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FOREWORD

The mining and milling of uranium ores produces large quantities of radio-
active wastes. Although relatively small in magnitude compared to tailings from
metal mining and extraction processes, the present worldwide production of such
tailings exceeds 20 million tonnes annually. There is thus a need to ensure that the
environmental and health risks from these materials are reduced to an acceptable
level.

This report has been written as a complement to another publication entitled
Current Practices for the Management and Confinement of Uranium Mill Tailings,
IAEA Technical Reports Series No. 335, which provides a general overview of all
the important factors in the siting, design and construction of tailings impoundments,
and in the overall management of tailings with due consideration given to questions
of the release of pollutants from tailings piles.

The present report provides a comprehensive overview of the release, control
and monitoring of radon, including computational methods.

The report was first drafted in 1989 and was then reviewed at an Advisory
Group meeting in 1990 and subsequently consolidated and finalized by the Scientific
Secretary, P.L. De of the IAEA Division of Nuclear Fuel Cycle and Waste
Management.

The IAEA wishes to express its gratitude to those experts who contributed to
the development and completion of this report.
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NOTATION

A Area of container in contact with the surface (m2)

C Radon concentration (Bq-m"3)

C t Radon concentration in container (Bq-m"3)

Co Initial radon concentration (Bq-m"3)

Ca Specified radon concentration (Bq-m~3)

D Diffusion coefficient (m2-s"1)

D e Effective diffusion coefficient (m2-s" ' )

D M Molecular diffusion coefficient (m2-s"1)

D A Molecular diffusion coefficient in air (1.03 X 10"5 for radon at 20°C)

( m 2 ^ - 1 )

D w Molecular diffusion coefficient in water (1.4 X 10~9 for radon at 20°C)

( m 2 ^ - 1 )

dm Mass median particle size (/jm)

E Emanation coefficient (dimensionless)

F Radon flux (Bq-m"2-s" ')

F M Rate of molecular transfer (Bq-m"2-s"L)

G Average uranium ore grade (per cent U)

Heff Effective relaxation length ( = VD/X)

k Radon distribution coefficient between air and water (about 0.26 at 20°C)

m Moisture saturation (porosity filled with water/total porosity)

n Porosity

P Radon production rate (Bq-kg^'-s"1)

Ap Change in atmospheric pressure

Q Volumetric flow rate (m3-s~')

R Radium concentration (Bq-kg"1)

T Radon produced per unit volume per unit time (Bq-m"3-s" ')

t Time

V Volume of accumulator (m3)

x Material thickness (m)

e Self-confinement factor (fraction of radon atoms released from the ore

particles that eventually reach the atmosphere)

X Decay constant (2.06 X 10"6 for 222Rn) (s"1)

p Material or bulk density (kg-m"3)

T Proportionality constant related to the ratio of the thickness of a material to the

average path length through it (tortuosity factor)

1



Subscripts

i Refers to the ith layer
j Refers to the jth layer
cl Refers to the first, topmost layer of cover material
c2 Refers to the second layer of cover material, etc.
t Refers to tailings properties.



1. INTRODUCTION

The mining and milling of uranium ores produces large quantities of wastes
which must be managed safely. At present, 18 countries are reported to have ura-
nium mining and milling capability and eight have a production capacity of at least
1000 tonnes of uranium per annum. These operations currently produce over 20 mil-
lion additional tonnes of tailings per annum.

In 1981 the IAEA published a technical report reviewing the current practices
and options for confinement of uranium mill tailings [1]. During the 1980s, greater
efforts were made to understand the processes which are important in uranium mill
tailings management in order to model these processes and design well engineered
impoundment facilities [2-6]. In addition, effective ways of closing off these
impoundment facilities for long term management and for carrying out remedial
actions on older tailings piles have been developed [7].

Recently the IAEA prepared a revised version of Ref. [1] which incorporates
these new technological developments as well as the operational and managerial
experience arising from the application of these methods [8]. The report provides a
general overview of important factors in the management of tailings, release mecha-
nisms for pollutants, factors controlling these releases, pathways to humans, and the
technological factors important in the siting, design and construction of tailings
impoundments.

Reference [8] also reviews the factors affecting the release of radon from tail-
ings in general terms. However, further advances have been made in understanding
the mechanisms involved in the release of radon and in the techniques for monitoring
both radon concentrations and fluxes. To date, this work has not been collected in
a comprehensive report which is readily accessible. It was therefore decided to pre-
pare a separate report discussing relevant aspects of radon release, control and
monitoring. The present report discusses radon technology in detail, including
methods of calculating radon releases from uranium tailings piles and the means of
measuring radon fluxes and concentrations.

The technology and methodology discussed in this report are applicable not
only to the management of uranium tailings but also to other areas in which radon
release and control are of concern, such as:

(a) The management of wastes, for example gypsum, from the phosphate industry
since such residues contain elevated levels of 226Ra and its daughter product
222Rn;

(b) The management of wastes arising from the treatment of other radioactive
ores, for example thorium/uranium hydroxide residues arising from monazite
processing;

(c) The analysis of the radiological situation inside buildings.



2. PURPOSE AND SCOPE

2.1. PURPOSE

The purpose of this report is to present a review of all the factors involved in
estimating the release of radon from uranium tailings and the methods and techniques
for measuring such releases. The radiological risks associated with such releases are
discussed in Ref. [8].

The report should be useful to those involved in the design, operation, decom-
missioning and regulation of uranium tailings impoundments, especially in develop-
ing countries or countries with small uranium mining programmes. In addition, it
will be useful to those concerned with the measurement and calculation of radon
releases from other sources.

2.2. SCOPE

The report reviews the major aspects of radon release, control and monitoring
as they relate to the management of uranium mill tailings, including:

— factors controlling the release of radon;
— methods for calculating radon releases from uncovered and covered tailings;
— models and computer programs for carrying out these calculations;
— means of measuring radon releases;
— guidance on the procedures for carrying out a monitoring programme.

Although the report is directed mainly at uranium tailings management, the
methods and technology described can also be very useful in other areas where radon
is a problem. The report focuses mainly on the isotope 222Rn; however, the
methods and technology also apply to thoron (220Rn).

3. FACTORS CONTROLLING RADON RELEASES

3.1. GENERAL

Radon-222, the gaseous decay daughter of 226Ra, can emanate from tailings
and be free to diffuse to the surface of the pile and escape to the atmosphere. The
radon half-life is 3.8 days and many of the gaseous radon atoms decay to solid
218Po before reaching the surface.



As radon is an inert gas that can readily migrate, it cannot be assumed that
radon or its daughters are in secular equilibrium with 226Ra. But as the half-life of
222Rn is only 3.8 days, secular equilibrium is quickly established, i.e. within about
38 days, in sealed samples. However, because radon is free to move through a tail-
ings pile to the atmosphere, the radon activities through the tailings and the release
rate from the surface (or flux in Bq-m~2-s"') will depend, among other things, on
the extent to which this movement occurs. Table I lists the radioactive decay
sequence from 226Ra to 206Pb.

TABLE I. RADIOACTIVE DECAY SEQUENCE FROM 226Ra TO 206Pb

Decay sequence Nuclide Half-life Radiation type

Ra-226

Rn-222

Po-218

99.998%

Pb-214

99.98%

Po-214

-100%

Po-210

Bi-214

Pb-210

Bi-210

0.2%

At-218

0.02%

Tl-210

0.00013%

Tl-206

Pb-206

Radium-226

Radon-222

Polonium-218

Lead-214

Astatine-218

Bismuth-214

Polonium-214

Thallium-210

Lead-210

Bismuth-210

PoIonium-210

Thallium-206

Lead-206

1602 a

3.82 d

3.05 min

26.8 min

2 s

19.7 min

164 fis

1.3 min

22.3 a

5.01 d

138.4 d

4.19 min

Stable

Alpha and gamma

Alpha

Alpha

Beta and gamma

Alpha

Beta and gamma

Alpha

Beta and gamma

Beta

Beta

Alpha

Beta



Radon is formed by the decay of its parent 226Ra but only a fraction of this
radon, given by the emanation coefficient E, is in the pore space of the material and
free to diffuse. The amount of radon available for diffusion is given by the radon
production rate P (Bq-kg^-s"1) as follows:

P = ER\ (1)

where

\ is the decay constant for 222Rn (2.06 X 10"6 s"1),
E is the emanation coefficient (dimensionless), and
R is the 226Ra activity (Bq-kg"1).

The total radon release rate T (Bq-m^-s"1) in tailings on a volume basis is
given by:

T = XREp (2)

where p is the bulk density (kg -m"3). This is the source term of radon for a particu-
lar material. Obviously, the source term increases with radium content, emanation
coefficient and bulk density.

Radon release from the surface of tailings is characterized by the radon flux,
which is expressed as Bq-m"2^"1. The magnitude of the flux is determined by the
ease with which radon within the tailings can diffuse through the bulk medium.

This section describes qualitatively the factors that affect radon release from
tailings. Sections 4 and 5 describe the methods that can be used to quantify radon
releases.

Release of radon to the environment involves two mechanisms:

(a) Liberation from the particle in which it is formed; this is characterized by the
radon emanation coefficient; and

(b) Transport through the bulk medium to the atmosphere; this is characterized by
the diffusion coefficient in the bulk medium.

In addition, the release to the environment will be affected by the presence of
covering layers and meteorological conditions.

3.2. EMANATION COEFFICIENT

The emanation coefficient is defined as the fraction of radon atoms generated
which escape the solid phase in which they are formed and are free to diffuse 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 particle as a result of its
recoil when its parent 226Ra decays [9]. If the recoil terminates outside the particle
in an open pore, the radon is able to migrate. However, as the recoil range in solids
is small, typically less than 0.05 fim, most of the recoiling atoms are retained in the
particle. Movement of the atom is then controlled by diffusion through the particle.
This process does not significantly contribute to radon release because of the very
small diffusion coefficient through minerals, 10~25 to 10~2? m2'S~' [9].

