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ABSTRACT 

Radon emissions from bare and covered uranium mill tailings can be estimated 

by diffusion theory if approp.riate diffusion coefficients are known. 

The mathematical bases for the diffusion theory expressions are herein 

presented, as is a general survey of previous and present research, as we1l as 

technological developments associated with radon transport through tailings 

cover systems. 

Research is presently being conducted to define more clearly the influences 

of moisture, porosity, pore size distribution and other factors, on the attenuative 

properties of cover materials. The results of these present investigations will 

be incorporated in a subsequent addendum to this handbook. 

The radon fluxes or cover thicknesses can be calculated by hand or by 

available computer programs. The equations and procedure for the hand calculations 

is in direct support of the methodology contained in Appendix P of the Generic 

Environmental Impact Statement on Uranium Milling. Several examples are given 

to demonstrate the methodology. 

For most practical cases, the effect of the radon in the cover material 

can be neglected, if the radium concentration in the cover is at background levels. 
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1. ItiTROOUCTION 

Radon emissions from uranium mill tailings have long been recognized as a 

major potential health hazard. During the milling of uranium ore, the ore is 

crushed to facilitate processing and a negligible fraction of radium, the parent 

of radon, is removed. Consequently, the accessibility of radon to the environ-

ment is generally increased. 

An important feature of any uranium mill tailings management program is the 

proper long-term stabilization of the tailings to adequately reduce radon emissions. 

The generally accepted means of achieving stabilization is to cover the tailings 

with earthen materials, sumetim=s supplemented by layers of manmade materials. 

It is therefore important to accurately determine the radon attenuating properties 

of cover materials and cover systems. This handbook provides the basis, the metr-

odology, an~ the standardized procedures for calculating the radon attenuation 

provided by cover systems placed over uranium mill tailings impoundments, based 

on currently available data. Research is presently being conducted to define 

more clearly the influences of moisture, porosity, pore size distribution and 

other factors on the attenuative properties of cover materials. The results 

of these investigations will be incorporated in a subsequent addendum to this 

handbook. 

1.1 ORGANIZATION OF HANDBOOK 

This handbook addresses the following four main topics important in radon 

attenuation cover design effectiveness evaluations; 

1. An identification of current research and development 

activities relating to radon transport through materials. 
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2. A complete foundation for the calculation of radon 

transport and attenuation through cover materials. 

3. Documentation of the relevant expressions contained 

in Appendix P of the Final Generic Environmental Impact 
Statement on Uranium Milling.(l) 

4. A concise set of procedures for calculating cover 
thicknesses required to satisfy the design criterion 
using both exact and approximate expressions. 

The identification of research and development activities is presented in 

the following section of this chapter. Chapter 2 contains the mathematical 

basis for calculating radon attenuation through cover materials, including the 

documentation of relevant expressions in Appendix P of Reference 1. The pro-

cedures for calculating the required cover thickness are given in Chapter 3, 

along with several examples, and Chapter 4 contains the conclusions, summary 

and a procedural check list for calculating adequate cover thicknesses. 

1.2 BACKGROUND AND PREVIOUS WORK 

Radon does not combine readily with other elements because it is a chemically 

inert gas. The principal 

active decay of 226 Ra and 

isotope of 

is a decay 

d 222R . d ra on, n, 1s generate from the radio-

daughter in the 238u decay series as shown 

in Figure 1.1. The half-life of radon, T1 , is 3.8 days which allows the radon 
~ 

to migrate considerable distances before decaying. Furthermore, the generation 

of 222 Rn continues at its current rate for many thousands of years due to the 

relatively long half-lives of 226 Ra, and its parent, 230Th, which are both 

present in the tailings. 
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The calculation of the thicknesses of cover materials required to attenuate 

radon flux to near-background levels is generally based upon diffusion theory. 

The effectiveness of a particular cover material in attenuating radon release 

depends upon that material's ability to restrict the diffusion long enough so 

that, before the radon can completely penetrate the material, it will decay to 

a solid daughter product and will consequently remain trapped in the material. 

The parameter that characterizes this material property is called the diffusion 

coefficient. 

Researchers have long been interested in the diffusion and transport of 

radon through porous materials. Early studies of radon in the natural environ­

ment(2-11) have been supplerrented by research dealing specifically with the 

diffusion and transport of radon produced in uranium mill tailings(g, 12- 14 ) 

and ore minerals. ( 15 •16 ) In particular, References 8 and 17 contain excellent 

reviews of the general topic, and Reference 18 contains a comprehensive biblio-

graphy on the effects of radon moisture on emanation and diffusion. 

Among the first major studies concerned with the diffusion of radon from 

uranium mill tailings are those reported in References 12-14. These studies 

were based on experiments with the diffusion of radon through tailings, soil 

and concrete. Measurements made during these experiments were compared with 

diffusion theory modeling and from the comparison, diffusion coefficients were 

deduced. In other 1 aboratory experiments, ( 19 •20 ) the diffusion of radon through 

various tailings and cover materials was measured. Diffusion coefficients were 

deduced from both radon fluxes and from radon gas concentration profiles. 

Two recent field tests( 21 •22 ) using uranium tailings materials also have 

yielded information associated with the diffusion coefficient. In one test( 21 ) 

surface radon fluxes were measured for various thicknesses of a cover material 

placed over a small plot of tailings. The diffusion coefficient obtained from 
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a least-squares fit of the flux data was consistent with the laboratory measure­

ment of similar material. (2l) In the other field measurement(ZZ) the diffusion 

coefficient was deduced from in-site borehole logging of the 226 Ra and 222 Rn 

concentrations in acidic and alkaline tailings. 

In Reference 20, it was found that the diffusion coefficients for a wide 

variety of materials could be approximated by the following simple correlation 

involving moisture and the diffusion coefficient of radon in air: 

where 

p = 

De = D0 p exp( -0.26H1) , 
a1r 

effective bulk diffusion coefficient (cm2;s) 

diffusion coefficient of radon in air (0.106 cm2;sec) 

total porosity of material 

M = weight-percent of moisture in the porous material. 

(i.e., grams water per gram wet sample) 

( 1-1) 

The same data were used in Reference 23 to obtain a correlation similar in form 

to other correlations of gaseous diffusion through porous materials. (24 ) 

where 

The corre 1 ati on based upon the air-filled paras i ty. Pa. is: 

p 2. 16 + 
a 

volume fraction of moisture 

air filled porosity= p - o 

diffusion coefficient in water-filled 
-6 2 pores (assumed to be 6.6x10 em /sec) 

5 
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The radon trans port through synthetic rna te rials can a 1 so be described with 

diffusion theory with a material diffusion coefficient characterizing the 

diffusion. For these materials the porosity is unity. Diffusion coefficients 

for several synthetic materials are presented in Reference 25. 

Th h l t d l . . l ( 19) . l e same aut ors a so repor e pre 1m1nary resu ts w1th a clay-grave 

aggregate that has a low air-filled porosity. Initial results with the aggregate 

suggested further development( 19 •25 ) and work is continuing in this area. 

Other recent laboratory efforts have been focusing on diffusion coefficient 

. (25-30)* measurements us1ng small samples. In some of the methods, the effects the 

diffusion coefficient have upon a transient release of radon are measured. In 

others,( 29 •30 )* two steady-state measurements are used to obtain a value for the 

diffusion coefficient. These methods generally yield diffusion coefficients 

that are smaller for the same conditions than those obtained from flux measure-

ments on a large sample. 

The radon flux reduction capability of synthetic materials has also been 

studied by several researchers. The primary concern with synthetic materials 

is their ability to maintain their integrity for the lengthy period of time that 

is required. Asphalt emulsions have been developed as radon sealants and initial 

results from the most recent field test are promising.( 31 •32 ) The Bureau of 

Mines has been studyina foams, enoxv sealants and other materials as radon 

barriers for worked-out mine stapes. (33 ) Additionally, several materials have 

been identified as effective for the short-term reduction of radon in active 

mines. 

The radon-attenua-cing properties of additional synthetic-materials are 

reported in References 19, 25, 26 and 34. Materials such as asphalt, EPDM 

rubber, Polyethylene sheets, Polycarbonate sheets, and Mylar are characterized 

by diffusion coefficients of less than 10-6 cm2;sec. (2S) 

*(Ref.30) Private communication between W. Silker (PNL) and V.C. Rogers (RAE), 
1981. 
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2. 11ATHE~IATICAL BASIS OF RADON DIFFUSION THROUGH COVERS 

The physical processes by which radon can be transported from one point to 

another are both numerous and complex. In general these processes may be 

categor1zed into the two general groupings, of microscopic transport processes 

and macroscopic transport processes. 

Macroscopic transport accounts for those transport processes in which radon 

atoms become intimately associated with their surrounding medium which itself 

is undergoing transport. For example the absorption of radon in ground water 

and subsequent flow of that water is a macroscopic radon transport process. In 

the overall movement of radon in containment systems, macroscopic processes can 

be important, but they are usually identified and evaluated separately. A recent 

evaluation( 3S) has shown that the macroscopic transport from diurnal atmospheric 

pressure variations is negligible when averaged over long periods. 

In this handbook only microscopic transport of radon will be considered. 

Microscopic transport of radon is the set of processes by which individual free 

atoms of radon move as a consequence of momentum, thermal or mass gradients im-

posed upon the spatial radon distribution. Molecular diffusion of radon is one 

type of microscopic transport process. 

If the spatial distribution of radon atoms existing within a containment 

volume exhibits a variation in concentration, a net flow of individual radon 

atoms will arise to reduce the concentration gradient. This particular microscopic 

transport process is generally referred to as simple molecular diffusion and is 

described mathematically by Fick 1 s law of diffusion. 

If a temperature or momentum gradient exists within a containment volume 

which includes radon, then a microscopic transport flow of radon will arise to 

minimize these gradients also. However, microscopic transport of radon arising 
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from thermal or momentum gradients is generally negligible for long times in 

uranium tailings cover systems, and may therefore be ignored. 

Only the microscopic transport of radon through a multiregion porous media 

system such as a covered tailings pile, as described mathematically by Fick 1s 

law of diffusion, will be considered in this handbook. Other transport mechamisms, 

such as advection, can often be accommodated by a suitable selection of the 

numerical value of the diffusion coefficient and thereby use the same mathematical 

forma 1 ism. 

2.1 DIFFUSION THROUGH ONE AND TWO REGIONS 

The general diffusion equation for the long-term steady state condition is 

derived from the steaQy 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 · J + pAC = Q (2-1) 

where 

J = radon flux from the porous material (pCi/m2s) 

v· J = radon leakage from the infinitesimal volume ( pCi ;m\) 

p total porosity of the material 

A = decay constant of radon (2.lx!0- 6sec- 1) 

c = radon concentration in the total pore space ( pCi ;m3) 

Q = radon source term ( pCi tm 3s) 

The first term in the left-hand side of Eq 2-1 represents the loss by 
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leakage from the infinitesimal volume and the second term is the loss by radio­

active decay in the volume. The source term in the volume is generally calculated 

from the fo ll owing expression: 

(2-2) 

where 

R = 
226 Ra content of the dry material 

(pCi/g) 

dry bulk density of the material (g/m3) 

emanating power 

The emanating power is the fraction of radon that escapes the mineral 

grains and enters the pore space following its production. 

