the temperature.
Ambient temperature weakly affects exhalation when it is lower than the soil temperature.
However, if the ambient temperature is higher than the soil temperature, it will further
increase radon exhalation [100,111]. The variability of radon flux from the same experiment
in one period mirrored the changes in the air temperature, while in another period no
regular changes of radon flux in tandem with air temperature were observed, as shown in
Figure 2 [133].

Radon exhalation is also affected by other metrological parameters. Light rainfall does
not affect exhalation a lot, but heavy rainfall can saturate the soil, greatly reducing the
exhalation process. Average yearly radon flux can be significantly different for rainy and dry
years [74,100,111,134]. Measured radon exhalation from soil constantly decreased with the
precipitation, starting from 19.6 & 0.7 mqu_zs_1 for dry soil, over 12.7 + 0.3 mqu_Zs_1
after 10 mm of rain per day, 10.3 & 0.2 mBqm 2s~! (additional 14.6 mm of precipitation) to
8.7 + 0.2 mBqm 2s~! (for another 25.9 mm 3 days after) [135].
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Figure 2. Variability of Rn flux with air temperature indicating. (a) Observe regular changes with air
temperature, (b) not observing regular changes with temperature (Taken from [133]).

4.5. Pressure

In general, radon flux is expected to decrease with increasing ambient pressure [111].
The correlation is difficult to demonstrate because usually many different parameters are
changing at the same time [74]. Furthermore, the changes in pressure are cyclic; thus,
long-term average fluxes are not greatly dependent on the pressure [112]. Additionally, it
was found that an increase in wind speed increases radon flux [74,111] and the correlation
between air humidity and radon flux is weak [136]. Daily variation of radon flux with
pressure is shown in Figure 3 (taken from [137]).
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Figure 3. Daily variation of radon flux with pressure (taken from [137]).

4.6. Other

Relief and vegetation can also have influence on radon flux. Vegetation has direct
influence because radon transports through plants. Plants can take up radon from the
soil and release it into the atmosphere, effectively serving as radon pumps. Indirect
influence is the influence on the soil water content, microclimate, and gas permeability. The
influence of relief is indirect because soil development and water content depend on the
topography [126].

A survey of literature shows that although most authors find similar trends in the
influence of different parameters on radon flux, there is no consensus. For example, Yang
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et al. found a negative correlation between soil temperature and radon exhalation [136].
Kropat et al. found almost no correlation between secondary permeability, as well as
faults and fractures, and radon exhalation. Furthermore, Zmazek et al. found a negative
correlation between air pressure and radon flux at some measurement sites before earth-
quakes [128,138]. In recent research, no strong correlation between porosity and radon
flux has been observed [132]. All of these studies show that radon flux is a very complex
process; moreover, it is not possible to construct models that are universally applicable,
even in rough approximation.

Yang et al. have performed 2 years of continuous measurements of radon flux using
numerous environmental parameters: soil water content, soil and air temperature, air
humidity, precipitation, wind speed, and directions [139]. A multiple regression analysis
was performed by using air pressure, air temperature, soil temperature at 20 cm depth, and
the soil water content. Obtained coefficients indicate that air pressure is not an important
parameter, which is confirmed with similar long-term continuous measurements by Mazur
and Kozak in [133]. Positive and negative effects of air and soil temperature on radon flux
were obtained, respectively. The negative effect contradicts other experimental studies
and should be further investigated [109]. As radon flux showed strong autocorrelations,
including them in forecasting should increase performance significantly. This model can
explain about 61% of the variation when autocorrelations are included, compared to only
28% when correlations are excluded [139].

4.7. Diurnal and Seasonal Variations of Radon Flux

Daily outdoor radon variations show typical behaviour, namely, high concentration
in the early morning due to an inverse atmosphere mixing. The increase of temperature
during sunrise increases atmosphere mixing, causing an increase of radon in the upper
atmosphere [20,140,141]. As the major source of outdoor radon is the radon flux from soil,
it could be expected that daily variations of radon flux follow a similar pattern as outdoor
radon. However, radon flux exhibits the opposite behaviour of outdoor radon concentration.
The key factor leading to diurnal variation of radon flux is soil temperature, as variation of
soil temperature causes variation of absolute humidity. Thus, radon flux is highest in the
afternoon when the temperature is highest and, consequently, the humidity in the soil is
lowest, while during the night, radon flux is lowest due to the lowest temperature of the
soil (i.e., highest soil humidity). Typical diurnal variation for different seasons is presented
in Figure 4. Daily variation of radon flux measured at the campus of Munich-Neuherberg
ranged from 2.5 to 50.7 Bqm 2 h~! with an average of 25.3 Bqm ?h~!. Regarding seasonal
variations, the highest radon fluxes were in March and the lowest in October [136].
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Figure 4. Diurnal variation of radon flux for different seasons (from [136]).
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Seasonal variations of radon flux were investigated by many researchers [63,64,136,141-146].
In summary, all these papers agree and found high exhalation rates in seasons characterised
by lower precipitation, while lower exhalation rates occurred in months with higher
precipitation, higher moisture content, or for frozen soils and/or snow coverage. The
summer-to-winter ratio of measured radon flux ranged from almost 1 up to 2.54.

5. Radon Flux Measurement Techniques

One of the first radon flux measurements was performed 50 years ago [147], after which
many methods were developed to either directly measure radon flux or indirectly estimate
it [148]. The latter relies on available data related to parameters that are correlated with
radon flux, such as terrestrial gamma dose rate, 226Ra (or even 2380) activity concentration
in soil, radon in soil gas, and other physico-chemical soil properties [148-150].

Direct radon flux measurements are performed using the accumulation method, in
which the ingrowth of radon inside a container (box) placed over the soil is measured [151].

Ingrowth of radon inside the accumulation chamber can be expressed by the following
equation [151]:

Cra(t) = Coe ™M + 5—‘; (1 - e*“) )
where Cg,, (t) (Bqm™2) is the radon concentration in time ¢ (s); Co (Bqm3) is the initial
radon concentration; A (s~ is the effective decay constant, which includes the radon decay,
leakages, and back-diffusion contributions; E (mBqm2s~!) is the radon flux; S (m?) is the
exhaling radon surface; and V (m?) is the accumulation chamber volume. Typical build-up
of radon in an accumulation box is presented in Figure 5. Data are fitted according to
Equation (1).
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Figure 5. Build-up of radon in accumulation chamber. Exponential adjustment done according to
Equation (1).

Since radon flux from the ground is affected by the changing of environmental condi-
tions, some authors tend to perform in-laboratory measurements of radon flux, thereby
reducing the uncertainty of measurements and increasing the reproducibility of the mea-
surements [95].

The main methods used to estimate radon flux are:

e  (Closed chamber methods (accumulation chamber method), in which the container is
tightly fixed to the ground (Figure 6);

e  Open-chamber method (flow through method), in which measurements are performed
in a well-ventilated accumulator using a constant flow pump with a known air ex-
change rate [149].
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Figure 6. Radon flux measurement: Close chamber method, types of measurement: integrated:
(a) charcoal (modified from [112]), (b) electret (modified from [149]); instantaneous: (c) scintillator
(modified from [107]); continuous: (d) active device (e.g., RAD7, AlphaGUARD, RTM2200) (modified
from [152]).

Different measuring methods could then be applied to measure the radon concentra-
tion inside the container:

Integrating measurement of radon build-up in the container using passive devices;
Instantaneous measurement of radon concentration in the container after a certain
period of time (grab sampling);

e  Continuous measurement of the radon build-up in the container using active devices.

5.1. Integrating Measurement

Typical passive devices used for integrating measurements are: charcoal canisters,
electrets, and solid-state nuclear track detectors. All integrating devices use the inside-
chamber-technique, in which the detector is placed inside the chamber.

One of the first radon flux measurements was made in the USA using activated carbon
accumulators [153]. In this procedure, a canister containing activated charcoal is placed
upside down with the open side of the container facing the soil. The edges of the container
should be sealed onto the ground to prevent escaping. The detection limit depends only
on the efficiency of the gamma spectroscopy, since activated charcoal has an efficiency of
almost 100% of adsorbing radon when the sampling time is less than 24 h [74]. Some of the
surveys performed using charcoals can be found in [79,154-157].

Measurements of radon flux from soil were also performed using electrets EPERM
(Rad Elec Inc., Frederick, MD, USA) [158]. This consists of an H-type chamber that is
a hemispherical dome of 960 mL volume with an electrically charged electret at the in-
ternal top of the H-chamber. Radon enters the H-chamber from the 15-diameter Tyvek
window [159,160]. The use of the electret system is convenient as it is not affected by
environmental conditions (temperature difference and humidity). Kitto has performed
one-year continuous measurements with electrets exposed by 12 h intervals. Thus, al-
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though an integrating method, measurement with electrets allowed the measurement of
daily variations as well [145]. AN intercomparison of radon flux measurement methods
conducted in Spain revealed that results obtained with electrets are comparable to ones
obtained with continuous monitoring [148].