The wide variations encountered in the emanation coefficient and the complex
effects of host rock and uranium mineralogy, uranium ore grade, particle size and
moisture content can only be described qualitatively. In practice, the emanation
coefficient has to be measured for each material being studied. The effects of
moisture, ore grade and particle size on the emanation coefficients have been the sub-
ject of a number of studies [10-12] and are briefly described below. Techniques for
measuring the emanation coefficient and typical values are provided in Ref. [11].

3.2.1. Moisture content

Moisture content was found to have the greatest effect on the emanation coeffi-
cient for ores and tailings [10-11]. Figure 1 shows this effect for one type of mill
tailings.

0.30 -

Moisture content (vol.%)
5 10 15

2 4 6
Moisture content (wt%)

FIG. 1. Effect of moisture content on 222Rn emanation coefficient for a sample of uranium
mill tailings [11].



In dry tailings, most atoms escaping from particles bury themselves in adjacent
particles, resulting in a low emanation coefficient (Fig. 1). As the moisture content
increases, the pores contain more water and a recoiling atom encounters a dense
absorber of its energy. The atom is more likely to terminate its recoil in the pore
because of the markedly lower recoil range for radon in water than in air, and the
emanation coefficient increases rapidly.

At higher moisture contents (up to 5% by volume), few of the radon atoms can
penetrate into an adjacent particle and the emanation coefficient remains nearly con-
stant with increasing moisture up to saturation. In general, emanation coefficients in
saturated tailings are a factor of 2-6 higher than in dry tailings. The higher value
corresponds to tailings with smaller particle size.

3.2.2. Effect of mineralogy

The emanation coefficient is a characteristic of the host rock. Uranium ore
grade can affect the emanation coefficient of crushed ores and their tailings because
of two different and competing effects. In high grade ore, the uranium minerals are
often present as thick bands or as large grains which are normally associated with
low emanation coefficients. However, these high grade ores have been exposed to
much higher radiation doses and this can result in high emanation coefficients as a
result of radiation damage to the crystal lattice.

Some higher grade uraninite samples have low emanation coefficients however
[13, 14], suggesting that the uraninite lattice is less affected by radiation damage.

3.2.3. Particle size

If radon release were controlled solely by recoil from intact crystals with uni-
form radium concentration, it would be expected that the emanation coefficient
would increase proportionally to the increase in specific surface area or in inverse
proportion to the particle diameter. While this is generally true, results from
experimental studies [12, 13, 15] have shown that the effect of particle size on the
emanation coefficient is more complicated than this simple model. The conflicting
results indicate that the effect of particle size on the emanation coefficient is very
dependent on the mineralogical characteristics.

3.3. DIFFUSION COEFFICIENT

The molecular diffusion coefficient of radon is defined using Fick's first law
of diffusion:
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~ (3)
dx

where

F M is the rate of molecular transfer or flux (Bq-m"2-s" ') ,

C is the radon concentration (Bq-nT3),

x is the material thickness (m), and

D M is the molecular diffusion coefficient (m 2 -s" ' ) .

The use of Eq. (3) to describe diffusion through a porous medium is valid as

long as account is taken of two factors:

— the area available for diffusion is reduced because of the presence of the solid,

and

— the diffusing atom must take a longer route in passing around the solid

particles.

The net area for diffusion is proportional to the porosity. The increased diffu-

sion distance can be taken into account by defining a tortuosity factor T as the ratio

of thickness of material to the average path length through it. So Eq. (3) becomes

dC
FM = nrDM ——

dx
or (4)

3C
F = De

dx

where De is the effective diffusion coefficient (which arises when mass transport is
defined in terms of superficial area), F is the radon flux and n is the porosity. An
alternative definition would base the diffusion coefficient on the interstitial area
available for diffusion, i.e.

D = T D M (5)

where

for air DM = DA = 1.03 X 10"5 m 2 ^" 1 at 20°C

for water DM = D w = 1.4 X 10~9 m^s" 1 at 20°C

and D is the diffusion coefficient for the particular material being evaluated. Typi-
cally, r has a value of 0.7 for loosely packed materials and 0.4 for highly compacted
materials.



The effective diffusion coefficient is then

De = nD (6)

The diffusion coefficient D is often used since it relates diffusion to the pore
space available for diffusion.

Diffusion through a porous medium is controlled by the fluid filling the pores
and the physical properties of the medium. A number of studies have investigated
the effects of moisture content and temperature on the diffusion coefficient of radon
through soils and uranium tailings [10-12, 16].

Measurements of the diffusion coefficient through dry materials are in
reasonable agreement and consistent with the expected value, i.e. rDA. This is
to be expected as dry materials exhibit only a narrow range of porosities
when loosely compacted. Typically, values for dry materials lie in the range
(3-8) X 10-6m2-s- ' .

As the diffusion coefficient for radon in dry materials is four orders of magni-
tude greater than that through saturated materials, moisture content within the porous
media is the most important variable affecting the diffusion coefficient.

In Section 4, Fig. 4 presents measured diffusion coefficients as a function of
moisture content. The results show that:

— for moisture saturations less than 0.25, the diffusion coefficient is relatively
constant, varying between about 9 X 10~7 and 7 X 10"6 m2^"1 ;

— as moisture saturation is increased (Fig. 4), the spread of the diffusion coeffi-
cient increases to about two orders of magnitude at intermediate saturation and
to about four orders of magnitude at total saturation; and,

— the diffusion coefficient decreases to values typical of saturated materials at
saturations between 0.75 and 1.00.

The effect of moisture saturation on the diffusion coefficient can be explained
qualitatively as follows. For dry materials the diffusion coefficient can be calculated
as D = TDA . At low moisture content, water is totally absorbed into the internal
pores and this equation still applies. At higher moisture contents, water bridges the
gaps between particles and radon must either take a longer route through the air filled
pore space or else diffuse partially through water. In this region, the diffusion coeffi-
cient is not uniquely determined by the moisture saturation but depends on how the
water and air phases are distributed. In practice, the diffusion coefficient will vary
depending on how the water or air enters the porous media. As the moisture content
of the porous medium increases to values close to total saturation the diffusion coeffi-
cient is given by D = TD W . In the intermediate region empirical correlations are
used to describe the effect of moisture saturation on the diffusion coefficient (see
Section 4.4).
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3.4. SURFACE COVER EFFECTS

Tailings can be covered with other solids to reduce radon emissions, to limit
the emission of gamma radiation and prevent wind erosion of the tailings. Radon
releases are reduced by placing covering layers on the tailings to increase the resi-
dence time of radon within the tailings structure and ensure that more radon decays
within the structure before reaching the atmosphere.

In general, a combination of covering materials provides better protection for
the tailings structure than any single material. The choice of materials depends upon
availability and circumstances. A typical multilayer cover might be composed of
a clay layer spread directly on the tailings to provide a barrier against rainwater
inflow and radon exhalation. Then a filter material such as gravel or crushed rock
is laid above the clay cap to allow rainwater to drain away from the tailings and pre-
vent the capillary rise of salts that could be harmful to vegetation. Finally, a layer
of topsoil is spread over the gravel and vegetation established. In arid areas, where
natural vegetation is sparse, rock mulch may be preferable as it is more resistant to
erosion than soil.

The effectiveness of earthen covers for radon attenuation depends on a number
of variables including the thickness, porosity, density and moisture content of the
cover and tailings, and radium content of and emanation rate from the tailings. Some
of these characteristics are factored into specific parameters, such as the radon diffu-
sion coefficient.

The long term moisture content of the cover is the most significant variable
in characterizing the capacity of an earthen cover to attenuate radon gas. The initial
cover conditions may not be representative of its long term performance. The cover
may go through drying and freeze-thaw cycles, soil drainage and evapotranspiration,
which over time can change the condition of the cover with respect to radon attenua-
tion. These processes can lead to a reduction in the effectiveness of a radon barrier.

Other values for the variables to be used in predicting the radon cover perfor-
mance can be approximated from either field or laboratory measurements, or can in
turn be estimated from some basic soil conditions. This approach assumes that the
performance is found on a yearly basis. Advective factors, such as diurnal/nocturnal
barometric variations and seasonal thermal effects, are not explicitly considered
because they are negligible in comparison to diffusion on an annual, averaged basis.

Equations for calculating the reduction of radon flux from tailings by covering
with a single layer or combination of covering layers are given in Section 4.

3.5. METEOROLOGICAL EFFECTS

Radon exhalation rates can change significantly with changes in atmospheric
pressure or temperature, or the occurrence of precipitation. Usually, the duration of

11



atmospheric pressure changes is much less than the half-life of radon. In this case,
the effect of a cyclic change of atmospheric pressure of strength +Ap is to release
all the radon in the pore spaces of the top Ap/p fraction of the pile. The flux increases
when the atmospheric pressure decreases and falls when the pressure rises. Since
atmospheric pressures are cyclic, the increases and decreases in the flux tend to can-
cel and the long term fluxes are not strongly dependent on atmospheric pressure
changes or short term precipitation events.

Longer term seasonal variations may influence the annual average radon
fluxes. For example, a snow covering and frozen ground can greatly decrease the
annual surface flux. Similarly, long term temperature changes may alter the flux. For
example, higher temperatures slightly increase the value of the diffusion coefficient,
which slightly increases the flux. If diffusion coefficients for a tailings pile in a very
hot area are measured in a cool laboratory, they will be underestimated.

However, although the ambient temperature can fluctuate widely (by over
70°C in some cases), the temperature within the pile is more uniform. At 1 m below
the surface the temperature profile follows the trend of the ambient levels but at a
much reduced amplitude. At 3 m below the surface the amplitude is reduced to a few
degrees. If the tailings are covered for radon attenuation, the ambient induced tem-
perature changes will be small.

Some tailings contain significant amounts of sulphide. If these undergo sub-
stantial bacterially catalysed oxidation, the tailings can reach a temperature of about
40°C regardless of the ambient value. This heat affects the diffusion coefficient.