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: 

J I x) = _0 dC 
e dx 

Where De is the effective bulk radon diffusion coefficient relating the gradient 

of the radon concentration in the pore space to the total radon flux J of the 

porous material. Because the ratio De/p often appears in the diffusion 

expressions, it can be related to radon attenuation measurements. It is known 

as the diffusion coefficient of the porous medium, D*, but will not be used in 

the expressions involving the diffusion coefficient in this report. It is only 

used in the Table of diffusion coefficients, Table 3.1. From this point on, D 

in the text is meant to represent the effective bulk diffusion coefficient even 
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if the subscript e is omitted. The diffusion coefficient can be determined 

experimentally for particular materials by measuring the radon attenuation 

through the material and relating the resulting attenuation to the diffusion 

theory expression. Radon flux measurements( 12 •19 •20 ) have been used to deduce 

De' as have radon concentration measurements in the soil gas of the material(?,ZO) 

and the time-dependent break-point of radon migrating through the material~ 25 • 26 • 28 ) 
With Fick's Law, Eq 2-1 becomes, for a one-dimensional problem: 

Radon diffusion has also been described( 23 ) by Eq 2-3 using the air-filled 

porosity for p, and Eq 1-2 for De. 

2.2 GENERAL SOLUTION AND BOUNDARY CONDITIONS 

The general solution to Eq 2-3, assuming constant coefficients, is 

C(x) A exp(bx) + B exp(-bx) + S , 

where 
L 

b 0 (Ap/D )' 
e 

s 0 Rpb E/p 

A, B 0 integration constants 

The associated radon flux, obtained from Eqs 2-2 and 2-4 is 

J o -De b [A exp(bx) -B exp( -bx)l 

10 
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The integration constants A and B are determined from the boundary conditions 

of the problem. 

The boundary conditions used to evaluate the constants, as shown in Figure 

2.l,are: 

1. J ( 0) 0 the flux is zero at the origin 

2. C. (X. ) 
1 1 ci+l(xi) the concentration is continuous across a media 

3. J i ( xi ) Ji+l(xi) 
interface at x; 

0 

the radon flux is continuous across a media inter-

face at x; 

4. Cn(xn) 0 c 
a 

the concentration at the surface of the top 

layer (medium n) is equal to a specified value 

2.3 SOLUTION FOR RADON FLUX ACROSS THE SURFACE OF BARE TAILINGS 

Application of boundary condition 1 to Eq 2-6 yields A= B, so that Eq 

2-4 becomes 

where the zero subscript indicates that the parameter is that value for tailings. 

Application of boundary condition 4 for Ca = 0 at the top surface of the tailings, 

x = x
0

, yields 

A o 

11 
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SOLVING THE DIFFUSION EQUATIONS 
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then 

C(x) 

and 

J ( x) = 

+ exp(-b x) 
0 0 

+ exp( -b x) 
0 l 

AD , [exp(b
0

x) -exp( -b
0
x)l 

( _o r' ===--"--.--;--;=nc--::--,-, p
0 

[exp(b
0

x
0

) + exp(-b
0

x
0
)l 

Finally, the flux at the surface of the bare tailings is given by: 

!Iii' 
tanh (I ~D x ) 

0 0 

where, as stated previously, D
0 

is the De for the tailings. 

2.4 SOLUTION FOR COVERED TAILINGS 

( 2-7) 

( 2-8) 

( 2-9) 

(2-10) 

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 the following set of 

equations: 
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A exp(-2b x ) -B = 0 0 0 0 0 

A +B -A1 -B = -s 0 0 1 0 

A -B -A 
Dh Dlb l 

(Db) + B1 (Db) = 0 
0 0 1 

0 0 0 0 

A1 + B
1 

exp(-2b
1

x
1

) = 0 (2-11) 

Solution of Eqs 2-11 for A and B constants gives 

(2-13) 

Substitution of Eqs 2-12 and 2-13 into Eq 2-6 for the flux in the cover 

(region 1), yields: 

(2-14) 

where Eq 2-10 has also been utilized. 

The flux at the surface of the cover is given by substituting x"' x 1 into 

Eq 2-14. 

J 1 ( x1) = ---,D'o"b o-----2-'J Oe_e_xp_(_-,b 6~xi-~-) --------- ( 2-15) 

[)+(Db) tanh (b
0

x
0

)J + [)- (
0
°b 0

) tanh (b
0

x
0

)J exp(-2b
1
x

1
) 

1 1 1 1 

It is of interest to examine the behavior of J 1(x1) under various condi­

tions. For 0
0

b
0 

equal to o
1
b1, and for sufficiently thick tailings such that 
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tanh (b x) is approximately unity, then Eq 2-15 becomes: 
0 0 

(2-16) 

which is the simple exponential attenuation shown by curve A in Figure 2.2. 

However, if 0 b < < O.b., Eq 2-15 becomes: 
0 0 l 1 

2J
0 

exp(-b
1
x

1
) 

= 1 + exp(-2b
1

x
1

) (2-17) 

For small x
1

, the value of J
1
(x

1
) is approximately equal to J0 as shown 

by curve B in Fioure 2.2, before the cover flux begins to decrease. This 

effect has been observed in laboratory measurements of radon fluxes from 

covered tai1ings.( 20) At large x
1

, Eq 2-17 becomes: 

(2-18) 

so that J 1 decreases exponentially in the same manner as in Eq 2-16 but retains 

twice the magnitude which is shown by curve B in Figure 2.2. This is also 

observab 1 e ( 20 ) in 1 aboratory rreas urements. 

2.5 ~IULTIREGION SOLUTION 

The mathematical solutions for three( 9) and four( 36 ) region systems have 

been presented previously. The diffusion solutions for the radon concentration 

and flux in a general multi region system have recently been developed. The 

following presentation is based upon Reference 37. 

2. 5.1 General f,1ultilayer Expression 

The configuration and coordinate system used in the present development 
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of radon transport through a multilayer system is given in Figure 2.3. With 

each of the layers in the system is associated a thickness, d;, a diffusion 

coefficient, D; , and ai r-fi 11 ed paras ity, pi' and a radon source, 0;. 

The general solution of Eq 2-1 for the radon concentration in the interval 

~i-l ~ x ~X;, as given by Eq 2-4, is repeated with the present nomenclature, 

for 

and 

where 

X 

pi 

Qi 

s. 
l 

0 

0 

0 

0 

0 

0 

0 

0 

x. 
1 
~ x ~ x., i = 1 to n 

l- l 

x.=x.
1

+d. 
1 1- 1 

radon concentration at x in the ;th layer 

the vertical distance from the bottom of 

the tailings system 
k 

(p.AjD.)' 
l l 

1 ayer thickness 

the average effective radon diffusion coefficient (D~) 

within the ;th layer 

the average total porosity within the ;th layer 

th 1 . 222R . h. e average vo umetr1c n source w1t 1n 
the ithlayer 

(2-19) 

The associated radon flux J;, is given by Eq 2-6 and is repeated here: 
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X n-1 

xi 

X. 1 1-

x1 

X =Q 
0 
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en ( x) 

ci+1 (x) 

J i (X) 

ci ( x) Q i (X) 

di 

i i th Soil layer 

J 1 (X) 

c
1 

( x) Q 1 (X) 

d1 

t Tailings I Subsoil Interface 

Jo(x) 

FIGURE 2.3 MULTILAYERED TAILINGS-COVER SYSTEM 
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(2-201 

The A; and B; constants are determined by the boundary conditions for each 

1 aye r. 

As boundary conditions for each layer, the concentration, C(x), and flux, 

J(x), are assumed to be continuous across the layer interface as betore, so 

that 

for 1, 2, ... n-1. 

At the bottom boundary of the tailings system (i.e., x
0 

=D) it is 

assumed that the radon flux is a known constant, J
0

, where 

(2-21) 

(2-22) 

(2-23) 

and at the top boundary of the tailings system (i.e., xn at the soil-air inter­

face) it is assumed that the radon concentration is a known constant where, 

( 2-24) 

Imposing the boundary conditions as defined by Eq 2-21 upon Eq 2-19 pro-

vides the following relation for continuity of the concentration at the x = X; 

interface: 

(2-25) 
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Equation 2-22 imposed upon Eq 2-20 requires, for flux continuity at the same 

interface (x = xi), that 

(2-26) 

Equation 2-23 imposed upon 2-20 provides the following condition for the flux 

at the bottom layer: 

(2-27) 

Finally, Eq 2-24 imposed upon Eq 2-19 gives the following condition for radon 

concentration at the soil-air surface: 

(2-28) 

Equations 2-25 through 2-28 constitute a complete set of equations for 

determining the constants, A; and Bi. An equivalent matrix equation for this 

system of equations is shown in Figure 2.4. 

The matrix equation representing the system of equations in Figure 2.4 

has the general form: 

MX = N I 2-29) 

which has the solution, 

where M-l is the inverse of the coefficient matrix M. However, the determin­

ation of the inverse of this coefficient matrix is usually cumbersome, time 

consuming and subject to computational round-off errors. A simpler solution 
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scheme is to transform this matrix into an equivalent triangular matrix which 

can then be readily solved in reverse order (i.e ., Bn, An, Bn-1' ... B1, A1J 

for the constants. <37 ) 

The modified form of the resulting matrix( 37 ) is shown in Figure 2.5. 

The definition of the terms used in the elements of the modified matrix in 

Figure 2.5 are as follows: 

R.+1 . 1 ,1 

D. 1b. 1 t 
= -~[1+( 1+ 1+ )'2] = 

D.b. 
1 1 

D. 1p. 1 1:: 
-~[ 1- ( 1 + 1+ ) 2] 

D.p. 
1 1 

D. 1p. 1 1:: 
-~[1 + ( 1 + 1 + ) 2] 

D.p. 
1 1 

( 
-bixi 1 Qi+1 Qi 

Ti = si+ 1-s1.)e = ;- [-- - -J exp(-b.x.) 
1\ pi+1 pi 1 1 

1 Qi+1 Qi 
u. = ~(Si+1-si ) exp( bixi) = 2T [--- -J exp( b.x.) 
1 pi+ 1 pi 1 1 

for i = 1, 2, . . . n-1. 

(2-31) 

(2-32) 

(2-33) 

( 2-34) 

The modified matrix is in a sufficiently simplified form for easy upper 

triangulation and backward solving for the coeffi cients A; and Bi. With each 

of these coefficients known, the radon concentration is known within each 

layer and is given by: 

Q. 
=A. exp(b.x.) +B. exp(-b.x.) + - 1 

1 1 1 1 1 1 p.;l. 
1 

(2-35) 

for i = 1, 2, n-1 and x; ~ x ~ xi+1. The related radon flux within that 

same layer is given by: 
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(2-36) 

2. 5.2 Numerical Solution for Multilayer Systems 

RAECO (acronym for ~adon ~ttenuation £ffectiveness and fast Qptimization) 

is a FORTRAN computer program which determines the radon fluxes and concentra-

tions in a multilayer uranium tailings and cover system and then minimizes the 

cost associated with a specified uranium tailings cover system for given con­

straints on the maximum ground surface radon flux and/or the cover thickness. 

A logic flow diagram for the code is shown in Figure 2.6 . First, the 

migration of radon is determined for the specified cover characteristics and 

the radon concentrations (C), the radon fluxes (J), and the exponential 

constants are calculated. Then input of all pertinent cover cost data is made 

and the direct and support cover layer costs are generated . The cost optfmiz-

ation is performed yielding adjusted values (d) for the layer thicknesses. 

layer thickness constraints are then imposed and new layer thickness values 

(d) are determined if necessary. The radon migration calculations are then 

repeated for each J and C with the adjusted cover layer thicknesses, and 

the resulting surface flux, Js, is tested against the specified criterion, Jc. 

