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This report provides a comprehensive overview 
of the prediction, measurement and monitoring 
of radon releases from NORM residues, 
including uranium mining and milling residues. 
It presents factors controlling radon emanation 
and exhalation from residue materials, 
describes repository cover characteristics and 
details methods for predicting radon exhalation 
flux, including models and their required 
input parameters and variables. It describes 
measurement methods for radon concentrations 
in soil gas and for radon exhalation from a 
surface. Radon monitoring programmes are 
also discussed. Finally, a case study of radon 
exhalation from a uranium residue pile at 
Jaduguda, India, is included and the appendices 
present the main mathematical development of 
radon diffusion equations.
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forEworD

the mining and milling of uranium ore produce large quantities of 
residues containing natural decay series radionuclides. although such residues 
are relatively small in magnitude compared with those from metal mining and 
extraction processes, their present worldwide production exceeds several million 
tonnes annually. in addition, a number of other resource extraction industries 
(such as phosphate, mineral sands, oil and gas, and coal) produce residues with 
similar radionuclide profiles. in recent years, these materials have become 
increasingly interesting from the point of view of radiological impact assessment. 
there is thus a need to reduce the environmental and health risks from these 
materials to an acceptable level.

in response to the needs of its Member states, the iaea has for many 
years supported efforts to publish information on the environmental behaviour 
of radionuclides. in 1992, the iaea published technical reports series no. 333 
(trs 333), Measurement and Calculation of radon releases from uranium 
Mill tailings, which reviewed the major aspects of radon release, control and 
monitoring as they relate to the management of uranium mill tailings.

since the publication of trs 333, a number of developments have taken 
place in techniques for the measurement,  modelling and prediction of radon 
exhalation, and practical experience has been gained with various residue 
repositories. it was therefore considered timely to produce a revision of 
trs 333 and to expand its scope to include other norM residues. the present 
report provides a comprehensive overview of the prediction, measurement and 
monitoring of radon releases from norM residues, including uranium mining 
and milling residues.

the iaea wishes to express its gratitude to p. Martin (australia) for his 
assistance in chairing the meetings, and to K. lange (Canada) for her assistance in 
editing this report, as well as to those experts who contributed to the development 
and completion of this report.

the iaea officer responsible for this report was M. phaneuf of the iaea 
environment laboratories.
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1. IntroDUCtIon

1.1. BaCKground

residues from the mining and milling of uranium ores as well as from a 
number of other resource extraction industries (for example, phosphogypsum 
from the phosphate industry and residues from mineral sands processing and from 
the oil, gas and coal industries) contain uranium or thorium series radionuclides 
or both [1] and are therefore naturally occurring radioactive materials (norM). 
one important pathway for radiological impact arising from norM residues 
is the release of radon isotopes into the atmosphere. as a result, the prediction 
of such releases, including the effect of various covers, is an important element 
in rehabilitation planning. in addition, measurement of releases from existing 
residue repositories is often necessary to provide an input parameter to models 
of radon dispersion in the atmosphere for final assessment of radiological impact 
and for the investigation of any required ameliorative actions.

in response to the need of its Member states, in 1992 the iaea published 
technical reports series no. 333 (trs 333), Measurement and Calculation of 
radon releases from uranium Mill tailings [2]. trs 333 reviewed the major 
aspects of radon release, control and monitoring as they relate to the management 
of uranium mill tailings.

since the publication of trs 333, a number of developments have taken 
place in techniques for the measurement and modelling of radon exhalation, and 
practical experience has been gained with various types of residue repository. 
additionally, the iaea has organized a series of projects from 1992 to the 
present aimed at improving environmental assessment and remediation. through 
these projects, the environmental behaviour of radionuclides has been considered 
in many other iaea publications, mainly in the context of contaminated site 
characterization and environmental remediation. these publications include: 
the characterization of contaminated sites [3], technical and non-technical 
factors relevant for the selection of the preferred remediation strategy and 
technology [4–6], an overview of applicable technologies for environmental 
remediation [7–9], options for the cleanup of contaminated groundwater [10] 
and planning and management issues [11]. other iaea publications on related 
aspects include reports on the remediation of uranium mill tailings [12] and of 
dispersed contamination [13, 14], on the decontamination of buildings and roads, 
on the characterization of decommissioned sites and on radiation protection and 
the management of radioactive waste in the oil and gas industry [15]. in view of 
these new publications as well as of new findings regarding radon, it was deemed 
necessary to produce a revision of trs 333. 
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this report covers radon releases from repositories of norM residues. 
for simplicity, in this report the term ‘residue’ includes tailings from processing, 
residues from heap leaching, waste rock, sludges, filter cakes and scales. specific 
examples include uranium mill tailings, phosphogypsum, coal fly ash, and 
thorium refinery residues.

such residues may be present in the environment in repositories in various 
physical forms, such as tailings ponds, dumps or stacks. rehabilitated waste is 
typically covered with natural and engineered materials such as layers of clay, 
soil, water, rock, geosynthetics, vegetation, a combination of any of these or it 
may be exposed to the atmosphere. 

the factors affecting radon releases from residue repositories will vary 
considerably with the residue type, the repository characteristics and the radon 
isotope of interest. this report describes approaches to the measurement, 
calculation and monitoring of radon releases that can be applied to many 
situations, together with specific examples of important representative scenarios.

there are three radon (rn) isotopes naturally present in the environment: 
222rn, a member of the uranium decay series, 220rn, a member of the thorium 
decay series, and 219rn, a member of the actinium decay series. 220rn and 219rn 
are often referred to as thoron and actinon, respectively. in the case of actinon, 
its short half-life (3.98 s) and its very low activity concentration relative to 222rn 
in the environment mean that for all practical situations its radiological impact 
is negligible compared with that of 222rn. the impact of 220rn is minimal, as its 
half-life is 55.6 s and it has a higher activity concentration than 219rn but still 
much lower relative to 222rn. Consequently, the primary focus of this report is 
222rn, and to some extent 220rn, wherever applicable.

1.2. oBJeCtiVe and sCope

this report covers the prediction, measurement and monitoring of radon 
releases from norM residues, including uranium mining and milling residues. 
the intention is to support environmental investigations and assessments, as well 
as remediation in areas contaminated by norM, by presenting state of the art 
concepts, models and parameters.

the primary focus of this report is the release of 222rn, although 220rn and 
219rn are also discussed, and the material herein discussed can also be applied 
to those isotopes, with modifications. the report covers methods of prediction, 
measurement and monitoring of radon emanation from grains into interstitial 
spaces, transport within the residue and soil profile and exhalation into the 
atmosphere from the surface. the related topics of emanation and exhalation 
from non-residue materials, the behaviour of radon in the atmosphere following 
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exhalation, implications for dose assessment and applications of radon as a tracer 
of environmental processes are all outside the scope of this report.

this report is intended to be used in conjunction with other iaea 
publications related to the assessment of the radiological impact of radioactive 
waste, such as safety reports series no. 19, generic Models for use in assessing 
the impact of discharges of radioactive substances to the environment [16], 
iaea safety standards series no. ws-g-2.3, regulatory Control of radioactive 
discharges to the environment [17], and other related publications.

1.3. struCture

this report is comprised of nine sections. section 2 concerns factors 
controlling radon releases from residue materials. sections 3 and 4 describe 
the measurement and estimation of variables affecting the radon exhalation 
rate. section 5 considers measurement methods for radon concentrations in soil 
gas and for radon exhalation flux density from a surface in detail, including 
instrumentation and its calibration. section 6 provides methods for predicting 
radon exhalation flux density. section 7 addresses waste repository cover 
characteristics and meteorological conditions. section 8 briefly discusses aspects 
of radon monitoring programmes including data collection, factors in design and 
implementation and quality assurance. section 9 outlines a case study in which 
multiparametric measurements at a uranium waste repository are compared with 
model predictions. 

the report also includes two appendices presenting the main mathematical 
development of the radon diffusion and radon flux equations.

2. fACtors ControLLInG rADon rELEAsEs

2.1. general

the three naturally occurring radon isotopes 222rn, 220rn and 219rn are 
formed on the alpha decay of their radium parents 226ra, 224ra and 223ra, 
respectively (figs 1–3, and table 1).
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FIG. 1. Uranium decay series.

FIG. 2. Thorium decay series.
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FIG. 3. Actinium decay series.

taBle 1. releVant phYsiCoCheMiCal properties for 222rn, 220rn 
and 219rn

parameter symbol 222rn 220rn 219rn

half-life T1/2 3.8232 (8) d 55.8 (3) s 3.98 (3) s

decay constant λ 2.0984 × 10–6/s 1.242 × 10–2/s 1.74 × 10–1/s

average recoil energy on formation Er 86 keV 103 keV 104 keV

diffusion coefficient in air DMa 1 × 10−5 m2/s

diffusion coefficient in water DMw 1 × 10−9 m2/s

note: decay data are taken from ref. [18].
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radon atoms located within solid grains are unlikely to become available 
for release to the atmosphere, owing to their very low diffusion coefficients in 
solids. however, if they are located in the interstitial space between grains, they 
may diffuse to the surface. therefore, releases of radon from a residue repository 
to the atmosphere take place by the following series of processes [19]:

(a) emanation — radon atoms formed from the decay of radium escape from 
the grains (mainly because of recoil) into the interstitial space between the 
grains.

(b) transport — diffusion and advective flow cause the movement of the 
emanated radon atoms through the residue or soil profile to the ground 
surface.

(c) exhalation — radon atoms that have been transported to the ground surface 
and then exhaled to the atmosphere.

these processes are illustrated in fig. 4.

FIG. 4. Processes leading to radon release to the atmosphere.
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the amount of radon available for transport to the surface is given by the 
radon production rate per unit volume of the residue material, P (Bq·m−3·s−1):

 bP ERλ ρ=  (1)

where

λ is the decay constant for radon (s−1);
E is the emanation coefficient (dimensionless);
R is the radium activity concentration in the residue (Bq/kg);

and ρb is the bulk density (kg/m3).

this is the source term of radon for a particular residue material. it follows 
that the source term increases with the emanation coefficient, the radium activity 
concentration and the bulk density.

radon in the interstitial space may be transported to the surface by diffusion 
and advective flow. advective flow may be significant in some cases owing to 
surface cracks or holes, gas production, transport in water or the presence of large 
voids. however, in most cases, the dominant transport mechanism is diffusion, 
and therefore the transport of radon is commonly referred to as diffusion. 

following emanation and diffusion to the surface, radon may be released 
from the surface into the atmosphere. this release is referred to as radon 
exhalation, and is characterized by the exhalation flux density (Bq·m−2·s−1).

2.2. eManation CoeffiCient

the emanation coefficient is defined as the fraction of radon atoms 
generated that escape the solid phase in which they are formed and become free 
to migrate through the bulk medium. this term has also been referred to as the 
emanation fraction or the emanating power.

it is generally accepted that radon escapes from a grain as a result of its 
recoil when its parent, radium, decays [20]. as the recoil range in solids is 
small, typically less than 0.05 μm, most of the recoiling atoms remain within 
the mineral grain lattice. further movement of the atoms from the lattice does 
not significantly contribute to radon release because of the very small diffusion 
coefficient through minerals, 10−25–10−27 m2/s [21, 22]. if the recoil terminates 
outside the grain or in an open pore, radon is able to migrate (table 2 [23] and 
fig. 5 [24]).
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taBle 2. alpha reCoil ranges of 222rn and 220rn in Various 
enVironMents

Medium density (g/cm3)
projected range (nm)

222rn 220rn

air 1.58 × 10–3 53 × 103 60 × 103

water 1.00 77 87

quartz (sio2) 2.65 34 38

note: alpha recoil ranges were calculated using sriM-2006 [22], assuming 86 and 103 keV 
of recoil energies for 222rn and 220rn, respectively.

FIG. 5. Schematic diagram of radon emanation [23].
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2.2.1. factors affecting radon emanation

Variations encountered in the emanation coefficients and the complex 
effects of host rock and uranium mineralogy, uranium ore grade, particle size and 
moisture content have been described qualitatively and by some models [24–30]. 
in practice, the emanation coefficient has to be measured for each material being 
studied. the effects of radium distribution and particle size, and of moisture and 
mineralogy are briefly described in sections 2.2.1.1–2.2.1.3.

2.2.1.1. Radium distribution, particle size and shape

the particle size and shape determine in part how much uranium and 
radium is close enough to the surface of the grain to allow the radon to escape 
into the interstitial pores. if radium were uniformly distributed throughout a grain, 
the emanation coefficient would approach an inverse proportion to the particle 
diameter if this were greater than approximately 0.1 μm. On the other hand, if 
radium were mainly distributed on the grain surface, the emanation coefficient 
would be constant regardless of the particle diameter (fig. 6).

FIG. 6. Calculations of radon emanation coefficients in the single grain model. Radium 
is assumed to be distributed (a) uniformly in a spherical grain, and (b) on the surface of a 
spherical grain. This model does not take into account the embedding of radon into a second 
grain. The range of radon with a recoil energy of 86 keV in a common mineral (quartz, SiO2) 
was set to 34 nm, based on the SRIM-2006 calculation [22]. 
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uniform distribution is often a characteristic of primary minerals [31–33], 
including some process residues such as fly ash [34], while surface distribution is 
a characteristic of secondary minerals such as sedimentary deposits and residues 
such as sand filters [29, 35].

there are more complex theories to explain radon emanation in situations 
that lie between the extremes presented above (uniform distribution vs. surface 
only). these theories consider factors such as fractal lattice structure [21] and 
adjacent particle effects [29, 30].

2.2.1.2. Moisture content

Moisture content is well known to have a strong effect on the emanation 
coefficient [32, 35–39]. this is because the typical ranges for recoil in water 
are much less than in air (see table 2) and therefore water is more effective at 
stopping radon atoms within the pore space.

figure 7 shows this effect for one type of uranium mill tailings [37]. in dry 
residues, the emanation coefficient is relatively low because most radon atoms 
escaping from particles bury themselves in adjacent particles. as the moisture 
content increases, the pores contain more water and a recoiling atom is more 
likely to terminate its recoil in the pore. at higher moisture contents (above 5% 
by volume), few of the atoms can penetrate into an adjacent particle and the 
emanation coefficient remains nearly constant with increasing moisture up to 
saturation. in general, emanation coefficients in saturated residues are 2–6 times 
higher than in dry residues. the higher value corresponds to residues with smaller 
particle sizes.