3.6. SURFACE VEGETATION EFFECTS

Establishing surface vegetation is an acceptable practice to stabilize the surface
of the tailings and to improve the appearance after close-out. It is not clear what
effect vegetation has on radon flux. A report from the United States of America [17]
stated that there was:

— increased exhalation or transport of radon from the soil to the atmosphere by
the vegetation;

— reduction of soil moisture by transpiration, with a resultant change in the radon
diffusion rate;

— increased permeability of the soil as a result of plant roots.

Research in Canada [18] on an uncovered but revegetated (after surface
amendment) tailings area showed no significant difference between the radon emana-
tion rates from vegetated and unvegetated tailings. The difference from the US
results is thought to be due to the relatively wet conditions that normally exist in
Canada compared to the USA. This idea is also supported by Ref. [19]. More work
is needed to precisely define the effect of vegetation on radon flux.
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The Canadian work has revealed another potential problem. A revegetated sur-
face encourages the growth of trees. If the tailings cover is thin or is only surface-
amended, then the roots will penetrate a short distance. Once these roots meet a harsh
chemical zone they may run horizontally. As the tree grows, it may reach a point
where the roots can no longer physically support it. A storm may often topple the
tree, pulling up the roots with the surrounding soil. This may create a breach in the
cover.

Overall, vegetation has a much smaller effect on radon emanation than the
tailings moisture content. If surface stability is the main concern, other alternatives
should be considered. Coarse, crushed rock will also stabilize the surface and is a
less attractive medium for tree growth. However, this option will lack aesthetic
appeal, and the management choices may have to be made with all aspects in mind.

4. METHODS FOR CALCULATING RADON RELEASES
FROM URANIUM TAILINGS PILES

4.1. GENERAL

The control of radon releases from uranium tailings piles, or any radium bear-
ing material, begins with an evaluation of the radon source term and the effectiveness
of cover materials to impede radon migration to the surface. The main factors affect-
ing the generation and control of radon in tailings impoundments have been discussed
in general terms in Section 3. In the present section, these factors are quantitatively
related and mathematical expressions are presented so that calculations for estimating
radon releases from bare and covered tailings can be performed.

Radon releases are measured by the radon flux F (Bq-m^-s"1). Total release
rates (Bq-s"1) are obtained by multiplying the average radon flux by the surface
area of the tailings pile. The main variables directly affecting radon releases are:

— radium concentration, R (Bq-kg"1)
— material bulk density, p (kg-m"3)
— emanation coefficient, E (dimensionless)
— diffusion coefficient, D (m2^"1)
— material thickness, x (m).

Values for these variables are generally obtained by direct measurement, com-
mon methods of which are described in Refs [11,20, 21]. In the absence of measure-
ments, estimates may be made for the appropriate values. The methods for
approximating the values of these variables are given in Section 4.4.
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4.2. SIMPLIFIED METHODS FOR CALCULATING RADON FLUX

Expressions are first given for the radon flux from a bare tailings pile, then
for a pile with a cover of homogeneous material, and finally for a pile with a
multilayer cover. The development of the radon diffusion equations is detailed in
Annexes A and B.

4.2.1. Radon flux from uncovered tailings

The flux from an uncovered tailings pile is directly related to the radium
activity, the emanation coefficient and the bulk density. If any of these variables
increase, the surface radon flux increases proportionally. The flux also increases as
the diffusion coefficient increases. It is shown in Ref. [22] that the thickness has no
effect beyond about 2 m for wet tailings and about 4 m for dry tailings. For these
situations the flux from the tailings is given by:

Ft = RpE V\D t (7)

where the subscript t refers to the tailings.
As an example, for a 3 m thick moist tailings pile with R = 4 X 104 Bq -kg"1,

p = 1.5 x 103 kg-m"3, E = 0.2 and Dt = 1.0 x 10"6 m2^"1 , the calculated tail-
ings flux from Eq. (7) is Ft = 17 Bq-m^-s"1.

For tailings thicknesses less than 2-4 m, Eq. (7) is modified as follows:

Ft = RpE VXD, tanh (VX/Dt x,) (8)

The dependence of the flux on the tanh (VX/D, xj term is shown in Fig. 2.
In the example, the ratio of the surface flux to the radium concentration is

4.3 X 10"4 when the radium concentration is expressed in Bq-kg"1. If the radium

Surface

Cover 3
<DC3>

Cover 2

Cover 1

Tailings
(radon source) Xt

FIG. 2. Multiple cover configuration.
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concentration is expressed in Bq-g \ the ratio becomes 0.43. (If it is assumed that
D = 2.5 x 10~7 m^s" 1 , then the ratio becomes 0.22. This value is more appropri-
ate for colder tailings.) For tailings that are infinitely thick (3-4 m) it has generally
been found that the ratio of radon flux (expressed in Bq -m"2 • s"1) to radium concen-
tration (expressed in Bq-g"1) ranges between 0.2 for wet tailings, 0.6 for moist tail-
ings and 1.2 for dry tailings [5].

4.2.2. Radon flux from single layer cover tailings

Earthen materials with low radium concentrations are excellent for reducing
radon emissions from tailings piles. Radon generated from these materials usually
can be neglected. The flux from a covered tailings pile Fc is approximated by:

Fc = F texp(-VX7Dcxc) (9)

where the subscript c refers to the cover material. Since Dc decreases significantly
with increasing moisture in the material, a cover material that compacts well and
retains moisture is most effective for controlling radon releases.

For example, if the tailings pile in the previous example in Section 4.2.1 is
covered by 1.5 m of material whose Dc is 4 X 10"7 m2^"1 , the flux at the surface
of the cover is estimated by Eq. (9) to be 0.6 Bq-m^-s '1 .

4.2.3. Radon flux from multiple layer cover tailings

It may be advantageous or necessary to use different materials to cover a tail-
ings pile. Furthermore, if the moisture varies significantly with depth for a single
material cover, it may also need to be analysed as a multilayer cover because its
diffusion coefficient will vary with the different moistures. A three layer cover sys-
tem is shown schematically in Fig. 2. Each layer is characterized by a diffusion
coefficient and a thickness. The value of the diffusion coefficient depends on the soil
moisture, compaction and soil type.

As a first approximation, Eq. (9) can be applied to each cover layer succes-
sively, considering the flux from the lower layers to be the 'source' flux into the
cover layer being analysed. This gives:

Fcl = Ftexp(-VX7D71 x,,) (10)

FC2 = Fci exp(-VX/Dc2 Xcz)

= F, exp(-VX/Dc, xc - VX/Dc2 x^) (11)

15



Fc3 = Fc2 exp(-V\ /D c 3 Xc3)

= F, exp(-VX/Dcl Xd - VX/Dc2 x^ - VX/Dc3 x^) (12)

and in general

(13)

where the subscript ci refers to cover layer i and the summation cj is over all the
cover layers beneath layer ci and including layer ci.

Referring to the previous example, let the moisture variation in the 1.5 m
cover be such that the D in the lower metre is 4 X 1(T7 m 2^" 1 , but the D in the
upper half-metre is 2 x 10"6m2-s"'; then, from Eq. (11), the surface flux is
Fc2 = 1.1 Bq-m-2-s-'.

Rigorous solutions for the case of tailings with one or more layers of cover
are also available [4, 5, 12]. The frequent appearance of the term VX/D in radon
attenuation equations has prompted the occasional use of an effective relaxation
length Heff, defined as

Heff = . J - y - (14)

so that Eq. (8) becomes

Ft = RpEXHeff tanh (xt/Ht
eff) (15)

and Eq. (9) becomes

Fc = F texp(-xc/Hc
eff) (16)

The radon attenuating effect of the tailings pile thickness is often expressed in
terms of a self-confinement factor. The self-confinement factor e of a tailings pile
is defined as that fraction of the radon atoms released from the tailings particles that
eventually reach the atmosphere without decaying within the tailings pile.

The self-confinement factor is given as

e = H,eff/x, tanh (xt/Ht
eff) (17)

If xt is small compared to Ht
eff, then there is no self-confinement and e = 1.

When xt is much greater than Ht
eff, e = Ht

eff/xt.
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4.3. COMPUTER MODELS

Computer programs are generally available for more complex situations. For
example, the programs RADON [23] and RAECOM [20] are used by the US Nuclear
Regulatory Commission (USNRC), the US Department of Energy and the US indus-
try for computing steady state radon fluxes for one dimensional systems. These and
similar programs require relatively small memory, are quite stable, are easy to use,
and are sufficient for design and licensing purposes. Other more complex computer
programs that use finite difference and finite element techniques to obtain the three
dimensional, time dependent radon fluxes [16] are also available. As demonstrated
by the examples given in Section 4.2, the analytical techniques generally provide
sufficient accuracy for many simple systems, particularly considering the uncertain-
ties associated with the values of the variables used in the calculations.

4.4. ESTIMATIONS FOR INPUT PARAMETERS AND VARIABLES

When measured values of the radium concentration R, emanation coefficient
E and diffusion coefficients D are not available, techniques exist for estimating them.

4.4.1. Radium concentration

In most instances the 226Ra concentration is close to equilibrium with the
parent 238U in the original uranium ore. Since nearly all of the radium is contained
in the mill tailings pile, its concentration is nearly equal to the original concentration
of uranium in the ore, expressed as Bq-kg"1. Because 1 % 238U in the ore is equal
to 1.11 x 105 Bq-kg"1, R can be obtained from

R = 1.2 x 105 G (18)

where G is the average uranium ore grade (percentage U).

4.4.2. Emanation coefficient

Emanation coefficients for mill tailings generally range from 0.03 to 0.5. For
nearly all tailings piles the dry weight moisture is greater than a few per cent and
the average emanation coefficient ranges from about 0.15 to 0.40, with the higher
values associated with smaller particle tailings.