If this criterion is satisfied, the code proceeds to calculate the minimum 

costs for the cover system and the total remedial action . If the flux criter-

ion is not satisfied, appropriate layer thicknesses are adjusted within the 

specified constraints, radon migration calculations are repeated, and the sur-

face radon flux is again tested against the flux criterion. This process is 

repeated until all criteria are satisfied. The code then outputs all radon 

attenuation data and optimum cost information pertinent to the cover system 
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and remedial action alternative. If additional cover systems and remedial 

action alternatives are to be evaluated, the RAECO code will re-initialize 

and perform the complete analysis for the subsequent cover systems. Any num-

ber of cover systems can be analyzed by stacking data sets. The input data 

format and code listing are given in Appendix A. 

2.6 APPROXI~~TE EXPRESSIONS 

Often it is desirable to estimate the radon flux value from a multilayer 

system or to determine a cover layer thickness required to satisfy a surface 

flux criterion without resorting to a computer calculation such as RAECO. 

Expressions are derived in this section that can be used for that purpose. 

For a simple, single-layer, tailings cover system, the surface flux is 

given by Eq 2-15. Substitution of Eq 2-5 into 2-15 yields, for a very thick 

tailings pile, 

( 2-37) 

or 

(2-38) 

where 

2 ( 2-39) 

Equation 2-38 can also be written( 20) as: 

(2-40) 
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where 

(2-41) 

Comparison of Eqs 2-38 and 2-41 gives the following relationship for h: 

(2-42) 

Although h is generally a function of x, and the tailings and cover para-

meters, it can often be approximated by a constant average value because h is 

a very slowly varying function of the cover thickness and it approaches unity 

as the cover thickness becomes large. 

Often the allowable surface flux i9 specified and it is the cover thick­

ness that needs to be determined. The value of x1 for a specified flux can be 

obtained by rearranging Eq 2-37 as follows: 

{2-43) 

Most covers of interest exhibit a high degree of attenuation so that the 

last term in the second natural logarithm is very small. To a high degree of 

accuracy, the term exp(-2b 1x1) may be replaced by (J 1/J0
)
2, so that Eq 2-43 

becomes: 

(2-44) 
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Often the diffusion coefficients for a proposed tailings and cover system 

are not known . For the purpose of estimating a cover thickness, Eqs 1-1 or 1-2 

can be used to approximate the diffusion coefficients. If Eq 1-1 is used, then 

Eq 2-44 becomes: 

l 2J p 
x1 = 2.28 exp(-0.13 M1) ln( J;) -ln[(1 + p~ exp(0.13(M1 - M

0
))) 

p J1 2 l + (1- _Q_ exp(0 . 13(M1 - M )))(J) J 
pl 0 0 

(2-45) 

where 

M
0 

=weight-percentage of moisture in tailings 

M1 = weight-percentage of moisture in soil cover 

If the flux attenuation is greater than a factor of ten (J
0
/J 1>10), Eq 2-45 

can be written as, 

For calculations involving composite covers, an approximate expression 

can be obtained from the following considerations. The general expressions for 

the flux in the ith and i-lth cover layers are given by: 

= -O.b.[A. exp(b.x.) -B. exp(-b
1
.x

1
.)J 

1 1 1 1 1 1 

= -O.b.[A. exp(b.x. 
1
) -B. exp(-b.x. 1)J 

1 1 1 1 1- 1 1 1-
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It should be noted that for i = 1, Ji_ 1 is not equal to the bare flux expression 

J . 
0 

where 

Fanning the ratio J./J. 
1 

yields 
1 1-

J. 
-J 1 

=f. exp{-b.d.) 
. 1 1 1 1 1-

f A./B.~ ~2b.x.) 1 f i 1 1 exp 1 1 -
A./B. exp 2b.x. 1) - 1 

1 1 1 1-

d. :: 
1 

x. - x. 1 1 1-

Taking the product of Eq 2-47 for i = 2 to n gives 

Jn - n n 
-J - ( .~2 f.) exp{- ,Lb.d.) 

1 1- 1 . 2 1 1 
1= 

Now, J1 can be expressed in the following form 

where 

so that Eq 2-49 becomes: 

29 

( 2-4 7) 

i ~ 2 (2-48) 

(2-49) 

(2-50) 

(2-51) 

(2-52) 



where f; is defined in Eqs 2-48 and 2-51. 

Equation 2-52 is readily transformed to 

n 

Jn = Jo i~1 exp(-a;d;) ( 2-53) 

where 

a. =b./£ 
1 1 1 

Equations 2-52 and 2-53 define the radon flux for the nth layer exactly, 

assuming only the absence of radium in the cover layers and the usual boundary 

conditions. However, to use these equations in their present form requires 

some additional information about the parameters A; and Bi. If these are known, 

then An and Bn can be used directly in Eq 2-20 to obtain Jn. The purpose of 

obtaining Eqs 2-52 and 2-53 is to demonstrate the attenuation provided by a 

multiple-layer cover system can be expressed in the form of the product of the 

attenuations for each layer. Thus, the flux Jm can be approximated from the 

surface flux from an m-1 cover layer system by: 

J = J 1 exp(-a x ) m m- m m (2-54) 

This approach treats the system as an effective source layer, consisting of the 

tailings and the m-1 cover layers; and the top one-layer cover, the mth layer. 

With this approximation either Eq 2-38 or 2-40 can be used to obtain the surface 

flux . However, the appropriate value of D/p for the effective source must be 

determined. The influence is assumed to be proportional to the attenuation 
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through the succeeding layers. Furthermore, the direct influence of the ith 

layer upon the attenuation in the mth layer is assumed to be of the form 

[1- exp(-a;d;)J, so that the contribution D;IP; to the corresponding parameter 

Dsm/Psm in the effective source is 

m-1 o. ~ 
---

1 [1- exp(-a.d.)J exp(-. ~+. 1 a.d.) P; 1 1 J=1 J J 

Summing over all layers up to m-1 yields: 

(2-55) 
D m-1 D. m-1 
sm = 1: -1 

[1- exp(-a
1
.di)J exp (- ~ a.d.) 

Psm i=O P; j=i+1 J J 

This expression is exact in when all D;IP; are equal. Additionally, the 

parameter a; can be replaced by b; with little loss of accuracy. With these 

definitions, Eqs 2-38 and 2-41 become 

J = Jm 1 f exp(-b d ) m - m m m (2-56) 

2 f =----;::;-----;,...--------=---.-------
m 0sm/Psm k 0sm/Psm k 

[1 + ( D I ) 2J + [1 - ( D /p ) 2J exp( -2bmx ) 
m Pm m m m 

( 2-57) 

J = J 1 exp(-a d ) m m- m m (2-58) 

R.nf 
a = b !Ill'= b ( 1 - _m) m m m m b d 

m m 
(2-59) 
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In order to determine J to a high degree of accuracy, J 1 must be known. m m-
Equation 2-56 or 2- 58 can be used to obtain J 1 in a similar manner. Therefore, m-
the most appro~riate use of the above equations is to determine o52;p52 and 

J2, then, using J2, obtain o53;p53 and J3, and so on until Jm is calculated. 

This procedure is demonstrated by an example given in Section 3. 4. 
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3. APPLICATION OF CALCULATION METHODS 

The procedures for determining the cover thickness required over uranium 

mill tailings to meet flux criteria are presented in this chapter. Briefly, 

the major items are as follows: 

1. Definition of Source Term - determine the values of 
parameters defining the radon generation and diffusion 
out of the tailings. 

2. Cover Materials Characterization - select candidate 

cover materials and estimate their porosities, moisture 
characteristics and diffusion coefficients. 

3. Initial System Configuration - establish an initial cover 
design for analysis. For single-layer systems, provisions 
are made for determining the cover thickness. 

4. System Cover Surface Flux and Thickness Determination -

perform radon flux calculations and adjust cover system 
design as necessary. 

3.1 SOURCE TERM DEFINITION 

Characterization of the source term is the first major step in performing 

the design analysis of an adequate cover system. As given by Eq 2-2 or 2- 45. 

the key parameters for the source term are the radium concentration, the dry 

bulk density and the emanating power. 

Values for the radium concentration, R, of tailings can be measured di-

rectly from tailings samples by the radon equilibrium method, by di rect gamma 

spectroscopy, or by chemical separations and subsequent alpha spectroscopy . 

If a radium analysis is not available, it can be estimated quite accurately 

fromthe uranium concentration of the ore as specified by the ore grade, using 
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the following equation: 

( 3-1 ) 

where 

This equation presumes equilibrium between the uranium and radium in the 

ore and all radium bein9 contained in the tailings. 

The bulk density, pb, of the solid tailings material is a relatively easy 

measurement to perform. In the absence of measured data a typical value of 

1.6 g/cm3 can be used for the bulk dry density. 

The emanating power, E, for uranium tailings is the fraction of the radon 

generated that is free to diffuse in the pore spaces. It has been shown recent­

ly(3B) that E varies with moisture. However, for most practical applications( 20) 

with uranium tailings, a value of 0.2 is a good estimate of E. 

3.2 DIFFUSION COEFFICIENTS 

If Eq 2-3 is divided by the porosity, p, it can be viewed as a rate balance 

per volume of pore space instead of a volume of material space; accordingly, 

the parameter De/p, is the diffusion coefficient of the fluid in the pore space. 

When presenting values for the diffusion coefficient, the De/p is often used. (B,20) 

A tabulation of several values of De/p is qiven in Table 3.1. In general, D/P 

decreases dramatically with the moisture content of the diffusing medium. One 

correlation indicating this decrease is given in Eq 1-1. The correlation, and the data 
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TABLE 3.1 

BULK DIFFUSION COEFFfCIENTS FOR RADON IN VARIOUS MEDIA 

Moisture De/p 
Content 2 

~dium ( %) (em sec) Source 

Air 0 1.0 E-1 Ref 8 
Water 100 1. 1 E-5 Ref 8 
Sand Ref 8 

Building Sand 4 5.4 E-2 
Fine Quartz 0 6. 8 E-2 
Fine Quartz 8.1 5.0 E-2 
Fine Quartz 17 5.0 E-3 

Soils Ref 8 
Granodiorite 4.5 E-2 
Yucca Flats 3. 6 E-2 
Granite 1. 5 E-2 
Loams 8. 0 E-3 
Varved Clays 7.0 E-3 
~1ud 37 . 2 5.7 E-6 

Powder River #1 5 2.3 E-2 Ref ;_o 
#1 9 2.2 E-2 
#1 17 2.6 E-4 
#1 30 8. 2 E-5 
#2 6 2.7 E-2 
#2 6 2.3 E-2 

Shirley Basin #1 5 9.3 E-3 Ref 20 
#1 12 1. 8 E-2 
#1 20 1. 7 E-4 
#2 8 2.3 E-2 
#2 15 4 .6 E-3 

Ambrosia Lake #1 10 5.3 E-2 Ref 2C 
#1 20 6.4 E-3 
#2 2 3. 5 E-2 
#2 6 2. 0 E-2 

Wyoming Genera 1 #1 11 8.3 E-3 Ref 20 
#2 1 8.8 E-3 

Concrete (5% porosity) 3.4 E-4 Ref 12 

Concrete ( 18% porosity) 2.0 E-4 Ref 9 

Concrete ( 1% porosity) 1.0 E-2 Ref 9 
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used to obtain the correlation,( 2Q) are shown in Figure 3.1. The same data, 

plus other data points, used to obtain the correlation given by Eq 1-2, are 

presented in Figure 3.2. The latter correlation has a form similar to other 

correlations of gaseous diffusion in porous materials. The moisture content 

of soil covers is usually more readily available than the information required 

to estimate the air porosity of the material, so that the former correlation 

will be used in the examples given later in this chapter. 

As stated previously, it is desired that values of 0 /p be measured exper-
e 

imentally for a given material at its ambient moisture level and expected 

degree of compaction. Alternatively, De/p can be estimated solely from the mois­

ture content and porosity of the material, because the large variation (four 

orders of magnitude) in De/P with moisture content obscures the much smaller effects 

on the value of De/P from other soil properties. Hence, one of the more important 

characteristics of cover soils is their ability to retain moisture. 