Solid state nuclear track detectors (SSNTD), due to their low sensitivity, are usually
used for long integration timescales. Nuclear track detectors are placed inside the chamber
and the number of tracks corresponds to the integrated exposure of a detector to a radon
flux [93,161,162]. When specially designed discriminative Rn/Tn detectors are placed in
the chamber, both radon and thoron fluxes can be measured [163]. More often, nuclear
track detectors are used for radon flux measurements of building materials, whose detailed
analyses are out of the scope of this review [164-167].

By simulating different environmental conditions, a few integrated radon measuring
devices (such as nuclear track detectors, charcoal canisters, and electrets) were exposed to
different temperatures in the range from 10 to 30 °C and relative humidity from 30% to
80%. It was shown that only the response of charcoal canisters is significantly influenced
by different environmental conditions [168].

5.2. Instantaneous Measurements

After a certain period of time allowing the build-up of radon in the accumulator, air
from the accumulator is grabbed and transferred into scintillation cells, usually coated
with the scintillator material ZnS(Ag). Upon reaching the cell, radon takes 3 h to achieve
equilibrium with short-lived progeny, after which measurement can start. In certain cases
when measurement of both radon and thoron are required, measurement can take place 10
min and 30 min after the beginning. Several surveys were performed by using scintillation
cells (Lucas cells) [136,145,169-173].

Also, the radon flux from soil is measured with the Electrostatic-Radon-Sampler for the
determination of the 22Rn gas concentration (ERS-2, TRACERLAB Co., Koeln, Germany,
Figure 7) [174,175]. The ERS-2 device was operated with an Alpha-Spectroscopy detector
and multichannel analyser (MCA) with 256 channels. The ERS-2 was placed on the soil
surface with sealed condition. The measurements were performed for 4-5 cycles (cycle time
was 10 min), giving the radon gas concentration of each cycle in Bqm 3. Obtained data
were linear simulated to derive the flux rate in mBqm 2s~! by using Tracerlab-Spectrum-
Software [174,175].

a-Detektor
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Sample Material

Figure 7. Schematic diagram of ERS-2 (modified from [175]).

The described principle of the radon flux measurement is used in electrostatic
precipitators—devices constructed to reduce radon concentration in workplaces [176,177].
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5.3. Continuous Measurements

Continuous measurements of radon could be performed by any active device. In the
case of instruments based on alpha spectrometry, discrimination between radon and thoron
is easily achieved. In cases where it is not possible to discriminate between the two isotopes,
it is necessary to introduce a delay line in order to eliminate the influence of thoron due to
its decay along the line. Active devices have higher sensitivity than passive devices. Their
response time could be enough to continuously monitor ingrowth of radon and, thus, to
investigate the influence of different parameters on radon flux. Some of the used active
devices are: AlphaGUARD [72,133,134,148,150,178,179] RAD7 [89,152], RTM2200 [152].

Scintillation cells could also be used in the flow-through method to continuously
measure radon [180]. In certain cases when radon and thoron measurements are required, a
double-cell system can be used with a delay line. In the scintillation cell close to the chamber,
both radon and thoron are measured, while most of the thoron decays along the delay line,
and in the second scintillation cell primarily radon is measured (Figure 8) [112,181,182].

Chamber . PM tube . PM tube
o Kilter Filter scintillation cell
/ % l cintillation cell /
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Figure 8. Schematic representation of double cell flow through system (taken from [112]).

Another specific device with scintillation cells is an automatic measuring apparatus
called an exhalometer, which consists of six Lucas cells for measuring radon flux and
additional sensors for monitoring environmental parameters [136].

5.4. Difficulties and Challenges of Rn Flux Measurements

In general, measurement using an accumulation box could lead to measurement bias.
Once the accumulation box is placed on the ground, it will cause a disturbance of free
radon flux from the soil. Inadequate placement of the chamber could lead to improper air
tightness and, therefore, to radon leakage from the chamber. In time, with the build-up
of radon concentration in the exhalation container, an effect of back diffusion takes place,
causing the underestimation of free surface exhalation [151,183]. With a proper choice
of radon measurement technique these biases could be compensated. From continuous
measurements of radon concentration in the accumulation container by active device, it
is possible to fill the build-up curve in the container and then estimate the effective decay
constant, allowing us to deduce the leakage and the back diffusion. Otherwise, using
passive detectors instead will lead to an underestimation of radon flux [184]. Another
source of measurement bias could be variations in environmental conditions inside and
outside the container. The measurements should be short enough to avoid potential changes
inside or outside the container. In order to avoid back diffusion, different approaches could
be used: charcoal detectors, flow through methods, or short accumulation times [185,186].

Based on the numerous measurements of radon flux using the accumulation chamber
method, a standardized protocol has been created and turn into the ISO 11665-7:2012
Accumulation method for estimating surface exhalation rate [187].

However, measurement of radon flux still remains challenging. A general problem
of the usage of an accumulation chamber is the disturbance of the soil, which results in
an underestimation of the radon flux inside the chamber [186,188]. Gutiérrez-Alvarez
et al. investigated the influence of the insertion depth of the accumulation chamber on
radon flux [189]. Onischenko et al. have investigated the size of the chamber necessary to
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perform reliable measurement of radon flux [190]. Since there are numerous methods used
for determination of the radon flux, intercomparisons are necessary to test the responses
of different measurement systems, and to identify and quantify possible inconsistencies
among them, which will help in harmonising different radon flux measurements and
estimations [148,190].

In order to fulfil the requirements of the traceRadon project, measurement systems
should have fast response times in order to measure the diurnal variations of radon
flux. Either the flow through method should be used, or in the case of the accumulation
chamber method, there should be the ability to flush out the radon from the chamber
after each accumulation period. Some of these systems were already described [136,181].
Intercomparison of some of these systems recently developed is described within Rabago
et al. (2022) [190].

6. Rn Flux Surveys and Correlation with Other Rn Quantities

Large scale radon flux measurements are difficult to achieve compared to indoor radon
surveys. There is a certain nontrivial protocol that has to be followed when performing
radon flux measurements. Special care should be paid when installing measuring device
on the soil to avoid leakage, back diffusion, and disturbance of the area covered by the
accumulation chamber, or some other appropriate method should be used (as discussed in
the previous section). In this section, radon flux surveys performed in several countries
are summarised. They are listed in the alphabetical order of the country name. For each
survey, the number of measurement locations, type of survey, type of deployed detectors,
measurement duration, and an average value and a range of obtained radon fluxes are
given in Table 1. It is also indicated whether the corresponding radon flux map was
produced. Those maps could serve for qualitative (visual) comparisons of indoor radon or
radon potential maps of the same region if such maps exist. The correlation of measured
radon fluxes with other radon quantities such as the activity concentration of ??°Ra in
soil, indoor radon concentrations, radon in soil gas, gamma dose rate and outdoor radon
concentrations are given in Table 2. At the bottom of Tables 1 and 2, data used to validate
radon flux models (discussed in chapter 7) are added as well.

6.1. China

Field measurements of radon flux, radon in soil, and radionuclide content in soil were
performed at 31 locations covering 4 regions in China in the period from June to August.
Radon flux measurements were performed with an alpha-spectrometer Electrostatic Radon
Sampler (ERS-2) of TRACERLAB (Germany) placed on the soil surface at sealed conditions.
Measurements were performed in four to five 10 min cycles [174]. Soil gas measurements
were performed at 60 cm depth, while the 22°Ra activity concentration was obtained by
using HPGe detectors. The obtained correlation coefficients between the radon flux rate and
soil radon concentrations and the radium content in the soil were 0.705 and 0.748, although
the measurements were performed on different type of soils with different porosity and
moisture saturation [174].

6.2. East Asia

Radon flux and outdoor radon concentrations were continuously measured at 20 mea-
suring sites in Eastern Asia for one year. At each location, the soil sample for determination
of the ?°Ra activity concentration was collected. Radon flux measurements were per-
formed with an accumulation box with a constant flow rate of 0.25 h—1. Passive Rn/Tn
discriminative detectors [191] were deployed seasonally (4 times 3 months). High correla-
tions between radon flux and ??°Ra activity concentration (0.8394) on one side and outdoor
radon concentrations (0.7874) on the other side were obtained.