A reasonable average value for E is 0.25. The USNRC recommends that a con-
servative value of 0.35 be used if pile specific measurements of E are not made [23].
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4.4.3. Diffusion coefficient

Several correlations have been made for diffusion coefficients that can be used
in the absence of measured values. One frequently used correlation is [20]:

D = 7 X 10"6 exp [ -4 (m - mn2 + m5)] (19)

A similar correlation has recently been developed for highly compacted soils
in which the total porosity is less than about 0.34 [24]:

D (high compaction) = 3.5 X 10"6 exp[-(5/4)m - 7m5] (20)

The latter correlation is also similar to one developed for Australian tailings
cover materials [25]:

D = 4.2 X 10" for m <0.25

D = 1 X 10~5 (1 - m)3 + 4.2 X 10"10 for m >0.25
(21)

| 10"3

o
it:

o

10"6

• Measured diffusion coefficients

P = o.41

P = 0.55 (top), 0.26 (bottom)

Fitted function: r- -i
D = 0.07 exp -4 (m - mn2 + m5)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Moisture saturation, m

FIG. 3. Comparison of measured radon diffusion coefficients with a simple correlation func-
tion assuming different porosities [20].
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These correlations, and the supporting data, are shown in Fig. 3. It will be
noted that any of the above three equations correlate satisfactorily with the data
shown in the figure. The measured values of the diffusion coefficients and the corre-
lations associated with the measured values contain the effects of other factors
influencing radon migration. For example, the effect of radon absorption in the soil
moisture and radon adsorption on the solid surfaces is included in the diffusion
coefficients [24]. Radon adsorption on the solid surfaces is generally negligible when
the soil moisture exceeds a few per cent of dry weight.

4.4.4. Long term moisture

The diffusion coefficients are a strong function of moisture. Since radon con-
trol must be effective for very long times, it is important to estimate or measure the
diffusion coefficients at the appropriate long term moisture saturation. The moisture
saturation may be estimated from in situ measurements of the undisturbed cover soil
or similar soil in the general region of the tailings pile. It may also be estimated from
empirical relationships. A very conservative value for m for desert areas is the
moisture at a 1.5 MPa soil moisture tension usually associated with the wilting point
of plants in soil. An empirical relationship for m used by the USNRC [20] is:

0.026 + 0.005z + O.O158y
m = (22)

where

z is the percentage of clay in the material,
y is the percentage of organic matter in the material, and
n is the r>orositv.

z

y
n is the porosity.

This relationship should be used with caution and for planning purposes only
since it is known that generally it will considerably underestimate long term
moisture.

Other, and probably better, empirical relationships have been developed for
estimating the average long term value of m on the basis of the annual precipitation
and evapotranspiration rates [20].
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5. MEASUREMENT OF
RADON CONCENTRATION AND FLUX

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 mea-
surement of radon gas. The theory supporting the radon flux measurement is, for
the most part, common to the various field techniques. In simple terms, a container
of suitable size is placed with the open end on the surface of the tailings and the
concentration increase or steady state concentration of radon in the container is
measured for a specific time period.

The method selected for measuring the actual concentration of radon gas is
more variable, depending upon a number of factors, including availability of
resources and support facilities (e.g. laboratory, radionuclide analysis equipment,
etc.), existing equipment, the scope of the project and the supporting financial base.

5.2. MEASUREMENT OF RADON CONCENTRATION

Radon is an odourless, colourless, inert gas present under natural conditions
in such low concentrations that there are no conventional chemical analytical tech-
niques with sufficient sensitivity to measure it. It must be determined using tech-
niques that depend on the radioactive properties of radon and its decay products.

Table I presents the radioactive decay sequence from 226Ra to stable 206Pb. It
shows that of the four short lived radon daughters, 218Po and 214Po are alpha emit-
ters, while 214Pb and 214Bi are beta and gamma emitters. The high energy alpha
particles and the gamma ray energies emitted during this radioactive decay sequence
are measured using one of the techniques described in detail in Section 5.2.2.

The beta particles can also be detected and counted; however, because they are
much less penetrating than gamma rays and are of much lower energy than alpha
particles they tend to be a less sensitive indicator than alpha particles or gamma rays.
Instruments detecting alpha particles or gamma rays are most commonly used to
measure radon because of their simplicity, ruggedness, sensitivity and relatively low
costs.

Table II shows the modes of measurement, types of instruments available and
their applications. These are discussed in detail below.

5.2.1. Mode of measurement

The three basic modes for radon collection and measurement are instantane-
ous, semi-integrating (continuous real time), and fully integrating (time averaging).
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The type of mode selected for a particular application depends on a number of
factors, including sensitivity, cost, convenience and time available for sample collec-
tion and analysis.

Instantaneous. In this mode the radon concentration is determined in the order
of tens of minutes. Two specific techniques are the use of ionization chambers and
closed scintillation cells.

Semi-integrating. For this mode radon concentrations are allowed to reach a
steady state equilibrium, i.e. where the rate of radon gas production is equal to the
rate of decay. This occurs within a time frame of the order of a few hours.

Several techniques based on this time mode of analysis are in use, including
flow-through scintillation cells, and devices for the collection and storage of radon
decay products, or radon and its daughters. These collection devices use a variety
of media on which the alpha decay particles can adsorb (e.g. activated charcoal,
metal or plastic discs). The devices must be sent for analysis within a relatively short
period of time following exposure as a delay in shipment will reduce the number of
long lived alpha particles absorbed on the collection media, thereby reducing the
statistical counting accuracy of the sample.

Fully integrating time averaging methods. 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 main-
tain an integrated record of each alpha particle impacting on the measurement
medium. For as long as the sampler is exposed to radon gas it will continue to store
information. Once removed from the sampling site it will maintain the exposure
information until it is analysed. Examples of this fully integrating time averaging
mode are nuclear track detectors, solid state surface barrier detectors and thermo-
luminescent dosimeters.

5.2.1.1. Passive versus active methods of operation

The modes of measurement described above can be further subdivided into
passive and active depending on the type of instrumentation selected. Passive detec-
tors do not require an electrical power source and rely on the diffusion of the radon
through a filter medium to the detector. An active device requires some form of elec-
trical power source to operate pumps or scintillation counters, as in the case of the
flow-through scintillation cell technique, or to create electrostatic charges to enhance
the collection efficiency of some detectors.

5.2.2. Measurement techniques

5.2.2.1. Ionization chambers

Ionization chambers used for measuring radon are enclosed metal cylinders
constructed with a central collecting anode. They are accurate measurement systems
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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 electro-
meter. These units can be operated in a closed or flow-through mode and, depending
on the background and the chamber volume, they can achieve detection limits as low
as 4 Bq-nT3. Ionization chambers are not routinely used for radon concentration
measurements because of their high cost and difficulties associated with operation
in the field. Descriptions of ionization chamber theory and operation are provided
in Ref. [25].

5.2.2.2. Scintillation cells

Scintillation cells are also enclosed cylinders; however, they can be con-
structed of a variety of materials (e.g. metal and plastic). They are internally coated
with a scintillation material, generally silver activated zinc sulphide powder, and
have a transparent end window. The scintillation material produces light photons
when bombarded by alpha particles. This light is viewed through the end window
by a photomultiplier, both cell and photomultiplier being within a light-tight
enclosure. The signal from the photomultiplier is amplified and converted to a count
rate by the associated electronics.

Scintillation cells can be operated in a closed or flow-through mode to provide
instantaneous or partially integrated results. Their use for the measurement of radon
concentration is widespread and they are ideally suited for the measurement of radon
flux because of their relative simplicity, ruggedness, versatility, sensitivity, reliabil-
ity and low costs. Reference [25] provides details on the development, theory and
operation of scintillation cells.

5.2.2.3. Activated charcoal detectors

Activated charcoal is used as a passive medium on which radon and its decay
products can be adsorbed. Canisters are filled with pre-weighed amounts of condi-
tioned activated charcoal and exposed to the air to be tested. The period of exposure
can range from a few hours to several days, depending on the amount of charcoal
and the anticipated level of radon to be encountered. Following exposure, the
canisters are sealed and sent to the laboratory for analysis by gamma spectrometry
for the activity of 214Pb and 214Bi. The period between exposure and analysis must
be kept as short as possible (less than 5 days) to ensure sufficient gamma activity
on the charcoal to maintain efficient counting statistics and minimize decay correc-
tions. Charcoal canister radon detectors are used extensively for the determination
of indoor radon concentrations. Pensko [26] estimates that for a 7.8 cm diameter by
8.2 cm high canister containing 150 g of charcoal, a sensitivity of about 1 Bq-nT3

of 222Rn can be achieved with an error of +50%.
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Charcoal canisters are also ideally suited for the measurement of radon flux
because of their relative simplicity, flexibility, ruggedness, sensitivity and low cost.

Activated charcoal is also used in connection with liquid scintillation
spectrometry. For instance, the 20 mL measuring bottles of the liquid scintillation
spectrometer are filled with 2.5-3 g of conditioned activated charcoal and exposed
for 24 hours to the air to be tested. Following exposure, the bottles are sealed, sent
to the laboratory and filled with the liquid scintillator. For a measuring time of
10 minutes a sensitivity of about 5 Bq-m"3 of 222Rn can be achieved.

5.2.2.4. Nuclear track detectors

Nuclear track detectors are passive, fully integrating radon concentration mea-
surement devices. Their design and operation are based on the use of a selected film
material, such as cellulose nitrate, polycarbonate or allyl diglycol carbonate (CR39),
which when hit by an impinging alpha particle from a radon decay product develops
microscopic damage trails or 'tracks'. Following exposure, the film is etched in an
alkaline solution (typically NaOH) to increase the size of the tracks so that the track
density (number of tracks per unit area) may be easily determined by optical
microscopy. Nuclear track detectors have widespread application for the measure-,
ment of long term radon concentrations (e.g. several months to one year); however,
they are not well suited for application in a radon flux detector. Commercially avail-
able nuclear track detectors have standardized factors of approximately 0.001 tracks
per mm2 per day per Bq-m~3 [25].