Although soils contain widely varying proportions of the three particle 

size categories, sand (50-2,000 ~m), silt (2-50 ~m), and clay (<2 ~),they 

are generally referred to in terms of the predominant particle size fraction, 

i.e., clay soils contain greater than 40% clay-sized particles. Because the 

small clay particles contain various proportions of clay minerals, there is a 

great diversity of clays in nature; however, thay all generally have pronounced 

absorption and adsorption of moisture. Because clays, particularly montmoril-

lonite, can retain significant amounts of moisture for extended periods of time, 

they are effective in attenuating radon; however, they must be protected from 

the surface effects of cracking and erosion. As an example of the water reten-

tion properties of clay, laboratory measurements of individual heavy clay types 

have measured hygroscopic water concentrations of 15 to 20%. The hygroscopic 

water is held as a very thin film and requires the application of greater than 
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30 to 10,000 bars pressure to remove it. (39 ) 

A survey of available drilling log information from ten sites in the 

uranium milling regions in Wyoming, Colorado, New Mexico and Utah yielded 

ambient moisture concentrations of near-surface clay soils ranging from 9 to 

12%, although a few isolated, undisturbed values exceeded 12%. For non-clay 

soils the survey indicated moisture concentrations ranging from 6 to 10%. 

As -part of the technology projects for the Inactive Uranium Mill Tailings 

Remedial Action Program, the above data have recently been correlated with 

soil-type, annual precipitation and annual evaporation. (40) The following 

simple, preliminary correlation is useful in estimating average ambient soil 

moistures at depths of about ten feet: 

where 

k 
M = 3.2 P; - 0.03 Ev + S, 

t~ = soil moisture (wt%) 

P = annual precipitation (in) r 

E = annual lake evaporation (in) v 
S = soil index 

= 2.9 for clay soils 
= -1.0 for sandy soils 

( 3-2) 

Research on the moisture dependence of the diffusion coefficient is cur-

rently being conducted at Battelle Pacific Northwest Labortories and at RAE 

Corporation for both the Department of Energy and the Nuclear Regulatory 

Co11111i s s ion. 
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3. 3 SURFACE FLUX AND COVER THICKNESS DETERMINATION 

After values for the di ffusion coefficients and porosities of the tailings 

and cover materials are determined, the radon flux from the bare tailings is 

calculated using Eq 2-9; and the surface flux from the covered tailings is 

calculated with Eq 2- 15. Figure 3.3 contains the results of cover calculations 

for a bare tailings flux of J
0 

= 280 pCi/m2s. Various soil moistures are used 

to obtain the curves in the figure. The cover moisture is the dominant para-

meter affecting the radon attenuation. When the flux attenuation is specified 

and the cover thickness must be determined, Eq 2-44 or 2-45 is used. Because 

the bare tailings flux can be expressed explicitly as a function of ore grade 

using Eq 3- 1, and the parameters E and M
0

, the resulting form for Eq 2-45 with 

R
0 

= p1, Pb = 1.6 g/cm3, J 1 = 2 pCi/m2s, and E = 0.2, is: 

x1 = 2. 28 exp(-0.13 M1) [ ln[4,200 G exp(-0.13 M
0

)J 

1- exp(0 . 13 (M - M )) 
-ln[l + exp(0.13 (M1 - M

0
)) + 1 0 

2JJ (3-3) 
[(2,100 G) exp( -0. 13 M

0
)J 

Results of this expression are tabulated in Tables 8.1- 8.11 in Appendix 

B for G from 0.05- 0.30, t1
0 

from 3 to 15%, and r\ from 5 to 15%. The ranges 

of these parameters are compatible for ambient soils of the western United 

States milling and mining regions. The De/P values are also given in the tables 

so that they may be useful even if the moisture correlation of Eq 1-1 is modi-

fied, or other moisture correlations are used for De/p. Once the correct De/P 

has been determined for the tailings and cover soil, then the tables give the 

correct thicknesses. 

The sensitiv i ty of the cover thickness to vari ations in ore grade, tailings 
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Soil (tip (em 2 /s) Moistures \%) 

A 2.2 X 10-2 6 

[8] [G][EJ ~ [Q] [CJ ffi] [A] B 1.7 X 10-2 7 

c 1.3 X 10-2 8 
8 

D 1.0 X 10 ·2 9 

E 7.8 X 10-3 10 

F 6.0x 10-3 11 
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moisture and porosity ratio (p
0
/p1) has been investigated using Eq 2-45. As 

shown in Figure 3.4, the effect of these parameters on the cover thickness i s 

generally of secondary importance compared to the cover moisture. The follow-

ing trends are useful in estimating the magnitude of these secondary effects. 

For a surface radon flux of 2 pCi/m2s, the cover thickness decreases by about 

five em for every 

1. 1% increase in tailings moisture, 
or 

2. 0.01% decrease in ore grade, 
or 

3. 0.1 increase in porosity ratio. 

3.4 EXAMPLES 

Three examples are provided to illustrate the methods for calculating 

cover thicknesses as described in this section. The first is for the case of 

known diffusion coefficients and porosities; the second is for the case of 

known moistures and porosities; and the third is the case for a two-layered 

cover with known moistures. The solution to the examples will first be given 

using the procedures in Section 2.6, then the solution with the RAECO program 

wi 11 be given. 

Example 1 

It is assumed that the tailings pile has the 

following typical values: 

R = 280 pCi/g 

pb = 1.6 g/cm3 

E = 0.2 
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0 I = 4.7 x 10-2 cm2/s o Po 
p

0 
= 0.25 

The radon flux from the surface of the uncovered 
tailings is calculated as 

Cover materi al is available which has the 
followi ng properties : 

~ -- 3 2 8. 2 x 10- em /s 
pl 

The flux attenuation with three meters of cover 
material is calculated from Eq 2-37 

J = 2(280)(8 . 2 X 10-3) 
1 2.99 - 2.0 X .10 - 4 

So the three-meter cover reduces the radon flux 
below the proposed limit. If the simple exponential 
attenuation formula would have been used (i .e., h = 1), 

then J 1 would have been 2. 3 pCi/m2s. What would yield 
a J 1 of 2 pCi/m2s? This is determined from Eq 2-44 : 

x1 = 0.63[5.64- 1.10] 

x1 = 2.8 m 
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Example 2 

What thickness of 10% moisture cover soil will 
attenuate the radon flux from an 8% moisture tailings 
pile to a value of 2 pCi/m2s? The porosities are the 

same, and all other tailings parameters are given 

previously. 

The answer can be obtained using Eq 2-46 once 
J

0 
is determined. 

0.106 exp(-0.261(8)) 

Do = 0.013 cm2;sec 
Po 

Jo = (280)( 1.6)(0.2)[(2.1 X 10-6 )(0.013)]~ X 104 

Jo = 149 pCi/m2s, and 

x1 = (0.62)(5.00 - 0.832) 

x1 = 2.6 m 

The tailings pile described in Example 2 is to be 
covered with one meter of a good quality clay capable of 

retaining 12% moisture and sufficient overburden at 6% 

moisture to achieve a surface flux of 2 pCi/m2s. What 
thickness of overburden should be used? Assume equal 
porosities for all materials. 

45 



Fi rs t, determine the diffusion coefficients : 

tailings 

clay 

overburden o2 = 

P2 

Then, calculate the attenuation through the clay 

component using Eqs 2-38 and 2-39. 

Jl = ( 149 ) [2.682 
2 

(0.682)(0.014) 1 (O.ll9) 

Now, determine the diffusion coefficient for 

the source term to the overburden (the source is now 

the tai-lings and ciay) using t:y 2-55. 

Do 
= - exp( -a x ) 

Po I I 

= (0.013)~.088) + (0.0046)(1 - 0.088) 

This expression is substituted for D
0
/p

0
, and J

1 
= 

13 is substituted for J
0 

in Eq 2-44. 
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= (1.02)[2.>6- ln0.4~1 , II- 'J.49l )(0.024)]] 

= 2.3 m = overburden thickness 

So the total cover thickness is 3.2 m. 

3.5 EXAMPLE CALCULATIONS WITH RAECO 

The parameters specified in Section 3.4 were used to construct the input 

to the RAECO program as specified in Appendix A. Table 3.2 contains the input 

data set for the three examples. 

The calculation for Example L shown in Table 3.3, specifies a cover thick­

ness of 2.8 min order to achieve surface flux of 2 pCi/m2s from the tailings. 

The results of the Example 2 calculations are shown in Table 3.4. A cover 

thickness of 2.6 m is sufficient to give a surface radon flux of 2 pCi/m2s from 

the tailings. 

The multilayer cover example calculations, shown in Table 3.5, yield an 

overburden thickness of 2.35 m, which is just slightly greater than the 2.3 m 

thickness calculated by the procedure given in Section 2.6, but still well within 

acceptable uncertainty limits. 

3.6 COVER SOURCE CONSIDERATIONS 

The example calculations of the previous section did not consider any 

surface radon flux contribution from radium in the covers. The cover source 

term was set equal to zero. For soil cover materials containing background 

values of radium, the effect of the radon from the covers is very small and 
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TABLE 3.2 

INPUT DATA SET FOR RAECO CALCULATIONS 
OF EXAMPLE PROBLEMS 

1 URANIUM MILL TAILINGS GElS, APPENDIX P -EX. 1 
2 2,0.,.o,o,o.,o.oot 
3 500. ,0.01175,0.25, 1.882£-3 
4 283.574,0.00246,0.3,0. 

URANIUM MILL TAILINGS GElS, APPENDIX P -EX. 2 
2 2,0.,.0,0,0.,0.001 
3 500. ,0.00325,0.25, 1.882E-4 
4 260.,.002338,0.3,0. 

1 URANIUH HILL TAILINGS GElS, APPENDIX P -EX.J 
2 J,o.,o.,o,o.,.oot 
3 soo. ,0.00325,0.25, 1.882£-4 
4 100.,0.00138,0.3,0. 
5 235.,0.0066,0.3,0. 
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TABLE 3. 3 

RAECO CALCULATION OF EXA~IPLE 1 

-~*~~~ URANIUM MILL TAILINGS GElS, APPENDIX P -EX. 1 

****•••*~* 1 N P U T P A R A M E T E R S 

NUMBER OF LAYERS ~ 2 
INITIAL RADON FLUX = .000 PCI/SQH*SEC 
SURFACE RADON CONCENTRATION - .000 PCI/LITER 
COST FLAG ~ 0 
FLUX CRITERIA FOR OPTIMIZATION = .000 
HCC "' 1.000-003 
LAYER THICJ\NESS DIFF COEFF 

2 

(CMl ISQCM'SECl 
• 5000+003 
.2838+003 

.1175-0•)\ 

.2460-002 

F'CI/SQMSEC 

.2500+000 

.3000+000 

SOURCE 
iPCI/CC•SECl 

.1882-003 
• 0000 

:•**** R E S U L T S 0 F R A D 0 N D I F F U S I 0 N C 1~ L C U L A f I 0 N Hi--t-1< 

LAYER THICJ\NESS EXIT FLUX EXIT CONC. EFF 
( [ M) ( F'CI/SQM ~-SEC l iF'CI/Ll 

::.oo. .9391+002 • 2336+006 • 0000 
' 284. .2005+001 .0000 . 0000 c 
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TABLE 3.4 

RAECO CALCULATION OF EXAMPLE 2 

=~t:tto:t URANIUM HILL TAILINGS GElS, APPENDIX P -EX. 2 

~*~*~***** I N P U T P A R A K E T E R S 

NUKBER OF LAYERS " 2 
PCIJSQJ'h:SEC INITIAL RADON FLUX " .000 

SURFACE RADON CONCENTRATION " 
CDS! FLAG " 0 

.000 PCI/LITER 

FLUX CRITERIA FOR DPTIKIZATION = 
ACC " I. 000-003 

,000 

LAYER THICKNESS 

2 

ICK) 
• 5000+003 
.2600+003 

DIFF COEFF 
I SOCK/SEC) 
.3250-002 
.2338-002 

POROSITY 

.2500+000 

.3000+000 

SOURCE 
!PCI/CC=tSEC) 

. I 882-003 

.0000 

~~•~• R E S U l T S 0 F R A D 0 N D I F F U S I 0 N C A l C U l A T I 0 N *"'*** 

LAYER THICKNESS 
<CPO 

I 500. 
2 260. 