Annual average radon flux at 20 measured sites ranged from 6.9-59.6 mBqm s~
Such a large variation could be explained by differences in 2?°Ra content, soil texture, and
meteorological conditions among sites [165].

1
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6.3. Greece

Radon flux was measured in six locations of the Greek early warning system net-
work [177]. The set-up for radon flux measurement from the soil consisted of AlphaGUARD
that was placed inside the 35 L accumulation box with one side open and faced to the
ground. Accumulation of radon in the box was recorded every 10 min during 21 h of mea-
surement. Simultaneously, in-situ gamma spectrometry measurements were performed at
1 m height. Mean radon fluxes from soil in 6 locations ranges from 19.1 & 6 Bqm 2h~! to
44.3 + 5 Bqm~2h~! A strong correlation (R? = 0.81) was observed between mean radon
fluxes and the mean total gamma dose rate. A very strong correlation (R? = 0.92) between
mean radon flux values and mean ?2°Ra concentrations in the soil was deduced from data in
Table 3 in reference [179]. At one location, radon flux was measured 113 times in a period of
6 years. An average value of 21.1 4+- 3 Bqm ?h~! was obtained. In the same location, 6 times
radon profiles from 0 cm to 100 cm at the 10 cm steps were measured using 2 electrets per
layer. From the determined radon concentrations at different profiles and from properties
of the soil, radon flux was determined by using a general transport model that includes
diffusion and advection. The obtained mean value was 26.7 + 4.5 Bqm ?h~!. Good agree-
ment between the measured and derived radon flux indicate that the diffusion-advection
model is adequate for prediction of radon flux from soil.

6.4. India

Gusain et al. have investigated the radon risk in selected dwellings of Garhwal
Himalayas. Indoor radon concentrations were measured using SSNTD for a period of
90 days [192]. From the same locations, 20 soil samples were collected and radon flux and
226Ra content in soil were measured in the laboratory afterwards. Radon flux measurements
were performed using the accumulation chamber method with SSNTD being exposed
for three months. Obtained indoor radon concentrations ranged from 13 + 2 Bqm 3 to
178 + 8 Bqm 3 with an average of 61 + 5 Bqm 3. The concentration of the radium ranged
from 24.2 4+ 4.9 Bqkg ! to 146.0 & 12.0 Bgkg !, while the radon flux per mass was between
(0.43 £ 0.05) 107> Bgkg ! h~! and (20.10 + 0.11) 10~° Bgkg~'h~! with an average of
(1.95 £ 0.10) 10~° Bgkg 'h~!. A strong correlation coefficient of 0.7 was found between
radon mass flux and radium activity, while the correlation factor of 0.5 was observed
between radon mass flux and indoor radon concentrations [192].

A correlation between radon flux measured in situ and radon mass flux investigated
in the laboratory from 25 samples from region of Garhwal Himalaya was 0.54, indicating
that two variables are dependent [193].

6.5. Italy

Voltaggio et al. have developed a methodology to estimate the potential maximum of
radon flux from soil by in-situ measurements of Ra, Th, K concentrations and laboratory
measurements of relevant geophysical parameters of soil [194]. The ??°Ra activity was
measured at 46 sites, while radon flux was measured and soil samples were collected
at 18 geologically representative locations for laboratory analyses in a test area of about
185 km? in Latium, Italy, where volcanic and sedimentary rocks crop out [194]. Radon flux
was determined in situ by measuring the growth of radon in the accumulation chamber by
RADY7 device. The method derived enables both radon and thoron flux measurements [195].
Based on the Ficks law, considering the measured emanation coefficient, water content,
porosity, soil density, and Roger and Nielson’s expression for diffusion coefficient [196],
values of radon fluxes were estimated. The difference between the measured and estimated
fluxes can be explained by assuming average water content of 20%. Measured radon fluxes
that were higher than the maximal estimated radon fluxes indicate the additional advective
component of radon flux. The maximum estimated radon flux is useful to identify radon
priority areas. The corresponding radon flux map averaged per municipalities in northern
Latium is shown in [194]. On the other hand, the geogenic radon potential map of Latium
created using geographically weighted regression based on the comparison of more than
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7500 measurements of radon in soil gas with geological and geochemical data is shown
in [12]. Although the two maps are of different scale and density of measurements, they
could be used to compare the radon flux from soil with geogenic radon potential of the
same region.

In order to assess the geogenic radon and the exposure to natural radioactivity in
Roma, Italy, the total gamma radiation, as well as radon and thoron fluxes, were investi-
gated in the Caffarella valley, a green area located in the centre of Roma, where ignimbrites
from the Colli Albani volcano and alluvial sediments largely crop out [89]. Gamma ra-
diation was measured at 128 measuring points covering an area of about 2625 m?, while
radon fluxes were measured from 12 different soil samples. Since radon flux measurements
in situ are long and affected by large uncertainties due to changes in physical conditions,
measurements were performed in an accumulation chamber using a RAD 7 radon moni-
tor (Durridge Company Inc., Billerica, MA, USA) using the method described in [95,194].
Radon flux from soil ranged from 0.362 Bqm ~2h~! for alluvial sediment, to 3.829 Bqm 2h~!
for “Pozzolane Rosse” ignimbrite. Correlation coefficients between the radon and thoron
fluxes and gamma dose rates were 0.58 and 0.71, respectively. Variable activity concentra-
tion of “°K that does not contribute to the radon fluxes reduces the correlation coefficient.
Soil gas permeability is shown to be a key parameter to identify areas that could potentially
lead to high indoor radon concentrations [47,95] and thus laboratory measurements of
radon fluxes have their advantages [89].

6.6. Japan

In order to set an action level in Japan, a 7-years long measurement campaign of
radon and thoron fluxes was conducted. Radon flux measurements were performed at
111 locations covering 40 sites of 14 prefectures and classified according to the geology.
Measurements were performed with the accumulation method and ZnS(Ag) as a detec-
tor [169]. Average radon flux for different geology ranges from 1.4 + 0.6 mBqm 2s~! for
kanto loam, to 10.2 & 3.1 mBqm~2s~! for acidic rock, with an average of 8.6 mBqm2s~!.
A correlation factor between measured and calculated radon flux was 0.487 [172].

Radon and thoron fluxes were measured in areas with the same geology (granite and
rhyolite) but different climates [197]. Results were compared with values estimated by
an UNSCEAR formula that includes: emanation coefficient, porosity, ?°Ra concentration
in soil, soil density, and effective diffusion coefficient [5]. In two out of seven locations,
there was good agreement between the radon measured and calculated radon fluxes. The
measured values were on average by a factor of 0.65 lower than the calculated one. This
discrepancy was explained by the existence of underground structures that could influence
the radon transport [197].

In another survey performed in Japan, Prasad et al. have investigated radon and
thoron fluxes and gamma dose rates at eight locations in Hiroshima prefecture known as
high natural background radiation area (six out of eight locations were granite) [173,198].
Radon flux measurements were performed using the accumulation chamber method, with a
ZnS(Ag) scintillator used as the detector. During the half-hour period, measurements were
conducted in continuous 30 s measuring intervals. At the same locations, gamma dose rates
were measured and soil samples were collected to measure radionuclide content. Measured
radon flux ranged from 3-37 mBgm2s~!, gamma dose rate ranged from 66-92 nGyh~!,
and ??°Ra concentration in the soil ranged from 32-93 Bqkg~!. For similar ?*°Ra activity,
higher fluxes occur in soil with lower water saturation. Based on data from Table 1
from [173], the correlation coefficients of 0.64 and 0.69 were found between radon flux and
the gamma dose rate and radium content in the soil, respectively. A low correlation of 0.145
was determined between thoron flux and ??®Ra in the soil. Radon fluxes were higher in
areas covered by granite, compared to other types of soil. Higher values of indoor radon
concentrations in granite areas, compared to other areas, could be caused by higher radon
fluxes [173].
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6.7. Nigeria

In 3 different regions of the Lagos state in Nigeria, radon flux from 27 dry and wet soil
samples was measured using the cover cup technique with CR-39 detectors. Detectors were
deployed for 6 months. Simultaneously, at each of 27 locations, indoor radon concentrations
were measured with CR-39 detectors for 6 months as well. Average surface radon fluxes
in 3 different regions were 1.74 £ 0.68, 1.49 4 0.09, and 1.17 £ 0.06 mqu’zh’l in wet
samples, while slightly higher radon fluxes were observed for dry samples: 1.77 £ 0.41,
1.64 4 0.38, and 1.45 + 0.29 mBqm~2h !, respectively. For radon fluxes of both dry and wet
samples, weak negative correlation with indoor radon concentration was observed, with
correlation coefficients of —0.32 and —0.30, respectively [93]. These results are surprising
as usually there is a positive correlation between indoor radon concentrations and radon
concentrations in adjacent soil [199].