2.2.1.3. Mineralogy

the emanation coefficient of radon depends on a number of mineralogical 
aspects such as lattice structure, porosity, grain shape, and elemental composition. 
norM residues are generally the product of a processing and milling 
process, which can have a significant effect on the mineralogy of the residue. 
Knowledge of the mineralogical characteristics of the residue can be important in 
understanding its emanation behaviour.

the emanation coefficient of soil grains is variable because soil is generally 
composed of many kinds of mineral grains of different rock origins. weathering 
may also influence the characteristics of soils by increasing the specific surface 
area (area to volume ratio) of the matrix.
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FIG. 7. The effect of moisture content on the 222Rn emanation coefficient for a sample of 
uranium mill tailings [37].

in the specific case of high grade uranium ore, uranium minerals are often 
present as thick bands or as large grains which are normally associated with 
low emanation coefficients. on the other hand, these high grade ores have been 
exposed to much higher radiation doses and this can lead to high emanation 
coefficients as a result of radiation damage to the crystal lattice [40]. therefore, 
uranium ore grade can affect the emanation coefficient of crushed materials and 
their residues because of these two different and competing effects.

residues may undergo chemical and physical changes in the repository. 
over time, this can result in changes in composition and grain size [41, 42]. as a 
result, the method of attachment of radium within the matrix can change, which 
may affect the radon emanation [43, 44].

2.2.2. radon emanation coefficients for natural materials

a large number of studies have reported radon emanation rates for natural 
materials including uranium mine and mill tailings, rocks, soils and minerals. 
as is shown in fig. 8, radon emanation coefficients vary considerably between 
and within material groups. in particular, the reported coefficients for fly ash and 
minerals were low, generally less than 0.1, whereas they were higher for rocks, 
soils and mill tailings, generally lying in the range of 0.1–0.3.
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FIG. 8. Radon-222 emanation coefficients measured for various materials. The area of each 
plot depends on the number of samples [23].

higher coefficients reported for soil and tailings suggest that radium in these 
two materials tends to be enriched near the grain surface. Cracks and fissures 
on the surface of the grain, from previous radioactive decays and chemical or 
weathering effects, can also increase the surface area of the grain, thus increasing 
the emanation coefficient. 

emanation coefficient data for 220rn is much sparser than for 222rn. table 3 
[45–49] shows a summary of data available in the literature. in general, it can be 
seen that 220rn emanation coefficients are lower than, but of a similar order of 
magnitude to, reported 222rn emanation coefficients.

2.3. diffusion CoeffiCient

the molecular diffusion coefficient of radon is defined by fick’s first law, 
which states that radon flux density is linearly proportional to its concentration 
gradient:
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taBle 3. radon-220 eManation CoeffiCient for Various 
Materials

Material sample number Mean rn-220 emanation coefficient reference

Mineral   2 0.0005 ± 0.0001 [45]

11 0.011 ± 0.016 [46]

 
average 13 0.01 ± 0.02

rock   5 0.157 ± 0.086 [45]
32 0.105 ± 0.145 [47]

 
average 37 0.11 ± 0.14

soil 12 0.11 ± 0.02 [48]
16 0.16 ± 0.06 [49]

 
average 28 0.14 ± 0.05

note: Moisture content may differ among the samples although test temperature was around 
room temperature.

Mf D C=− ∇  (2)

where

f is the radon flux density (Bq·m−2·s−1); 
DM is the molecular diffusion coefficient (m2/s);

and ∇C is the gradient of radon activity concentration (Bq/m4). 

the negative sign arises from the fact that radon diffuses from high to low 
concentrations. the molecular diffusion coefficients for radon in air (DMA) and 
in water (DMW) are approximately 1 × 10−5 m2/s and 1 × 10−9 m2/s, respectively 
(see table 1), and can be substituted for DM in eq. (2). 

in a porous medium such as soil, radon moves by diffusion in the pore 
space between the soil particles. the rate of radon movement or flux through a 
soil may be slower than by diffusion in a homogeneous medium such as pure air 
for two main reasons:

(a) smaller fluid volume limiting flow (porosity, n);
(b) Tortuous flow path around particles (tortuosity, τ).
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taking these factors into account, the bulk flux density of radon through 
a porous medium is given by:

s Mf n D Cτ=− ∇  (3)

where

f is the radon flux density (Bq·m−2·s−1);
ns is the porosity of the soil; 
τ is the tortuosity factor, which equals unity for a pure solution and is typically 

less than unity in soils (e.g. a typical value for τ is 0.66, as obtained for 
closely packed uniform spheres); 

DM is the molecular diffusion coefficient (m2/s); 

and ∇C is the gradient of radon activity concentration in the pore space 
(interstitial) (Bq/m4). 

The terms τ and DM are often lumped together to define the diffusion 
coefficient of the pore fluid such that:

MD Dτ=  (4)

substituting this in eq. (3) yields:

f nD C=− ∇  (5)

the quantity of nD may be represented by the notation De and referred to 
as the effective bulk diffusion coefficient of the soil. in this report, the radon 
diffusion coefficient D is used rather than De, because it is directly related to the 
diffusion length of radon in the matrix and is therefore the more fundamental 
parameter. in the simple case of a homogeneous bare residue surface, the flux is 
solely dependent on D and does not depend on n.

radon diffusion coefficients in soil may be position dependent and are 
generally dependent on the soil type, its pore size distribution, its water content, 
and the degree and method of its compaction [50–52]. Because of the large 
difference between DM in air and in water, moisture effects generally dominate 
over other physical factors. Consequently, a number of researchers have studied 
the dependency of radon diffusion coefficients on moisture content for different 
soil types [37, 53]. such studies commonly demonstrate that the diffusion of 
radon is seriously hampered when soil moisture exceeds a certain threshold, 
which depends on the geometry of the soil pore space. figure 9 presents measured 
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values for the radon diffusion coefficient, D, as a function of moisture content. 
the results show that:

(a) for moisture saturations of less than 0.25, D is relatively constant, varying 
between approximately 9 × 10−7 and 7 × 10−6 m2/s.

(b) as moisture saturation increases, the spread of D increases by approximately 
2 orders of magnitude at intermediate saturation and by approximately 
4 orders of magnitude at total saturation.

(c) D decreases to values typical of saturated materials at saturations 
between 0.8 and 1.0. 

FIG. 9. Comparison of measured radon diffusion coefficients with a simple correlation 
function.

the effect of moisture saturation on the diffusion coefficient can be 
explained qualitatively. for dry soils, the diffusion coefficient can be calculated 
as D = τDMA. when moisture content is low, radon diffusion is not hindered by 
the presence of small amounts of water that form thin, discontinuous films around 
the soil particles, and therefore this equation still applies. at higher moisture 
contents, free water appears in the interstitial space between particles and radon 
particles must either take a longer route through the air filled pore space or else 
diffuse partially through water. in this region, the diffusion coefficient is not 
uniquely determined by the percentage moisture by weight, but depends on 
how the water and air phases are spatially distributed. as the porous medium 
approaches full saturation, the diffusion coefficient approaches the value given 
by D = τDMW.
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in the intermediate region, the diffusion coefficient is best determined 
experimentally, although both empirical relationships and mathematical models 
such as a pore distribution model can be used.

2.4. radon exhalation

the exhalation flux density, denoted by f, describes the release of radon 
over a specific area (Bq∙m−2∙s−1). the total release rate of radon, or the total radon 
exhalation flux, F (Bq/s), for a norM residue facility is therefore obtained by 
multiplying the area averaged exhalation flux density by the total surface area of the 
repository. the main variables directly affecting the exhalation flux densities are:

R the radium activity concentration in the pile (Bq/kg);
ρb the bulk density of the matrix (kg/m3);
E the emanation coefficient (non-dimensional);
D the diffusion coefficient of radon (m2/s);

and Z, the thickness of the covering material (m).

Values of these parameters are generally obtained by direct measurements, 
some of which are described in section 3. if data for any of the parameters listed 
above are not available, then the radon exhalation flux density may be estimated 
by choosing default or approximate values for these parameters. 

3. MEAsUrEMEnt of 
VArIABLEs AffECtInG rADon EXHALAtIon fLUX

3.1. MeasureMent of the eManation CoeffiCient

the emanation coefficient can generally be evaluated by two methods: the 
combination of measurements of radium and radon, and gamma spectrometry 
under different conditions.

in the former, for example, sample material in a cylindrical container is held 
in a closed vessel for more than 4 weeks to ensure the establishment of radioactive 
equilibrium between 222rn and 226ra (fig. 10). after that, the total activity of radon 
released into the air from the sample material is evaluated by a measurement of 
radon concentration and the effective volume of the measurement system.
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Filter, Dryer, Pump, etc

Sample

Closed vessel Radon monitor
Radon concentration
Effective volume
(Considering volumes of a closed vessel,
a sample, an air flow system, a monitor)

Radium concentration
Total mass of sample

Sample

FIG. 10. Schematic diagram of an example process of emanation coefficient measurement.

the effective volume is determined by considering the volume of the 
closed vessel, of all material inside the closed vessel, of the loop system for radon 
measurement and of the radon monitor. the total activity of radium in the sample 
material can be determined by various methods such as alpha spectrometry, 
gamma spectrometry, liquid scintillation spectrometry and mass spectrometry 
[54]. the emanation coefficient is calculated by:

VC
E

MR
=   (6)

where

E is the emanation coefficient;
V is the effective volume of the sampling device (m3);
C is the radon concentration (Bq/m3);
M is the total mass of the sample (kg);

and R is the radium activity concentration (Bq/kg).
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another approach used for radon and radium measurements is the flow 
through method (fig. 11). 

Filter, Dryer, Pump, etc

Sample

Vessel Radon monitor
Radon concentration
Effective volume
(Considering volumes of a closed vessel
and a sample)

Radium concentration
Total mass of sample

Outlet

Inlet

Sample

FIG. 11. Schematic diagram of an example process of emanation coefficient measurement by 
flow through.

for evaluation, the effective volume is determined by considering the volume 
of a vessel and all material in the closed vessel. in addition, several hours only 
may be required for radon measurement because the steady state is immediately 
established by ventilation. using radon free air or air with a negligible amount of 
radon as a carrier gas, the emanation coefficient is calculated by:

( )v V C
E

MR

λ
λ
+

=  (7)

where

E is the emanation coefficient;
v is the flow rate (m3/s);
λ is the decay constant of 222rn (s−1);
V is the effective volume (m3);
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C is the radon concentration (Bq/m3);
M is the total mass of the sample (kg);

and R is the radium activity concentration (Bq/kg).

in the gamma spectrometry method, the sample is sealed in a container and 
gamma rays emitted from 214pb or 214Bi are measured several times before and 
after the establishment of radioactive equilibrium between 226ra and its progeny 
(fig. 12). 

FIG. 12. Schematic diagram of an example process of emanation coefficient measurement.

it is assumed that radon activities are always equal to those of its 
progeny. gamma spectrometry is a useful non-destructive method and indirect 
measurement using progeny nuclides is commonly applied for radium isotopes. 
in addition, calibration may not be required in this method because only relative 
counts are needed. the emanation coefficient is calculated by:

0 eq

eq

N N
E

N

−
=  (8)

where

E is the emanation coefficient;
Neq is the specific counts selected from peaks of 214pb and 214Bi in equilibrium 

condition; 

and N0 is the number of counts corresponding to Neq in initial condition.

analysis of multiple peaks such as 295 keV (214pb), 352 keV (214pb), 
609 keV (214Bi) and 1120 keV (214Bi) improves precision. 

in preparation for measurement, it is necessary to remove radon from the 
sample pores. in the case of a sample kept in a closed bottle for a long period 
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prior to analysis, the radon progeny attached to the sample grains can also cause 
imprecision in the first measurement. thus, it is common to leave such a sample 
(with a thickness of a few centimetres at the most) open for several hours, or to 
avoid the use of data measured within several hours after placing and sealing a 
sample into a container [55, 56].

if the 214pb or 214Bi counts seem to reach equilibrium within a month, the 
measurement result should be corrected by the estimation of leakage impact. 

3.2. MeasureMent of the diffusion CoeffiCient

several methods are available to measure the radon diffusion coefficient 
in porous materials such as soil, building materials, norM residue, etc. 
[19, 57–62]. some of the methods are sample based measurements while others 
are of the in situ type. since radon emissions are directly governed by in situ 
diffusion coefficients, the measurement of these coefficients are described below. 
the most popular method in the in situ category is the soil radon depth profiling 
method [19, 57, 58]. in this method, radon concentrations at different depths of 
the residue from the surface are measured by inserting a soil probe equipped 
with a radon monitor to generate depth profile data of radon concentration in the 
matrix. Concentration data collected at various depths are least square fitted to 
the following equation derived from diffusion theory [19]: 

( )  1 r

z
LC z C e
−

∞

   = −    
 (9)

where

C(z)  is the radon concentration in pore-air at depth z (Bq/m3);
C∞  is the radon concentration at large depth of the residue repository (>2 m) 

(Bq/m3);
z is the depth (m); 

and Lr is the radon diffusion length (m).

the parameters C∞ and Lr are obtained as fitting parameters. from the value 
of Lr obtained from fitting, the diffusion coefficient Dr is calculated as Dr = λLr

2.
direct measurement of the effective diffusion coefficient (the product of 

the porosity and the diffusion coefficients) may be important for predicting radon 
flux, especially if information is available on the radon concentration at a great 
depth within the norM residue. it can be directly estimated using the in situ 
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accumulator technique (described in section 5.3.1) in the context of radon flux 
measurements. following the deployment of the accumulator on the residue 
surface, the radon concentration in the headspace increases approximately as a 
saturating exponential with time [63]. the time required to attain saturation in the 
chamber is governed by a time constant (τе) of the accumulator–residue system. 
in contrast to one dimensional diffusion models that do not predict saturation 
[64, 65], application of a two dimensional diffusion theory predicts saturation and 
indicates that the time constant is a function of the effective diffusion coefficient 
of radon in the matrix and the dimension of the accumulator [66, 67]. the relation 
is given by the following equation:

1
e

r
v

nD
k

aH

τ
λ χ
=
+

 (10)

where a is the chamber radius (m) and H is the effective height of the accumulator, 
i.e. the ratio of total volume (sum of volume of accumulator headspace, internal 
volume of 222rn monitor and tubing volume) to base area of the accumulator (m).

in eq. (10)

( )
( ) ( 2)
0.5 ( 1.5)v
v v

v T v
χ

Γ Γ +
=
Γ + +  (11)

in which Γ(ν) is the gamma function, and

 (12)

where DMA is the molecular diffusion coefficient of radon in air; and nDr is the 
effective diffusion coefficient (De) of radon in the residue.

in view of the somewhat complicated nature of the mathematical 
relationship above, a look-up table is provided (table 4) to find the effective 
diffusion coefficient (De) from the observed value of the time constant (τе) of 
accumulator set-ups of various volume to radius (V/πa) ratios. to illustrate the 
use of the look-up table, consider a chamber of V/πa ~150 cm2 for which the time 
constant (τе) is observed to be ~140 min. the effective diffusion coefficient is 
found by locating the nearest value of the observed time constant, 140 min, in the 
column representing the V/πa ~150 cm2 from the look-up table (i.e. 141 min in the 
column V/πa = 150 cm2), which corresponds to an effective diffusion coefficient 
of 0.002 cm2/s. for intermediate values of the parameters, De can be obtained by 
linear interpolation. 