EXIT FLUX 
I PCI/S!HI•SEC) 

.7120+002 

.1996+001 

50 

EXIT CONC. 
IPCIIU 

• 1855+006 
.0000 

EFF 

.0000 

.0000 



TABLE 3.5 

RAECO CALCULATION OF EXAI1PLE 3 

:J:uH URANIUH HILL TAILINGS GElS, APPENDIX P -EX.3 

NUMBER OF LAYERS o 3 
PCl/SOM>SEC lNlTlAL RADON FLUX o .000 

SURFACE RADON CONCENTRATJDN = 
COST FLAG o 0 

.000 PCl/llTER 

FLUX CRJTERJA FOR OPTlHlZATlON o 

ACC o I. 000-003 
.000 

LAYER THICKNESS 

I 
2 
3 

I CHI 
. 5000+003 
• 1 000+003 
.2350+003 

DlFF COEFF 
ISOCH/SECI 

.3250-002 

.1380-002 

.6600-002 

PCI/SQIHSEC 

POROSJTY 

.2500+000 

.3000+000 

.3000+000 

SOURCE 
(PCI/CC*SECl 

. 1882-003 

.0000 

.0000 

~·•*'J* R E S U L T S 0 F R A D 0 N D I F F U S I 0 N C A L C U l A T I 0 N U*u 

LA 1 ER THICKNESS EXJT FLUX EXIT CONC. EFF 
I CHI (PCI/SQH•SECl IPCl/U 

I 500. .6190+002 .2080+006 .0000 
2 100. . 1 006+002 . 1529+005 .0000 
J 235. .2007+001 .0000 .oooo 
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is approximately additive, so that the component of the radon flux from radium 

in the cover material does not appreciably alter the component of the radon 

flux from radium in the tailings. Furthermore, the linearity assumption for 

tailings plus cover fluxes is conservative, that is, the surface flux due 

only to the tailings is slightly less with a cover source term than without 

the cover source term. For example, the radon flux from radium in the cover 

specified in Example 2 is 0.82 pCi/m2s, as determined by a RAECO calculation. 

A RAECO calculation of the total surface radon flux from radium in both the 

tailings and the cover is 2.80 pCi/m2s. Subtracting the cover contribution 

of 0.82 pCi/m2s from the total flux yields a value of 1.98 pCi/m2s of the total 

surface flux that is attributed to the tailings. This is in excellent agree­

ment with, but is slightly less than, the surface flux of 2.00 pCi/m2s 

previously calculated assuming no radium in the cover materials. 
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4. SUMMARY AND CONCLUS!OiiS 

The radon releases from bare and covered tailings can be estimated using 

diffusion theory, if appropriate diffusion coefficients are used. The proced-

ures for calculating the thickness of an adequate cover system are straight-

forward and the calculations can be performed by hanrl or bv computer programs 

such as the RAECO code. A procedural checklist for the hand calculations is 

given in Table 4. 1. 

As shown in the table, first the values for all pertinent parameters must 

be determined, then an initial tailings-cover system configuration must be 

developed and finally the surface flux and cover thickness calculations are 

performed. t~ultilayer covers require a cyclical calculation starting with the 

lowest layer and proceeding to the top layer. 

A site-specific example ( 41 ) of this procedure is now presented. 

The values used for computing the bare tailings flux for the Hansen 

Project facility are as follows: 

R 231.8 pCi/g 

p = 

E = 

= 

1.6 g/cm3 

0.2 

2 0.01314 em /s 

The value of D
0
/p

0 
= 0.01314 cm2;s was obtained from Eq 4-1 based on a 

tailings residual moisture of m;. Substitution of the above values into Eq 

4-3 yields 
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~ 
~ 

TABLE 4.1 

PROCEDURAL CHECKLIST FOR CALCULATING AD[QUAT£ COVER TIHCKiilSS 

1. UETERM!ill THl REQUIRED COVER TI!ICKNES~ 

2. DETERMINE SOURCE TER11 PARAt·IETlRS, R, E, p6 , 
Po, Do 

3. DETERr1!NE COVER r1ATERIAL PARAMU[RS, Di, P; 

4 

5 

6 

7. 

CALCULATE IlARE Tfi!LINGS FLUX AND COVER 
AI fENUATIO;i PA!WIETER 

CALCULATE SURFACE FLUX OR COVER THICKNESS 

If desired, the required cover thickness can be 
obtained from the tables in Appendix B given the 
ore grade and the tailings and cover moistures. 

Default values, R ~ 2,000 G, ~ 0.2, pb ].6, 
p

0
=0.35 

Default value, Pi 0. 35 

Jl 

If multiple layer cover, calcullte effective 
key parameters source D/p. 

It multiple layer~ ar·e in the cover, calculate 
Item 5 for the first cover layer, then calculate 
lte~1 6 for the second cover layer, then calculdte 
Item 5 for the second cover layer, and so on 
until Item 5 is calculated for the top layer. 

'I 

D/po O.l:J6 exp(-0.2td M
0

) 

D/Pi • 0.10b exp(-0.261 M1) 

J, Rr,bE (AD/po)'' 

bl Pr 1Jo/' 

I I • 
p0 DJP0 ', 
-[---1) 

P1 D/P 1 

2J
0 

cxp(-b 1x 11 

r o 1 p , 
+- (l ~ ·Q.l-0--_gl') 

r 1 D/Pl 

2Jo 
b

1 
lln (J) 

I 
-ln [(l + ~~ 

"' 
Oo/po l; 

f Dl7P·~-l ) 

I P, 
t ' I - . 

"' 
D /p 1 

[ . .':!. .Q I'\ 
lllipl ' 

ai ~ b;/.r1l""j 

J 
{_1)211 

.I 
p 

exp(-2b~i 1 :, 

0sm 

"" 
m-1 0. 
L: ' p 

m-1 
[1- exp(-a.x.)1 exp(- E d.x 1 

1 1 I I 

i=O 1 j=1+1 



J
0 

= (231.8 pCi/g)(1.6 g/cm3)(0.2) x (2.1x10-6 s- 1x0.01314 cm2/s)~ 

4 2 2 2 x 10 em /m = 123.2 pCi/m s 

Equation 4-3 assumes effectively infinite depth of tailings. A factor given 

by tanh [X:
0
hp

0
/D

0
] , where x

0 
the depth of tailings, is used to account for 

finite depth of tailings. However, in cases where the average depth of tail-

ings is three meters or more, the factor is effectively unity. 

The cover system consists of three feet of compacted clay, 6.5 feet of 

random fill or overburden, and one-half foot of topsoil. The long-term moisture 

content of the clay is estimated to be 12.3% and the topsoil and the overburden 

will maintain a moisture concentration of 10.5L Equation 4-5 is used to 

estimate the radon flux from the surface of the clay cover. 

The fallowing 0/p va 1 ues are computed from Eq 4-2: 

= 0.01314 cm2/s (tailings, 8% moisture) 

= 0.0043 cm2/s (clay layer, 12.3% moisture) , 

Using the above values, the previously calculated radon flux, and assuming 

the porosities are equal for all materials yields J(12 pCi/m2s from Eq 4-5. 

Equation 4-5 can also be written as 
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where 

The function f is useful in calculating the composite diffusion coeffic-

ient. This composite diffusion coefficient is computed by Eq 4-7. Thus, the 

composite 0/p is computed as: 

where 

Now 

and 

D /p [-exp(-a.x.)l + D./p. [!- exp(-a.x.)J 00 11 ,, ,, 

D /p o 0.0!314 em2;s 
0 0 

x1 o 91.44 em 

-6 -1 2 a1 o [2.1 x 10 s /0.0043 em /s x hl 

h [] - - 1-ln 
b1x1 

fl-2 

1 
0 [] - [0.0221) x 91 .44 ln (0.7313)l 

0 0. 75 
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-6 -1 
a 

1 
= ( 2. 1 x 10 s )", 

0.043 cm2;s x 0.75 

= 0.0255 

Equation 4-7 now becomes: 

0.01314 (0.0971) + 0.0043 (1- 0.0971) 

Equation 4-6 yields the minimum required depth of overburden-topsoil in 

addition to the clay layer by using the following quantities: 

D /p = 0.0052 cm2;s 
0 0 

J = 2 pCi/m2s 
1 

D1/P 1 + 0.106 exp(-0.106 x 10.5%) = 0.0068 cm2!s 

The moisture content of the overburden-topsoil is 10.5%, as mentioned previously. 

A value of x1 = 105.3 em or x1 = 1.05 m of overburden-topsoil is obtained. 

Thus, the total cover needed to achieve the minimum radon flux of 2 pCi/m2s is 

0.92 m clay 
+ 1.05 m overburden-topsoil 

1.96 m total cover 
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It is also of interest to calculate the surface radon flux if seven feet of over-

burden-topsoil is placed over the three feet of clay. 

then 

Using Eq 4-5 with the values 

-6 -1 !z 
bl~[Z.!x!O s J 

0.0068 cm2;s 

0
0

/p
0 

~ 0.013!4 cm2/s (the diffusion coefficient of the tailings) 

o1;p 1 ~ 0.0068 cm2;s (the diffusion coefficient of the sand-soil) 

x1 ~ 304.8 em (i.e., !0 ft, the depth of cover), 

The above calculations are performed by hand. If a suitable computer 

program is used such as RAECO, items 1-3 of Table 4.1 provide sufficient 

information to prepare a complete data set in the format given in Appendix A. 
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APPEND! X A 

INPUT DATA >DRMAT FOR RAECO PROGRAf1 

All input data is free format. The following input is needed for 

program operation. 

Card Set Number 

I 

2 

3, 1-N 

Card Description 

Site Designation Card- One card 'tlith up to 80 
characters which designates the tailings cover 
system and run identification. 

Boundary Conditions and Cost Control Parameters - One 
card containing six parameter values, each separated 
by commas in the following order: 

( I) 

( 2) 

il, Number of dis ti net Tailings cover 1 ayers: 
positive integer, presently limited to 99. 

. 2 
FOl, Entrance radon flux to layer 1, pC1/m sec. 

(3) CNl, Surface radon concentration at top of 
system, pCi/1. 

(4) !COST, Integer Cost Flag, !COST • 0 if no 
cost or optimization is to be performed, 
1 otherwise, 

(5) CRITJ, Surface Flux Constraint for optimization, 
pCi/m2sec. CRITJ = 0 for no constraint. 

{6) ACC, Surface Flux Convergence Criterion, 
fraction. 

Individual Cover Layer Data Cards - One card for 
each tailings or cover layer. Each card is composed 
of four parameters: 

(!) OX, The layer thickness 1n em. 
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Card Set llurrller 

5 

6 

6a (OPTIONAL) 

6b (OPT! ONAL) 

7 

Card Description 
( 2) D, Layer effective radon diffusion coefficient, 

cm2/sec. 