6.8. Romania

Indoor radon concentrations and radon flux measurements were measured in 20 houses
located in Cluj-Napoca, Romania. Radon flux was determined using the accumulation
chamber method. Radon was collected on charcoal with a sampling time of 12 h. Indoor
radon measurements were performed using scintillation cells. For relatively high indoor
radon concentrations ranging from 100-400 Bqm 3, low radon flux values ranging from
4-28 mBqm~2s~! were obtained, with an average value of 20 mBqm~2s~!. The measure-
ments were performed in the winter period, which can be a reason for the increased indoor
radon concentrations and lower radon fluxes as well. The obtained results show a direct
correlation between indoor radon concentrations and radon flux (see Figure 4 in [200]).

6.9. Russia

Stavitskaya et al. performed radon flux measurements in 2 regions: one covering
64 measurements for 3 different soil types, and another with 74 measurements for 5 different
soil types [91]. After 15 min of accumulation, air was transferred to the sampler with a
sampling time of 5 min and then to the measuring device [91]. In the first region, the
content of radium in loess loams is 30 Bqkg !, while in argillaceous slate and porcelain
clay it is about five to six times higher. In spite of the large variations of radium activity in
the soil, the mean radon flux densities varied only slightly: loess loam (44 mBqm 2s~1)
and porcelain clay (59 mBqm~2s~!), and even in the opposite direction for argillaceous
slate (33 mBqm~2s~!). The radon flux for the three different soil types ranges from:
20-71 mBqm ~2s~! for loess loam; from 22-59 mBqm 2s~! for Argillaceus slate; and from
20-130 mBgqm 2s~! for porcelain clay. In another region, on the other hand, a small
variation of 2?°Ra from 140-180 Bgkg !, led to a wide range of mean values for radon flux
for different types of soil: 110-810 mBqm~2s~!. The overall range of radon flux was from
60-1300 Bqm ~2s~!. This leads to the conclusion that the specific activity of ?2°Ra should
not be used as the main criterion for the generation of regional maps of potential radon
hazard [91].

Leshukov et al. have investigated the influence of underground coal mines on indoor
radon concentrations of dwellings on site (case group) and outside the mining territory
(control group) [94]. Indoor and radon flux measurements were performed using de-
tectors based on charcoal sorption. In total, 120 residential buildings were studied and
687 individual readings of radon flux were taken, out of which 375 were located in the
territory of mines. Radon flux ranges from 8 to 3310 mBqm~2s~!, with the average value of
181.59 4 13.32 mBqm 25~ L. The average and maximal values of radon flux in the control
group were an order of magnitude lower than in the case group. The percentage of radon
fluxes above 80 mBqm~2s~!, which is the limit below which it is not required to take radon
protection measures, is 64.55. The correlation factor between radon flux and indoor radon
concentrations was 0.79. Since there was not a statistically significant difference in indoor
radon concentrations between the case and control group, compared to differences in radon
flux, additional factors influencing indoor radon concentrations should be considered [103].
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6.10. Spain

In Spain, in order to identify main contributors to indoor radon concentrations in
regions previously identified as areas with a high level of natural radiation, measurements
of radon fluxes from building material and soil, along with the radon concentration in
water, were measured [201,202]. From 50 samples of building materials analysed by gamma
spectrometry to determine 226Ra, 232Th, and #°K, it was concluded that radon flux from the
building material could not contribute more than 20% (with a few exceptions) to the indoor
radon concentration. The contribution from water was in most cases not significant. Thus,
the major contribution to indoor radon concentration should be soil. The ??°Ra content
from 200 soil samples ranges from 40-110 Bgkg !, with a mean value of 80 Bqkg !, which
is two times higher than in other regions of Spain. A set of 30 radon flux measurements
were performed in 2 different periods of the year. Radon flux was measured with an
accumulation chamber placed on the soil, and air samples from the chamber were collected
and measured using scintillation cells. The results ranged from 40-900 Bqm2h~!, with
a mean value of 162 Bqm 2s~!. In the second period, radon flux was between 40 and
60 Bgqm ~2h~! due to the high humidity. It was reported in the paper that there is no clear
correlation between radon flux and the indoor radon concentration, probably due to the
large variability of soil parameters [202].

In another survey performed in Spain in the province of Céceras, designated as a
radon priority area, indoor radon concentrations were measured in eight selected locations
in three dwelling types: traditional (build before 1940), old (built between 1940-1980), and
new (built after 1980) [203]. At each location, five radon fluxes were measured and corre-
sponding soil samples were taken for determination of the ?*°Ra activity concentration [92].
The radium concentration in the soil, obtained by gamma-ray spectrometry using HPGe
detector, ranged from 70-126 Bqkg !, with the mean value of 106 4- 21 Bgkg—!. Radon flux
was determined using the accumulation chamber method and AlphaGUARD (Saphymo
GnbH) as a measuring device. Obtained radon fluxes ranged from 9-160 mBqm2s~!,
with a mean value of 66 & 18 mBqm s~ !. The mean value of the radon flux is consistent
with other predictive maps of the radon flux [64,65,204]. Results show that there is no
correlation between the mean value of the 2°Ra concentration in the soil and radon flux
(calculated from Table 1 in [88]). Short-term measurements of indoor radon concentration
were performed with charcoal canisters, while long-term measurements were performed
with electrets. Indoor radon concentrations range from 110-730 Bqm 3 for short-term
measurements and 71-585 Bqm 2 for long term measurements. The correlation coefficient
between the mean value of the radon flux and indoor radon concentration was 0.82 for
traditional dwellings, 0.34 for old dwellings, and 0.31 for new dwellings, indicating that
radon flux from soil was not enough to explain indoor radon concentrations; however,
the architectural style had an important influence as well, although this influence is very
difficult to describe and model.

6.11. Syria

The radon concentration in soil gas and in outdoor air, radon flux from the soil, and
226Ra activity concentration in soil samples were measured at 36 locations in 4 governorates
in Syria and compared with previously measured indoor radon concentrations [171,205].
High correlation coefficients from 0.80 to 0.98 were found between radon in soil gas and
radon flux from soil in 3 regions, while a correlation coefficient of 0.79 between radon
exhalation and indoor radon concentration was found in one governorate. Weak negative
correlations were found between radon flux and the 2?°Ra activity concentration in soil
samples in 3 regions, while a positive correlation coefficient of 0.36 was found in only one
governorate (data were extracted from [171]).

6.12. USA

Radon flux measurements were performed with electrets during one year in 12 h
intervals at one location [159,160]. During the same period, the indoor radon concentration
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of the nearby family house was measured at 5 min intervals using Lucas Cells from
Pylon Electronic Development Co. Ltd., (Ottawa, ON, Canada) with the meteorological
parameters barometric pressure, wind speed, temperature, and rainfall [145]. The measured
radon flux ranged from 0 to 140 mBqm~2s~!, with an average of 37 4+ 22 mBqm 2s~ ..
A slight seasonal pattern of radon flux was observed, with higher values during the dry
summer months and lower values during the combination of wet and frozen ground in
winter and spring times. A diurnal pattern was observed as well, with an average day to
night flux ratio of 1.7. In comparison, indoor radon concentrations exhibited much stronger
diurnal and seasonal variations, ranging from 50 to 1570 Bqm 3 [145].

Table 1. Overview of radon flux surveys performed in some countries.

. Type of Type of Meas. Average Range Map
Country No of Locations Survey Detectors Duration (mBqm~—2s-1) (mBqm~—2s-1) Created
Australia [182] 101 National Two filter 1h <1-128
system
China [174] 31 ERS-2 4-5 times 17.4 No
10 min
Accum 4 times 3
East Asia [163] 20 chamber with ~ Passive Rn/Tn 6.9-59.6 No
months
const flow
Finland, Several
Hungary [63,150] regions Alpha-guard 0-69
. 2 summer
France [162] 85 Regional LR-115 months 99 9-837 yes
Greece [179] 6 meas. points) Regional Alpha-guard 21 h (samp. 19.1-44.3
P & pha-g time 10 min) : )
. . (1.95 + 0.10) (0.43-20.1) 105
Q -
India [192] 20 Regional LR-115 3 months 10-5 Bqkg 1 h! Bqkg~! h-!
Regional 2 summer
Italy [194] 18 185 km? Alpha spect. months 5-186 yes
Italy [89] 12 RAD7 16-18h 0.1-1.1
Japan [172] 111 National ZnS(Ag) 8.6 1.4-10.2 yes
0.5h (30s
Japan [146] 8 Regional ZnS(Ag) measure. 3-37
interval)
Nigeria [93] 27 Regional Cover cup, 9 months 0.51-2.65
CR-39
Romania [200] 20 Regional Charcoal 12h 20 4-28 No
. 2 regions . . 33-59 20-130
Russia [91] (64 + 74) Regional AlphaRad Plus 15 min 110-810 64-1300
687 meas.
Russia [94] 10 meas. per Regional Charcoal 181.59 4 13.32 8-3310
location
(i) 11-250
Spain [202] 30 Regional Scintillator cell 2 periods 45 (ii) 11-17
Spain [92]  loc. Regional Aphaguard 66 £ 18 9-160 no
3 dwell. per loc.
Syria [171] 36 (4 govern.) Lucas cell 15-30 min 9-9000 No
(ZnS)
USA [145] 1 Local Electret lyear,12h 37 £22 0-140 no
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Table 2. Correlation of radon fluxes with other radon quantities.