5.2.2.5. Solid state surface barrier detectors

Surface barrier detectors are active integrating detection devices originally
used extensively for uranium exploration but more recently developed for the
measurement of indoor radon concentration. When the alpha particle strikes the
active surface the energy given up by the alpha particle is counted and the data stored
until the unit is interrogated to determine the accumulated count. For example, sur-
face barrier detectors have been used to determine radon flux rates as part of the
Canadian National Uranium Tailings Program investigations [27, 28]. Although
these units were found to work well for the determination of flux rates on tailings,
the high cost and the care and maintenance requirements of these units may make
their application for certain projects impractical.

5.2.2.6. Thermoluminescent dosimeters

Thermoluminescent dosimeters (TLDs) are used extensively for the measure-
ment of radiation exposure throughout the nuclear industry. In their application to
radon measurements the TLD, usually a thin wafer of Dy doped CaSO4, is exposed
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and alpha particles that strike the TLD deposit their energy, causing a proportional
number of electrons to be trapped between the conductance and valence bands. Fol-
lowing exposure, the TLD is heated and the electrons return to their original valence
band, producing light which is detected by a photomultiplier tube and converted to
a measurable electrical signal.

TLDs provide an integrated result and can be operated in a passive or active
configuration. Their use in passive environmental radon monitoring is becoming
more widespread, with lower limits of detection of the order of 1 Bq-m"3 of 222Rn
for a one week sampling period being reported [25].

5.2.2.7. Electrets

Another type of radon detection equipment of relevance to the subject of this
report is the electret. An electret is a device which acts like a capacitor in as much
as it can be electrically charged (typically in the range of -900 to -1500 V) and
slowly discharges this excess negative charge at a known rate. As radon levels
increase above reference levels the electret collects positively charged radon daugh-
ters and the rate of discharge increases. The electrical charge remaining on the elec-
tret is used to determine the radon concentration during the period of exposure.

5.3. MEASUREMENT OF RADON FLUX

The various techniques to measure radon gas concentration having been
presented in Section 5.2, it is now appropriate to discuss radon flux measurement
techniques in more detail. The equipment used is sometimes referred to as a flux
meter. The methodologies discussed in this section involve the use of the radon
measurement techniques discussed previously.

The three flux measurement techniques considered most applicable for this
report are:

— accumulation
— flow-through
— adsorption.

Each of these methoodss is described below.

5.3.1. Accumulation

The accumulation method for determining radon flux involves the use of a suit-
able sized container, ranging in volume from a few litres to as much as 220 L, with
its open end placed over the test surface. The radon concentration within the con-
tainer is subsequently measured at specific time intervals to determine the rate of
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radon accumulation within the container [29]. Figure 4 presents two typical accumu-
lation set-ups [30]. A more recent arrangement is presented in Fig. 5 [31].

The accumulator generally remains in place over a period of several hours
(e.g. for dry tailings more than 3 hours). If the accumulator is left in place for an
excessive period of time the concentration of radon within the container may build
up to a level where the radon concentration will be reduced by back-diffusion into
the test surface.

Radon concentration within the container is generally measured using one of
the instantaneous methods described in Section 5.2. Scintillation cells work
extremely well for this flux method; however, the use of solid state surface barrier
detectors has also been reported in the literature (see Section 5.2).

The flux rate of radon from a surface (Bq-m^-s"1) can be determined by the
equation

F = - ^ (C, - Co) (23)
At

where

A is the area of the container in contact with the surface (m2),
V is the volume of accumulator (m3),
Ct is the concentration of radon as a function of time (Bq-m~3),
Co is the initial concentration of radon in the accumulator (Bq-m"3), and
t is the time (s).

A problem often encountered in the field application of this and other flux tech-
niques to uranium tailings is the achievement of an adequate seal to the surface
without disturbing the test surface. As shown on Fig. 5, a good seal between the
accumulator and surface can be achieved with moistened bentonite clay, earth or
other tailings materials.

5.3.2. Flow-through

The flow-through method resembles the accumulator configuration. However,
instead of determining the buildup of radon concentration in the container with time,
the increase in radon concentration in the exhaust gas is determined. For this pur-
pose, the air in the container is continuously removed by a flow-through technique,
to prevent significant buildup of radon within the container. Figure 6 illustrates the
flow-through technique. Radon concentration in the exhaust stream from the con-
tainer can be measured using the semi-integrating techniques described in Section 5.2
(e.g. flow-through scintillation cell or activated charcoal).

The concentration of radon in the container is proportional to the flux rate and
the surface area of the container in contact with the tailings surface. This relationship
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FIG. 6. Schematic diagram of radon flux flow through system.

can be expressed in terms of flux rate as

F = - Q (24)
A

where

C is the steady state radon concentration (Bq-nT3), and
Q is the volumetric flow rate (m3-s~').

For this method, the flow rate of air through the container is critical and must
be sufficiently high to prevent significant buildup of radon in the air space above the
surface. If the airflow rate is too high, the radon concentration will be low and
problems will arise in determining an accurate flux rate. Using Eq. (24), the airflow
through the accumulator can be estimated on the basis of the range of anticipated flux
rates. The literature indicates that the airflow should resemble natural conditions
[32].

5.3.3. Adsorption

The adsorption method for determining radon flux involves the use of an
adsorption medium (typically activated charcoal) placed in close proximity to the
tailings surface. The air space between the charcoal and the tailings surface is
minimized to promote the radon adsorption onto the charcoal and to decrease the
buildup of radon in the air space.
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The canisters are usually exposed for a period of 1-3 days. Canisters range
from 70 to 250 mm in diameter and contain from 50 to 225 g of activated charcoal.
The canisters are sealed following exposure and analysed by gamma spectroscopy.

Before use, the canisters are heated in an oven at 110°C to dry the charcoal,
to remove any radon from the charcoal and drive off any contaminants that may have
been adsorbed. When exposed to humid or wet environments, the canisters have an
affinity to co-adsorb water, thereby reducing the radon collection efficiency. To take
account of this phenomenon the canisters are weighed before and after exposure,
with appropriate correction factors applied on the basis of the measured increase in
weight due to adsorption of water.

Figure 7 presents a schematic of a large area activated charcoal canister spe-
cially designed to determine radon flux rates. The radon flux is calculated from the
radon activity measured on the charcoal, the exposed surface area of the canisters,
the time of the exposure and the radon decay correction. The decay correction is kept
small if the canisters are analysed as soon as possible.

The moisture content of the charcoal is measured and used to determine the
appropriate calibration factor [21].

5.4. CALIBRATION OF RADON GAS INSTRUMENTATION

Radon gas (222Rn) can be measured by a variety of methods with different
types of instruments. In most cases, accurate determination of radon concentration
requires careful instrument calibration in reference radon atmospheres generated in
special installations. However, in a small number of cases, special techniques and
instrumentation have been developed that enable virtually absolute determination of
radon concentration without the need for calibration against reference atmospheres.
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Because of this unique feature, these methods are referred to, with some degree of
caution, as primary methods for the determination of radon concentration.

Primary methods are based on relatively simple, well understood physical
principles. The instruments designed using these principles allow very accurate mea-
surement of certain physical variables which are necessary in the determination of
radon concentration. Two commonly accepted primary methods are the two filter
tube method (2 FT) and the pulse ion chamber method (PIC). All other methods com-
monly used in practice require calibration against a reference radon atmosphere.

The generation of a reproducible, constant, reference radon atmosphere
(calibration standard) is, in practice, as difficult to accomplish as the development
of a primary method for the determination of radon concentration. Often these two
goals, namely the development of a primary method and the generation of a reference
atmosphere, are closely interconnected and are used to validate each other.

The radon generation method is of the utmost importance. A source of radon
may consist of an aqueous solution of a soluble 226Ra salt. However, dry 226Ra
sources have recently been favoured because of their practical and experimental
advantages. A dry source consists of a thin layer or layers of a 226Ra salt deposited
on an appropriate substratum. From the amount of 226Ra in the salt and the radon
emanation efficiency of the salt, the absolute radon production rate can be calculated
from basic principles. If the 226Ra source is placed in a constant flow of air as a
carrier gas, a steady supply of radon can be produced. Furthermore, if the airflow
rate is well known and is maintained constant and if this flow is directed to a chamber
of known volume, a reference radon atmosphere can be maintained. The radon con-
centration in the chamber can be calculated on theoretical grounds from the design
parameters of the experimental arrangement. Installations based on this principle are
commonly referred to as radon chambers or radon boxes and are used extensively
in the testing and calibration of radon instrumentation. Ultimately, however, radon
concentrations in these chambers are measured using a primary method.

Radon chambers are difficult and delicate to operate. They require an abso-
lutely steady supply of radon and operation under strictly controlled environmental
conditions of temperature, relative humidity and airflow rate, among other variables.
The use of radon chambers is, however, desirable for the calibration of radon
measuring instruments which require relatively large amounts of radon, for example
continuous monitoring systems. For the more common applications where the
amount of radon needed in the calibration is small, e.g. grab sampling techniques
using small (0.15 L) scintillation cells, other experimental arrangements are suffi-
cient or as adequate as the extensive and expensive radon chambers. These much
reduced experimental arrangements, also known as radon 'dispensers', are similar
in principle to radon chambers except that the sensitive volume of the radon measur-
ing instrument, for example the scintillation cell, replaces the large volume of the
chamber.
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In tailings work, the radioactive variable of interest is the radon flux across
the tailings-air interface. The flux is measured by means of specially designed instru-
ments called fluxmeters. From the radon concentration accumulated in the sensitive
volume of a fluxmeter, the radon flux under the fluxmeter can readily be calculated.
However, fluxmeters can also be calibrated directly using reference radon flux
sources. These sources usually consist of a well characterized 226Ra tailings source
of known depth (thickness), porosity, 226Ra concentration and radon emanation
characteristics. Using the thin layer model, the radon flux can be calculated with
great accuracy if the above variables are known. The sensitivity and performance of
fluxmeters can then be evaluated directly in such experimental facilities. However,
even if radon fluxmeters are calibrated in such facilities as those described above,
precise radon concentration measurements must still be carried out by drawing air
samples from the sensitive volume of the fluxmeter. This requires, for example, well
calibrated scintillation cells and hence the need for radon chambers or radon
dispensers.