( 3) p, Layer porosity. 

( 4) Q, Layer radon source . C/ 3 term 1n p 1 em sec. 

Cost Control Alternative Flags and Tailings Area- One 
card composed of five numerical data fields each 
separated by commas in the following order: 

(1) ICF, Cost Alternative Flag, integer where 
ICF = 0 for cover costs only and 1 for total 
remedial action costs. 

(2) !OPT, Alternative Type Flag, integer, where 
IOPT = 0 for alternative in which tailings are 
not moved and 1 for moving alternative. 

(3) TAREA, Total area of tailings pile (acres). 

(4) DAREA, Total area of new tailings pile (acres) 
if !OPT" !. 

(5) ITRAN, Cover Haul Cost Flag, integer, ITRAN 
= 0 if cover haul costs not specified separately 
and 1 if they are. 

Tailings Cover Unit Costs - This card contains C131 or 
C521 unit costs for each cover layer each separated by 
a comma ($/yd3). (See Section 1.3 or 5.2 in Appendix 
B.) The layer costs appear on the card in order of 
ascending layer nunter. 

Tailings Cover Spreading Unit Costs - This card 
contains unit costs for each cover layer, each 
separated by a comma ($/yd3), in ascending order 
(see Section 1.3 or 5.2 in Appendix B). 

Cover Material Haul Unit Costs - This card is only 
needed if ITRAN 1. It contains Section 4.3 
(Appendix B) unit costs for each cover layer ($/ton). 

Cover Material Densities -This card is only needed 
if ITRAN- 1. It contains RHO, cover densities 
(gm/cm3) to convert cover haul unit costs from tons 
to yd3. 

Cover Support Costs - This card gives site support 
costs in dollars. The format of this card depends 
upon the value of IOPT (moving or nonmoving alter­
native). If IOPT = 0, the paran·eters are: 

(1) Site Preparation (Section 1.1, Appendix B). 
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Card Set NunJJer 

8 

Card Description 
(2} Tailings Pile Preparation. 

(3} Site Leveling and Grading. 

(4} Millsite Cleanup. 

(5} Reclamation and Sprinkling ($/acre}. 

(6} Fencing. 

( 7} Support Services. 

( 8} fli s ce 11 aneous Expenses. 

If IOPT = 1, the card contains the following 
cost parameters that pertain to the disposal 
site: 

(1) Disposal Site Preparation and Fencing 
Costs . 

( 2} Clearing and Excavation. 

( 3} Tailings Placement Costs. 

( 4} Reclamation and Sprinkling Unit Costs 
($/acre}. 

( 5} Support Services. 

( 6} ~1i see 11 aneous Expenses. 

Other Remedial Alternative Costs and Factors - This 
card lS needed only if ICF = 1. It contains six 
cost entries in dollars. 

(!} Offsite Remedial Action Costs (Section 2, 
Appendix B). 

(2) Windblown Tailings Area Remedial Action 
(Section 3, Appendix B) Costs. 

(3) Transportation Capital Costs (Section 4, 
AppendiX 8}. 

(4} Transportation Haul Costs. 

(5) Engineering, Design and Construction 
~1anagement Percentage Fee. 

(6} Contingency Percentage. 
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Card Set Number 

9 

Card Description 
Optimization Constraint Card - The following five 
parameters are input in free format. 

(!) Thickness Constraint Flag, Integer Format 
= 0 for no thickness constraints 
= 1 for minimum specified thickness, 

D2 above 
= 2 for minimum specified cover 
= 12 for both thickness constraints 

(2) Minimum Thickness above Optimized Layer 
in em. 

(3) Minimum Cover Thickness in ern. 

(4) First Layer in Optimization, Integer. 

(5) Second Layer in Optimization, Integer. 
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1 *'~* ;t,$ , •• :t:t;:t:t; **•••:~~: :t;:t=•••=~**:fi:. **** *•=••** .u ****"'***** ···~· :t::t: 
2 ****************************************************** 
3 u ""* 
4 
5 
6 
7 
a 
9 

I 0 

.. .. 
" .. .. 
" 
" 

R A E 

LEVEL 

** 
c 0 ** 

:f:..t 

** 
I • 0 '~* 

*·~ 
.j<:~ 

11 '*******************'****************··~·······•••**** 
12 ***********************************************~****** 
13 **** 
14 **** 
15 **** 
16 **"H 
17 ., .. ,. 

18 :UU 

19 •=••u 
20 ~"''*·~ 
21 :U:U 

22 uuu• COIIEII DECEMBER 1980 BY V. C. ROGERS AND G.M. SANDQUIST 
23 ******* FOR ROGHS AND ASSOCIATES ENGINEERING CORPORMION 
24 *HHu F'.O. BOX 330, SALT LAH CITY, UTAH 84110. 
25 DIHENSION ALP ( 99 l, Xi 99 l ,AIP1i'1I i99l ,R 1991 ,A\99) ,B< 99 l ,GI 99 l, BU (99) 
26 S,AS<99l ,BS\99) ,lH99J,Di99J ,f'i99J, Ti99l ,ld99J ,RRI99J ,DDXi99J, 
2i SRFi99J ,RC\99> ,EFi99J,DXi99l 1 BCi99l 1 AA\99l ,RHOi99l, 
28 $C131 ( 99) ,C522i 99) ,C'521 ( 99) ,RAT ( 99) ,C13( 99) ,C'52( 99) ,C 132 (99) I C43\ 99 
29 $) ,Hi20l 
30 C *****READ INPUT DATA FOR RADON DIFFUSION CALCULATION 
31 CHARACTER•B OPTDTI2l 
32 CHARACTER•2 STR1 ,STR2 1 STR3,STR4,STR5,STR6 
33 666 REA11(5,882,END=555l\HII),I=1 ,201 
34 882 FORMATI20A4J 
35 C ***** READ RADON DIFFUSION DATA 
36 READ\5,1 JN,F01 ,CN1 ,ICOST,CRITJ1 1 ACC 
3 i READ ( 5 ' 1 ) ( D X ( I ) I D ( I ) I p ( I> '(H I) ' I:: 1 'N ) 
38 FORMATII 
39 FO•FOI/10000. 
40 CN•CNl/1000. 
4 I 
42 
43 
44 
45 
46 
47 

CRITJ=CRITJl/10000. 
IJRITE ( 6 ,2222l <HII l, I= 1, 20 J 
CALL ADATEiOPTDT<l J,OPTDT(2JJ 
STRl=SUBSTR<OPTDT\1 1,1 ,2) 
STR2=SU~STR<OPTDTC1),3,2J 

STR3=SUBSTR<OPTDTI 1 l ,5,21 
STR4=SUBSTR\OPHIT<2l ,1 ,2) 
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48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
05 
66 
67 
68 
69 
70 
71 

73 
74 
75 
76 
77 
78 
79 
80 

STR5=SUESTRiO~TD112l,3,2l 

STR6=SUBSTR<OPTDT\2l,5,2l 
URITE!6,781)5TR1,STR2,STRJ,STR4,5TR5,STR6 

791 FORHATI/1,13X,~DATE OF RUN',2X,A2,·'/',A2,·J",A2,10X, 
i'TIHE',2X,A2,~:',A2,':',A2,///l 

2222 FORHAT11H1 ,·'****.t ·' 1 20A4,-' :u:u.~;') 

URITEI6,888JN,F01 ,CN1,ICOST ,CRITJI,ACC 
888 FORHAT!/// 1 ' ********~* I N P U T P A R A H E T E R S 

'********H' 1// 1' NUHBER OF LAYERS =-',12, 
s;,-· INITIAL RADON FLUX =',1PE10.3,-·· PCI/SDM*SEC',i, 
$' SURFACE RADON CONCENTRATION =',1PE10.3,. PCI/LITER',/ 1 

I' COST FLAO •',12 
S,!,' FLUX CRITERIA FOR OPTIMIZATION =',1PE10.3,' PCI/SQH~SEC ,, , 
$·' ACC =·',1PE10.3l 
URITE<6,887l!I,DXIIJ,D(IJ,P!Il,Oill 1 1=1 ,Nl 
IJRITE\6,8861 

866 FORHATC///1,' ***t* R E S U L T S 0 F R A D 0 N D I F F U 
SSION CALCULATION*****',/1/l 

88? FOIHIATC-·· LAYER',7X,-'THICKNESS',BX,·'DIFF COEFF',8X, 
S 'POROSITY/ ,9X, 'SOURCE' ,I, 16X,·'CCHJ 1 10X, 
S·' ( SQCH/SEC) .' '22X' ·' ( PCI /CC:t-SEC) ''I' ( 2X' 12, 2X ,4 \5X IE! 2. 4))) 

NN 1 • N - 1 
tH\2 = N - 2 
XL=2 .0979E-6 
JTST•O 
I!IrX( 1 l ::: IrX\1 l 
HI_P(lJ = SQRTiXL•Pill/D\1)) 
T9T = ALPilltDX(ll 
IFiT9T.GT.3.lDXi1J = 3./ALPC1l 

99 CONTINUE 
DO 58, 1=2,N 

58 DtrX(IJ = DXOJ 
SUM '-" 0. 

81 110 7.1! 1=1 ,N 
82 SUH = SUH + DXCil 
83 74 X(ll ~ SUH 
84 C *'~**:t- CALCULATE PARAMETERS FOR HATRIX 
85 DO 10 I=1,NH1 
86 ALPCIJ=SQRTCXL~P!ll/Dilll 

87 R[!UH=SllRTiPCl+1P11{1+1 liiP•.Il*Dilll) 
88 RCIJ=-.S•Cl.-RDUHJ 
89 RRCIJ=-.5t(1,+RDUHJ 
90 QP=CGil+1l/PCI+lJ-Qill/Pilll/XL 
91 TiiJ=QPtEXPI-ALP\Il*XCIJJ 
92 UCil=QP•.S*EXPCALPUJ-1-X(lJJ 
93 10 AIP11'iiClJ=SQRT CXLHCSORT\F'(l+l J/II\1+1 )J-SQRTiPCll/DII l l) 
94 ALPiNJ=SQRTlXL•PCNJ/DCNll 
95 C uH:~- SPECin' HATRIX ELEHENTS AND SOI_VE 
96 
97 
98 