Correlations with Radon Flux

Country No of Locations
226Ra in Soil Soil Gas Indoor Air Gamma Dose Rate  Outdoor Air
Australia [182] 101 0.59 0.54
Australia [142] 0'58;2‘;&215)““
China [174] 31 0.748 0.705
East Asia [163] 20 0.839 0.787
Finland, Hungary [150] 0.66
France, [162] 85 Good
Greece [179] 6 locations 0.92 0.81
India [192] 20 0.7 0.5
Ttaly [194] 18 0.570!

Italy [89] 12 0.58
Japan [173] 8 0.69 0.64
Nigeria [93] 27 :8;3 Eg;}))

Romania [200] 20 Figure 4 of [191]
Russia [94] 12 0.79
Spain [202] 30 No clear correlation
8 locations No correl. between 0.82 (traditional)

Spain [92] (3 dwell. per averaged flux 0.34 (old)

location and %%°Ra 0.31 (new) dwellings
Syria ! [171] 36 —0.05 (g'fgg‘&ii) a fé;igon)
USA [145] 1 See Figures 1 and 3

[139]

1 calculated from available data.

7. Models of Radon Flux

Radon flux in the atmosphere is used as a tracer for validation of computer models for
global chemistry and transport models [16,206—208].

While the majority of detectors used for indoor radon surveys are relatively simple and
easy to use, even by untrained persons (citizens), radon flux measurements are complex
due to different factors, such as requiring an experienced and/or trained person to perform
measurements, requiring a dedicated measurement system (i.e., accumulation box and ac-
tive detector), and exposing detectors to harsh environmental conditions. Furthermore, the
traceability chain of radon flux measurements is missing, and there is still no harmonization
between the existing radon flux systems and methods [30,190].

Due to the complexity of the measurements and their long duration, there are not
many data in the literature on measurements of radon flux to produce a map with the
required spatial and/or temporal distribution. Therefore, in order to build reliable maps of
radon flux, it is necessary to use estimation models.

The earliest models describing the worldwide distribution of radon were oversim-
plified, while later models were more detailed. Global chemistry and transport models
require accurate data on radon flux from the Earth’s surface, which led to the development
of more realistic radon flux models.

7.1. First Simplified Radon Flux Models

In the 1970s, the first estimations of the mean value of radon flux from soil were made,
ranging from 15.6 mBqm ~2s~! based on direct radon flux measurement to 25 mBqm 25!
based on 2!°Pb flux measurement and the assumption of atomic balance between radon
flux from the surface and the removal of 210Pb [145,209]. Contributions from water surfaces
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were found to be two orders of magnitude smaller than over the continents, and thus could
be neglected [210,211]. In the chemical trace model used for investigation of tropospheric
problems (such as ozone or acid precipitation), a constant value of 20.8 mBqm2s~! of
radon flux from soil was used in North America [212]. The mean values of measured
monthly radon flux were found in the range from 20.8 to 104 mBqm2s~!, showing that
using a constant value of radon flux is a simplification [212].

Lee and Feicher concluded that radon flux over land should depend on latitude in
order to obtain better predictions of the global transport of 2!%Pb [213]. A Heaviside’s
step function was assumed, with constant Rn flux of 20.8 mBqm~2s~! up to 70° N and
0 mBgqm~2s~! for higher latitudes. Rasch et al. proposed the same step function, with the
exception that radon flux above 70° N should be 10.4 mqu’zs’1 [214].

Conen and Robertson investigated radon flux measurements mainly from literature in
the 1990s [215]. In particular, data covering large areas revealed high variability, and the
distribution of radon flux across latitudes was not clear [182,216-218]. They proposed a
uniform radon flux of 20.8 mBqm~2s~! for ice-free continental areas up to 30° N and then
a linear decrease of flux up to 5 times smaller at 70° N. A similar latitudinal gradient of
radon flux density was estimated for Asia in the winter [219].

The need to improve the applicability of using radon as a tracer in atmospheric studies
has triggered development of different models of radon fluxes from the soil in order to map
its temporal and spatial variability.

Advection in most of the models is not considered as it is influenced by many mete-
orological parameters—such as pressure difference, temperature difference between soil
and surface, and wind and precipitation—which are instantaneous and, therefore, difficult
to model. Consequently, most of the models consider only the diffusion mechanism as a
means of radon transport.

7.2. Model of Schery and Wasiolek (1998)

Schery and Wasiolek based their model on porous media transport theory calibrated
with experimental radon flux density data [220]. They consider the radon diffusion in a
semi-infinite, homogenous soil in which the pores are partially filled with water.

The calibration was obtained from 101 experimental measurements of radon flux made
with the fast emanometer (accumulator) system of Whittlestone and the Australian Nuclear
Science and Technology Organisation [182]. Data selected were mostly from mainland Aus-
tralia, supplemented with data from Tasmania and Hawaii. Measured radon flux ranged
from less than 1 to 128 Bqm~2s~!. Data collected for field campaigns was for variables
such as soil moisture, temperature, radium content at 10 to 20 cm depth, soil classification,
surface total gamma exposure rate, vegetation density under the emanometer, and rate of
change of atmospheric pressure. A correlation study was done to obtain the calibration for
every parameter in comparison to the radon flux measured. Main correlations were found
with radium concentration (r = 0.59), gamma dose rate (r = 0.54), monthly precipitation
(r = —0.32), and monthly air temperature (r = 0.30).

Considering the diffusion equation and the correlations found, the reformulated model
keeps the proportionality to soil radium content. The soil temperature was estimated from
the average monthly air temperature multiplied by a factor obtained from radon flux
measurements. The soil moisture was interpreted as in a direct relationship with monthly
precipitation. Radium concentration was not available for some countries; therefore, the
authors estimated it following mainly aerial gamma radiation data, maps of exposure rate
from gamma radiation, or uranium in stream sediments. In all those cases, experimental
conversion factors were applied. For some countries, a single number for the average
radium in the country was available. Where no approaches were possible, they assigned
an average of 30 Bq/kg for radium concentration based on the world estimate of the NCRP
(1976) [221]. The soil moisture data were obtained from Willmott et al. [222], and the average
monthly air temperature from NOA-EPA [223].
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The result was a monthly-averaged estimation for the global radon flux density
map on a 1° x 1° grid. The model predicts an average annual global flux density of
34 + 9 mBqm~2s~!. The most significant and sensitive factor causing regional variation
in flux density is soil radium content, followed by soil temperature, and moisture at
comparable levels.

7.3. Model of Ielsch et al. (2002)

Ielsch et al. developed a vertical radon transport model, TRACHGEO, which calcu-
lates the radon flux density as a function of rock and soil physical and chemical properties,
assuming radon transport only by diffusion and using the effective diffusion coefficient
according to Rogers and Nielson [162,196]. The model was tested by comparison to cal-
culated radon fluxes, with radon fluxes measured at 85 sites in Brittany, France. For the
soil in the same places, soil moisture, porosity, soil thickness, and 226Ra content were deter-
mined as well. Indoor radon concentrations were measured with passive LR115 detectors
for two months in dwellings located in the vicinity of places where radon fluxes were
measured [162].

The activity concentration of *°Ra in analysed soil varied from 19-182 Bqkg !,
while the radon flux density varied from 9-837 mBqm 2s~!, with the geometric mean of
99 mBqm2s~1.

TRACHGEO code in general overestimates measurements by 45%. Predicted results
are in good agreement with the measurements at 80% of the sites. From the radiological
protection point of view, most questionable results are in cases of underestimated radon
flux. A few of them had small exhalation value, so this difference is not significant. For the
other measurements, the common factor is the proximity to faults along which radon can
be transported by advection; however, this factor is not included in the transport model.