MA

MA r

D1
v arccos

D nDπ

 
 =  + 
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4. EstIMAtIon of 
VArIABLEs AffECtInG rADon EXHALAtIon fLUX

4.1. radon eManation CoeffiCient (E)

as shown in fig. 7 (section 2.2.1.2), the degree of saturation has a strong 
effect on the radon emanation coefficient in a material. however, there are some 
cases where materials can be expected to have significantly lower emanation 
coefficients, as discussed in section 2.

the following empirical equation relates the radon emanation in dry 
conditions to moisture saturation [68]:

( )0 1 1.85 1 exp( 18.8 )E E m = + − −   (13)

where

E is the emanation coefficient;
E0 is the radon emanation coefficient of residues in dry conditions;

and m is the fraction of pore space filled with water.

the emanation coefficients for 220rn are generally lower than those for 
222rn (see section 2.2.2).

4.2. diffusion CoeffiCient (Dr)

the diffusion coefficient Dr is also a sensitive function of moisture. several 
correlations have been developed to evaluate this quantity from the information 
on moisture content. these correlations are shown in fig. 9 (section 2.3).

the radon diffusion coefficient in residue (Dr) may be also estimated using 
the empirical formula provided by rogers and nielson (1991) [51] that is given as:

14exp( 6 6 )Tn
r MA T TD D n mn m= − −  (14)

where

DMA is the molecular diffusion coefficient of radon in air;
nT is the total porosity which may be calculated from nt = 1 – (ρb/ρg);
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ρb is the dry bulk density;
ρg is the grain density of the residue matrix (~2700 kg/m3);

and m is the fraction of pore space filled with water and is given by the relation 
m = ρbθd/100ρwnT, where θd is the moisture content on a dry weight basis and ρw 
is the density of water (kg/m3).

4.3. radiuM aCtiVitY ConCentration (R)

in most instances, the radium activity concentration in the original ore 
matrix will be in equilibrium with the long lived parent in that matrix. therefore, 
in the absence of other data, radium concentration in the residue can be estimated 
from the grade of the original raw material, and any dilution or enrichment 
brought about by the milling and extraction processes.

an example is given here for uranium mill tailings. after processing for 
uranium extraction in the mill, nearly all the 226ra will be contained in the mill 
tailings. there will be a certain amount of dilution in the effluent slurry that will 
be discharged into the impoundment owing to the addition of various process 
chemicals. as a result, the 226ra concentration (Bq/kg) in the pile will be less than 
that in the host ore. if a dilution factor w (kg of solid waste for kg of uranium ore 
processed) is assumed, then a rough estimate of the radium concentration in the 
residues can be calculated from the ore grade (i.e. percentage uranium). since 1% of 
uranium in the ore is equal to 1.24 × 105 Bq/kg, R can be obtained from:

51.24 × 10 G
R

w
=  (15)

where G is the average ore grade. 

5. MEAsUrEMEnt of rADon ConCEntrAtIon 
AnD EXHALAtIon fLUX DEnsItY

5.1. general

Before a description of methodologies for the determination of radon flux is 
given, it is necessary to have an understanding of the available techniques for the 
measurement of radon gas. the theory supporting the radon flux measurement 
is, for the most part, common to the various field techniques. in simple terms, 
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a container (also called a chamber) of suitable size is placed with the open end 
on the surface of the residues and the concentration increase or steady state 
concentration of radon in the chamber is measured. for a soil gas measurement, 
a hollow rod is inserted into the surface. for both the radon flux and the soil 
gas measurements, the radon concentration increase in the chamber or rod is 
measured for a specific time period. 

the method selected for measuring the actual radon gas concentration 
depends upon a number of factors, including availability of resources and 
support facilities (e.g. availability of equipment), the scope of the project, the 
physical characteristics of the site to be investigated, the likely levels of radon 
concentration to be measured, time requirements and the available financial base.

5.2. MeasureMent of radon ConCentration

as radon is an odourless, colourless, inert gas with isotopes of relatively 
short half-lives, there are no chemical or mass spectrometric techniques with 
sufficient sensitivity to measure it. Consequently, it must be determined using 
techniques that depend on the radioactive properties either of radon itself or of its 
decay products.

figure 1 shows, within the uranium decay series, the radioactive decay 
sequence from 222rn into stable 206pb. although there are several techniques 
for the detection of 222rn and its short lived progeny, the majority of them use 
detection of the alpha particles from 222rn, 218po , 214po or a combination of any of 
these, or detection of gamma rays arising from the decay of 214pb and 214Bi.

an important consideration is whether or not the detection method needs to 
be capable of distinguishing between 222rn and 220rn. some detection techniques 
such as alpha or gamma spectrometry inherently provide this capability, while 
techniques such as nuclear track detectors do not. in the latter case, the radon 
isotopes can only be distinguished through the equipment design, such as the 
membrane for 220rn decay used in twin cup dosimeters [69].

5.2.1. Mode of measurement

radon measurement techniques may be classified based on their electrical 
power requirements. passive detectors do not require an electrical power source 
and generally rely upon the diffusion of the radon through a small gap or filter 
into a detection chamber. an active device requires some form of electrical power 
source to operate pumps, detectors or both or to create an electrical potential to 
enhance the collection efficiency of the detector. 
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radon collection and measurement methods may also be classified 
into instantaneous, semi-integrating (also known as continuous real time or 
continuous on-line) and fully integrating (also known as time averaging or time 
integrating) modes.

Instantaneous mode. in this mode, a sample of gas is taken on a short 
timescale. the sample may either be stored for later radon measurement (for 
example, if the sample has been taken into a previously evacuated scintillation 
flask), or have its radon measured immediately. an example of the latter approach 
is available on radon measurement equipment used in a so-called ‘sniffer’ mode, 
in which radon is typically present with minimal ingrowth of its progeny. these 
methods allow for a large number of measurements to be taken in a relatively 
short period of time.

Semi-integrating mode. in this mode, the sampling and counting are done 
simultaneously, and the radon concentrations are evaluated at regular intervals. 
generally, the sampling is performed for periods of a few minutes to a few hours, 
depending on the arrangement of the measurement system. sample collection 
may be carried out either by diffusion mode or by pump based flow through mode. 
detection can be carried out by alpha spectrometry, ionization chamber methods 
or by gross alpha counting techniques. an example of a semi-integrating mode is 
flow through scintillation cells. such methods are used to obtain information on 
rapid changes of radon concentrations in a given environment. in addition, they 
may be preferred over instantaneous modes owing to their superior sensitivity, 
reduction in the magnitude of systematic errors or their ability to measure a time 
varying signal (e.g. owing to diurnal variations in the system under study).

Fully integrating mode. this mode of measurement provides a time 
integrated radon concentration for the period of sampling (typically of the order 
of weeks or months). sampling techniques operating in this mode must maintain 
an integrated record of each alpha particle impacting on the measurement 
medium. once removed from the sampling site, they must maintain the exposure 
information until it is analysed. the passive methods are useful for obtaining 
long term averages of low levels of radon concentrations. they also have the 
advantage of enabling large numbers of measurements over extended regions at 
a relatively low cost. examples of these methods include nuclear track detectors, 
electrets and the collection of radon on activated charcoal prior to measurement 
using techniques such as gamma spectrometry or liquid scintillation. all three 
types of methods discussed above consist of primary elements such as nuclear 
track detectors, solid surface barrier detectors, scintillation cells, electrets, 
activated charcoal and ionization chambers. these are briefly discussed in 
sections 5.2.2–5.2.7.
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5.2.2. nuclear track detector

nuclear track detectors are passive, integrating, lightweight and relatively 
inexpensive radon detectors [70, 71]. their operation is based on the use of a 
selected film material, such as cellulose nitrate, polycarbonate or allyl diglycol 
carbonate (Cr39). alpha particles impinging on the film leave microscopic 
damage trails or ‘tracks’. following exposure, the film is etched in an alkaline 
solution (typically naoh or Koh) to increase the size of the tracks so that the 
track density (number of tracks per unit of area) can be easily determined by 
optical microscopy or by automated scanning and counting technology. owing 
to their relatively low sensitivity on short integration timescales, nuclear track 
detectors are more suited to soil gas radon measurements than to soil flux density 
measurements. 

5.2.3. solid surface barrier detectors

use of solid state surface barrier detectors for detecting radon using alpha 
spectrometry is an active technique [72]. a common arrangement is to draw air 
through a cylindrical system with two filters in line. the purpose of the first filter 
is to remove the particulate activity, in particular the radon progeny present in 
the air. there is then a delay between the two filters in which ingrowth of radon 
progeny occurs. these progeny are then collected on a second filter, which faces 
the surface barrier detector. 

another approach involves collecting the decay products onto a metal 
surface placed inside a metallic chamber and maintained at a negative potential 
[73]. the positively charged 218po activity collected on the metal surface is then 
counted using the surface barrier detector. 

in either case, knowledge of the time that the measurement system has 
allowed for ingrowth of the progeny in the air enables the calculation of the 
radon concentration.

an advantage of alpha spectrometry is the ability to spectrally separate 
the signals of the 222rn and 220rn progeny as these have different alpha energies. 
surface barrier detectors have very low intrinsic backgrounds, enabling a low 
detection limit to be attained. other advantages include their compact size, high 
energy resolution and ruggedness. disadvantages include the necessity of an 
electrical power supply and associated electronic equipment and the relatively 
high cost of alpha spectrometry detection systems.
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5.2.4. scintillation cell

scintillation cells are enclosed cylinders internally coated with a 
scintillation material, generally silver activated zinc sulphide powder, with a 
transparent end window. interaction of alpha particles with the scintillation 
material causes production of light photons, which are detected and amplified by 
a photomultiplier adjacent to the end window, and converted to a count rate by an 
electronical device.

scintillation cells can be operated in a closed or flow through arrangement. 
Commonly, the air passes through a filter prior to entry to the cell, especially in 
flow through systems; this is to remove dust as well as radon progeny present 
in the inlet air. the removal of the short lived radon progeny allows a reliable 
calculation of their subsequent ingrowth in the measurement system. 

it is possible to distinguish 222rn and 220rn using scintillation cells, either 
by the use of two cells with a delay line for 220rn decay [74], by programmed 
counting [75] or by use of the pair counting technique to identify the successive 
alpha particles produced from 220rn and 216po [76]. 

scintillation cells are amenable to good control of measurement 
uncertainties, meaning that high accuracy can be achieved. Cells are also 
robust and relatively low cost, and they allow the rapid assessment of 220rn 
concentration. a disadvantage of scintillation cells is that with use the background 
slowly increases owing to buildup of 210pb and its alpha emitting progeny 210po 
within the cell. this may be solved by periodically replacing the zinc sulphide 
screen. another disadvantage is that dual measurement of 222rn and 220rn using 
the pair counting approach is limited to situations where the radon concentration 
is much lower than the 220rn concentration.

5.2.5. Electret

the electret radon detector is an electrically charged teflon disc serving 
both as a source of an electrostatic field and as a sensor. alpha decays in the 
detector chamber cause ionization of the air in the chamber and a consequent 
decrease of charge on the electret. the electret voltage drop over the measurement 
period is used to quantify the radon concentration. 

electrets are passive, integrating, lightweight and relatively inexpensive 
radon detectors. their disadvantages include the necessity of allowing for the 
discharge of voltage caused by gamma radiation [77] and the potential influence 
of humidity condensation in the detector chamber on electret discharge [78, 79].
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5.2.6. Activated charcoal

activated charcoal is used as a passive medium on which radon can be 
adsorbed. the charcoal is weighed into a canister and sealed until it is exposed to 
the air to be tested. the period of exposure can range from a few hours to several 
days, depending on the anticipated level of radon to be encountered and the 
required detection limit. following exposure, the canisters are again sealed and 
the radon activity determined, most commonly by gamma spectrometry, although 
liquid scintillation can be used following radon extraction [80].

Charcoal canisters are simple, passive, robust and low cost, and allow 
a relatively large number of measurements to be made over a reasonable time 
period (i.e. of a few days). their capacity to adsorb radon is reduced by adsorption 
of water, so they are less suitable for wet or humid environments.

5.2.7. Ionization chamber

ionization chambers used for measuring radon are enclosed metal cylinders 
constructed with a central collecting anode. they are accurate measurement 
systems that operate on the principle that the alpha particle energy dissipated 
during the natural radioactive decay of various radon daughters contained within 
the cylinder is collected on electrodes and measured as an ion current by means 
of an electrometer. these units can be operated in closed or flow through mode 
and, depending on the background and the chamber volume, they can achieve 
detection limits as low as 4 Bq/m3.