DO 20 I=1,NH1 
J=S*I-4 
f\:;;2+1-1 
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99 AiJl=EXPI-2.*ALPCil*XIlll 
100 A!Jt1l=-EXPCAIP1MI\Il*X<Ill 
101 ACJt2l=-EXPI-IALPCI+1 HALP(ll l*X(ll) 
102 A( Jt3 l=R i I l *EX PI CAlf' I 1+1 )+ALPC IJ )*XI Ill 
103 AlJ+4l=RR(ll*EXPI-AIF'IHICil*XCili 
104 BIKio](J) 
105 20 B0\+1l=U(ll 
106 N5H4=5*N-4 
107 AiN5M4l=EXPI-2.*ALPINl*XiNlJ 
lOB N2Hl=2*N-1 
109 BiN2H1l=ICN-UINJ/CP!N)*XLll*EXPI-ALPCNl*X(Nll 
110 GC1l=A<Il+1 
111 Gl2l=A\2l/Gi1l 
112 G13l=AI3l/Gi1l 
113 BUll l=CBl1 J+FO/iDC1l~ALPi1 lll/Gill 
114 DO 30 I=1,NH2 
115 J=S*I-1 
116 K=2*I 
117 G\Jl=A\Jl-GU-21 
118 GlJt1l=CAU+1l-GCJ-1ll/GIJJ 
119 BUIKl=CBiKl-BU<K-1ll/GCJl 
120 G\J+2l=ACJ+2l-G<Jt1 l 
121 GCJ+JJ=AIJ+3l/G(J+2l 
122 GIJ+4l=ACJ+4l/GCJ+2l 
123 30 BUlK+! l=(B(l-~+1 l-BU<KJJ/GU+2l 
124 NSI'\6=5-t:N-6 
125 GCNSM6l=ACNSM6l-GiN5H6-2l 
126 GCNSH6+1l=(AlNSN6+1 l-GCN5M6-1 ll/GlNSN6l 
127 N2H2=2*N-2 
128 BUIN2H2l=(BiN2H2l-BUCN2M2-1>l!GCN5H6l 
129 GlNSH6+2l=ACNSH6+2l-GIN5H6+1l 
130 BS INl = ([I( N2H1 l-BU CN2H1-1 l l /GCN5H0+2l 
131 AS(Nl=BUOnH1-1l-GINSH6+1l*BS<Nl 
132 IIO 40 1=1,NH2 
133 J•5<1N-ll-3 
134 K=2*1N-Il-1 
135 L=N-I 
136 BSill=BUIK•-GIJl*AS(L+1l-GCJ+ll*8SIL+1J 
137 40 AS\ll=BUIK-1 l-G(J-2l*BS\Ll 
138 B5(1 J=BU\1 l-G\2J:;:ASC2l-GI3ltBSI2) 
139 AS(IJ=BS!ll- FO/IALP<1J•D<1ll 
140 C ***** MATRIX SOLUTION COHPLETE 
141 DO 147 I=1,N 
142 ALPI=ALPlll•X<Il 
143 ASI=ASCIHEXP(ALPll 
144 BSI=BS!l)*EXPl-ALPIJ 
145 RC(JJ=ASI+BSitQill/(P(ll*XLJ 
146 147 RF(ll=-D!Il*ALPCilt!ASI-BSIJ 
147 RCINJoCN 
148 IFIICOST .EO.Ol GO TO 45 
I 49 FOPoFO 
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1 :so 
151 
152 
153 
I 54 
155 
I 56 
157 
158 
1 59 
160 
161 
162 
163 
1 64 
165 
166 
167 
168 
1 69 
170 
171 
172 
173 
174 
175 
176 
1?7 
178 
179 
180 
181 
182 
1 83 

lFIFO.LT.l lFOP=l. 
AAI11,1ALOGIFOP1-ALOGIRFI1 111/DXi1 I 
DO 160 1=1 ,Ntll 
IFIRFIII.GT.O.O.OR.RFII+11.GT.0.1GO TO 161 
lF(JTST.EQ.OJAAii+ll=ALPil+1) 
GO TO 160 

161 AAI 1+1 l= ( ALOG ( RF i I l l-ALOGIRF I I +1 l l liD Xi 1+1 l 
160 CONTINUE 

C ***•* BEGIN COST OPTIMIZATION 
IFIJTST.EQ.OJGQ JO 44 
IFICRITJ.Gl.99.1 GO TO 45 
IFICRITJ.LE.O.I GOTO 45 
T7 , IRFIN1-CRITJ1/CRITJ 
ABT7 = ABS(17l 
IFiABT7.LE.ACCl GO TO 45 
JFIJTST.E0.1.AND.Tl.GT.O.INTST , N02 
1FiJTST.EQ.I.AND.T7.GT.O.liiJ = N03 
IF(JTST.EIL1.AND.T7.LT.O.lNTST = ND3 
IFIJTST.EG.I .AND.T7.LT.O.lllJ ~ N02 
JFIJTST.E0.2.AND.T7.GT.0.1N1ST • N03 
IFIJTST .EG.2.AND.T7.GT .O.JIIJ = N02 
IFIJTSJ.E0.2.AND.T7.LT.0.1NTST • N02 
IFIJTST.EQ.2.AND.T7.LT.O.JIIJ = N03 
JFIJTHK.EO.O.AND.T7.LT.0.1NTST,IIJ 
[IXOHST) = ltXINTSTJ-+-( 1.+T7l 
IFiiTHK.EO.OJGO TO 99 
T2T , 0. 
IFIN04.GT.Nl GOlD 55 
DO 46, IJ = N04,N 

46 T2T = T2T~DXiiJl 
55 IFINOI.LT.2l GOTO 47 

DO 56, IJ = 2 ,NOl 
56 T2T = T2T+DXCIJ) 
47 CONTINUE 

184 T23=DXCNTSTJ 
185 T2T~T2T+DXiNTSTl 

186 IF<NHIN.EG.NTSTll2T=T2l+DXIIIJ'-DXINTSTl 
187 DXiNHINl=X(NJ-XIll-T2T 
188 IFIDXINTST) .NE. T23JCRITJ=-1. 
189 GOT099 
190 43 CONTINUE 
191 44 CONTINUE 
192 C COST JNFORHATION INPUT 
193 C !CF , FLAG FOR TOTAL REMEDIAL ACTION COSTS 
194 C !IRAN • 0 COVER HAUL COSTS INCLU~ED IN COVER COSTS 
195 C ICF • 0 FOR COVER COSTS ONLY, 1 FOR TOTAL COSTS 
196 C !Of'T • 1 FOR HOVING Of'TION 
197 C I !RAN , 1 COVER HAUL COSTS GIVEN SEPARATELY 
198 C IOPT = 0 FOR NON-HOVING OPTION 
199 C CRHO\Il IS fiENSITY OF ITH LAYER G/CH3) 
200 C O.B41 CONVERTS TO TON/YD3 
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201 READi5,1 liCF,IOPT,TAREA,DAREA,ITRAN 
202 Tl = 52.858*TAREA 
203 Jf110PT.E0.11 GO 10 51 
204 C ***** READ LAYER COST DATA 
205 READl5, 1 l (C\31 (J l,l=2,Nl 
206 99999 READl5,1JlC\32lil,I=2,Nl 
207 IF l ITii:AN.EG. 1 lREAD 15,1 J IC43 (J l, 1=2, Nl 
208 1FliTRAN.EG.1 lREAI1l5, 1 llRHO(!l ,I=2,Nl 
209 DO 3, 1=2,N 
210 BC(Il = T\:tiC13Jli)+C132ll)l 
211 IFliTRAH.EQ.tl8Clll = FClll+T1*C43ill*RHOill*0.841 
212 3 CONTINUE 
213 REAli i 5,1 JC 11 ,C 121 ,C\22 ,C1 i3, C133,C134,C14,Cl5 
214 BClll = C11+C122+TAREA*C133+C\34+C\4+C15 
215 C5=0 
216 60104 
217 51 READl5,1)iCS2lill,I=2,Nl 
218 READl5,1 llCS22li>,I=2,Nl 
219 IF l ITRAN.EG.l. lREADiS, 1 l iC43i Il ,1=2,10 
220 IFiiTRAN.EQ.I lREADl5, 1 llRHOl Il ,I=2,Nl 
221 TI=52.858*DAREA 
222 DO S, 1=2,N 
223 BC\ll = THiC521lll+C5221Ill 
224 IFllTRAN.EQ.1lBCliJ = BCliHT1:t.C431Il•.841HHOlll 
225 5 CONTINUE 
226 fo::EAD!5, 1 JC51 ,C520,C52A,C523,C53,C54 ,Cl 
227 BClll = C51+DAREA*C523+C53+C54 
228 4 CONTINUE 
229 IFllCF.EG.1 lREADI5,llC2,C3,C41,C42,EDF,CONTF 
230 C COST OPTIHI2ATION 
231 C READ IN THICKNESS RESTRICTIONS 
232 C ITHK = FLAG FO~ THICKNESS RESTRICTIONS 
233 C ITHK " 0 NO RESTRICTIONS 
234 C ITHK = 1 - COVER ABOVE N02 GT D2 
235 C ITHK " 2 - TOTAL COVER THICKNESS GT D3 
236 C ITHK" 12- BOTH RESTRICTIONS APPLY 
237 C N02 = LAYER NO. OF 1ST OPTIMIZATION 
23B C N03 " LAYER NO. OF 2ND OPTIHI2AT!ON 
239 C CRITJ " FLUX CRITERIA 
240 READC5,1 liTHK,D2,D3,N02,N03 
241 N01 =N02-1 
242 N04 = N03+1 
243 DO 6, I::o:fW2,N 
244 6 RATil) = ltCii>/AACll 
245 JTST = 1 
2~6 IFIRATIN031.LE.RATIN021) JTST " 2 
247 IF\ITHI\.GE.1l GOTO 8 
24B 
2 4 9 
250 
251 

DO 9, II "' N02,N 
9 DXClll = 0.01 

NOP " N02 
!F1JTST.E0.21NOP " N03 
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252 
253 
254 
255 
256 
257 
258 
259 
260 
261 
262 
263 
2 64 
265 
266 
267 

DX<NOn " ALOG<RF<N01 1/Rf<NI 1/AA<NOFI 
GO TO 99 

8 IFilTHK.EQ.2) GOlD 15 
NOF' :::. N02 
lf(JTST .E0.2lNOP :::. N03 
NOPl :::. NOP+1 
15-T=BC<NOf·J l 
T4T:O. 

DO 57 IJ=NOPl ,N 
T4T-=T4T+DX(lJ) 
T5T.:AMIN1 (l5T, BC i IJl l 

57 IFiTST.EO.BCliJllNHIN=IJ 
IF<T4T.LT.D2lDXCNHINl=DX(NMINl+D2-T4T 
lfi!THK.EG.1l GO TO 99 

15 CONTINUE 
T1 " DX<21 

268 DO 12, LI=3 1 N 
269 12 T1: TI<DX<L!I 
270 1Fil1.GE. D3l GO TO 99 

T2 = BC\21 
tHilN == 2 
DO 14, HI=3,N 
12 = AMINI \T2,EC\i'ii I l 

271 
272 
273 
274 
275 
276 
277 
278 
279 
280 
281 
282 
283 
284 
285 
286 
287 

14 If<T2.EQ.BC<Hlll NHIN o HI 
DX<NHINl = D3-T1+DXiNMINl 
GO TO 99 

C TOTAL COST SUNHARY 
45 CONTINUE 

C ***** OUTPUT COST OPTIHIZATION R£SUL·rs 
\JR1TE(6 1 881 l 

881 FORHATl6X,~ LAYER ,3X, THJCKNESS',7X, 'EXIT FLUX',lOX, 
$'EXIT CONC .. , BX, ·'EH ',I, 18X, ·· lCHl ',6X, '(PCI/SCHHSEC)' 
$ 1 10X,-lF'Clill',il 

DO 884 I=l,N 
RXY Z =1\F \I ) t. 1 0000. 
CXYZ=RC!ll*1000. 