Results of the indoor radon concentrations show variation from 8 to 2896 Bqm 3 with
a geometric mean of 165 Bqm 3.

Although the authors did not provide any statistical test showing correlations between
radon flux and indoor radon concentrations, they stated that theoretical predictions of the
radon flux showed good consistency with the measured indoor radon in the majority of
cases. Analysis revealed that the major contributor to the indoor radon concentrations is
the radon source, while house characteristics are considered secondary effects [162].

7.4. Model of Szegvary et al. (2007)

It was shown that the step function describing radon flux as a function of latitude tends
to overestimate Rn concentrations [206]. Robertson et al. have shown that better model
simulations, to some extent, are obtained when linear decrease of the radon flux rate with
latitude is assumed [224]. One of the indirect methods to estimate radon flux is via terrestrial
gamma dose rate. Szegvary et al. have derived an empirical linear relationship between
the terrestrial gamma dose rate and radon flux based on simultaneous measurements at
63 locations in Switzerland, Germany, Finland, and Hungary [225]. Approximately 60%
of the variability of the measured radon flux can be ascribed to the spatial variability of
the terrestrial gamma dose rate [150]. Using the obtained regression equation between
radon flux and the gamma dose rate, a map of the terrestrial gamma dose rate extracted
from the European Radiological Data Exchange Platform (EURDEP) [226,227] was used as
input data for the map of radon flux for the European Continent [63]. As gamma dose rates
are continuously measured and stored in the EURDEP database, this allowed estimation
of the temporal variation of radon flux in Europe, with a resolution of one week and
spatial resolution of 0.5° both longitudinal and latitudinal. The map of radon flux reported
in [63] shows a decreasing trend with an increase of latitude similar to the proposed linear
decreasing flux of [215]. Temporal variations reveal pronounced seasonality in northern
regions, with a radon flux 2.5 higher in summer than in winter, due to snow cover and
moisture in winter and dry conditions during summer. In southern regions, these variations
are less than 15%.
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However, it is worth mentioning that higher dose rate does not necessarily lead to
higher radon fluxes and indoor radon concentrations. For example, in Slovenia, indoor
radon concentrations were not elevated in the region where topsoil is of granite, which had
2-3 times higher gamma dose rates than in the rest of the country. This was ascribed to the
compact nature of granite, which has low permeability [228].

7.5. Model of Sun et al. (2004)

In China, Sun et al. used a simplified one-dimensional equation of continuity, as-
suming only the diffusion process for radon transport [174]. For the effective diffusion
coefficient, an experimentally derived expression that considers soil porosity and volume
fraction of water saturation was used [196]. The production rate of radon in the pore space
is calculated from the dry bulk density of soil, emanation factor, 22Ra activity in soil gas,
and ?*’Rn decay constant. As an input to the model, the following data were used: (i) the
226Ra content in soil was taken from a national survey that included 7777 soil samples in
25 x 25 km? grid size; (ii) soil moisture distribution was derived from the mathematical
model and corresponding data from 656 weather stations in China; (iii) the soil density
and porosity were estimated from the nationwide survey on soil properties; and (iv) the
emanation for different types of soil was taken from literature [229].

The annual average radon flux was estimated to be 16.7 mBqm2s~! for the re-
gion of Beijing, which is in fair agreement with the measured average radon flux of
249 mqu_zs_1 [230,231]. In order to test the model, radon flux was measured at 47 mea-
suring locations using an Electrostatic-Radon Sampler ERS-2 based on alpha spectrometry.
Measurement at each point lasted 4-5 cycles with duration of 10 min per cycle [175]. Rela-
tive uncertainty between measured and modelled flux was less than 0.25 in approximately
30% of measured samples. For dry samples, with soil water content < 10%, the arithmetic
mean of the measured flux was 59% of the calculated one. A model was improved by
deriving linear functions between the ratio of measured and calculated radon fluxes and
water content [175].

7.6. Model of Zhuo et al. (2008)

Further improvement of the method derived by Sun et al. was done by Zhuo
et al. [103,232]. They reformulated the porous media transport model to predict radon flux
density [196,220,231]. In the model, emanation power, fitted as a factor of water saturation,
and the empirical formula for estimating seasonally volumetric water content were com-
bined, with an effective radon diffusion coefficient derived by Rogers et al. and Schery et al.
to derive radon flux density [196,220]. Radon fluxes were measured at 10 locations in Japan
and Korea. Best agreement between seasonally averaged radon fluxes from the measured
sites and combined model was achieved [103].

Combining the database of ??°Ra in soil in China containing 1099 measured data at
100 x 100 km? grid [232], the global ecosystem database (which includes bulk density, poros-
ity and texture component of sand, silt and clay, measured precipitation, surface temperature,
and land cover classifications) [143,233], and the potential evapotranspiration [234] with the
derived model [103,163], annual and seasonal radon flux densities from the soil surface of
China were created on a grid scale of 25 km x 25 km. Obtained annual average radon
flux density was 29.7 + 9.4 mBqm2s~!, with a minimum of 9 mBqm~2s~! and a maxi-
mum of 82 mBqm~2s~! [143]. The data agree with a global average radon flux density of
33 mBqm~2s~! [5]. The obtained radon flux density was generally higher in the southeast
region, where higher activity concentrations of 22°Ra in soil were measured, while lower fluxes
were measured in the northeast region, where lower 2°Ra occurs. The average radon flux
densities in winter were much smaller compared to the other seasons, with the maximum ratio
of radon flux in summer and winter being 1.76 [143]. Validation of the model was performed
by comparing the experimental data from 20 sites in China, Japan, and Korea continuously
measured for one year with the model prediction [163]. The measured annual average of
24.1 mBgm~2s~! agrees well with the predicted annual average of 21.7 mBqm 25~ 1.
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7.7. Model of Griffiths et al. (2010)

In Australia, a time-dependent radon flux map was produced with spatial resolution
of 0.05° and temporal resolution of one month. Radon flux was estimated using the simple
diffusion model assuming two layers for the simulation of soil moisture. The following
datasets were used as input: (i) radium activity taken from gamma-ray aerial survey [235],
(ii) soil properties, including bulk density, porosity, and soil texture obtained from the Atlas
of Australian Soils [236,237], and (iii) soil temperature for which air temperature was used
as a proxy from the meteorological set of data [238].

The model was calibrated with a set of more than 210 measured radon fluxes [142]. A
correlation coefficient of 0.48 was found between measured and modelled radon flux from
the soil. Temperature and moisture variations were taken monthly, and seasonal changes in
soil moisture led to seasonal variations of radon flux. Based on the radon fluxes measured
at 9 sites, the winter to summer ratio was found to be 1.6 [216]. In the Cowra region, the
summer to winter ratio was 0.88, while the model ratio was 1.8. In contrast, in Goulburn,
the summer to winter ratio was 2.54, compared to the model-predicted value of 1.1. While
in the general case, the diffusion coefficient monotonically decreases with the increase of
soil moisture, there are soils that have a factor of 0.2 higher diffusion coefficients for soil
moisture in comparison to dry soil [239]. A further improvement could possibly include
observed day-by-day variations [240].

7.8. Model of Hirao et al. (2010)

Hirao et al. estimated the global distribution of radon flux with 1° resolution in latitude
and longitude for each month in the period from 1979 to 2007 [146]. Radon transport was
modelled by diffusion theory in a porous media by considering the ??°Ra content in the soil
obtained from data available in the literature [5], soil bulk density, the effective diffusion
coefficient that depends on soil water saturation, and the soil temperature and emanation
coefficient as a function of water saturation and soil temperature [103,111]. The physical
properties of the soil were provided by the Japanese Meteorological Agency, Climate Data
Assimilation System. The thickness of the snow layer was also used in the model, as well
as topographical ruggedness [124].

The 29-year world average flux density was estimated to be 21.3 mBqm2s~!, with
a large seasonal variation ranging from 18.8 mBqm2s~! in March to 23.6 mBqm 25!
in September, and regional variations of 8.3 mBqm 2s~! for the northern part of North
America up to 33.5 mBqm2s~for Australia [144]. The latitudinal distribution in the
Northern hemisphere roughly follows the simplified model of Conen and Robertson, which
assumes the linear decrease of radon flux as a function of latitude [215]. At a global level,
the topographical ruggedness increased radon flux by 2%, while on mountainous regions
the increase was more than 10% [144].

7.9. Model of Lopez-Coto et al. (2013)

Lopez-Coto et al. have calculated a 40-year retrospective European radon flux in-
ventory. They estimated average values of radon flux, seasonal variation, and probability
distribution [64].

