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Radon emissions from a radioactive waste disposgl constitute a major
source of environment contamination and consequemtipotential health
hazard to the nearby population. Gaseous Radon22nerated from the
radioactive decay of Radium-226 present in tha.t&ilhen it is formed, radon
is free to diffuse along the pores of the residodbe surface and escape to the
atmosphere.

Waste management and long term stabilisation hawmagr concern in
reducing radon emissions to near-background leiféls.common theoretical
approach is done by calculating the cover thickrkas allows a radon flux
inferior to a stipulated and accepted value. Tmel&umentals of the conceptual
model are based in the principles of diffusion asra porous medium, which
allows the mathematical description of the rad@mgport through the waste
and the cover.

The basic diffusion equations are used for estingatie theoretical values of
the radon flux formed from the decay of the Rad@6- contained in the
waste material. The algorithm incorporates the maattenuation originated by
an arbitrary cover system placed over the radivastiaste disposal.

Once the radon is released into the atmospheieaitailable for atmospheric
transport by the wind. Radon atmospheric disperseommodelled by a
modified Gaussian plume equation, which estimatesaverage dispersion of
radon released from a point source representafiane or several uniform
area sources. The model considers the medium peliesise between all the
areas contaminated. The dispersion can be simulatedifferent wind
directions, with different wind velocities, as wels in the dominant wind
direction.

Waste disposalradium,_radonflux, dispersion.
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1 INTRODUCTION

Uranium milling tailings represent the highest moi source of
environmental contamination for the great majoritfy uranium mining
activities. In the ore milling, the uranium oregisnded promoting liberation
and thus increasing the possibility of radon toapscto the environment.
The milling process generates large volumes ofntl being generally
disposed in piles. The radionuclides presentsértahings,?°Ra, *°Th and
22Rn, are a major concern to the human health atftetenvironment. They
are not dissolved during the leaching process, lwhiceaks down the
equilibrium chains of th&®®U and®*U decay families.

The principal radon isotopé?Rn, formed from thé®Ra radioactive
decay, has a half-life of 3.82 days, which allowsrge period of time for
migration before it decays to another nuclide. Radgneration may
continue for thousand of years due to the long ylgeaiods of**Ra and
230Th, present in the uranium tailings. Radon is amtigas, which emanates
from the solid tailings particles and is free téfudie to the surface of the
pile, escaping to the atmosphere. Coming up froe dghound, it may
become locally hazardous or it may be transportedhle wind into the
surrounding area, dispersing the potential damages.

The work proposes a two-dimensional model for datmg the?*Rn
flux diffusion from a radioactive waste disposalyimg as a result thé’Rn
concentrations at a defined mixing height whicH i the starting point to
the atmospheric dispersion, as well as the bidimeas dispersion in the
prevalent wind direction.

2. METHODSAND RESULTS

2.1 The ??Rn diffusion

The basic equations of diffusion may be used fatimeging the
theoretical values of the radon flux from tf€Ra content in the waste
material. Radon migration to the surface is a cemgrocess controlled
mainly by porosity § and moisture ), leading the cover efficiency in
attenuating the radon flux. This efficiency dependsthe capacity of the
cover material for keeping the diffusion so slowtttadon decays to another
non-gaseous nuclide, becoming trapped by the syaem.

The movement of radon in soil is characterised bg diffusion
coefficient, D, which can be measured, either botatory or in field, or be
estimated by empirical correlation. These have adgantage of being
simple and easy to use with a minimal amount ofrimfition needed. A
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correlation using the fraction of saturation, m,ré&&ommended (Rogers,
1984):

Dlem? s%)= 0,07e["‘(r“'mz”ny)ﬂ (1)

Values for radon diffusivity in porous media maywaver a wide range
of several orders of magnitudes depending on th®ysomaterial and
particularly on its degree of water saturation. Qeeeric diffusion equation
can be represented by:
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The diffusion process occurs in a multiphase systenere the porosity
is either filled with air, either with water. If wapply the generic diffusion
equation to each one of the phases (a-air, w-wiited pore space):
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In these equations, D (ra?) represents the radon diffusiviythe radon
decay constant , C (Bg.n?) the radon concentration in the pore space, R
(Bg.kg") the radium concentration in the materipl, (kg.m) the bulk
density of the dry material, E (dimensionless) thdon emanation power
coefficient for the pore spaces, (dimensionless) the total porosit§,
(dimensionless) the moisture ang, {Bg.m".s) the radon transfer rate from
water to the air.

The solution of the diffusion equation for a homogeus medium
represents the flux release from the tailings edtrface, J (Bq.fas"). For
a system without cover we obtain (Rogers, 1984):

J, =RpE{AD, tan}‘[ /DLXtJ (5)
t
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In this equation, xrepresents the tailings thickness. If we consiexo
media problem represented by the tailings (t) anldomogeneous cover
material (c), the solution of the diffusion equatioan be represented by
(Rogers, 1984):

ZJte‘chc
a, a —20cXc
[1+ /%C tanr(btxt)}{l— /%C tanr(btxt)}e 2bc

In this solution, b= V(\/D;) (m) (i = ¢ or t) and & &7 Dj[1-0.74m]?
(m%s?), where m is the degree of saturation of the soil.

