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ABSTRACT 

Research was conducted at Pacific Northwest Laboratory to define the 
effects of cover defects on the emission of radon gas from covered uranium 
mill tailings piles. This report describes the results from the analysis of 

four geometrically simplified cover defects. 
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SUMMARY 

The purpose of the study was to determine how cover defects might affect 

the emission of radon gas from a covered tailings pile. The analysis was per
formed using the Pacific Northwest Laboratory (PNL) developed code, RADMD 
(RAdioactive Qiffusion in ~ultiQimensions). First, the code was verified 

against available one-dimensional steady-state solutions to the general radon 
diffusion equation. Next, the model was used to investigate the effects of 

four geometrically simplified cover defects. This analysis was performed in 
two dimensions by simulating a region perpendicular to the tailings and cover 

surfaces. 

The results of this study show that cover defects can increase the aver
age surface flux of radon gas 3 to 30 times the normal rate. depending on the 
severity of the cover defect. Clearly. cover defects are an important con

sideration when designing covers to control radon emissions. The study also 

demonstrated that the code, RADMD. can match analytical solutions for bare and 
covered tailings to within 3%. 
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NOMENCLATURE 

a Leading coefficient in the diffusion coefficient relationship (typical 
value: 0. 74) 

B The exponent in the diffusion coefficient relationship (typical value: 
2.16) 

C Concentration of radon gas, pCi-cmr3 

c Specific heat, cal-g-1-"c-1 

D Diffusion coefficient, cm2-hr-l 

E Emanating power (typical value: 0.2) 

G Heat generation rate per unit volume, cal-s-l-cmr3 

J Diffusive flux vector, pCi-cmrZ-hr-1 

k Thermal conductivity, cal-s-l-cmrl-
0 c-l 

L Thickness of a layer, em 

P Volumetric material porosity or void fraction of the dry material 

R Radium content, pCi-g-1 

i Diffusion relaxation path length, em 

T Temperature, oC 

t Time, hr 

x Horizontal distance from the centerline, em 

z Vertical elevation (typically referenced to bottom of tailings pile), em 

11 Tortuosity 

p 

' 
Del operator (\7 = . a + 1-ax 
Decay constant, hr-1 

Density, g-cm-3 

' . a + 
J ay 

Volumetric moisture content 

' a 
k ,..,l. 

Xi i i 

-1 em 



Subscripts 

a The property is for air 

ave An average value 

BT A bare tailings value 

e The property is an effective value 

NO A value obtained with no cover defect 

s A surface value 

t The property is for the tailings 

Superscripts 
0 A reference value 
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INTRODUCTION 

Uranium mill tailings consist of the waste or refuse left after uranium 
processing. Typically, the tailings are slurried into large ponds called 

tailings piles that dry out over a period of time. Tailings contain signifi

cant quantities of radium and thus emit radon gas, a decay product of radium. 

Concern has been expressed over the health and environmental aspects of 
open tailings piles. Exposure to radon gas and its daughters has been linked 

to lung cancer. 

feasibility and 

Therefore, studies have been initiated to investigate the 

effectiveness of controlling radon emissions by covering the 

tailings pile with a variety of cover materials. 

A major concern in designing a cover system is the effect that breaks or 

defects in the cover may have on the escape of radon gas. In response to this 
concern, Pacific Northwest Laboratory (PNL)(a) has contracted with the U.S. 

Nuclear Regulatory Commission to investigate the effects of cover defects on 

the diffusion of radon gas through uranium mill tailings covers. This study 

constitutes an assessment of the magnitude of the effect that four geometri

cally simplified cover defects would have on radon gas emission from a covered 

tailings pile. In addition to discussing RADMD, the multidimensional radon 

diffusion model that we used to analyze cover defects, this report verifies 

the model with two analytical solutions and gives our analysis of four 

idealized-cover-defect geometries. 

(a) Operated by Battelle Memorial Institute 
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CONCLUSIONS AND RECOMMENDATIONS 

This study demonstrates that it is possible to model radon diffusion 
through bare tailings, covered tailings, and tailings covers having defects. 

The multidimensional radon diffusion model, RADMD, predicts the one-dimensional 

analytical solution for concentration to within 3% and predicts the surface 

flux to within 0.2%. 

The analysis of the four idealized cover defects shows that the total sur

face emission of radon gas will be increased by a factor of three for wide and 

small defects that penetrate 50% of the cover. A defect that penetrates 75% 

of the cover results in a six-fold increase of the surface radon flux, and a 

defect that perforates the cover increases the surface radon flux by a factor 

of 31. These findings indicate that cover defects must be considered when 

covers are used to control radon gas emissions from uranium mill tailings. 