Modelling of radon transport in three phases (gaseous, water, and soil) was simplified
by using the “effective” diffusion coefficient [196]. Adsorption of radon onto the soil surface
and radon solubility were considered. Diffusion of radon through different rocks and soil
was estimated by considering a diffusion coefficient gradient. As there are no analytical
solutions, the forward finite difference technique was used [64,241,242].

For modeling, the U concentration database was used for the estimation of 2?°Ra in
the soil [243], and the Harmonized World Soil Database of FAO [244] was used to extract
soil characteristics and properties with a constant emanation factor of 0.2, as justified
by [245,246] and the ERA-40 database of weather variables [247].

Data compared with different experimental results showed good agreement. Monthly
averaged radon exhalation for the whole of Europe was estimated for the period from 1957
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to 2002. Lower radon fluxes of around 26 Bqm ?h~! resulted during the wet months and
were highest in August at about 33.6 Bqm~2h~! during the dry period. The large standard
deviation highlights a large variation in the radon flux for the whole of Europe. The seasonal
deviation is approximately 25%. Larger deviations with greater seasonal fluctuations were
obtained at lower latitudes. A high-resolution map, with spatial resolution of 0.5, enables
the use of the map to determine areas with high radon exposure.

7.10. Model of Manohar et al. (2013)

The terrestrial gamma dose rate (TGDR) estimated by Szegvary tends to overestimate
the Rn flux at certain stations in Spain as this approach fails to quantify the effect of local
influences at EURDEP stations [150]. Since terrestrial gamma radiation mainly originates
from the top 20-30 cm of soil, and the presence of moisture similarly reduces the terrestrial
gamma radiation and the radon flux, it is concluded that terrestrial gamma radiation can be
used as a proxy for the estimation of radon flux [98,248,249]. Manohar et al. (2013) decided
to estimate TGDR from the radionuclide content in soil [204]. They extracted the activity
concentration of radionuclides in soil from the Geochemical Atlas database, which includes
358 soil samples from different locations [250]. Based on these data, TGDR was extracted
using the formula available in [5]. TGDR from radionuclides in clay, loss, and peat were
10-20% lower than TGDR from the Dutch National Radioactivity Monitoring Network,
while for sand, this discrepancy was 2 times lower. Modelled Rn flux agrees within the 2o
with the radon flux measured at 2 existing measuring locations. The mean value of Rn flux
in the Netherlands differs by a factor of 2 between values obtained by TGDR, radioactivity
in the soil, and the Szegvary model [63].

The model is further extended to Europe based on available soil data from 838 locations
from the FOREGS (Forum of European Geological Survey) database [251]. The model was
validated with direct Rn flux measurements from Szegvary et al. and Grossi et al. [14,150].
For soil with moisture content between 5 and 35%, the ratio between the measured and
modelled radon flux varied from 1 to 4, while for moisture content > 45%, the modelled
values overestimated the measured values. In total, the discrepancy between the measured
and modelled values varied from 0.2 to 12.4.

7.11. Model of Karstens et al. (2015)

Karstens et al. modelled a radon flux map of Europe based on the parameterisation
of radon production in the soil and its transport [65]. The starting point of the model
was the equation of continuity in infinitely deep unsaturated homogenous soil, assuming
only molecular diffusion of radon in the soil air. In case of shallow water-table depth, the
model is adjusted by setting appropriate boundary conditions. The effects of snow cover
and frozen soil on radon flux were not convincing; therefore, they were not introduced
in the model [252]. Although there were different models to estimate effective diffusivity,
with the most popular parameterisation of Rogers and Nielson, the best agreement with
diffusivity derived from the measured Rn profiles was accomplished by the model of
Millington and Quirk [196,253]. This diffusivity parameterization considered only porosity
and water-filled fraction, and temperature dependence was taken into account according
to Schery and Wasiolek [220].

Some of the major data that were used as an input follows:

e  22°Racontent in soil, extracted from 843 topsoil and 792 subsoil uranium measurements
available at the Geochemical Atlas of EU [251]. Where data from the Geochemical
Atlas were not available, the global lithological map “GLiM” was used [254];

Soil texture obtained from the soil database [255];

Emanation coefficients estimated from [232];

Soil moisture, 2 estimates that provide high temporal resolution were used: (1) Land

Surface Model Noah, which is the part of Global Land Data Assimilation System

GLDAS-Noah [256], and (2) simulations from the ERA-Interim/Land reanalysis [257];
e  Soil temperature and porosity are available from both soil moisture models;
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e  Water table depth obtained from hydrological model simulation [258].

Although validation of radon fluxes is based on a small number of measured radon
fluxes, comparison of modelled with direct Rn flux measurements show that seasonal
variations are well reproduced compared to previous models. Better agreement was
obtained with GLDAS-Noah soil moisture than with ERA- I/L. Comparison with more
than 400 episodic Rn flux measurements from the literature show that the overall mean of
Rn flux in Europe calculated with GLDAS-Noah is almost without bias (15 mqu’zs’l),
while ERA-I/L mean Rn fluxes are underestimated by 60%.

The difference between measured and modelled radon flux from pixel to pixel is
about 70-100% from the mean flux. The uncertainty of the model is estimated at 50%,
while uncertainty due to a lack of representativeness and uncertainty of measurements
contributes 80% to the difference. These can be reduced by performing dedicated radon
flux measurements.

In Table 3, a summary of the different described radon flux models and inventories is
given. Details for each model include the type of model used, physical quantities, input
data, spatial and temporal resolution of the created model, means of model verification,
and model coverage (i.e., the area to which it is applicable). The models that predict radon
flux as a function of latitude are not included in Table 3.

Table 3. An overview of Rn flux models and Rn flux inventories, References related to the databases
used for input are given in the text. Explanation of used parameters: D p—effective diffusion
mechanism; p—porosity; p—soil bulk density; m—volume fraction of water saturation; e—emanation
coefficient; T—temperature; P—precipitation; K —permeability, &—mean grain diameter.

Author Transport Model = Parameters Used Input Data Resolution Verification Area
Schery and . . B 226Ra, precipitation, and . 140 101 meas. .
Wasiolek [220] Diffusion Dy = £m,T) air temperature Spatial: 1 locations Australia
Ielisch et al. oo _ rock and soil chemical . Regional:
[162] Diffusion Degr = £p, p, m) and physical properties 85 locations Brittany
Databases: 22°Ra in soil, .
Sun et al. Diffusion Defr = f(F 0, 1) soil moisture, and soil Spatial: 47 meas. locations China
[231] e—from literature 25 x 25 km?
) properties
_ Databases: 2*°Ra in soil, Spatial: .
Zhuo etal Diffusion Dyr = ffp  pr 1) soil properties: GED 25 x 25 km?; 20 sites, China
[232] e =1{(T); m = f(Bp) o continuous
evapotranspiration Seasonal
e Diffusion; _ . 226Ra: y-ray aerial survey; 1 o
Griffiths et al. 2 layers of soil: Doy = p, 0, m); Soil properties: AWAP; Spa’nal.. 0.05 210 meas. fluxes Australia
[142] ‘ . . e=1f(m, T) Temporal: 1 month
or soil moisture; Tgoii—meteo data;
Dy =(p, p, m); o
Hirao et al. Diffusion Sfl;i(z;vz)r. 226Ra— UNSCEAR, Soil Spatial: 0.1° Flffo tvglllli"‘gﬁ?z Japan
[144] topographical properties: JCDAS Temporal: 1 month outdoor radon
ruggedness
Diffusion, Spatial: 0.5
Lopez-Coto advection, Dy = f(p, p, m) (1 km) Cfompared data
. rom: Ireland, Europe
etal. [64] hetero-geneous K =f(p,m,d) Temporal: . insul
media 1 month Iberian peninsula
Szegvary Rn flux from TGDR Spatial: 0.5° .
etal. [63] (EURDEP) Temporal: 1 week 63 locations Europe
al 2
Manohar Same approach Rn flux from TGDR Spatial: 1 x 1 kam 63 locations [149];  Netherlands,
. (Netherlands), X
et al. [204] as [149] extracted from soil 5 x 5 km? (Europe) 2 locations [147] Europe
226Ra—Geochem Atlas; Measurements of
Soil database, ¢ from [232], . o at least 4 months
Karstens et al. Diffusion Dt,ff =f(p,m,T) soil moisture: Spatial: 0.083 at 6 locations and Europe

[65]

GLDAS-Noah, ERA-I/L,
water table depth

Temporal: 1 month

>400 episodic
meas. in Europe
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8. Discussion

Many parameters influence radon flux, including ??°Ra activity and its distribution
within the soil grain, chemical and physical properties of the soil, and various meteorolog-
ical parameters. In addition to spatial variation, some of the parameters have temporal
variation as well. Complex dependences among them make it difficult to quantify their
contribution to radon flux values, and when measurements are done with many different
methods and devices, it is difficult to compare the results. Furthermore, Rn flux mea-
surements are challenging because there are numerous factors introducing uncertainty in
measurements, such as increasing leakage and back diffusion in time. Therefore, there is a
strong need to harmonize different measuring methods and devices in order to identify
and resolve possible physical (and human) reasons for inconsistencies.