5.3. MeasureMent of exhalation flux densitY

the three basic approaches for the measurement of radon exhalation flux 
density are accumulation, flow through systems and adsorption. each of these is 
described below.

5.3.1. Accumulation

the accumulation method is commonly used for measuring the exhalation flux 
densities of 222rn, 220rn and also of stable trace gases such as Co2 and Ch4 [81]. it 
involves the placement of a chamber known as an accumulator [63, 82, 83], closed at 
one end and open at the other, inverted on the surface of interest. in order to prevent 
superficial leakage of accumulating radon, the mouth of the chamber is sealed 
onto the surface by inserting a short length of its cylindrical wall into the residue 
matrix. the radon atoms exhaled from the residue surface underlying the chamber 
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enter the headspace resulting in a gradual buildup of the radon concentration. this 
concentration is measured at several regular intervals during the deployment period 
or, in some cases, just once at the end of the deployment period [84]. from these 
measurements, the exhalation flux density is quantified. the radon concentration is 
measured using on-line monitors or instantaneous methods discussed in section 5.2, 
such as scintillation cells or alpha spectrometry.

figure 13 shows a schematic diagram of the set-up for a cylindrical 
accumulator. the concentration of radon inside the accumulator at a time 
t after deployment depends on the volume, V in m3 (= V1 + V2, where V1 is 
the accumulator headspace volume and V2 is the volume of the measuring 
device connected on-line), the surface area of the opening of the accumulator 
A(m2), the radon isotope decay constant λ (s−1), the radon exhalation flux 
density f (Bq·m–2·s–1), the degree of back diffusion of radon and the degree of 
ventilation in flow through mode operations. Back diffusion refers to the loss of 
radon from the accumulator via the soil to the atmosphere at the soil–accumulator 
interface and is especially significant for smaller volume (≤1 L) accumulators 
[66]. possible leaks and adsorption on the accumulator material may also affect 
the concentration measurement.

FIG. 13. Schematic diagram of the use of an accumulator.
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5.3.1.1. Selection criteria of the accumulator

an accumulator can be a single chamber device that is directly inserted into 
the surface or it can be a two part device — a collar that is inserted into the soil 
and a cover that is then sealed onto the collar [83]. the use of radon absorbing 
materials should be avoided. the accumulator dimensions can vary depending 
upon the flux levels, portability requirements, time available for a measurement 
and desired resolution to map the flux across a given surface. a large base 
accumulator (~20–50 cm in diameter) is useful for obtaining representative data 
over larger areas and allows better coverage of a heterogeneous surface (rocks, 
burrows, vegetation, etc.). in addition, larger bases allow more radon to enter 
the chamber and hence are useful when the flux levels are small. however, large 
accumulators are not convenient from the point of view of portability, especially 
for large scale field studies.

smaller accumulators (around 5–10 cm in diameter) are useful for high 
resolution spatial measurements to explore local variations of fluxes. however, 
they have larger back diffusion effects that affect the flux; these effects need to 
be accounted for through process based models. similar considerations also exist 
regarding the height of the accumulator. for taller accumulators, radon may not 
be mixed uniformly at all heights and it may be necessary to employ a small fan 
inside the chamber for mixing. on the other hand, back diffusion effects will be 
stronger in chambers with smaller heights. in actual practice, the choice of the 
accumulator diameter and height should be based on considerations of portability, 
flux levels, spatial representativeness of measurements and the sensitivity of the 
monitoring instruments. 

5.3.1.2. Model for interpreting concentration data

the mixing scenario in the air space bounded by the accumulator changes 
from a state of uniform mixing prior to deployment (due to ever present 
atmospheric turbulence) to a state of diffusive mixing (due to isolation from the 
open atmosphere) post-deployment. this causes an initial flux drop by a factor 
k = [1 + n (D/Da)

0.5]−1, (where n, D are the porosity and radon diffusion coefficient 
in the residue matrix and Da is the molecular diffusion coefficient of radon in 
air). the value of k is typically about 0.88. further, the back diffusion effect 
brings about a gradual drop in the flux as the concentration builds up inside the 
chamber. this is modelled by two dimensional diffusion theory [67] according to 
the formula: 

( ) ( )0 1 exp /m eC t C C t τ = + − −   (16)
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where

C is the radon concentration;
t is the measurement time;
Cm is found by k f (A/V)τe, where f is the radon flux density per bulk area, 

A is the surface area of the opening of the accumulator, V is the effective 
volume of the sampling device (m3);

C0 is the initial radon concentration inside the accumulator (at t = 0), which is 
assumed to be the same as the steady atmospheric radon concentration (Bq/m3); 

and τe is the time constant of radon buildup.

τe has a complicated dependence upon the dimensions of the chamber and 
the radon diffusion coefficient D in the residue. it can vary from a few minutes 
for small chambers to several hours for large chambers. upon fitting the data on 
radon concentration measured at regular intervals (at least 6 points) to eq. (16) the 
parameters C0, Cm and τe can be estimated, from which the flux, f, may be estimated. 

for measurement durations where t is significantly lower than τe, eq. (16) 
approximates to a linear formula:

( ) 0
A

C t C k ft
V

≈ +  (17)

the flux may be estimated from the slope obtained by linear regression 
analysis of the concentration data with respect to time. equation (17) is ideally 
suited for short duration accumulator deployment during which only a few 
concentration measurements have been made. 

the method of data analysis for measurement of 220rn flux is somewhat 
different from that for 222rn. in view of its short half-life, the 220rn concentration 
in the accumulator will attain a steady state within approximately 5 min. if C1 is 
the steady state concentration, the flux may be estimated with eq. (18).

( )Rn 220
Rn 220 1 0

V
f C C

A

λ −
− = −  (18)

5.3.2. flow through method

in the flow through method, a chamber working on a similar principle to an 
accumulator is placed over the surface to be investigated. however, in this case, 
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the air in the chamber is continuously removed at a constant rate and the radon 
concentration in the exhaust stream is measured by a semi-integrating technique 
such as a flow through scintillation cell. 

the flow rate of air through the chamber must be sufficiently high 
to prevent buildup of radon in the headspace of the chamber (i.e. a steady 
state should be achieved). however, if the airflow rate is too high, the radon 
concentration in the exhaust air will be low and cause increased uncertainties 
in the radon measurements. the air pressure in the chamber should be the same 
as the ambient pressure outside. Care should be taken to ensure that restricted 
replacement of withdrawn air or use of a pump at the inlet do not result in lower 
or higher pressure, respectively.

at steady state, the exhalation flux density is proportional to the 
concentration of radon in the exhaust stream and to the exhaust stream flow rate, 
and inversely proportional to the active surface area of the chamber. other factors 
in the calculation of radon flux density are dependent on the details of the system 
and its calibration.

for non-spectroscopic radon detection such as scintillation cells, the 
presence of 220rn and its decay products must be allowed for, often by use of a 
delay line for 220rn decay prior to filtration and counting. double cell systems 
have been developed for simultaneous measurement of both radon and 220rn 
exhalation flux densities [74]. figure 14 shows a schematic diagram of such a 
double cell flow through system. in this example, a filter is used to remove radon 
and 220rn progeny from the airstream, and radon and 220rn together with their 
subsequently ingrown progeny are counted in the first flow through scintillation 
cell. the delay line allows the decay of most of the 220rn. a second filter then 
removes the radon and 220rn progeny, and the second scintillation cell counts 
radon and its subsequently ingrown progeny together with a small component of 
the remaining 220rn and 220rn progeny.

FIG. 14. Schematic diagram of the use of a double cell flow through system.
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5.3.3. Adsorption

the adsorption method for 222rn exhalation flux involves the use of an 
adsorption medium (usually activated charcoal) placed in close proximity to the 
surface being investigated. 

figure 15 shows a schematic diagram of a charcoal adsorption canister. 
Before use, the charcoal is heated in an oven to remove any radon, moisture and 
other contaminants, which may have been adsorbed previously. this drying may 
be carried out when the charcoal is already in the canister or prior to it being 
weighed into canisters. once prepared, the canister is sealed to prevent adsorption 
of ambient radon or moisture onto the charcoal.

FIG. 15. Schematic diagram of the use of a charcoal adsorption canister.

following exposure, the canisters are again sealed and the activities 
of the radon progeny 214pb and 214Bi measured, most commonly by gamma 
spectrometry, following a short (~3 h) ingrowth period for the progeny. liquid 
scintillation counting may be used as the measurement technique if a higher 
counting efficiency is required [80]. the measurement should take place as soon 
as practicable after the progeny ingrowth period in order to minimize loss due to 
radon decay.
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the radon exhalation flux density over the period of exposure can be 
estimated using the expression: 

2
 exp( )

 1 exp( ) 1 exp(
c d

e c

N t t
f

A t t

λ λ
ε λ λ

⋅ ⋅ ⋅
=

   ⋅ ⋅ − − ⋅ − −   
 (19)

where

ƒ is the radon flux density (Bq·m−2 ·s−1);
N is the net count rate, after background subtraction, obtained during the 

counting period (counts per s, or s−1);
tc is the counting period (s);
λ is the radioactivity decay constant for 222rn (s−1);
td is the delay period from the end of the exposure to the beginning of the 

counting interval (s);
ε is the counting efficiency of the system relative to the activity of adsorbed 

radon (Bq/s);
A is the area of the canister (m2); 

and te is the period of exposure of the charcoal in the canister(s) [85].

when exposed to humid or wet environments, the charcoal will adsorb 
moisture, which can lead to reduction in the radon collection efficiency [80, 86]. 
to ensure that water adsorption is not problematic or to allow any required 
correction, water adsorption can be quantified by weighing the canisters before 
and after exposure.

5.3.4. Measurement of soil gas concentration

soil gas measurement is normally carried out using a tube inserted into the 
surface. this probe is open at the end, or has an opening at the side, to allow 
the diffusion of radon into the inside volume. the radon concentration inside the 
probe is measured either in situ (for example, using nuclear track detectors) or by 
removal of a sample of the air inside the probe for measurement of radon by an 
instantaneous or continuous on-line method [87, 88].

depending upon the capabilities and requirements of the measurement 
technique employed, the system may need to include a porous membrane to 
ensure removal (by decay) of 220rn, a dehumidifier or a filter, or both to remove 
radon progeny. as radon concentrations in soil gas are generally in the range of 
103–105 Bq/m3, and concentrations in norM residue may be higher than this, 
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the upper end of the calibration range of the measurement instrument may need 
consideration.

it is important that a good seal is obtained between the probe and the soil 
or residue being tested. this may be more difficult to achieve where stones are 
present. one study [88] indicated that passive methods may give lower results 
than active methods for largely impermeable clay soils, due to decay of radon 
during diffusion from the soil pores.

soil gas radon concentrations exhibit seasonal changes [89–91]. diurnal 
variations have also been observed for soil layers close to the surface [92].

5.3.5. Measurement of mass exhalation rate

the mass exhalation rate is defined as the radon activity released into the 
air per unit time from the mass of the matrix and is measured by enclosing the 
sample in a closed chamber and monitoring the buildup of radon concentration 
in the chamber at regular time intervals. typically, about 350–500 g of residue 
sample is enclosed in a leaktight metallic chamber coupled to a continuous 222rn 
monitor. the radon concentration C(t) at time t since the closing of the chamber 
builds up according to the formula [93–95]:

01 e et tm

e

J M
C e C e

V
λ λ

λ
− − = − +    (20)

where

Jm  is the mass exhalation rate (Bq·kg−1·h−1); 
C0  is the 222rn concentration present in the chamber volume at t = 0 (Bq/m3);
M is the total dry mass of the sample (kg);
V  is the effective volume (volume of chamber + internal volume of 222rn 

monitor — volume of sample) (m3);
λe is the effective decay constant for 222rn, which is the sum of the leak rate 

(if existing) and the radioactive decay constant of 222rn (s−1);

and t is the measurement time (s). 

upon least square fitting of the data to the above formula, Jm may be 
obtained from the fitted parameters with the knowledge of the dry mass M of the 
sample. the dry mass is estimated by drying the sample at about 110°C until it 
attains constant weight. 
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5.4. CaliBration and unCertainties

the assurance of accuracy expected in measurement results is realized by 
traceability. that is, the status of the calibration method for utilized monitors 
should be in line with a national or international standard. in addition, procedures 
for calibration and performance tests should be described clearly and objectively 
in the written quality assurance plan established by each organization.

generally, the instrumentation for field measurements should be tested 
and calibrated using a star (system for test atmospheres with radon) 
operated by reference organizations or manufacturers. since a star provides 
a reference concentration of radon in the air, this represents a testing and 
calibration of the equipment’s system for measuring radon concentration only. 
the radon concentration in the reference atmosphere is usually determined by a 
secondary standard, which is calibrated by the primary standard. the calibration 
is performed under atmospheric standard conditions, i.e. 20°C, 60% relative 
humidity and 101.3 kpa atmospheric pressure.

the air sample should be filtered to remove 222rn and 220rn decay products 
before entering the detector. this is a requirement not only for continuous 
methods but also for grab sampling methods, owing to the restraint of increasing 
background.

recently, radon measured absolutely has become popular as a primary 
standard in some reference organizations [96, 97]. however, radon released from 
an aqueous solution of a soluble 226ra salt is also available and may have the 
benefit of reproducibility.

for 222rn exhalation flux density measurements, the greatest measurement 
uncertainty is the degree of uniformity of mixing in the collection chamber and 
measurement instrument. therefore, in this case, it is extremely important to 
include a mixing element in the uncertainty budget.

for accurate field measurements, instrumentation should be protected 
against more severe environmental conditions than are found in laboratories. 
in addition, performance tests must be carried out in expected environmental 
conditions because it is difficult to remove all confounding factors. the major 
considerations in special requirements for radon flux density measurements are 
given below.