5.5. TYPICAL VALUES OF RADON FLUX

The United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR) [33] reports typical radon flux rates for a variety of soil types to be
in the order of 0.01-0.05 Bq-m"2-s"'. For uranium tailings the flux rates can be
several orders of magnitude higher. Table HI presents a brief summary of radon
exhalation rates measured over uranium tailings. The results range from a low
of 0.03 Bq-m^-s"1 measured over a frozen tailings surface to a high of
10.2 Bq-m^-s"1 for a dry tailings area.

5.6. TYPICAL VALUES OF RADON CONCENTRATION

Local concentrations of radon in air are widely variable and dependent upon
many factors including the geology of the area. Outcrops of rock of high radium con-
tent, for example granite, tend to result in high radon concentrations in air.

An extensive review of measurements taken in Canada showed a range of
means of natural background activities from 4.0 to 9.0 Bq-m"3 and a range of
individual samples from 1 to 200 Bq-m"3 [34].

UNSCEAR has quoted a global mean ambient concentration of radon in the
atmosphere of about 2.5 Bq-m"3; over the land masses only, the concentration is
about 4.0 Bq-m"3.

In the Elliot Lake area (Ontario), where the geology includes a number of
uranium ore bodies, the typical monthly mean radon concentration in air in areas
remote from tailings piles ranged from 6 to 15 Bq-m"3, with individual data points
ranging from 2 to 190 Bq-m"3.
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Radon concentrations immediately above or close to uranium mill tailings are,
as would be expected, generally higher than average. The specific values can vary
widely, not only with activity in the tailings, but with meteorology and topography
at the site. At the Nordic (Elliot Lake area) tailings site, a somewhat enclosed valley,
the geometric mean concentrations were 680 Bq-rrT3 at 1 m above the surface and
140 Bq-mf3 at 8 m above the surface. Corresponding measurements at the nearby
Quirke site, with a more open vista, were 27 Bq-irT3 and 8 Bq-m"3, respectively.

In another study, at the Gunner site in north Saskatchewan, radon concentra-
tion in the tailings area ranged from 184 to 329 Bq-irT3.

As radon is rapidly dispersed it is difficult to detect increases above ambient
away from the actual tailings site. Ambient concentrations are usually reached within
1-2 km, depending on the topography [19, 35].

Typical radon concentrations in the USA are similar to the values reported for
Canada. Average ambient radon concentrations in western US cities near uranium
tailings piles range from about 20 to 100 Bq-m"3 [36]. Radon concentrations on
inactive uranium mill tailings sites are about a factor of 15-40 higher than the aver-
age radon concentrations in adjacent cities.

6. CONDUCTING A
RADON MONITORING PROGRAMME

6.1. GENERAL [37-40]

Surveillance should be performed at all stages in the life cycle (see Ref. [8]
for descriptions of the stages) of a uranium mining and milling facility so that enough
data are available to evaluate the dispersion of radioactive and non-radioactive pollu-
tants (including radon) into the atmosphere both at the site and in areas adjacent to
the tailings piles. Collection of data is essential for adequate management of the facil-
ity to ensure the safety of the workers and the public and minimize releases to the
environment.

Surveillance includes inspection and monitoring and is carried out to ensure
compliance with appropriate standards and regulations. Monitoring can be divided
into the following stages: pre-operational, operational and post-operational (short
and long term). Although monitoring programmes include many non-radiological
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and radiological components, this report deals with radon, a radiological pollutant
which could cause serious health effects to workers and to the public located near
uranium mines, mills and tailings impoundment facilities.

The objective of pre-operational monitoring for radon flux and concentration
is to develop an environmental data baseline. These baseline data can be used as
reference levels during operation or after decommissioning in determining the
impact of operations on the environment or the adequacy of close-out activities.
These baseline values, which should be collected and analysed for a year or two
before startup of the facility, will normally be typical of natural background radon
levels.

The objectives of a radiological monitoring programme during the operational
phase of the mine, mill and tailings impoundment system are to:

(a) Confirm compliance with operational health and safety standards for
employees and the public;

(b) Evaluate the adequacy of containment systems related to the mine, mill and
tailings management systems and to provide early warning of potential
impacts; and

(c) Collect data on the potential post-operational pathways and dose commitments
to critical groups such that the necessary remedial actions can be determined.

Following shutdown of operations a short term post-operational monitoring
programme should commence. The objectives of this programme are to:

— Confirm pathways and measure long term dose commitments to critical groups
following remedial actions; and

— Confirm, after the remedial actions have been completed, that releases are
within acceptable levels.

The length of the short term monitoring programme is site and country
specific. Once the regulatory authorities are convinced that the releases from the
closed-out facility are less than, and will continue to be less than, the design criteria
for the design life, the monitoring activities can be reduced during the long term post-
operational phase.

Sections 4 and 5 discussed the methods and tools available for calculating and
measuring radon releases from uranium tailings piles or other radium bearing
materials. This section briefly reviews the factors which should be considered in set-
ting up radon monitoring programmes and the procedures required to conduct sur-
veys in a safe, efficient and cost effective manner.

The guidance given here is general in nature and relates only to the monitoring
part of the overall surveillance programme. Since the design and implementation of
a radon monitoring programme 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 tailings piles or assess health effects to workers or nearby residents.
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6.2. FACTORS TO BE CONSIDERED

A large number of factors must be considered in setting up a programme to
assess the releases of radon from a uranium tailings facility. Many of the factors are
site specific and relate to items such as the physical location of the tailings facility
with respect to populated areas or topographical features, for example adjacent hills
which could influence wind speed and direction.

In this section the treatment focuses mainly on the post-operational monitoring
programme which is required to ensure that the tailings facility has been closed out
in a manner which will provide protection to humans and the environment over the
long term.

To be effective, the monitoring programme must consider the following
generic factors:

(a) Objectives of the programme: for example, to determine health effects on the
population, verify that the cover meets regulatory standards, determine long
term changes in radon levels, etc.

(b) Meteorological conditions: during the implementation of the monitoring
programme it is necessary to record wind speed and direction, temperature,
precipitation, relative humidity and barometric pressure.

(c) Changes in the moisture content of the tailings with season and time.
(d) Background radon levels, both natural and from adjacent facilities.
(e) Population distribution in the area and projected changes with time.
(f) Location and number of sampling stations: these will be determined by factors

such as the purpose of monitoring, population distribution, wind speed and
direction and location of topographical features which could influence disper-
sion patterns.

(g) Regulatory requirements: the accuracy of instruments and the design of the
programme could vary with the radon release and the dose regulations which
are in effect.

(h) Frequency of measurements: the frequency would be reduced during the long
term monitoring phase after the regulatory authorities and operators are con-
vinced that the emissions from the closed-out impoundment are stable or
decreasing. The frequency of measurements would also be reduced as distance
from the facility increases, during periods of high rainfall and if the tailings
are covered with ice or snow.

Once the regulatory criteria are known, the types of instruments required to
carry out the programme and their sensitivity can be defined. Written procedures
should be developed to ensure that readings taken by different personnel and at
different times will be comparable. An assessment of the precision and accuracy of
the results should be made and the random and systematic errors associated with the
instruments and measuring techniques should be calculated. Calibration procedures
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for all equipment should be available and used with suitable calibration standards.
Calibrations should be performed at regular intervals.

The importance of standardized documentation for recording and reporting
results on all aspects of the monitoring programme cannot be overemphasized, espe-
cially since the records for tailings facilities will cover very long periods of time.
Sample records should include items such as: date and location of sample; criteria
used; background; and errors.

6.3. MONITORING TAILINGS PILES

6.3.1. Gamma ray surveys

Radon readings above ambient will arise from uncovered tailings as a result
of variations in moisture content from place to place, between slime and sand frac-
tions, etc. For covered tailings, elevated radon readings can also occur as a result
of other factors such as variations in cover thickness and fissures in the cover. These
elevated radon readings could be accompanied by higher than normal gamma ray
readings as a result of the emission of gamma rays from radon daughters. Since
gamma ray monitoring is much less expensive than radon monitoring, preliminary
gamma ray surveys should be carried out to ensure that such hot spots are included
in the radon measurement surveys.

In one study of covered tailings [37] it was recommended that gamma ray sur-
veys be made using scintillometers at an elevation of about 1 m at points on a 3.5 m
by 3.5 m grid. It is unlikely that radon measurements would be made on such a dense
grid. If an elevated gamma reading is detected, the adjacent areas should be moni-
tored for additional elevated ground readings at the surface. It is recommended that
radon flux measurements be made at locations showing exposure rates greater than
three standard deviations above the average.

6.3.2. Radon flux sampling

In the USA it is recommended that radon flux measurements be made at points
showing elevated gamma readings and at enough locations on a rectangular grid to
bring the total number of samples to a value equal to 45 times the coefficient of varia-
tion squared [37]. This number of readings should ensure that the average value over
the tailings pile would be determined with a precision of 25% at a 95% confidence
level. The use of a surface gamma survey represents a practical approach to address-
ing the problem of establishing the grid requirement.
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For example, the coefficient of variation of radon flux measurements had
values of 0.74 at the Grants, New Mexico, tailings pile and 0.84 at the Grand Junc-
tion tailings pile. Accordingly, the number of flux measurements at these two loca-
tions to determine the average to within 25% at a 95% confidence level would be
25 measurements at Grants and 32 at Grand Junction.

6.3.3. Time schedule of flux measurements

The radon flux at any location will vary with the moisture content of the
emanating material and the cover as well as with other meteorological conditions.
Since the fluctuations could have seasonal components, the flux measurements
should be made at least every other month for at least a year to obtain the annual
average, especially in areas having wide variations in precipitation. Each measure-
ment should be made over as long a period as is practical (see Section 5).

6.4. MONITORING OUTSIDE THE TAILINGS PILE

In addition to monitoring for radon emanation from the surface of tailings,
measurements of radon concentration in the air surrounding the tailings must be
made to assess doses to the surrounding population.