The defect geometries are idealized, because the purpose of this study 

was to perform an initial assessment of cover defects. Future studies should 

take advantage of the multidimensional and variable geometry capabilities of 

RAOMD to investigate cover defects more representative of the geometries of 

real defects. 
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MODEL AND GRID DEVELOPMENT 

This section discusses the computer model that simulates the diffusion of 

radioactive gases in porous media. In addition, the steps taken to develop a 

suitable finite difference grid for modeling the four cover defects are 

discussed, 

MODEL DEVELOPMENT 

The computer model used to analyze the cover defects is based on the 

conservation of mass equation given by (Nelson et al. 1980) 

where, 

(P-e) is the gas filled pore space in the porous material, 

P is the material porosity or void fraction of dry soil on a volume 

basis, 

e is the moisture content on a volume basis, 

C is the pore (gas filled) concentration of radon (typical units: 
-3) pCi-cm , 

De is the effective diffusion coefficient (typical units: 
cm2-hr-1), 

A is the decay constant for radon (typical units: hr-1 ), 

R is the radium (226 Ra) content in the porous material (typical 
C. -1) units: p 1-g , 

E is the emanating power of the material, which is slightly 

dependent upon the moisture content, particularly at very low 

moisture contents (see Tanner 1974). 

The left term in Equation (1) accounts for the change in radon gas con

centration (in the gas-filled pores) with time. The second term takes into 
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account the change in radon concentration due to diffusion. The third term is 
a sink term that accounts for loss of radon by radioactive decay, and the final 
term is a source term that accounts for the generation of radon by radioactive 
decay of radium. 

The diffusive flux vector, J, can be defined based on Fick's law as 
follows: 

J=-DiiC (2) e 

A relationship describing the dependence of De on the air-filled pore space 
has been developed by Nelson et al. (1980) and is expressed by 

where, 

D D
o 

e "' a a 
B o 

(P - e) + D ae w 

a is an empirically determined coefficient (typical value: 0.740}, 
0 ( 2 -!) D is the radon diffusivity in air typical value: 360 em -hr , a 
B is an empirically determined coefficient (typical value: 2.16), 

0° is the radon diffusivity in water (typical value: 0.036 cm2-hr-1) 
w 
a is the tortuosity (typical value: 0.66). 

Equations (1), (2) and (3) are the basic equations used to model tran
sient, multidimensional radon diffusion through tailings ana cover layers. 

( 3) 

To solve this system of equations, we have taken advantage of the mathe
matical similarity between heat conduction and gaseous diffusion processes. 

The equations describing each process are identical except for the decay term 
arising in the radon diffusion equation. For purposes of comparison, the heat 

conduction equation (excluding convection) is given· by 

kilT + G ( 4) 
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where, 
p ; s mass density, 

c is specific heat, 

T is temperature, 

t is time, 

k is thermal conductivity, and 

G is heat generation per unit volume. 

The general radon diffusion equation can be rewritten if it is assumed that 

the gas filled porosity, P- e, is constant or nearly constant (at least 
during a given time step). The equation would be 

(5) 

Equation (5) is identical to Equation {4) with the addition of the decay term, 
-(P -e) AC. The source term, ·RpbAE, is analagous to the neat generation 

rate, G. 

The multidimensional heat transfer code, TRUMP (Edwards 1972), has been 
developed to solve Equation (4) using integrated finite difference techniques. 
Modification of the basic solution scheme employed by TRUMP has led to a new 

code known as RADMD (RAdioactive £iffusion in ~ulti£imensions) (Mayer et al. 

1981). RADMD can be used to solve radon diffusion problems in one, two, and 

three dimensions. These problems can be solved in either Cartesian, cylindri
cal, or spherical coordinate systems, as appropriate, for a given problem. 
Since the numerical formulation is based on an integrated finite difference 
representation of Equation (5), irregular grids can be used (i.e., the model 
is not limited to the more traditional rectangular finite difference cells). 

MODEL VERIFICATION 

Before performing the simulations of the cover defects, we verified the 

model 1 S ability to simulate radon diffusion. This was accomplished by perform
ing two simulations and comparing the results against available steady-state, 
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one-dimensional, analytical solutions to Equation (1). The two cases simulated 
were for the diffusion of radon through bare tailings, and for diffusion of 
radon through tailings isolated by a single cover. Analytical solutions for 

the bare tailings flux and the concentration profile have been reported pre

viously (Mayer et al. 1981). 