Although there are various radon flux measurement methods, many of them are either
instantaneous or continuous with a measurement scale, representative of the soil under
investigation. In that respect, measurement time is comparable to the time scale of mea-
surement of radon in soil gas, i.e., GRP [49,259-261]. This makes short-term measurements
suitable for incorporation with GRP mapping.

When considering long-scale radon flux measurements (including models) cover-
ing months, meteorological factors are averaged and become climatic factors [44]. The
earliest attempts to include climatic factors in machine learning to predict indoor radon
concentrations were recently investigated [262]; thus, averaged radon flux data could
be included.

While national indoor radon surveys use ranges from several orders of magnitude,
from 85 measurement locations in Malta to more than 500,000 locations in the UK [6], the
maximum number of measuring locations was 111 for the national radon flux survey of
Japan. Radon flux maps were produced for a much smaller number of locations (compared
to indoor radon surveys) over a large area, raising concern about the extent to which those
maps could be considered representative and used further as an input for different models.

Only two surveys compared radon flux and radon concentration in soil gas. However,
high correlations between them were observed: 0.705 based on 31 measuring locations and
between 0.80 and 0.98 for 3 regions covered in total by 36 measuring locations. Both radon
in soil gas and radon flux are quantities irrespective of anthropogenic contribution. The
abovementioned arguments indicate that radon flux could also be used for the derivation
of geogenic radon potential.

Lower correlation, extracted from five surveys, between radon concentrations in soil
gas and indoor air ranging from 0.31 to 0.79 (excluding one negative correlation and
correlations given with qualitative descriptions) could point to additional variability of
indoor radon concentrations due to anthropogenic contribution.

Although numerous factors influence radon flux, it is surprising to some extent to
find good correlation between 22°Ra concentration in soil and radon flux, ranging between
0.58 and 0.95, with one lower value of 0.22 and one atypical result of slightly negative
correlation. Similarly, high correlation coefficients between gamma dose rate and radon flux
are obtained, ranging between 0.58 and 0.81. These results confirm that ?°Ra concentration
and gamma dose rate could be considered as good proxies for estimation of radon flux,
and these quantities are used in some of the existing radon flux models.

Radiation protection research could benefit from environmental research as radon is
used as a tracer for atmospheric processes. The need for validation of global chemistry
models led to improvement of radon flux models.

The maps presented at the top of Figure 9 are: (a) European indoor radon map [263]
(https:/ /remap.jrc.ec.europa.eu/Atlas.aspx#, accessed on 25 November 2022) and (b) map
of Geogenic Radon Hazard Index [44], while at the bottom are 2 modelled European radon
flux maps of Karstens et al. created using 2 models of soil moisture: (c) GLDAS-Noah (d)
ERA-I/L [65].
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Figure 9. (a) Indoor radon map of Europe [263], (b) Map of Geogenic Radon Hazard Index [44],
(c) Rn flux map of Karstens with GLDAS-Noah [65], (d) Rn flux map of Karstens with ERA-I/L [65].

The GRHI map (Figure 9b) was created by machine learning (ML) using the Multi-
variate Adaptive Regression Spline (MARS) algorithm, which was shown to be the best
approach if the goal is to optimally predict indoor radon concentration. Using the ML
method resulted in r? = 0.52 between the predicted and observed arithmetic mean of indoor
radon concentrations averaged over 10 km x 10 km cell [44].

Current state-of-the-art radon flux models reach spatial resolution better than 0.1° and
temporal resolution of 1 month [65]. Radon maps from a radiological protection perspective
are “static”, allowing averaging over the year, as well as a conservative approach that selects
the highest values of radon fluxes. Currently, the state-of-the-art radon flux map of Karstens
et al. uses two soil models, namely GLDAS Noah and ERA-I/L. Overall agreement between
measured and modelled radon fluxes are better with GLDAS-Noah based maps [65]. For
both maps, variability between the measured and modelled radon flux values is large.
There is room for further improvement of radon flux models by introducing soil moisture
estimates derived from the latest ERA5 model [28,264]. Application of the radon flux model
using the latest soil moisture reanalyses is currently being continued within the traceRadon
project to update the existing radon flux maps for Europe and extend them to more recent
years. Furthermore, uncertainty arising from the small number of measuring points will
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decrease as additional measurements of radon flux are conducted within the traceRadon
project, thereby increasing the representativeness of measuring points [29].

Most of the models use only diffusion as the dominant means of radon transport;
however, the importance of including advective transport is underlined in several reviewed
papers. Voltaggio et al. ascribed a difference between the measured radon flux and the
maximal radon flux estimated by the diffusion model for the advective component of the
radon flux [194]. The advective component is more important in the vicinity of faults as
they form pathways for radon movements; therefore, maps of faults are included in the
mapping of GRP [12,47]. Clouvas et al. compared measured radon flux values with those
derived using the general transport model that includes both diffusion and advection [179].
Good agreement between them indicates that both means of transport should be included.

9. Conclusions

Radon maps (based on, e.g., indoor radon concentrations, radon in soil gas, GRP,
GRHI) are important as they help to identify regions where actions should be prioritized
to achieve goals such as radon prevention and remediation, studying the health effects
of radon, and increasing public awareness. Although the creation of radon maps and
delineation of RPA are done using many different approaches, as discussed in Chapter 2,
none of them uses radon flux as an input variable for mapping purposes. According to
the reviewed literature, for radiation protection purposes, radon flux as an indicator of
radon hazard is regulated only in Russia (excluding limits set for uranium tailings), where
a limit of 80 mBqm 2s~! is set, below which additional radon protection measures are
not required.

Numerous factors influence radon flux, from its origin in grain to its emanation and
transport toward the topsoil layer to its exhalation from soil. Due to the complex interplay
between different factors influencing radon flux, it is difficult to quantify their contribution
to radon flux. As there are numerous methods, types of measurements, and measuring
devices, there is a necessity to test measuring systems and identify and quantify possible
inconsistencies in order to harmonise different radon flux measurements that could be
further used in different applications. The traceability chain of radon flux measurements
and harmonization will be addressed in the traceRadon project.

Radon flux measurements are complex as they require dedicated measurement sys-
tems and a trained technician to conduct the measurements. Thus, large scale radon flux
measurements are difficult to achieve. An up-to-date national survey was conducted
in only two countries, with a measurement density much smaller compared to indoor
radon surveys.

Due to the positive correlations between radon flux and radon quantities such as
radon in soil gas and indoor radon, radon flux could be used as an input parameter for the
estimation of RPA. Furthermore, the time scale of short-term measurements of radon flux is
comparable with the time scale of soil gas radon measurements, which are comparable with
temporal variations in soil properties. As both quantities are irrespective of anthropogenic
factors, they are suitable for estimation of GRP and, consequently, for estimation of RPA.

Furthermore, the time scale of the long-term radon flux measurements is more com-
patible with indoor radon measurements, whose durations are typically months to one
year. Such measurement durations are larger than the time variability of processes in
the soil that influence radon flux; hence, meteorological variations are smoothed over a
measurement period.

Due to the need to measure or estimate radon flux with the lowest achievable uncer-
tainty in order to gain reliable estimation of greenhouse gases, radon flux measurements
and radon flux models have been significantly improved in the last two decades. They
have evolved from simplified models, depending only on latitude, to more advanced
models that use the 22°Ra activity concentration in the soil or the terrestrial gamma dose
rate, along with detailed additional databases of soil and meteorological parameters. An
up-to-date modelled radon flux map of Europe has reached spatial resolution of 0.083°
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x 0.083° and temporal resolution of 1 month. Large variability between measured and
modelled radon flux from pixel to pixel is from 70-100% of the mean radon flux value.
Better agreement could be obtained by introducing the latest ERA5 soil moisture model.
Furthermore, dedicated radon flux measurements could reduce large variability between
measured and modelled radon flux due to a small number of measurement points within
the grid cells. Such improved modelled radon flux maps could serve as an input for the
estimation of GRP and, consequently, delineation of RPA.

Within the traceRadon project, radon flux and outdoor radon will be further evaluated
and tested as input parameters for GRHI and for delineation of Rn areas, based on this
literature study as well as specific data sets and new data still being collected during the
traceRadon project. New findings will be published in a follow-up paper.
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