The most important locations for measuring ambient radon concentrations are
generally downwind of the major wind direction and upwind for background mea-
surements [30]. Other important factors to be considered in selecting ambient radon
monitoring points are: surface topography, vegetation (e.g. forests or grasslands),
geology (e.g. granite outcrops) and population distribution. From 1951 onwards, it
has been recognized that almost all of the radiation dose from exposure to radon gas
is derived from the short lived daughters of radon rather than from the radon gas
itself [41]. Regarding radon daughter levels, outdoor values of the equilibrium factor
F are highly variable but average around 0.6 [42]. Ambient radon daughter concen-
trations specific to the study area can be measured using commercially available
samples. Such samples require electric power and can provide data on either short
term (hourly) or long term integrated bases. These data can be directly related to
population doses.
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7. SUMMARY

The inert gas radon is a member of the 238U decay series and is everywhere
present in the Earth's atmosphere.

Radon presents a health hazard to humans when the daughter products are
inhaled. The daughter products have half-lives varying from a few seconds up to
over 20 years, and are alpha, beta and gamma emitters.

Because it occurs naturally in the atmosphere, radon cannot be totally avoided
by humans. Radon is, however, released at a rate above the global average during
uranium mining, milling and tailings disposal operations, and it is essential that
workers and the public be protected from radon released from these sources, both
in the short and the long term.

Important factors controlling the release of radon from tailings are:

(1) The radium activity in the tailings; this in turn is a function of the uranium con-
tent of the ore from which the tailings were produced.

(2) The ease with which the radon can escape from the solid mineral phases
present; this is expressed in terms of an emanation coefficient.

(3) The diffusion of the radon through the bulk tailings and any cover layers that
may be present.

The release of radon from covered and uncovered tailings can be calculated
from the above factors. Computer programs are available for making these
calculations.

The measurement or estimation of the values of the variables involved is not
simple and the results should be used with care and with due regard for the inherent
uncertainties.

The determination of radon concentrations in air is achieved through the mea-
surement of activity of the radon daughter products, and a variety of techniques are
available for this determination.

A number of methods are used for the measurement of radon flux from tailings
or mineral and soil surfaces and a variety of types of equipment for this determina-
tion are available.

A programme of monitoring of radon and radon daughters is an essential part
of tailings disposal management systems. The monitoring should be carried out
through the operational, decommissioning, rehabilitation and post-close-out
activities.
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Annex A

MATHEMATICAL DEVELOPMENT OF
RADON DIFFUSION EQUATIONS

A-l . FORMULATION OF THE DIFFUSION EQUATION

The general diffusion equation for the long term steady state condition is
derived from the steady state equation of continuity where, for a particular
infinitesimal volume in the tailings or cover material, the radon generation rate
equals the loss rate from leakage and decay:

V -F + nXC = T (25)

where

F is the radon flux from the porous material (Bq-m^-s"1),
V • is the radon leakage from the infinitesimal volume (Bq-nT^s"1),
n is the total porosity of the material,
X is the decay constant of radon (2.06 X 10"6 s"1),
C is the radon concentration in the total pore space (Bq-nT3), and
T is the radon source term (Bq-nT-'-s"1).

The first term in the left hand side of Eq. (25) represents the loss by leakage
from the infinitesimal volume and the second term is the loss by radioactive decay
in the volume. The source term in the volume is generally calculated from the follow-
ing expression:

T = RpEX

where

R is the 226Ra activity of the dry material (Bq-kg"1),
p is the dry bulk density of the material (kg-nT3), and
E is the emanation coefficient (dimensionless).

In diffusion theory it is assumed that the flux is proportional to the concentration
gradient, as given by Fick's law. For a one dimensional system, this is:

F(x) = - D n - ^ - (26)
dx
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where D is the radon diffusion coefficient relating the gradient of the radon concen-
tration in the pore space to the total radon flux F of the porous material. With Fick's
law, Eq. (25) becomes, for a one dimensional problem:

A-2. GENERAL SOLUTION AND BOUNDARY CONDITIONS

The general solution to Eq. (27), assuming constant coefficients, is

C(x) = A exp(bx) + B exp(-bx) + Z (28)

where

b = V\7D,
(29)

Z = RpEX/n

and A, B are integration constants.
The associated radon flux, obtained from Eqs (26) and (28), is

F = -Dnb [A exp (bx) - B exp (-bx)] (30)

The integration constants A and B are determined from the boundary condi-
tions of the problem. These are:

(1) F(0) = 0 the flux is zero at the base of the tailings
(2) Cj(Xi) = Ci+1(Xi) the concentration is continuous across a media inter-

face at x,
(3) Fj(Xi) = Fi+1(Xj) the flux is continuous across a media interface at x;

(4) Cn(x,,) = Ca the concentration at the surface of the top layer
(medium n) is equal to a specified value

A-3. SOLUTION FOR RADON FLUX ACROSS THE SURFACE OF BARE
TAILINGS

Application of boundary condition (1) to Eq. (30) yields A = B.
Application of boundary condition (4) for Ca = 0 at the top surface of the tail-

ings x = XQ yields values for A as a function of x.
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Finally, the flux at the surface of the bare tailings is given by:

(31)F(x,) = Ft = RpE VXD tanh f J - ^ - *t)

A-4. SOLUTION FOR COVERED TAILINGS

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

Application of the boundary conditions yields values for Ac and Bc as func-
tions of X,., where the subscript c refers to the cover material.

Substitution of Ac and Bc into Eq. (30) yields the flux as a function of the
position x in the cover.

Finally, the flux at the surface of the cover is given by substituting x = x<.:

/
2F, exp {-

1 + J-^tanh

(32)
where at = (Dtbt)2 and ac = (Dcbc)2.
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Annex B

REFINED METHODS OF RADON FLUX CALCULATION

The equations in Section 4.2 can be modified to increase the accuracy of the
calculations and extend their range of application.

B-l. FLUX CALCULATION FOR UNCOVERED LAYERED TAILINGS

Some tailings situations require that the vertical heterogeneities in a tailings
pile be considered explicitly. This may occur from major variations in the radium
concentration or in the diffusion coefficient as a function of depth. The hetero-
geneities are considered explicitly by dividing them into layers that have homo-
geneous properties within each layer. Then, each layer is both a source layer and
a cover layer to layers beneath it. Combining Eqs (8) and (13) gives, for the flux
at the surface of a pile with n layers,

Ft = £ R^Ei VXDTi tanh (J-£- x.i) exp (- V / - £ - x,) (33)
I-I \* »a / \ j 7 uti /

For example, consider a three layer tailings pile with R = 4 X 104 Bq-kg"1,
E = 0.2, p = 1.5 x 103 kg-m"3. The lowest three metres of the pile are very
moist, withDtl = 1 X 10"7m2-s"'; the next two metres have D^ = 5 X 10~7m2-s~'
and the top metre has D,3 = 1 x 10"6 m2^"1 . Application of Eq. (33) gives
Ft = 18 Bq-m^-s"1. For comparison, an exact calculation with the RAECOM [20]
computer code (discussed in Section 4.3) gives Ft = 17 Bq-nT^s"1. If the pile is
assumed to be homogeneous with Dt = 5 X 10"7m2-s"1,then Ft = 12 Bq-m^-s"1 is
obtained. If Dt is assumed to be the top metre value of 1 x 10"6 m2-s"', then
Ft = 17 Bq-m2-s"', a value closer to the exact value, indicating the importance of
the properties of the top metre of tailings.

B-2. FLUX CALCULATION FOR A SINGLE COVER

The exact solution of the radon diffusion equation provides the following
modification to Eq. (9) [20]:

Pc =

1 + J—!-tanh
a, / X \ / X \

_ ^ _ _ tanh ̂ — xtj exp ^-2 ^ — xcj

(34)
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where

a; = n;
2 D ;[l - (1 - k)mi], i = c or t,

k is the radon distribution coefficient between water and air (about 0.26 at
20°C), and

nii is m e fractional moisture saturation.

The mathematical derivation of Eq. (34) is given in Annex A.
The terms &{ account for moisture, porosity and diffusion coefficient differ-

ences at the tailings-cover interface. If the moisture porosity differences are small
and if the tailings pile is sufficiently thick that the hyperbolic tangent terms are unity,
Eq. (34) becomes:

Fc =

1 +

2Ft exp -

(35)

Further, if the tailings and cover diffusion coefficients are approximately
equal, Eq. (35) becomes equal to Eq. (9):

Fc = Ft exp -

which is the simple exponential attenuation shown by curve A in Fig. 8.
However, if Dt is much less than Dc, Eq. (35) becomes:

2Ft exp -

1 + exp ( - 2

(36)

For small x^ the value of Fc is approximately equal to Ft and very little flux
attenuation occurs, as shown by curve B in Fig. 8. However, as Xj. increases Fc

decreases exponentially in the same manner as in curve A but retains twice the
magnitude.

The case for Dt much greater than Dc is shown as curve C in Fig. 8. For this
case thin cover is relatively very effective; Fc again decreases but its magnitude is
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1.0 2.0 3.0
Cover thickness

FIG. 8. Cover surface radon flux for various thicknesses. A: a, = ac; B: a, « ac;
C: a, » ae

2VDC/Dt times the value in curve A. However, in actual practice it is very difficult
to maintain a cover Dc at a value less than the tailings Dt, so that this condition has
little applicability.

Equation (34) is also presented as a nomograph in Fig. 9 [16]. The nomograph
is used to determine the required cover thickness x<. for a specified cover surface
flux Fc.

The required cover thickness x,. is found by first determining the ratios Fc/Ft

and a<,/at. As an approximation, a^a, c a n be replaced by VDC/Dt. The value of the
ratio Fc/Ft is then located on column A of the nomograph and the value of a^a, on
column B. These two values are connected with a straight line and a value read from
column C at the intersection with the line. The same value is located on the modified
scale C and a second line is drawn from that value on C to the value of Dr on
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FIG. 9. Nomograph for estimating the necessary cover thickness for radon attenuation.

column D. The intersection of the resulting line with column E gives the cover thick-
ness, in units of either metres or feet. As an example of the use of the nomograph,
a system with the following parameters is considered:

F, = 14 Bq-nr2-^-1,

Pc = Pt = (UOBq-kg-'-s"1,
itic = mt = 0.30, and
Dc = D t = 8.0 X 10~7 m2^"1 .