The first problem considered a bare tailings pile with the tailings layer 

characteristics shown in Table 1. The diffusion coefficient for the layer was 
computed using Equation (3). The boundary conditions imposed are a zero radon 

concentration at the surface and zero radon flux at the bottom of the tailings. 
The finite difference grid used to simulate this problem consisted of a column 

of 48 cells, each of them 12.5-cm thick. The nodes are cell centered with an 
additional node placed at the surface of the tailings. 

The concentration profile predicted by RADMO is shown in Figure 1; the 
corresponding analytical solution has also been plotted. It is obvious that 

the numerical results are in excellent agreement with the analytical solution. 
The predicted concentrations are within 3% of the analytical values. The pre
dicted bare tailings flux is 308.19 pCi-cm-2-hr-1, matching the analytic 

solution to within 0.2%. 

The next case considered is the diffusion of radon in a two-layer system. 
The system consists of a 600-cm-thick tailings pile covered with a 100-cm clay/ 
gravel mix. The layer characteristics are listed in Table 1. The boundary 
conditions were the same as for the previous simulation. The finite difference 
grid is the grid that was developed for the cover defect simulations (discussed 
in more detail in the following section). Figure 2 is a plot of the predicted 
concentration profile and the analytical concentration profile. Again, the 
results are in excellent agreement. The predicted surface flux for this case 
is 2.29 pCi-cm-2-hr-1, which is within 0.2% of the analytical value. 

These results clearly demonstrate the model's capability to simulate radon 
diffusion in tailings and covered tailings piles. 
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TABLE 1. Parameter Values 

Parameter Air Cover Laxer Tailings Laxer 

P, cm3-cm-3 1 0.26 0.55 

e, cm3-cm-3 0 0.20 0.19 
-3 

p, g-em NR 2.00 1.23 
D cm2-hr-1 
e' 360 0.6156 29.34 

E, 0 0 0.2 

R, pCi-g-1 0 0 1600 

A, hr-1 7.5546·10-3 7.5546·10-3 7. 5546 ·10-3 

NR - Not required 

GRID DEVELOPMENT 

The first step in designing a grid is to determine the degree of refine

ment necessary to simulate the problem and obtain an accurate solution. A 
grid constructed with too coarse a mesh will yield inaccurate results; a mesh 

that is too fine significantly increases computer costs. Mesh resolution is 
most important near areas of nonuniform geometry, where boundary conditions 

exist, or where material properties change. By comparing the numerical results 

with an analytical solution, adjustments can be made to the cell spacing to 
obtain a solution with the desired accuracy. An examination of the predicted 
concentration profile could also be used for this purpose. The profile should 
approximate a smooth curve with no significant discontinuities. Discontinui

ties in the predicted concentration profile result in inaccurate flux predic
tions since the flux is based on the concentration gradient. 

The system analyzed for this study consists of a 600-cm-thick uranium 
mill tailings layer covered with a 100-cm-thick layer of clay/gravel mix. The 
characteristics for these layers have been listed in Table 1. The first step 
in the grid development was to perform several simulations of the system in 

one dimension. Several discretization schemes were employed using cell thick

nesses of 1, 5, and 10 em near the surface and material interface boundaries. 

The model results were compared with one-dimensional analytic solutions (Mayer 
et al. 1981) for the surface flux, and the flux at the cover-tailings 
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interface. The model results for the grid with the 10-cm spacing predicted 
these fluxes to within 1%. The reasonably coarse grid spacing was, therefore, 
considered to be sufficiently accurate. 

We were concerned that the high radon diffusivity in air might result in 

inaccurate flux predictions, possibly because a steep concentration gradient 

might exist near the air boundaries. At the tailings-air interface, the flux 
out of the tailings must equal the flux into the air. Equation (2), therefore, 

implies the following 

~c az t 

D 
ea a 

---C - D az a 
et 

(6} 

Since the effective radon diffusivity in air is an order of magnitude larger 
than the effective radon diffusivity in the tailings, a much larger concentra

tion gradient would exist in the tailings. To determine whether the 10-cm 
grid spacing was small enough to sufficiently capture this concentration 

gradient, a two-layer problem consisting of a tailings layer and an air layer 
was simulated. This one-dimensional simulation, for which an analytical 
solution is available, does not simulate the diffusion of radon into a cover 
defect, but does force the concentration profile to exhibit a steep gradient 

just below the air layer. The flux at the tailings-air interface predicted by 
the model for this case (278.97 pCi-cm-2-hr-1) matched the analytical 
solution (287.72 pCi-cm-2-hr-1) to within 3%, indicating a satisfactory 
approximation of the concentration gradient. Hence, the 10-cm grid spacing 

was deemed satisfactory for the cover defect ana lyses. 