Detection limits. the measurement plan should not only consider the 
lower detection limit but also the upper one. the radon concentration in the 
accumulation chamber can be expected to sometimes be higher than several 
hundred thousand Bq/m3. for example, for a typical radon exhalation flux 
density from uranium mill tailings of 10 Bq·m−2·s−1, the radon concentration in an 
accumulation chamber of 10 cm in height reaches approximately 4 × 105 Bq/m3 
after 1 h.
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Background. even in the continuous measurement of indoor radon, 210pb, 
a long lived decay product of radon, accumulates in the detector and may 
cause uncertainty in the radon measurement. for radon exhalation flux density 
measurement, the 210pb in the detector should be checked periodically and 
cautiously owing to higher radon concentrations in the accumulation chamber 
than in the indoor environment.

Detector volume. the volume of the detector, including sampling devices 
such as pumps and tubes, may also cause uncertainty in estimation of the activity 
concentration of radon, which is accumulated within a given time in a container 
with a known volume.

Sensitivity to 220Rn. generally, 222rn and 220rn are separated by using their 
very different half-lives. therefore, especially in continuous measurements, 
special attention should be paid to the half-life of 220rn. alternatively, 222rn and 
220rn can be separated using the alpha particle energies emitted from them or 
their decay products or both.

Humidity. the humidity inside the accumulation chamber may affect the 
efficiency of some detectors or detection systems, such as ionization chambers, 
activated charcoal, electret, etc. air drying systems may be available for some 
instruments.

Gamma dose. the ambient gamma dose may affect the efficiency of some 
detectors or detection systems, such as ionization chambers and electrets.

a quality assurance plan may be established, applied and maintained to 
objectively show the consistency of measurement results or the compliance with 
relevant laws, regulations and other requirements or both. such a plan should 
make clear its scope, satisfy laws and regulations, and be accepted by all interested 
parties. the plan could also include a standardized system in writing, such as 
a procedure for measurement, handling and for the maintenance of instruments 
used, recording and so on. these should be included in the monitoring plan 
described in section 8 in detail.

6. sIMPLIfIED EXPrEssIons for 
EstIMAtInG rADon EXHALAtIon fLUX DEnsItY

6.1. general

the control of radon releases from radium bearing norM residue 
repositories begins with an evaluation of the radon source term and the 
effectiveness of any cover introduced to attenuate radon migration to the surface. 
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the main factors affecting the generation, transport and control of radon in 
residue matrices have been discussed in general terms in section 2. in the present 
section, mathematical expressions are provided to enable simple calculations for 
estimating the radon exhalation flux density.

the simplest approach for estimating exhalation flux density is based on 
the application of diffusion theory to radon transport in the repository matrix, 
under the following idealized assumptions: 

(a) the residue properties are homogeneous.
(b) radium is uniformly distributed in the residue matrix.
(c) transport owing to pressure induced advection is negligible.

although certain variations in the residue properties and radium content 
are inevitable, representative values of these parameters are used to evaluate 
local fluxes. if these variations are essentially limited only with respect to depth 
(homogeneous laterally), the multilayer approach can be used to evaluate the 
fluxes. further, assumption (c) is generally justified under the premise that it is 
difficult to sustain appreciable pressure differentials between the soil and the open 
atmosphere for a significant length of time. given these assumptions, expressions 
are provided for three situations, namely: radon flux from a bare residue 
repository, a repository covered with homogeneous material (with negligible 
radium content) and a repository with a multilayer cover. the development of the 
radon diffusion equation is advanced in appendices i and ii.

6.2. radon exhalation flux densitY froM Bare residue

the mean radon diffusion length, which may simply be referred to as the 
diffusion length, Lr, is a measure of the mean distance travelled by radon atoms 
in the residue matrix before their radioactive decay. it is defined as:

1/2
r

r
D

L
λ

 =   
 (21)

where Dr is the radon diffusion coefficient of the residue (m2/s); and λ is the 
decay constant of 222rn (s−1).

Lr is a measure of penetration by a plume into a zone with diffusion 
constant Dr owing to a constant concentration source at the origin, with a larger Lr 
corresponding to greater penetration. if the concentration source is unity, Lr is the 
square root of the centroid of that plume with respect to the origin.
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for bare residues, there are two general cases. in the first case, the residue 
thickness is much greater than the radon diffusion length and the residue may 
be regarded as being of infinite thickness for the purpose of the estimation of 
radon flux density. in the second case, the thickness of the residue repository is 
comparable to or less than the diffusion length.

6.2.1. residue thickness much greater than radon diffusion length

in the case of the residue thickness being much greater than the radon 
diffusion length, diffusion theory predicts that the radon flux density is directly 
proportional to the radium activity concentration, the emanation coefficient 
and the bulk density, and has a square root dependence on the radon diffusion 
coefficient:

( )1/2
r b rf R E Dρ λ∞ =  (22)

where 

fr
∞ is the radon flux density;

R is the radium activity concentration;
ρb is the bulk density;
E is the emanation coefficient;
λ is the decay constant;
Dr is the radon diffusion coefficient;

and the subscript ‘r’ refers to the residue material and the superscript ‘∞’ refers to 
a residue whose thickness is large (the expression is strictly true only in the limit 
as the thickness approaches infinity).

equation (22) is also applicable to 220rn, in which case the flux is essentially 
contributed by the 224ra content present in the top layer of a few cm thickness, 
which is about the order of a diffusion length for 220rn. for a typical top residue 
with a Dr value of 2 × 10−6 m2/s, the diffusion length for 220rn is approximately 
0.013 m.

6.2.2. residue thickness comparable to or less than the diffusion length

when the thickness of the residue repository is comparable to or less than 
the diffusion length Lr (~1 m for 222rn), eq. (22) requires modification. for a 
residue repository of thickness zr, diffusion coefficient Dr (diffusion length Lr) 
and porosity nr resting on a soil with porosity ns and diffusion coefficient Ds, the 
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solution of the multilayer radon diffusion equation (see appendix i) yields the 
following expression for the flux density, fr, of radon on top of the repository:
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where
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three limiting formulas can be obtained from eq. (23).
if k is much lower than 1 (k << 1), i.e. if the matrix below the residue 

repository is porous, and has a diffusion coefficient and porosity that are much 
greater than those of the repository, the following expression is obtained:

( ) tanh /2  r r r rf f z L∞= for a porous base (k = 0) (24)

on the other hand, if the base of the repository is totally impervious to 
radon (k = ∞), the equivalent expression is (see Appendix I):

( ) tanh /  r r r rf f z L∞= for an impervious base (k = ∞) (25)

the impervious base is the most conservative estimate that yields the 
highest flux since penetration of radon into the soil–water matrix below the 
repository will always reduce the emission. the variation of the flux as a function 
of zr /2Lr for different k values is shown in fig. 16.

as may be seen from eq. (23), residue thickness beyond 2Lr (~2–4 m) 
has little influence on flux. for shallow repositories (zr << Lr) with impervious 
bases, eq. (24) suggests that all the radon escapes to the surface. when zr is much 
greater than Lr (zr >> Lr), eq. (23) is equivalent to eq. (21).
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FIG. 16. Variation of the normalized radon flux (ƒr/ƒr
∞) from a residue repository as a function 

of non-dimensional residue thickness (zr/2Lr) for different values of the parameter k.

6.3. radon flux densitY froM residue repositories 
with a single CoVer

earthen materials with a low radium content are effective covers for 
attenuating radon exhalation from residue repositories. if radon emission from 
the cover materials is neglected, the flux density from a residue surface covered 
with soil of thickness zc may be approximated by:

 exp /cr r c cf f z L ≈ −   (26)

where Lc is the radon diffusion length in the cover material. since Lc decreases 
significantly with increasing moisture content in the material, a cover material 
that compacts well and retains moisture is the most effective for controlling 
radon releases. 
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the following example illustrates the application of eqs (22) and (26). for 
a moist uranium residue pile with R = 4 × 104 Bq/kg, ρb = 1500 kg/m3, E = 0.2 
and Dr = 1.0 × 10−6 m2/s, which corresponds to Lr = 0.69 m, the radon flux density 
is estimated using eq. (22) as 17 Bq·m−2·s−1. this calculation is applicable for 
repositories of thickness exceeding about 2 m. 

for the example above, the ratio of the surface flux to radium activity 
concentration (R) is equal to 4.3 × 10−4 kg·m–2·s−1 or, if R is expressed in Bq/g, 
this ratio is 0.43 g·m−2·s−1. for moist uranium residues with Dr = 2.5 × 10−7 m2/s, 
the ratio is 0.22 g·m−2·s−1. it has been generally found that the ratio of flux 
(Bq·m−2·s−1) to radium concentration (Bq/g) increases with decreasing moisture, 
ranging from 0.2 for wet residues to 0.6 for moist residues and 1.2 g·m−2 ·s−1 for 
dry residues [98].

if the same repository is covered by 1.5 m of soil with Dc = 4 × 10−7 m2/s, 
the 222rn flux density decreases by a factor of approximately 31 (i.e. to a value of 
0.6 Bq·m−2·s−1).

6.4. radon flux densitY froM residue repositories 
with Multiple CoVers

it may be advantageous or necessary to use different materials to cover a 
residue repository. this situation requires multilayer analysis. Multilayer analysis 
is also useful to address situations where the moisture varies significantly with 
depth for a single material cover, thereby causing drastic variation in the diffusion 
coefficients with depth. a three layer system is shown schematically in fig. 17. 
each layer is characterized by a diffusion coefficient (and equivalently by a 
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diffusion length) and thickness. the value of the diffusion coefficient depends 
upon the moisture content, compaction and type of material. 

as a first approximation, eq. (26) can be applied to each cover layer 
successively considering the radon flux density from the lower layers to be the 
source flux into the cover layer being analysed. this gives:

1 1 1 exp /c r c cf f z L ≈ − 

and

{ } { }2 1 2 2 1 1 2 2 exp /  exp / /c c c c r c c c cf f z L f z L z L  ≈ − ≈ − −    

this may easily be generalized to an n-layered system as

{ }1
1

exp /
=

 
 ≈ − − 
  
∑

i

c r cj cj
j

f f z L  (27)

the factor multiplying fr on the right hand side of eq. (27) is the effective 
attenuation factor for a combination of multiple covers. the usefulness of these 
equations may be demonstrated by considering the previous single layer example 
to be actually stratified into two layers (i = 2) of widely differing moisture content 
and hence differing diffusion coefficients. if the lowest metre of the cover has a 
diffusion coefficient of 4 × 10−7 m2/s and the uppermost half metre has a diffusion 
coefficient of 2 × 10−6 m2/s, then, from eq. (27), the exhalation flux density is 
calculated as fc2 = 1.1 Bq·m−2·s−1. 

7. EffECts of MEtEoroLoGICAL ConDItIons 
AnD tHE rEPosItorY CoVEr

7.1. MeteorologiCal effeCts

the weather parameters of air pressure, temperature, rainfall and wind 
speed affect radon exhalation flux from the surface of residue repositories. the 
physical and hydrological properties of the cover and residue and the length of 
time for which radon fluxes are reported are important in assessing the extent 
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of meteorological effects. in particular, diurnal and seasonal variations in the 
weather parameters can lead to variations in flux over these time periods. 

usually, the duration of atmospheric pressure changes is much less than 
the half-life of 222rn. the exhalation flux density from the soil surface can be 
expected to increase if the atmospheric pressure decreases. since atmospheric 
pressure changes are cyclic, the increases and decreases in the flux tend to 
compensate for each other. thus, the long term fluxes are not strongly dependent 
on atmospheric pressure changes. 

strong winds can cause erosion and are of particular concern for exposed 
residues, where contaminated particles may be carried to surrounding locations. 
in cold regions, strong winter winds have contributed to freeze-drying effects on 
covers and residues. where residue has been isolated under a water cover, wind 
induced wave action may increase radon transport to the surface by mixing or 
reducing the cover thickness. 

longer term seasonal variations may influence the annual average radon 
fluxes. for example, a snow covering and frozen ground can decrease the annual 
surface flux. rainfall directly affects soil moisture content. in one study in a 
tropical region, radon exhalation flux densities were observed to increase as the 
soil started turning from dry to moist, followed by a rapid decrease as the rainy 
season started. average radon exhalation flux densities over the wet season were 
lower than in the dry season, but had greater variability [99].

similarly, long term temperature changes may alter the flux. for example, 
higher temperatures can slightly increase the diffusion coefficient, which slightly 
increases the flux. although the surface temperature of a large residue pile can 
fluctuate widely, the temperature within the pile is typically more uniform. 
however, depending on the physical and chemical properties of the pile, other 
processes may lead to high internal temperatures (e.g. bacterial reactions). 

Covers that are used to reduce radon emissions are often based in part 
on consideration of local meteorological conditions. Covers that depend on 
evapotranspiration to help control infiltration rely on seasonal fluctuations in 
precipitation and temperature to perform effectively. higher temperatures in a 
waste rock pile may lead to early degradation of geomembrane liners. long term 
modelling of cover systems should consider the impact of a changing climate on 
the integrity of a cover system. 
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7.2. aspeCts of repositorY CoVer design

7.2.1. surface cover effects

during the remediation of mining and industrial sites, covers or caps are 
often placed on the surface of the residue to control the transport of contaminants 
to the environment. one important design consideration for cover systems is their 
ability to adequately reduce radon exhalation. regulations may vary, requiring 
for example that a cover achieve a prescribed exhalation flux density value, or 
that radon levels be reduced to their background levels. 

the performance of a cover system component depends on two factors: 
(1) the performance of the component itself and (2) the way individual components 
interact as a system. owing to the long half-life of the radon progenitors, covers 
are typically expected to perform over extended time frames. several factors 
such as wind and soil erosion, changes in moisture content and intrusion by tree 
roots and burrowing animals may result in changes in performance over time. 
given the absence of observations and performance data in the long term, models 
are used to predict the long term performance of residue containment systems. 