48



These values give an Fc/Ft of 0.05, located on column A, and an ac/at of 1,
located on column B. An intermediate parameter value of 1.1 is read from column
C. The same value is located on the modified scale on column C . This value is then
used with the diffusion coefficient of the cover, located on column D, to obtain the
cover thickness from column E. For this example, a 1.8 m cover thickness is
required to attenuate the surface flux to 0.7 Bq-m"2^"1.

B-3. MULTILAYER SYSTEMS

Exact analytical solutions for up to four-layer systems have been developed
[12, 24, 25]. However, they are quite cumbersome to use and general multilayer
systems are solved with computer models or with relatively accurate approximate
analytical solutions.

An approximate analytical procedure follows the general approach given in
Section 4.2.3, except that Eq. (34) is used as the basic equation and an effective
source diffusion coefficient is calculated rather than the D of the highest layer in the
composite source being used. The procedure treats the uppermost cover layer as a
single cover system with a modified source layer accounting for the tailings and all
cover layers beneath the uppermost cover layer. In order to apply Eq. (34) to the
layer in equation, an estimate must be made of the radon flux from the previous
layers Dt and the diffusion coefficient of the effective source term Ft. The steps in
this procedure utilizing the cover system configuration shown in Fig. 2 are as
follows:

(1) Calculate the radon flux from the first cover layer Fcl using Eq. (34) and the
tailings and first cover parameters.

(2) Calculate an equivalent source diffusion coefficient D t l from the following
equation:

Dtl = Dte-b"t" + Dcl (1 - e-blX") (37)

where

b, = V\/Dci for cover layer i = 1, 2, 3.

(3) If the cover consists of only two layers, use Fc l as Ft and Dtl as Dt in Eq. (34)
to calculate the surface flux from layer 2, Fc2. The new source term thickness
is X,.] + xt. The Dtl is used to compute a, for Eq. (34).

(4) Obtain a new source term diffusion coefficient for analysing layer 3 from the
following equation:

D c l( l - e-blX") e " ^ 2 + Dc2(l - e^**2) (38)
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(5) If the cover consists of three layers, use Fc2 as Fo, Da as Dt to compute at,
and the sum of x^, x^ and xt for the source term thickness in Eq. (34) to
calculate the surface flux from layer 3.

(6) For more than three cover layers repeat the above process as often as neces-
sary, using the following equation to obtain the diffusion coefficient for the
modified source term to layer n + 1:

Dtn = Dt exp f - f ^ x ^ + D
cn

£ D c i (1 - e-b*) exp f- £ bjXcj^ (39)

The two cover layer system analysed in Section 4.2 is also used as an example
in the present section.

(i) The radon flux from the bare tailings is 17.2 Bq-.m"2-s"1..The diffusion
coefficients are consistent with m values of 0.53,0.68 and 0.37 for the tailings,
lower cover layer and upper cover layer, respectively. Assuming all porosities
are equal and that k = 0.26 gives Va^Ta^ = 0-33 and Fcj = 1.22 Bq-nT^s"1.

(ii) The new equivalent source diffusion coefficient becomes Dtl = 4.6 x 10"7

m2-s"'. This gives a new Va^Ta^ = 0.33 and Fc2 = 0.93 Bq-m^-s"1.

An exact calculation using RAECOM gives 0.91 B q - n T ^ s 1 for the surface
flux. Thus, the improved calculation is in error by only 2%, while the original calcu-
lation of 1.1 Bq-m^-s"1 is in error by 21%.

If the moisture differences among the layers are ignored, then Fcl =
1.38 Bq-m^-s"1 and Fc2 = 1.00 Bq-m"2-s"', which is in error by 10%.

If the lower cover layers provide significant attenuation (Vl/Dclx<;i > l),the
above procedure to obtain an equivalent Dtl is not necessary and it is sufficient to
use the lower cover D as D t l. In the above example Vl/Dclxcl = 2.7, so that if
the lower cover layer Dcl is used for D t], then Fc2 = 0.94 Bq-m^-s"1, which is in
error by only 3 %. If VI/D^x^ « 1 for any layer, the above procedure should be
used for obtaining the equivalent source diffusion coefficient.
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GLOSSARY

activity. The activity A of a quantity of radioactive material is the quotient of
dN/dt, where dN is the number of spontaneous nuclear transformations which
occur in this quantity in the time interval dt. The SI unit of activity is the
becquerel (Bq).

barrier (natural or engineered). A feature which delays or prevents radionuclide
migration from the waste and/or repository (e.g. a tailings disposal site) into
its surroundings. An engineered barrier is a feature made by or altered by man;
it may be part of the waste package or part of the disposal system.

bulk density. The total mass of mill tailings divided by the volume, in kg-nT3.
competent authority. An authority designated or otherwise recognized by a

government for specific purposes, in connection with radiation protection
and/or nuclear safety, in this case the protection of man and the environment
from any adverse effects of the activities of the mine, mill and associated waste
management facilities.

diffusion coefficient. A coefficient equal to the total radon flux divided by the
radon concentration gradient.

disposal. The emplacement of waste in a repository, or at a given location, without
the intention of retrieval. Disposal also covers the approved direct discharge
of wastes into the environment.

dose. A term used in radiation protection with two meanings:
(a) a measure of the 'quantity of radiation' present in, or 'given' by a radiation

field — a concept known as 'exposure';
(b) a measure of the radiation 'received' or 'absorbed' by a target.

effective relaxation length. The measure of the depth of tailings through which
radon can diffuse before decaying to its solid daughter (Heff).

emanation. Radioactive gas formed by the decay of a radioactive solid. The
emanation may or may not be retained within the pore space of the solid phase.

emanation coefficient or fraction. The fraction of radon atoms generated which
escape the solid phase in which they are formed and are free to diffuse through
the bulk medium.

exhalation. Escape of gases from the bulk solid phase into the atmosphere.
half-life. The time required for half of the activity to decay from a radioactive

material.
long term. Refers to periods of time which exceed the time during which adminis-

trative controls can be expected to last. In this report it also refers to the period
of time exceeding the design life of a tailings impoundment facility.
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mill tailings (tailings). Finely ground residues resulting from the processing of ore
for recovery of uranium and thorium. Uranium mill tailings consist of two
major fractions:
(a) slimes — the lighter, finer particles in the tailings (including particles in

the micrometre and submicrometre range) made up of the clays and other
very fine particles;

(b) sands — the heavier, coarser range of particles.
moisture content. The ratio of the weight of the water in the pore space of tailings

divided by the total weight.
moisture saturation. The ratio of the porosity filled with water divided by the total

porosity.
monitoring. The measurement of radiation or activity for reasons related to the

assessment or control of exposure to radiation or radioactive material, and
the interpretation of such measurements.

ore. A mineral or chemical aggregate containing an element and/or compound in
a quantity and of a quality so as to make mining and extraction of the element
and/or compound economically or otherwise viable.

ore grade. The concentration of uranium in ore (in per cent).
porosity. The ratio of the aggregate volume of interstices in a rock or soil to its total

volume.
radiation protection or radiological protection, (a) All measures associated with

the limitation of the harmful effects of ionizing radiation on people, such as
limitation of external exposure to such radiation, and of bodily incorporation
of radionuclides, and prophylactic limitation of bodily injury resulting from
either of these.
(b) All measures designed to limit radiation induced chemical and physical
damage in materials.

radioactive material. A material of which one or more constituents exhibit radio-
activity. (Note: for special purposes, such as regulation, this term may be
restricted to radioactive material with a radioactivity level or specific activity
greater than a specified value.)

radioactive waste. Any material (e.g. mill tailings) that contains or is contami-
nated with radionuclides at concentrations or radioactivity levels greater than
'exempt quantities', established by the competent authorities, and for which
there is no use foreseen.

radionuclide migration. The movement of radionuclides through various media
due to fluid flow and/or by diffusion.

radium concentration. The activity (Bq-kg"1) of 226Ra per unit mass of tailings.
radon. 222Rn, the gaseous decay daughter of 226Ra.
radon concentration. The concentration (Bq-nT3) of 222Rn per unit volume of

air.
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radon flux. The radon release rate (Bq-m 2-s"1).
regulatory authority or regulatory body. See competent authority.
rehabilitation. Actions taken beyond stabilization of tailings impoundments to

allow for other uses of the area or to restore the area to near-pristine
conditions.

self-confinement factor. The fraction (e) of radon atoms released from the ore
particles that eventually reach the atmosphere without decaying within the tail-
ings pile,

shutdown. Action taken, after disposal operations have ceased, to prepare an
installation for abandonment or minimum surveillance.

site. The area containing a nuclear installation (e.g. a tailings disposal site) that is
defined by a boundary and that is under effective control of the implementing
organization.

stabilization. Actions taken to prevent or retard movement of tailings material
away from an impoundment due to the action of natural forces, such that little
or no surveillance and maintenance are required.

surveillance. All planned activities performed to ensure compliance with opera-
tional specifications established for a particular installation.

tailings. These may be:
(i) mill tailings, which are the residues resulting from processing the ore in a

mill to extract the metal values;
(ii) heap leach residues, which result from treatment of ore by heap leaching.

tailings impoundment. Structure in which the tailings and tailings solution are
deposited, including all its elements such as embankment walls, liners and
cover layer.

tailings pile. A deposit of tailings material.
tortuosity factor. The ratio (7) of the thickness of a material to the average path

length through the material for radon diffusion.
transpiration. The transportation of moisture from the soil to the atmosphere by

vegetation.
wilting point. The soil moisture tension which prevents any further yield of soil

moisture to plant root systems.
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