Next, we designed a two-dimensional grid to represent each of the four 

cover defects. The grid consisted of a region that is perpendicular to the 
cover surface. Although most defects woula have a three-dimensional geometry 

the two-dimensional simulation is adequate for obtaining the first-cut results 

that are desired. The cases considered are: 
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• a perforated cover, 

• a deep defect, 
• a wide defect, and 

• three small defects. 

The total defect cross-sectional area was held constant at 150 cm2 in each of 

the four cases for comparison purposes. These different cases are illustrated 
in Figures 3a through 3d. We decided to use one grid that could adequately 

represent all four cases instead of four separate grids. This decision was 
made primarily to eliminate the potential for grid description error, since 
the geometric input data requirements for each grid are quite lengthy and 

tedious. Additional computational savings were obtained by noting that the 
centerlines in Figure 3 (as well as the left and right boundaries) represent 

planes of symmetry. Thus, it is only necessary to model one-half of each 
case, thereby significantly reducing the number of finite difference cells. 

The resulting mesh, used to represent the left half of each case, is 
illustrated in Figure 4. 

Note that the cell widths are much smaller than the cell thicknesses (Fig
ure 4 is not drawn to scale). The horizontal cell spacing was determined by 
two considerations: 1) the necessity of having cells along the boundaries of 
each of the defects, and 2) a consequence of the integrated finite difference 
method, which restricts the percentage change in volume of adjacent cells. As 
a result, t he horizontal grid spacing is much finer than the vertical spacing. 
The finer spacing in the horizontal direction should achieve sufficient accu
racy, because the horizontal fluxes are expected to generally be smaller than 

the vertical fluxes. If larger fluxes are obtained, the finer mesh shoula 
still be sufficiently accurate. 

To ensure that the grid was described accurately, the two-layer case (dis
cussed under model verification) was performed using the two-dimensional grid . 
The resulting concentration profile (Figure 2) was discussed previously. The 

excellent agreement between the analytical and numerical solution indicate the 

accuracy of the grid description. 
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COVER DEFECT ANALYSIS 

The first step in analyzing the cover defect cases was to obtain the 
value for the surface flux with no cover defect. This was accomplished by 
setting the concentrations throughout the tailings and cover at zero. A zero 
concentration surface-boundary condition and a zero flux bottom-boundary 

condition were specified. The model was run until a steady-state value for 
the surface flux was obtained. The surface flux wi th no cover defect, JND' 
is 2.29 pCi-cm-2-hr-1 (within 0.2% of the analytical value). 

The next step was to model each of the cover defect cases. The concentra
tion values at the end of the no defect simulation were used as initial condi

tions for each of the cover defect cases. The average surface flux for each 

case and th~ ratio of the average surface flux (Jsave) to the no defect sur
face flux (JN0) are listed in Table 2. The average surface flux values were 
obtained by integrating the predicted surface fluxes ana dividing by the sur
face area. Note that the cover defects result in a three-fold increase in the 
average surface flux with the shallow defects and, in the perforated cover 

case, the surface flux is increased by a factor of 31. 

To better illustrate how cover defects influence radon diffusion, the flux 
at each surface node has been plotted in Figures 5a through 5d. The horizontal 

distance, X, measured from the centerline of each case (see Figure 3) has been 
normalized by the diffusion relaxation path length, £. The quantity, i, is 
defined by the following equation: 

(7) 

Physically, the relaxation path length represents the distance in which the 
radon concentration would be reduced by a factor of e in an infinite)y thick 

cover. 

For this study, the diffusion coefficient for the cover layer has been 
used in Equation (7), yielding a value of 9.0 em for the relaxation path 
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TABLE 2. Surface Flux Results 

J 
save 

Js /J -2 -1 Case (pCi-cm -hr ) ave NO 
No Defect 2.29 1.0 
Perforated Cover 71.5 31.0 
Deep Defect 13.7 6.0 

Wide Defect 6.83 3.0 
Small Defects 7.59 3.3 

length. For convenience, the surface flux with no defect is shown on each 
plot and the average surface flux with the cover defect is indicated. 

Note that the surface flux over the solid portion of the cover for the 

cover defect cases is less than the no defect surface flux value except for 
the perforated cover case. The elevated surface flux for the perforated cover 

case occurs because of the high radon concentration in the defect near the 
tailings surface. The elevated concentration of radon in the perforation 
results in diffusion back into the cover. This phenomenon is illustrated by 

the flux profile along the left side of the perforation that is plotted in 
Figure 6. Notice that, near the bottom of the perforation, there exists a 
large radon gas flux into the perforation. At -25 em above the tailings, the 

direction of the flux reverses due to the increased concentration in the 
perforation. 
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