Covering layers reduce radon flux density by increasing the time taken by 
radon atoms produced in the residue to be transferred to the surface, allowing 
for radon to decay before reaching the atmosphere. radon migration through the 
cover material is largely governed by diffusion, although advective processes 
may also assist in the transport, e.g. if pressure differentials exist across the 
material. thus, decreasing the radon gas diffusivity and permeability of the cover 
media can increase cover efficiency. the diffusivity and permeability of the soil 
generally depend on orientation, soil type, pore size distribution, water content 
and the degree and method of compaction. 

the degree of diffusive transport of radon through any material can be 
characterized by a quantity known as the mean diffusion length, or relaxation 
length, which can be deduced from the ratio of the diffusion coefficient to the 
radioactive decay constant (see ref. [100] for an exact characterization), with 
greater radon penetration at steady state. this quantity can vary greatly between 
materials. for fine grained moist soils, the diffusion length for 222rn ranges from 
0.2 to 0.5 m, whereas for coarse, dry sands, the value may be as high as 1.5 m. 
Conversely, in dense material (e.g. dense granite), the diffusion length is much 
smaller, of the order of 0.1–0.15 m. in air, the diffusion length is 2.2 m. the 
diffusion length of 220rn is about 77 times smaller than that of 222rn for any given 
material. 

in the following subsections, considerations for radon migration related to 
different aspects of repository cover design will be described. 
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7.2.2. surface cover materials

Cover materials that have been effective in reducing radon emissions include 
water, earthen materials, geosynthetics such as geomembranes and geosynthetic 
clay liners, and evapotranspirative barriers. simple covers may contain one type 
of material; however, combinations of different materials are often required. 
factors that influence the selection of cover material include climate, availability 
of materials, properties of the residue, regulatory requirements and other site 
specific needs or issues (e.g. generation of acid rock drainage, water infiltration, 
erosion).

7.2.2.1. Water covers

as the diffusion coefficient of radon is much lower in water than in air, 
water covers can significantly reduce radon emissions. subaqueous disposal is 
more common at uranium mine waste facilities than at other norM facilities. 
underwater disposal is typically achieved by flooding a residue impoundment 
or relocating the residues or waste rock to a storage basin such as a former open 
pit mine. in shallow water covers, diffusion may become enhanced by natural 
convection, wind action and evaporation. ref. [101] examines the issue of 
surface water effects in predicting radon emissions from water covered uranium 
residue impoundments, where residue characteristics and local topography can 
vary significantly. for the shallow (<1 m) impoundment water, water movement 
was sufficient to remove radon from the residues–water interface and transport it 
to the atmosphere in a short time (several hours), resulting in virtually no radon 
containment by the surface water itself compared with similar bare saturated 
residues. nevertheless, the radon flux from residues saturated with water is still 
much less than that from dry residues [37]. environments with snow cover and 
freezing have also been shown to reduce radon emissions.

Example: in northern saskatchewan, Canada, mineralized waste rock has 
been placed in former open pit mines; several metres of water cover provide an 
effective barrier to oxygen and radon.

7.2.2.2. Earthen cover materials

low permeability soil covers are generally made from fine grained silts 
and clays. these materials can achieve very low permeabilities of less than 
1 × 10−9 m/s [102] and are very effective for limiting radon transport. however, 
permeability may increase for unprotected clay covers as a result of wetting and 
drying, freezing and thawing, and of deformation processes [103], which can 
lead to increased radon transport. a conventional cover system designed to limit 
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infiltration and radon emissions has a lateral drainage layer consisting of either 
coarse sand or gravel, to limit head buildup on top of the clay, and a top layer of 
durable rock for erosion protection. depending on the climate and environment, 
this rock may also support a vegetative cover.

use of rock mulch and vegetation and avoidance of compaction may be 
strategies used for limiting erosion by rainfall [104], although using vegetation 
and avoiding its compaction may mean higher radon flux densities than would 
otherwise be the case. in such cases, the design must be optimized, taking into 
account the competing requirements and the specific characteristics of the 
situation.

native soil covers may provide adequate resistance to wind and water 
erosion, and may also encourage indigenous plant species; for long term design, 
weather resistant natural materials are favoured. however, even if compacted, 
sandy native soils are much less effective in reducing radon emissions than other 
kinds of native soil, unless a considerable soil depth is used. 

as discussed in section 2.3, soil moisture can significantly affect radon 
transport. Moist and saturated soil conditions in cover materials tend to slow the 
rate of diffusion to the surface. the diffusion coefficient through a saturated soil 
may be several orders of magnitude smaller compared with that of a dry soil 
(fig. 9). 

Example: the decommissioning of the Cluff lake uranium Mine site in 
Canada involved placing a 1 m thick layer of locally available glacial till (the till 
was classified as a silty sand material with grading lying within the following 
envelope: 12–30% gravel, 58–64% sand, 16% silt and clay, 0–8% boulders 
and cobbles) on top of a residue impoundment containing 2.6 Mm3 of residues 
covering an area of 55 ha. after placement of the cover, radon concentration 
measurements were equal to background levels.

7.2.2.3. Geosynthetics

Manufactured from synthetic polymeric materials, geosynthetics are 
increasingly being used as covers in containment facilities, such as low level 
radioactive waste landfills. the two main types of low permeability geosynthetics 
used in cover design are geomembranes and geosynthetic clay liners. other types 
of geosynthetics such as geonets and geotextiles are used to serve other functions 
in a cover system (e.g. used as filters to separate fines) and help to protect low 
permeability materials. 

geomembranes composed of high density polyethylene are most commonly 
used for lining residue facilities, while the more flexible polymers, such as low 
density polyethylene, polypropylene and polyvinyl chloride, are often used in 
final covers to accommodate settlement. these membrane materials have a very 
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low hydraulic conductivity to water (less than 10−13 m/s); however, leakage can 
occur through defects such as tears or inadequate seams in the geomembrane. an 
assessment of leakage through holes in the geomembrane requires an estimate of 
the size and frequency of such holes. ref. [105] provides guidance on estimating 
defects per hectare and ref. [106] reviews gas migration through geomembranes. 
long term covers should consider the degradation concerns for geomembranes. 
the estimated service life of a geomembrane can vary widely and is strongly 
dependent on the temperatures to which the geomembrane is exposed, ranging 
from about 1000 years at 10°C to as little as 15 years at 60°C. for this reason, 
geomembranes are often part of composite cover systems, where a second layer 
(of clay, for example) limits releases from membrane imperfections and thus 
extends the life of the cover system. 

geosynthetic clay liners (gCls) consist of a layer of bentonite supported 
by one or two layers of fabric material. the bentonite layer is about 6 mm thick, 
and has a mass per unit area of 3.6–4.3 kg/m2 and a water content of 10–20% at 
the time of manufacture. although gCls have a very low hydraulic conductivity, 
they may not be thick enough to provide sufficient time for radon to decay; gCls 
are therefore also more effective when combined with other layers. 

Example: the cover for a 32 ha low level radioactive waste landfill 
in fernald, ohio (1.0 Mm3 of mixed industrial, construction and low level 
radioactive waste), consists of a 2.9 m thick composite final cover system. the 
cover includes a geomembrane underlain by a geosynthetic clay liner and a 
compacted clay layer. the 0.9 m biointrusion layer placed on the surface of the 
cap system is designed to further limit the release of radon [103].

7.2.2.4. Evapotranspirative cover layers 

evapotranspirative cover layers rely on seasonal removal by evaporation 
and transpiration to control infiltrating surface water. they are becoming 
more common in arid or semiarid regions where potential evapotranspiration 
significantly exceeds actual precipitation [107]. Capillary barriers can be placed 
below the evapotranspirative cover. this would create a storage reservoir to 
enhance the available water capacity and limit unsaturated flow [108]. available 
water storage capacity has been defined as the difference between the total 
amount of water remaining when the soil dries and the permanent wilting point 
for plants. a conservative choice would be to use the wilting point to determine 
how dry conditions predict the maximum exhalation of radon gas from a waste 
facility.
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7.2.3. Effects of vegetation on the cover

surface vegetation can be used to protect cover materials; it is used for 
erosion control, stabilization and limiting infiltration. however, investigations of 
cover systems have identified several mechanisms by which surface vegetation 
could compromise design criteria for mitigating radon release by cover materials:

(a) plants may act to alter soil moisture conditions, which can affect radon flux 
density. for example, plants may remove moisture from the soil during 
transpiration, which would result in a drier soil, thus increasing the radon 
flux density. 

(b) root intrusion can increase the permeability of the underlying soil layers, 
resulting in an increased radon flux density. roots from woody plants and 
deep shrubs have been observed to penetrate the compacted clay layer at 
several uranium mine waste sites [109].

(c) plants that are rooted deeper within the cover and waste system may act 
as conduits for radon. ref. [110] shows that aqueous radon and radium are 
readily extracted from the soil into vascular plants via the transpiration 
stream and that radon is eventually released into the atmosphere through 
the leaf cuticle. 

numerical models have been developed to simulate radon and radium 
transport in a multiphase soil system that may or may not include vegetation. 
for more information, see ref. [111]. 

8. MonItorInG rADon rELEAsEs 
froM norM fACILItIEs

8.1. general

Monitoring for radionuclides is undertaken at norM facilities to 
demonstrate that adequate measures have been taken to protect the environment 
and keep radiological doses as low as reasonably achievable (alara). Many 
monitoring programmes are required by regulations, but the collected data are 
also beneficial for other reasons, such as for effective control of discharges and 
for public information.

Comprehensive information for the design and operation of source and 
environmental monitoring programmes and systems relating to the release of 
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radioactive material to the environment from authorized practices can be found 
in safety reports series no. 64 [112]. this section focuses on monitoring radon 
exhalation from norM residue repositories.

a radon exhalation monitoring programme consists of a set of activities 
implemented to sample, measure and analyse radon in and around the area of a 
residue repository for the purpose of, but not limited to:

 — Verifying compliance with any authorized limits or safety standards;
 — determining the source term for predictive modelling of radon levels;
 — obtaining data for the design and assessment of the performance of 
mitigation strategies such as waste covers.

the purpose, design and implementation of a radon monitoring programme 
are dependent on the facility’s characteristics, environmental characteristics 
and anticipated effects. in particular, the monitoring programme will change 
according to the operational phase of the residue repository. 

a monitoring programme should be planned in advance in order to 
ensure proper progression of the activity and the appropriate selection, use and 
optimization of resources.

planning should define: 

 — the purpose of the monitoring plan;
 — the design of the programme;
 — Monitoring techniques and methods;
 — survey implementation;
 — data handling, analysis and maintenance;
 — Calibration, quality control and quality assurance.

sections 5 and 6 discussed the methods and tools available for calculating 
and measuring radon releases from norM residues. this section briefly reviews 
the factors that should be considered in setting up a radon exhalation monitoring 
programme. the guidance given here is general in nature and relates only to 
the monitoring part of the overall monitoring programme. since the design and 
implementation are site specific, expert advice on carrying out such activities 
should be obtained, especially if the information is to be used to design covers for 
residue repositories or to assess health effects to workers or nearby residents as 
well as to non-human biota. 
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8.2. data ColleCtion at Various stages

Knowledge of the radon exhalation flux densities of a site prior to operation 
is a very important factor in assessing the above background radiological impact 
of a norM residue repository during and after operation. Collection of suitable 
data prior to site operation is crucial as such data cannot be collected once the site 
is disturbed. for example, in the case of one uranium mining operation in northern 
australia, it is possible that mining operation reduced the radon exhalation flux 
from the site because the original ore body outcropped at the surface, but the 
small pre-mining dataset does not enable the determination of a sound value for 
the true pre-mining exhalation flux [113]. 

radon monitoring is conducted during the operational stage for periodic 
impact assessments along with the assessment of incremental changes in 
exhalation flux densities. these data will be used to guide decommissioning 
activities. 

post-operational monitoring is used to evaluate the adequacy of 
decommissioning activities, such as the ability of cover materials to limit radon 
exhalation. 

periodic and systematic review of the monitoring programme is necessary 
to ensure that the information being collected is still relevant and is fulfilling 
required objectives. 

8.3. faCtors in design and iMpleMentation

a number of factors need to be considered in setting up a programme to 
assess the releases of radon from residue repositories. Many of these factors are 
site specific. to be effective, the monitoring programme should consider the 
following [112, 114]:

 — location and number of sampling stations;
 — location and number of control sites;
 — timing and frequency of measurements, taking into account diurnal or 
seasonal variations;

 — regulatory requirements for the accuracy of instruments and the design of 
the programme;

 — resource considerations;
 — physical, hydrogeological and radiological characteristics of the residue 
repository;

 — effect of meteorological parameters, such as precipitation, wind speed and 
direction, temperature, relative humidity and barometric pressure;
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 — seasonal and ageing effects, such as changes in moisture content of the 
residue and the cover.

8.4. qualitY assuranCe 

incorporating quality assurance activities into each aspect of the radon 
monitoring programme (project design, sampling, sample handling, data 
interpretation) will provide confidence in the results of the programme. the 
monitoring programme should address the following issues: instrument 
calibration and maintenance, the establishment of sampling and measurement 
protocols, adherence to relevant standards and best practices, and quality control. 

development of standardized documentation for recording and reporting 
results will facilitate the availability and comparability of data and documentation 
over a long period, which is normally required to track the performance of a 
residue repository.

9. CAsE stUDY of rADon EXHALAtIon 
froM A UrAnIUM rEsIDUE rEPosItorY

9.1. introduCtion

this section presents a case study of multiparametric measurements carried 
out on a uranium waste repository at Jaduguda, india. the residues produced at 
the uranium mill at Jaduguda are segregated into coarse and fine fractions at the 
ore processing facility before disposal. the coarse fraction is used for backfilling 
the mine, while the fine fraction (slurry form) is placed into a tailings pond. 
the residues consolidate and form a compact mass of low permeability. these 
conditions favoured the use of a diffusion based model for predicting radon 
releases. 

this study illuminates some of the results presented in the previous 
sections, by comparing predicted flux by means of empirical equations to direct 
measurements using an accumulator. 

the radon flux densities were predicted using two approaches, namely:

(1) using in situ measured values for the radon emanation coefficient (E) and 
radon diffusion length in the residues;



55

(2) using the empirical correlations given for the radon diffusion coefficient 
(Dr (m

2/s)) in ref. [51] and for the radon emanation coefficient (E) in 
ref. [68]. 

9.2. Measuring radon flux 
direCtlY at the residue surfaCe

in situ radon fluxes from the residue surface were measured using the 
accumulator technique. the set-up (fig. 18) consisted of a cylindrical accumulator 
(15 cm in diameter and 15 cm in height) attached to a continuous radon monitor. 