From the precedent equations it is possible toiomk#ageneric solution
for the radon released in three main situationsx @irectly diverted to the
atmosphere without cover trapping; radon flux tigtoua homogeneous
cover and radon flux through a multilayer coverasys

Another possible approach consists in calculatimg thickness of the
cover which allows a value stipulated and accefaedhe radon flux. This
can be done directly using the waste and covempeters, mainly thé”Rn
coefficient diffusion, porosity and moisture, tff8Ra content in the waste
material and®Rn emanation, rearranging the last equation (Rpd68):

J.(x,) = (6)

_ o 23, 19,
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2.2 The??Rn atmospheric dispersion

The model uses a Gaussian model of plume dispetsiancount for the
transportation of??Rn from the source area to a downwind receptor,isind
represented by the equation of Pasquill as modifigdGifford (Chacki,
2000):

2 1( z+H 2
-1’2%] 4%
(8)
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This equation represents a Gaussian distributionerev X (Bgq.n)
represents the radionuclide concentration, Q (Bdte source strength, and
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H (m) the corrected source released height. Digpefsarametersg, (m)
and o, (m), are the standard deviations of the plume aatnagon in the
horizontal and vertical directions, respectiveljreTstandard deviations can
be evaluated by the Pasquill-Gifford coefficients flat rural areas or by
Briggs method for urban areas. The atmospherispamn is done at wind-
speed (height-independent), u (f),sto a sampling position located at
surface elevation, z, and transverse horizontdabidég, y, from the plume
centre.

The concentration available for the dispersion atcuated from the
radon flux released. The contamination source fineg as an emission
area, or the sum of several areas, where the rigddifuted directly in the
ambient air-breathing zone above the contaminadedcs zone. The wind
speed for’Rn dilution should be matched to the average anmahle
through the mixing zone.

The contaminated area can be compared to an ema&mtncompartment
in which the®”Rn emission is uniform in all the area, charactetiby its
length and width. These values and the mixing heilgtine the volume in
which the concentrations are spatially homogenemus instantaneously
mixed.

The modified Gaussian plume equation estimatesavieeage dispersion
of radon released from a point source represemtativone or several
uniform area sources. This point represents theiumedpoint release
between all the areas contaminated, with the saams filux as the entire
affected zones, and it should be located in theyled centre of the total
contaminated area.

The*Rn concentration dispersion is calculated fromréease point, at
the mixing height, for defined distances in eachdmiirection. The release
point source is located in the centre of a conaptegular polygon area
defined as the contaminated site. The concentstitong each direction are
evaluated taking into account the respective meird welocity and the
frequency of the occurrence. This will lead to eliént’*Rn concentrations
in the sectors defined by each direction in théatedal wind rose.

When we consider exclusively the dominant wind ctice, we assume
that all the®”Rn concentration is being distributed in that dieg being
inexistent in all other directions. Another assummptis that *’Rn
concentration is uniform in the volume defined hg tentral point source
and the boundaries of the release area, and hyittieg height. Dispersion
occurs outside this area.
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2.3 A case study

The model was applied to a specific contaminate, dlhe Urgeirica
uranium tailings. The Urgeirica uranium mine isdted in the north of
Portugal near Nelas (Viseu). The mine is surrounidgedmall farms and
country houses, with most of the local populatiomg in the village Canas
de Senhorim within about 2 km of the mine.

The exploitation of the mine began in 1913 for wadiextraction. The
activity of the Urgeirica mine was maintained urit®#44 then exclusively
dedicated to the production of radium. In 1951hangical treatment unit for
the production of low-grade ddg concentrates was built, and in 1967 was
transformed into a modern unit (Bettencoattal 1990). In 1991, local
mining stopped but the facilities were still usext the treatment of ores
from other mines, in the same region, until 2000.

The extensive exploitation and treatment of theniura ore in the
Urgeirica mine, has led to an accumulation of laageunts of solid wastes
(tailings). About 4x1® kg of rock material was routed into natural
depressions confined by dams that cover an aresbadit 0.11 krh The
solid wastes are composed mainly of sand and aitigles, transported as a
pulp to the site from the counter-current decaotatiThis operation was
proceeded by grinding and acid leaching. The ragidmalation from the
tailings is potentially one of the main sourcescohtamination for the
nearby areas.

We tested the model in simple situations varyingesof the parameters
involved. The necessary parameters were adopted $oone measurements
made by ITN (Nuclear and Technological Institute}tie Urgeirica tailings
piles (Reiset al 2000). Local meteorological data, namely windeély and
frequency, was used for simulating the dispersidre unknown parameters
were estimated from available data.

The calculating procedure uses the following stép<stimative of the
222Rn diffusivity in the waste and in the cover, @8timate of thé*Rn flux
release to the air in the breathing zone and ¢ailculation of the”®Rn
concentration dispersed in the atmosphere alonig wad direction, taking
into account for its intensity and frequency ofvalo

The contaminated site is composed by four diffetaitings with a total
area of approximately 110 321°mWe considered the inexistence of a
covering system in this area. The medium pointtfe@ global area was
defined by the arithmetic average of the mediunmipimir each singular area
and has the following coordinates x = 20612, y 3Z3

The #?Rn flux was calculated for the global area, now cegually
defined as a regular octagon. Each sector hasraatedstic average wind
speed. The area contaminated is the same as tygopahrea, and from it,
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one can estimate the length of the polygon sideb the radius of the
circumscribed circumference. The air breathing aximg height was
defined as 1.7 m. TH&°Rn concentrations were calculated in each sector at
this height. The total average flux estimated 2082 Bq.n?.s™.

The wind speed data in each direction (N S E W NB&/$E SW) refers
to the Nelas meteorological station. The valuesnfithe Pasquill stability
class D (neutral) so this was chosen to estimate typical dispersion
coefficients. The dominant wind direction is NE.

The concentration at the breathing height in theidant wind direction
refers only to the polygon side that limits thepexgive sector.

The dispersed concentrations are different in sactor. We defined a 2-
km distance from the centre for simulating ffi&n dispersion in each wind
direction; the same distance was considered fodéimeinant wind direction
(NE). The dispersion results can be seen in thedigbelow.

N w1p? (Bryim3)

19 195 2 206 21 216 23 225
i o’

Figure1: Radon dispersion in each wind direction, B4.m
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Figure 2: Radon dispersion in each wind direction, amplifid.ni®.
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Figure 3: Radon dispersion in the dominant wind directioq,r8°.

A new simulation was done by estimating the radiumtext in the
tailings assuming initial equilibrium in the twoamium serie$**U and?**U.
We have considered the same four contaminated ddzass) but with
different radium content from the previous case. &denitted that three of
the tailings result from the treatment of an or¢hwan average grade of 1
kg.tori*, being leached at 90% and the other one results tihertreatment of
an ore with an average grade of 0.2 kg'tdreing leached at 100%.

The values estimated for the radium content arpecively 10376
Bq.kg® and 2075 Bqg.k§ The?Rn flux was estimated for the global area
also without cover. The value obtained was 5.96nBes’. The average
concentration obtained inside the compartmental was 70.2 Bq m. All
the others values from the first case study wesaraed in this simulation.
The results of the dispersion for this case caseam in the figures below.
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Figure 4: Radon dispersion in each wind direction, amplifi2tf case), Bq.r.

N By
A7 4o 500
80
500
&0
i
400
20
0 200
=20
200
40
50
100
-80
100
n £00 To0n 1200 2000

(mi)

Figure5: Radon dispersion in the dominant wind directi@ ¢ase), Bq..
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Figure 6: Radon dispersion in the dominant wind directionplified (2" case), Bq m.
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3. CONCLUSIONS

The work presented may be considered a first approamodelling the
dispersion of**"Rn, thus allowing the assessment of exposure toiwra
tailing piles. The obvious limitations are mostbiated to the reduction of
the source to a point. In addition, variations dioe complex terrain
topography cannot be modulated; our model assumplicitly a flat plain.
The wind velocity is constant with height and thispérsion is only two-
directional, although this direction rotates hontzdly.

We should to refer the difficulties that may be dduwhen trying to
obtain the data needed to characterise the cordedirsoil and also the
variability of these data, both in space and tiwive. stress that the radon flux
depends on the diffusion coefficient, which greatyies with the material
moisture and porosity. These parameters will vargrdhe year, due to the
climatic changing. They also depend on the radiumtent in the tailing
which may be different in each pile and on the wadéention which is also
a seasonal parameter, with spread values at theirigeg site (Reiset al,
2000).

AcknowledgementsThis work has been carried out with the financial
support of Foundation for Science and TechnologyTHMCES).

4. REFERENCES

Betteencourt, A. O., Teixeira, M. M., Elias, M. [&,Madruga, M. J., 1990, Environmental
monitoring in uranium mining areas. In: Environn@nbehaviour of radium, vol. 2.
Technical Reports Series n.° 310, pp. 281-294,NéehAEA.

Chacki S. and Parks B., 2000, Update’'s User's GaiaeCap88-PC, Version 2.0. U. S.
Environmental Protection Agency, EPA 402-R-00-004.

International Atomic Energy Agency, 1982, Currembddices for the Management and
Confinement of Uranium Mill Tailings. Technical Rets Series n.° 335, Vienna, Austria.

Madruga, M. J., Brogueira, A., Alberto, G., CardoBq 20012*Ra bioavailability to plants
at the Urgeirica uranium mill tailings sitdournal of Environmental Radioactivjt$4, pp.
175-188.

Reis M., Faisca C., Brogueira A. and Teixeira MIQ@, Avaliacdo da Exalacéo &éRn para
a Atmosfera em Barragens de Estéreis das Minaggkiri¢a. Report DPRSN serie A, n.°
2.

Rogers V. C. and Nielson K., 1984, Radon Attenuatiandbook for Uranium Mill Tailings
Cover Design. U.S. Nuclear Regulatory CommissiddREG/CR-3533.