FIG. 18. Accumulator with AlphaGuard continuous radon monitor set up for radon flux 
measurement.

the effective volume of this measurement system is 3.4 l. the accumulator 
was inserted into the residue surface to a depth of approximately 1 cm to prevent 
superficial leakage. radon concentrations inside the accumulator were monitored 
at 10 min time intervals for about 3 hours at each location. the concentration 
data were fitted to an exponential growth model to simultaneously obtain the 
in situ radon flux and diffusion coefficient by following the methods outlined in 
sections 3.2 and 5.3.1.

typical data on the buildup of radon concentration in the accumulator 
deployed at one location at the site are shown in fig. 19.
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9.3. estiMating flux BY MeasureMent of Lr and E

residue samples were collected from 40 locations of the residue pile by 
inserting a 1000 cm3 stainless steel cylindrical tube into the residue matrix. the 
samples were processed and dried in an oven at 110°C to attain constant weight. 
then, the samples were packed in a 300 cm3 leakproof plastic container and 
stored for approximately 30 d to ensure secular equilibrium between 226ra and its 
decay products. gamma spectrometry [115] was used to measure the dry weight 
specific 226ra content in the samples. the samples were subjected to radon mass 
exhalation rate measurement [94] as outlined in section 5.3.5. the dry sample 
radon emanation coefficient was then determined by the equation:

E = Jm/λR (28)

where

E is the dry sample radon emanation coefficient;
Jm is the mass exhalation rate (Bq·kg−1·s−1);
R is the dry weight radium activity concentration (Bq/kg); 

and λ is the decay constant of 222rn (s−1).

0 50 100 150 200 250 300 350 400 450
0

10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160

0 50 100 150 200 250 300 350 400 450

0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160

 

 

Fitting Function
C(t)=C0+Cm(1-Exp(-t/τe))
R^2 =  0.9852
  
Cm 135.454±1.994
C0 0.032 ±0.025
τe 122.686 ±6.554

Ra
do

n(
KB

q/
m

3)

Deployment Time(min)

FIG. 19. Typical buildup data of radon concentration in the chamber with least square fitting 
of Eq. (16) in Section 5.3.1.2. for an accumulator of radius a = 7.5 cm and effective volume 
V = 3.4 L deployed on the uranium residue repository.
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the soil porosity was estimated using the equation:

nT = 1 – ρb/ρg (29)

where

nT is the soil porosity;
ρb  is the measured dry bulk density of the residue (kg/m3);

and ρg is the grain density of the residue material (2700 kg/m3) [116].

the moisture saturation fraction (m), the fraction of the pore space filled 
with water, was estimated from the measured soil moisture as m = ρbθd/100ρwnT 
where θd is the moisture content on a dry weight basis and ρw is the density of 
water (kg/m3). the in situ temperature T at a depth of 10 cm from the residue 
surface was measured by a sensor. 

9.3.1. In situ radon diffusion length (Lr)

the in situ radon diffusion lengths were determined by analysing the depth 
profile of radon concentration in the residue matrix. the schematic diagram of 
the measurement set-up is shown in fig. 20.

radon concentrations were measured at different depths from 20 to 
150 cm, using a soil probe with a flow rate of approximately 0.5 l/min. 
according to diffusion theory, the radon concentration C(z) at depth z follows 
the equation [19]:

( ) ( )( )1 exp / rC z C z L∞= − −  (30)

where

C∞ is the radon concentration at great depth (Bq/m3);
z is the thickness of the material (m);

and Lr is the radon diffusion length (m).
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FIG. 20. Schematic diagram of soil probe method for the measurement of radon concentration 
in residues using a continuous radon monitor.

at the end of the experiment, the radon concentration data at different 
depths were fitted to eq. (30) by the method of least squares and the in situ radon 
diffusion length was obtained from the fitting coefficients. a typical fit to the 
data is shown in fig. 21.
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FIG. 21. Depth profile of radon concentration in soil gas and the fitted curve.
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9.3.2. In situ radon emanation coefficient (E)

this process was performed along the lines outlined in section 3.1. 
the in situ radon emanation coefficient (E) in the residue was determined by 
measuring the mass exhalation rates using fresh samples without subjecting them 
to drying. these experiments were performed at the site itself immediately after 
collecting the samples and hence the results are expected to be close to the values 
corresponding to in situ moisture conditions.

9.3.3. Estimation

according to ref. [116], the radon flux at the residue surface may be 
written as:

r r bf L R Eλ ρ=  (31)

where

fr is the radon flux (Bq·m−2·s−1);
λ is the decay constant of 222rn (s−1);
R is the radium activity concentration in uranium residue (Bq/kg); 

and ρb is the bulk density of residues (kg/m3).

9.4. estiMating flux BY CalCulating rL and E 
Via eMpiriCal forMulas

the third, and least exact, approach to estimating the radon flux at the 
surface uses eq. (31), but, instead of using experimentally measured values of 
Lr (and thus Dr) and E, it uses empirical relations for Dr and E. the diffusion 
coefficient was estimated using eq. (14), including a temperature correction: 

0.75
14exp( 6 6 )

273
Tn

r MA T T
T

D D n mn m
 = − −   

 (32)

the following empirical equation was employed to estimate E:

( )( )0 1 1.85 1 exp 18.8E E m = + − −    (33)
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the variables in the above equations are defined as follows: 

dMa is the radon diffusion coefficient in air at ambient temperature and pressure 
(1.1 × 10−5 m2/s);

nT is the soil porosity;
m is the fraction of pore space filled with water; 
T  is the absolute temperature (K); 

and E0 is the radon emanation coefficient for uranium residue in dry conditions.

once these equations were computed, they were simply substituted into 
eq. (29) to generate the flux estimate. 

9.5. illustrations of estiMation and MeasureMent results

9.5.1. Determination of exhalation flux

table 5 presents a summary of various parameters measured for the 
repository. figure 22 shows the radon fluxes measured and predicted (by the 
two approaches mentioned above) over 10 locations of the residue. there is 
an overall agreement, within deviations of approximately 20%, between the 
measured and the predicted radon fluxes. a closer statistical analysis (not shown) 
indicates that the radon fluxes predicted using the in situ diffusion lengths and 
emanation coefficients are closer to the measured values than the fluxes predicted 
from the moisture corrected empirical functions given in eqs (32) and (33). this 
could be due to the fact that the moisture content estimated from the top layer of 
the repository may not represent values down to a depth of approximately 1 m, 
thereby affecting the parameter values based on empirical correlations. 

9.5.2. Determination of radon diffusion length

sometimes, it is of interest to estimate the diffusion length, given a known 
exhalation flux. for this purpose, the relevant equations can be reversed and the 
known values of exhalation flux can be used to estimate Lr using measurement 
based and empirical formulas. 
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taBle 5. the Mean of Measured residue paraMeters 
inCluding standard deViation in winter, suMMer and rainY 
seasons for 40 loCations of the uraniuM waste residue 
repositorY

parameters winter summer rainy average

radium, R (Bq/kg) 5124 ± 2348 5144 ± 2256 5081 ± 2244 5166 ± 2282

in situ 222rn diffusion length, Lr (m) 0.81 ± 0.15 0.90 ± 0.14 0.72 ± 0.14 0.81 ± 0.14

in situ 222rn emanation coefficient, E 0.24 ± 0.05 0.20 ± 0.02 0.28 ± 0.07 0.24 ± 0.05

dry 222rn emanation coefficient, E0 0.09 ± 0.04 0.10 ± 0.03 0.09 ± 0.03 0.09 ± 0.03

Dry bulk density, ρb (kg/m3) 1790 ± 66 1786 ± 52 1801 ± 37 1792 ± 52

total porosity, nt 0.34 ± 0.02 0.34 ± 0.03 0.33 ± 0.04 0.34 ± 0.03

Moisture saturation fraction, m 0.54 ± 0.05 0.35 ± 0.04 0.74 ± 0.06 0.54 ± 0.05
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FIG. 22. Comparison between measured and predicted radon flux densities at 10 locations.
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figure 23 shows the comparison of radon diffusion lengths obtained from 
the three methods: the accumulator method, the depth profile analysis of soil gas 
radon and the empirical relation given in eq. (32). overall agreement between 
the three methods was within 20%. the diffusion lengths estimated from the 
empirical correlation method were generally higher than the other two, thereby 
supporting the moisture content effect mentioned in section 9.5.1. the study also 
demonstrates that the accumulator method is a useful tool, not only for deriving 
exhalation flux, but also for estimating the in situ diffusion coefficient in soil. 

FIG. 23. Comparison of radon diffusion length in uranium residue matrix obtained by three 
different methods at 10 locations.

9.5.3. relating radium content to radon flux

separately from the above analysis, fig. 24 shows the relationship 
between radium content and the seasonally averaged radon fluxes at over 
40 locations on the repository. the linear fit shows a strong correlation between 
radium content and radon flux in the repository. the slope yields a ratio of 
(8.3 ± 0.4) × 10−4 kg·m−2·s−1. this ratio also represents the product of the radon 
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decay constant λ (2.1 × 10−6) and average values of the radon diffusion length 
(Lr), the soil density (ρb) and the in situ radon emanation coefficient (E). using 
the measured value of the above parameters (table 5), this ratio works out to be 
7.3 × 10−4 kg·m−2·s−1. the slope (8.3 ± 0.4) × 10−4 kg·m−2·s−1 may be used as a 
conversion factor to quickly estimate the radon flux (Bq·m−2·s−1) using the 226ra 
content (Bq/kg) for the uranium waste residue repository at Jaduguda.
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FIG. 24. Correlation between measured radon flux densities and 226Ra content at 40 locations.
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Appendix I 
 

MAtHEMAtICAL DEVELoPMEnt of 
rADon DIffUsIon EQUAtIons

i.1. forMulation of radon diffusion equation 
for a porous MediuM

Consider a matrix in which radon is continuously released to the pore 
volume of the matrix owing to emanation from the grains containing ra. let Pp 
be the radon activity released into the unit volume of the pore space per unit time. 
a local flux density fp (a vector quantity) may be defined representing the activity 
of radon crossing per unit pore area per unit time. let Cp be the pore space radon 
concentration (i.e. radon activity divided by volume of pore space) at any point at 
a given time. the general transport equation is obtained by a limiting process of 
the time rate of change of radon activity in an infinitesimal pore volume as being 
due to the difference between the generation rate and losses due to leakage rate 
and radioactive decay (with decay constant λ)  [19]: 

p
p p p

C
P f C

t
λ

∂
= −∇⋅ −

∂
 (34)

in general, fp has two components: (a) pressure driven advection flux and 
(b) gradient driven diffusion flux. generally, in most situations, the pressure 
difference sustained between the pore air and the atmosphere is too small to 
cause significant pressure induced flux as compared with diffusion driven flux 
and, hence, it is neglected. for a one dimensional system, the diffusion flux is 
expressed in terms of the concentration gradient by applying fick’s first law of 
diffusion as follows: 

p
p

C
f D

z

∂
=−

∂
 (35)

where D is the radon diffusion coefficient in the pore space in the matrix. in a 
completely dry material, D is the product of the molecular diffusion coefficient 
(DMA) in the pore space air and tortuosity (τ) that accounts for the tortuous paths 
traversed by the radon atoms along the pores [117]. however, in general, residues 
contain some moisture and thus radon atoms will diffuse both in the air and water 
phases resulting in a lower diffusion coefficient (D) in the pore space [51]. 
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substitution of eq. (35) into eq. (34) yields the following diffusion equation: 

2

2
p p

p p

C C
P D C

t z
λ

∂ ∂
= + −

∂ ∂  
(36)

if R is the radium activity concentration of the matrix (i.e. the radium activity 
in the soil grain divided by the mass of the matrix), ρb is the bulk density of the 
matrix (i.e. the mass of the matrix divided by the bulk volume of the matrix), E is 
the radon emanation coefficient and nT is the total porosity of the matrix (i.e. the 
total pore volume divided by the bulk volume), then Pp can be expressed as:

b
p

T

R E
P

n

λ ρ
=  (37)

with this, eq. (36) becomes:

2

2
p p b

p
T

C C R E
D C

t nz

λ ρ
λ

∂ ∂
= − +

∂ ∂
 (38)

while the flux fp in eq. (35) refers to unit pore area, the exhalation flux at 
the residue surface refers to the bulk area that includes both the pore area and 
the area covered by the solid materials. assuming the fractional pore area at the 
surface is the same as the fractional pore volume of the bulk of the residue, the 
exhalation flux density may be related to the pore space concentration as follows:

p
T p T

C
f n f n D

z

∂
= =−

∂
 (39)

in dry residues, the pores will be filled only with air and, hence, Cp will be 
the same as the concentration Ca in pore air. in the case of residues containing 
moisture, the radon atoms in the pore volume will be distributed partly in air 
and partly in water in proportion to the water–air partition coefficient of radon. 
it is more convenient to recast the diffusion equation in terms of Ca to develop 
consistent formulations and interface boundary conditions to address multilayer 
problems involving covers of different moisture contents and material properties. 
if Cw and Ca denote the radon concentration in water and in air, and if nw and 
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na are water filled and air filled porosities respectively, then mass conservation 
[117] requires that:

nTCp = naCa + nwCw (40)

the law of equilibrium partitioning relates Cw to Ca as follows: 

Cw = KCa (41)

where K is the water–air partition coefficient. Combining eq. (41) with eq. (40) 
gives:

nTCp = Ca(na+Knw) = neCa (42)

where

ne= (na+Knw) (43)

the quantity ne denotes the partition corrected porosity. it may be expressed 
more conveniently in terms of the volumetric moisture saturation (m), defined as 
m = nw/nT, as follows :

ne = nT [1−(1−K)m] (44)

with this, eq. (38) may be recast in terms of Ca as follows:

2

2
a a b

a
e

C C R E
D C

t nz

λ ρ
λ

∂ ∂
= − +

∂ ∂
 (45)

under steady state conditions, eq. (45) becomes:

2

2 0a b
a

e

C R E
D C

nz

λ ρ
λ

∂
− + =

∂
 (46)

the corresponding expression for flux density is:

a
e

C
f n D

z

∂
=−

∂
 (47)
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the formulation of the diffusion equation in terms of radon concentration in 
the air phase (Ca) and partition corrected porosity (ne) enables a direct application 
to a multilayer problem since both Ca and f will satisfy continuity requirements at 
the interface of the two layers even if their moisture content and porosities differ 
from one other. 

i.2. general solution and BoundarY Conditions

the general solution to eq. (46) is:

( ) ( ) ( ) ( )exp / exp / /a b eC z A z L B z L R E nρ= + − +  (48)

where

D
L

λ
=  (49)

and is known as the diffusion length of radon in the given matrix. A and B are 
unknown coefficients to be determined using the boundary conditions of the 
problem.

the associated radon flux density, obtained from eqs (47) and (48), is:

( ) ( )exp / exp / = − − 
en Df B z L A z L
L

 (50)

for simplicity of notation in multilayer problems, it is convenient in eq. (48) 
to drop the subscript ‘a’ denoting the radon concentrations in the air of the pore 
space and replace it with layer (i = 1, 2, 3…) specific radon concentrations. 
hence, the radon concentration in the air space of the ith layer will be denoted 
by Ci. similarly, the subscript ‘e’ may be dropped from the partition corrected 
porosity since this is the only porosity that actually appears in all the expressions. 
with this, the boundary conditions of the problem may be stated as:

(a) f(0) = 0 the flux is zero at the base of the residues (impervious  
 base);

(b) Ci(zi) = Ci+1(zi) the concentration is continuous across the interface at zi;
(c) fi(zi) = fi+1(zi) the flux is continuous across the interface at zi;
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(d) Cn(zn) = Catm the concentration at the surface of the top layer (medium n)  
 is equal to a specified value, usually the atmospheric 
 concentration.

i.3. solution for radon flux aCross the surfaCe of 
Bare residues

the application of boundary condition (a) to eq. (50) yields A = B. the 
application of boundary condition (d) for Catm = 0 at the top surface of the residues 
of thickness zr yields values for A as a function of zr.

finally, the flux at the surface of the bare residues is given by:

( ) tanh r
r r r

r

z
f z f R EL

L
ρ λ

 
 = =  
 

 (51)

where subscript ‘r’ refers to residues. 

i.4. solution for CoVered residues

the solution of the diffusion equation for a two region problem applies to 
a residue pile covered with a homogeneous material. for simplicity, the source 
term in the cover is assumed to be zero, and Catm at the surface of the cover is also 
assumed to be zero.

application of the boundary conditions yields values for Ac and Bc as 
functions of zc, where the subscript ‘c’ refers to the cover material. substitution of 
Ac and Bc into eq. (50) yields the flux as a function of the position z in the cover. 
finally, the flux at the surface of the cover is given by substituting z = zc:

2 exp

1 tanh 1 tanh exp 2

c
r

c

cr r r r r r

c c r c c r c

z
f

L
f

zn L z n L z
n L L n L L L

 
 − 
 =

     
     + + − −     
       

(52)
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the terms ni and Li account for moisture, porosity and diffusion coefficient 
differences at the residue–cover interface. if the moisture and porosity differences 
are small, the residue and cover diffusion coefficients are approximately equal 
and residue thickness is large compared with zc, then eq. (52) becomes:

exp c
c r

c

z
f f

L

 
 ≈ −   

  (53)

this implies that the free surface flux decreases exponentially as the 
thickness of the cover increases. this relationship is useful for a quick estimation 
of the cover thickness required to achieve a given exhalation flux density.
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Appendix II 
 

rEfInED MEtHoDs of rADon fLUX CALCULAtIon

the equations in section 6 (simplified expressions for estimating radon 
exhalation flux density) can be modified to increase the accuracy of the 
calculations and extend their range of application. this is shown here for the 
cases of uncovered and single layer systems. exact analytical solutions for up 
to four layer systems have been developed [118–120], but they are cumbersome 
to use. in general, multilayer systems are addressed by solving the differential 
equations directly using numerical models. 

ii.1. flux CalCulation for unCoVered laYered residues

some residue situations require that the vertical heterogeneities in a residue 
pile be considered explicitly. such heterogeneity may be due to major variations 
in the radium concentration or in the diffusion coefficient as a function of depth. 
the heterogeneities are considered explicitly by dividing them into layers that 
have homogeneous properties within each layer. then, each layer is both a source 
layer and a cover layer to layers beneath it. Combining eqs (51) and (53) gives, 
for the flux at the surface of a pile with n layers:

1 1

tanh exp
n n

ri ri
r i i i ri

ri rii j i

z z
f R E L

L L
ρ λ

= = +

     = −        
∑ ∑   (54)

where

ri
ri

D
L

λ
=  (55)

is the diffusion length of radon in the ith layer of the residue material.
in the formula given above, the following assumptions have been made:

(a) for a given layer, the layer beneath it is treated as impervious to radon;
(b) the approximation given in eq. (53) is used to represent the effect of a 

cover layer above the given residue layer.
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for example, consider a three layer residue pile. the properties of the pile are 
described in table 6. the layers are heterogeneous both in depth and in diffusion 
coefficient (Dr). an exact calculation performed with the raeCoM [120] 
computer code yields a randon flux density (fr ) of 17 Bq∙m–2∙s–1. using these same 
variables in eq. (54) yields an  fr of 18 Bq∙m–2∙s–1. however, if the Dr were deemed 
homogeneous throughout the three layers using the Dr of the middle layer, the 
resulting fr would be 12 Bq∙m–2∙s–1. if the Dr were deemed homogeneous with the 
top layer value, the resulting fr would be 17 Bq∙m–2∙s–1. this highlights the higher 
influence of the properties of the top layer of residue on the fr of the pile.

taBle 6. properties of an exaMple three laYer residue pile

layer
layer 
depth 
(m)

diffusion 
coefficient 

(Dr)

radium 
activity 

concentration 
(Bq/kg)

emanation 
coefficent 

(E)

density 
(kg/m3) 

(ρ)

radon flux  
density 

(fr)

all three layers 6 4 × 104 0.2 1.5 × 103

top 1 1 × 10−6 m2/s 18 Bq·m−2·s−1

Middle 2 5 × 10−7 m2/s

Bottom 3 1 × 10−7 m2/s

layers 
homogeneous 
with middle Dr

6 5 × 10−7 m2/s 12 Bq·m−2·s−1

layers 
homogeneous 
with top Dr

6 1 × 10−6 m2/s 17 Bq·m−2·s−1

for calculating 220rn fluxes from thorium residues, the properties of the top 
layer (a few centimetres deep) are sufficient.

ii.2. flux CalCulation for a single CoVer

apart from the thickness of the cover material, the properties of the cover 
and the residue matrices have an important bearing on the radon flux reduction 
factor. this is illustrated below.
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the exact solution of the radon diffusion equation for a single cover in 
eq. (52) is:

2 exp

1 tanh 1 tanh exp 2

c
r

c
c

cr r r r r r

c c r c c r c

z
f

L
f

zn L z n L z
n L L n L L L

 
 − 
 =

     
     + + − −     
     

 (56)

where

( )1 1 ,   or i Ti in n K m i r c = − − =    (57)

denotes the partition corrected porosity for residue r or cover c, and

,   or i
i

D
L i r c

λ
= =  (58)

denotes the radon diffusion length in residue r or cover c.
K denotes the radon distribution coefficient between water and air 

(about 0.26 at 20°C), and mi denotes the volume fractional moisture saturation 
in residues or cover.

if the residue pile thickness is much greater than the diffusion length of 
radon, then the hyperbolic tangent term is unity and eq. (56) becomes:
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if the moisture and porosity differences between the residue and cover 
layers are small and if corresponding diffusion coefficients are approximately 
equal, eq. (59.a) further reduces to:
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z
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 (59.b)

which is the simple exponential attenuation shown by a in fig. 25.
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however, if nrLr is much less than ncLc, eq. (56) becomes:
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if the value of zc is low, the value of fc is approximately equal to fr and very 
little flux attenuation occurs, as shown by B in fig. 25. however, as zc increases, 
fc decreases exponentially in the same manner as in a, but retains twice the 
magnitude.

the case in which nrLr is much greater than ncLc is shown as C in fig. 25. in 
this case, a thin cover is relatively effective; fc again decreases, but its magnitude 
is 2(ncLc/nrLr) times the value in curve a. however, in most situations, it is very 
difficult to maintain a cover with an ncLc value less than the nrLr value of the 
residue. hence, this condition has limited application.
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FIG. 25. Radon flux reduction factor for various cover thicknesses. (A: nrLr= ncLc; 
B:nrLr<<ncLc; C: nrLr>>ncLc.).
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notAtIon

A surface area of an opening (m2) 
a chamber radius (m)
C radon concentration (Bq/m3)
D radon diffusion coefficient (m2/s)
DM molecular diffusion coefficient (m2/s)
DMA molecular diffusion coefficient in air (m2/s)
DMW molecular diffusion coefficient in water (m2/s)
De effective (bulk) diffusion coefficient (m2/s)
Dr diffusion coefficient 
E emanation coefficient 
ε counting efficiency of the system relative to the activity of radon 

adsorbed (counts·s−1·Bq−1)
f radon flux density (Bq·m−2·s−1)
fp local flux density representing the activity of radon crossing per unit 

pore area per unit time (Bq·m−2·s−1)
F total radon exhalation flux (Bq/s)
G average ore grade
H height (m)
Jm mass exhalation rate (Bq·kg−1·h−1)
K water–air partition coefficient
Lr radon diffusion length (m)
λ decay constant (s−1)
λe effective decay constant for 222rn, which is the sum of the leak rate 

(if existing) and the decay constant (s−1)
M  mass (kg)
m moisture saturation fraction (vol./vol.)
N  net count rate, after background subtraction, obtained during the 

counting period tc (counts/s)
n porosity
ns soil porosity
P  radon production rate (Bq·m−3·s−1)
Pp radon activity released into the unit volume of the pore space per unit 

time (Bq·m−3·s−1)
R radium activity concentration (Bq/kg)
ρb bulk density (kg/m) 
ρg grain density (kg/m) 
ρw density of water (kg/m)
T  absolute temperature (K)
t measurement time (s)
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tc counting period
td delay period from the end of exposure to the beginning of the counting 

interval (s)
te period of exposure of the charcoal in the canister (s)
τ tortuosity factor
τe time constant of radon buildup
v flow rate (m3/s)
V effective volume (m3)
w dilution factor (kg of solid waste for kg of uranium ore processed)
z depth or thickness of the material (m)
θd moisture content on a dry weight basis (vol./vol.)
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IAEA SAFETY STANDARDS

Under the terms of Article III of its Statute, the IAEA is authorized to establish or adopt 
standards of safety for protection of health and minimization of danger to life and property, and 
to provide for the application of these standards.

The publications by means of which the IAEA establishes standards are issued in the 
IAEA Safety Standards Series. This series covers nuclear safety, radiation safety, transport 
safety and waste safety. The publication categories in the series are Safety Fundamentals,
Safety Requirements and Safety Guides.

Information on the IAEA’s safety standards programme is available at the IAEA Internet 
site

http://www-ns.iaea.org/standards/

The site provides the texts in English of published and draft safety standards. The texts 
of safety standards issued in Arabic, Chinese, French, Russian and Spanish, the IAEA Safety 
Glossary and a status report for safety standards under development are also available. For 
further information, please contact the IAEA at PO Box 100, 1400 Vienna, Austria. 

All users of IAEA safety standards are invited to inform the IAEA of experience in their 
use (e.g. as a basis for national regulations, for safety reviews and for training courses) for the 
purpose of ensuring that they continue to meet users’ needs. Information may be provided via 
the IAEA Internet site or by post, as above, or by email to Official.Mail@iaea.org.

RELATED PUBLICATIONS

The IAEA provides for the application of the standards and, under the terms of Articles 
III and VIII.C of its Statute, makes available and fosters the exchange of information relating 
to peaceful nuclear activities and serves as an intermediary among its Member States for this 
purpose.

Reports on safety and protection in nuclear activities are issued as Safety Reports, 
which provide practical examples and detailed methods that can be used in support of the 
safety standards.

Other safety related IAEA publications are issued as Radiological Assessment 
Reports, the International Nuclear Safety Group’s INSAG Reports, Technical Reports and 
TECDOCs. The IAEA also issues reports on radiological accidents, training manuals and 
practical manuals, and other special safety related publications. 

Security related publications are issued in the IAEA Nuclear Security Series.
The IAEA Nuclear Energy Series consists of reports designed to encourage and assist 

research on, and development and practical application of, nuclear energy for peaceful uses. 
The information is presented in guides, reports on the status of technology and advances, and 
best practices for peaceful uses of nuclear energy. The series complements the IAEA’s safety 
standards, and provides detailed guidance, experience, good practices and examples in the 
areas of nuclear power, the nuclear fuel cycle, radioactive waste management and 
decommissioning.

RELATED PUBLICATIONS
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GENERIC MODELS FOR USE IN ASSESSING THE IMPACT OF 
DISCHARGES OF RADIOACTIVE SUBSTANCES TO THE ENVIRONMENT
Safety Reports Series No. 19
STI/PUB/1103 (216 pp.; 2001)
ISBN: 92–0–100501–6 Price: €51.00
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DISCHARGES TO THE ENVIRONMENT
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INTERNATIONAL ATOMIC ENERGY AGENCY
VIENNA

ISBN 978–92–0–142610–9
ISSN 0074–1914

This report provides a comprehensive overview 
of the prediction, measurement and monitoring 
of radon releases from NORM residues, 
including uranium mining and milling residues. 
It presents factors controlling radon emanation 
and exhalation from residue materials, 
describes repository cover characteristics and 
details methods for predicting radon exhalation 
flux, including models and their required 
input parameters and variables. It describes 
measurement methods for radon concentrations 
in soil gas and for radon exhalation from a 
surface. Radon monitoring programmes are 
also discussed. Finally, a case study of radon 
exhalation from a uranium residue pile at 
Jaduguda, India, is included and the appendices 
present the main mathematical development of 
radon diffusion equations.
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