288 884 IJRITE16,883li,DDX\Il,RXYL,CXYl,AA(Il 
289 883 FORMAT(8X,I2,5X,F6.0,2X,2l5X,E12.4l,H,E12.4l 
290 TOTDDX=O. 
291 IF(ICOST .EQ.Ol GO TO 666 
292 DO 797 JJK~2,N 

293 797 TOTDDX=DDXIJJKl+TOTDDX 
294 IJR1TE(6,880l 
295 880 FORiiATU//// 1 2lX,·· ut.u C 0 S T RESUlTS *'~:u=~.-,1//, 

296 S20X,'LAYER NG.··,6X, 'THIC.;NESS-',SX,-'COST·',I,38X, (CHJ·-·, 
297 $11 X,·· ( $ J , I, 20X, '==========================.:===.:=~==-===== -· 
298 $/ /) 
299 798 FORHAT(23X,I2,10X,F6.0,BX,1PE10.3,/) 
300 IF!IOF'T.EO.ll GO TO 5~ 

301 T3:0. 
302 DO 21, II1=2,i~ 
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303 C1311II> = [I Xi II!HBC(lll) 
304 21 T3 = T3+C13liiil 
305 Cl ~ T3+BCI 11 
306 799 FORHAT i /, 20X, ·' ============================"'=;;;;======="'==--,I i, 
307 I lOX, TOTAL', 10X,F8.2,6X, 1PE10.3,/i ,lOX, 'SUPPORT COSf5 .. , 16X, 
308 $1PE10.3,//,20X, '===============================~===~=~==",!, 
309 $20X,-'TOTAL COVER COSTs·· 1 12X, IF'£10.3,/ ,20X, 
310 , •••••••••••••••••••••••••••••••••••••••••• , 

311 DO 777 I=2,N 
312 777 URITEl6,798ll,DDXIIl,C13\Il 
313 IJRITEI6,799lTOTIIDX,T3,BCi1l,C1 
314 33 FORriATllOX,'TOTAL ,£10.3,///,lOA,-·suF·PORT COSTS($) ,£10.3,/i/ 
315 1,10X,.-TOTAL COVER COSTS($) ·',£10.3,//l 
316 GO 10 25 
317 52T4=0 
31 B 
319 
320 
321 
322 
323 
3 24 
3 25 
326 
327 
328 
329 
330 
331 
332 
333 
334 
335 
336 
337 
338 
33(1 
340 
341 
342 
3 43 
344 
34 5 
346 
347 
348 
349 
350 
351 
352 

DO 24, KI.:::2,i~ 

C52<Kil "' DXIKll•BClKil 
24 T4 = T4+C521Kll 

C5 = T4+liC\1l 
DO 763 I=2,N 

763 URITEl6,798li,DDXi1l,C521Il 
URITEl6,799lTOTDDX,T4,BC(1l,C5 

2::. IFiiCF.El.l.Ol GO TO 999 
C6 = tl+C2+C3+C41+C42+C~+C520+C52A 
C7 = EDf$(C6-C42l/100. 
ca = c6-..c7 
C9 = CONTF~CS/100. 
CT01 "' C8+C9 
I£Df;:;£DF 
ICONTF•CONTF 
C5C520=C5+C520+C52A 
URIT£ ( 6 ,i90 lC 11 C2 ,C3,C41 ,C42,C5C520 ,C6, IEDF ,C7 ,CB, ICONTF 1 

iC9,CTOT 
796 FORHATC////ii 1 22X, 'SUHMARY OF REHEDIAL ACTION COSTS CSJ ',i,22X, 

$'==================================== 1 ///,16X, 
s-·rAILINGS SITE COSTS ,20X,1P£10.3,//,16X, -REHOTE OFr·-SITE", 
$24X 1 1PEI0.3,//,16X, 'UINDBLOUN AREA·",25X,1P£10.3,//,16X, 
$"TRANSPORTATION' 1 / ,21X, ··A. CAPITAL CO SIS· ,17X, 1F'E10.3,/, 
$21X,·'B, HAUL COSTS",20X,1F'E10.3,1/,16X,--DISPOSAt SITE.,26X, 
$1PE10.3,1/,10X,-'TOTAL CLEANUP',26X,IPE10.3,/J,16X, 
i'ENG. DESIGN, CONST. KGHNT AT ~,12,'% ,7X,IPE10.3,!, 
i10X, '================================~=====~~=======~= ,//,16X, 
$"TOTAL',34X 1 \P£10.3,// 1 16X, CONTINGENCY AT ~,12,'1 

$ 2 1 X , 1 r· E 1 0 • 3 • I I I , 1 6 X 1 

I ••••••••••••••••••••••••••••••••••••••••••••••••• ,1,161, 
$-"GRAND TOTAL ··,28X,1F'EI0.3,/, 16X, 
$·-================================================= ,lll/) 

999 GO TO 066 
555 STOP 

EN II 
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TABLES OF REQUIRED DEPTHS FOR RADON ATTENUATION 
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rn 
' N 

ORE GRADE 15 ·" 
TAILINGS 
MOISTURE 

"' 
DIFFUSION 
COEFFICIENT' 
(CMH2/SEC)' 

TABLES OF REQUIRED DEPTHS FOR RADON ATTENUATION (METERS) 

TABLE 8, 

COVER MOISTURE (%)/DIFFUSION COEFFICIENT {C~**2 PER SEC) 

"' 5. 0 b. 0 7.0 a.o 9.0 10.0 II , 0 12,0 13.0 11.1,0 1 s .n 
--------------------------------------------------------------------------------0/P ,0287 • 0221 • 0 171 ,0131 • 01 0 1 ,007!\ • 00&0 ,0011& • 003b .0027 ,0021 

-------------------------------------------------------------------------------------------------------3.0 
s.o 

'·' 1 ,-o 
a.o 
9,0 

10.0 
1 1'.0 
12.0 
13. 0 
14.0 
1'5,0 

,0484 
,0287 
,0221 
,0171 
• 0131 
, 0 I 0 1 
,0076 
,00&0 
,004& 
• 00 3b 
,0027 
,0021 

'·' '·' •• 7 
' .. 
4,5 

'·' 
'. 3 
'. 2 
4.1 

'· 0 

'·' 3.8 

4.3 
'.1 
'. 1 
'. 0 
3,9 
3.8 
3. 8 
3. 7 
3.b 
3.5 
3.' 
3.3 

'. 7 
3. b 
3,5 
3.5 
3.0 
3.3 
3.' 
3. 2 
3.1 
3. 0 

2.' 
2.9 

3.2 
3. 1 
3.0 
3,0 
2.9 
2.9 
2.6 
2.8 
2. 7 
2,b 
2 •• 
2.5 

2. 1 
2.b 
2 •• 
2.b 
2.5 
2,5 
2.' 2.• 2.' 
2. 3 
? • 2 
2,2 

2.3 
2.3 
2.2 
2.2 
2. 2 
2.! 
2 • ! 
2 • ! 
2. 0 
2. 0 

! • ' 
! • ' 

2. 0 

! • ' 
! • ' 

'"' ! • ' 
! • 8 
! . 8 
! • 8 
! • 7 
! • 7 
!.7 
! • ' 

! • 7 
! . 7 
! •• 

! • ' 
! • b 
! •• 

! • ' 
! • 5 
! • 5 
! • 5 
! • ' 
! • ' 

! • ' 
! • ' 
! • ' 
! . ' 
! • ' 
! • ' 
! • 3 

! • ' 
! • ' 
! • 3 
! .2 
! • 2 

! • 2 
1.' 
! • 2 
!.2 
! • 2 

! • ' 
! • ! 
! • ! 
! • ! 
! • ! 
! • ! 
! • 0 

1. 0 
!.0 
! • 0 

! . ' 
! • 0 
! • 0 
! • 0 
!.0 . ' 
·' ·' ·' -------------------------------------------------------------------------------------------------------· 

ORE GRADE IS .Ob 

TAILINGS 
MOISTURE 

(X) 

DIFFUSION 
CDEFFIC lENT' 
(C~u2fSECl' 

UBLE B, 2 

COVER MOISTURE (X)/DIFFUSION COEFFICIENl (C~H2 PER SECl 

"' 5. 0 '. 0 7. 0 8. 0 '. 0 10,0 11 • 0 12.0 13.0 14,0 ts.o 
------------------------~-------------------------------------------------------DIP ,OZI\7 , 02Z I • 0 1 7 1 • 0 1 31 • 01 0 I • 0 078 ,0060 ,00tl6 ,0036 .OOZ1 .0021 

-------------------------------------------------------------------------------------------------------
'. 0 
5. 0 
b. 0 
7.0 
e.o 
'. 0 

10,0 
11. 0 
12.0 
13,0 
111.0 
1s.o 

,048tl 
,02.'17 
,0221 
• 01 71 
• 01 31 
• 0 1 0 1 
,0076 
,0060 
,00t16 
• 00 3b 
,0027 
,0021 

5.2 
5.0 

'.' ' .. 
' .. 
'. 7 

'·' '. 5 
'. 3 
'. 2 
'. 1 •.o 

'·' '·' '·' •• 2 
'.! 
'. 0 •.o 
'·' 3.8 
3. 7 
3.b 
3.5 

3. 8 
3.7 
3. 1 

'·' '·' 3. 5 

3.' 
3.' 3.' 
3. 2 
3. 1 
3.0 

'.' 3.2 
3. 2 
3 • ! 
3.1 

'. 0 
3. 0 
2.9 
2.B 

'·' 2. 7 

2.' 

2 •• 
2. 8 
2. 7 
2. 7 
2. 7 
2.b 
2 •• 
2.5 
2. 5 

2.' 2.' 
2. 3 

2.' 
2 •• 
? • ' 
2. 3 
2.3 
2.3 
2.2 
2. 2 
2.! 
2.! 
2. 0 
2. 0 

2.! 
2.0 
2. 0 
2.0 
2. 0 

'"' 1 • ~ 

'"' 1.8 
1. 8 
1 • 8 
1 • 1 

1.' 
1.8 
! • 7 
1 • 7 
1.7 
1 • 7 
1 •• 
1 •• 
1.' 
1 • 5 
1. 5 
1 • 5 

1 • 5 
1. 5 
1. 5 
1. 5 
1 • ' 
! • ' 
1 • ' 
! • ' 
1 • ' 
1. 3 
1.3 
1 • 3 

!.3 
1 • ' 
1 • 3 

1 • ' 
1. 2 
1 • 2 
1. 2 
1 • 2 
1.2 
! • 1 
1.1 
! • 1 

1 • 1 
1.1 
!.1 
( • 1 
1.t 
! • 0 
1.0 
1 • 0 
1 • 0 
1 • 0 
1. 0 

·' 
~------------------------------------------------------------------------------------------------------



'" ' w 

TAeLES OF REOUJREO DEPTHS FOR RADON ATTf~UATION (METE~SJ 

ORE I>RlOE IS .08 TABLE B. 3 

COVER MOISTURE (X)/OIFFUSION COEFFICIENT (CM**2 PER SECJ 

"' 5. 0 6. 0 7. 0 8. 0 '. 0 1 0. 0 1l. 0 12.0 I 3. 0 111,0 15.0 HILIN!>S 
"101STURE 

DIFFUSION 
COEFFICIENT' --------------------------------------------------------------------------------· 

"' (CM••2/SEC)' 0/P ,02!17 ,0221 , 0 I 7 l • 0 131 • 0 I 0 I • 00 7 p, .oooo ,00110 .0031- • 0 021 .0021 

-------------------------------------------------------------------------------------------------------· 3.0 
5. 0 
6. 0 
7. 0 
8. 0 
•• o 

10,0 
11.0 
12.0 
13,0 
14.0 
15,0 

• 011811 
,0287 
,0221 
• 01 71 
,0131 
, 0 I 0 I 
• 0 018 
,00&0 
,0011& 
,003& 
,0027 
,0021 

5.5 

'·' '.' 5.2 
5.1 
5.0 

'·' ". 8 
". 7 
•• 6 
•• 5 

'·' 

". 7 

'·' •• 6 
•• 5 

••• .. ' 
'.' •• 2 
•• 1 

'. 0 

'.' '·' 

" • 1 •.o 
'.' '.' '·' 3.8 
'. 7 
3.6 
3.5 
3.5 

'." '.' 

3.5 
3.5 

'." '." '.' '.' 
'. 2 

'"' ' • 1 
'. 0 
2.9 
2.9 

3.0 
3.0 
2.' 
2.' 
2.9 

2.' 2.' 
2.7 
2. 7 
2.6 
2. 5 
2.5 

2.6 
2. 6 
2. 5 
2. 5 
2.5 
2.' 2." 
2.3 
2.' 
2.3 
2. 2 
2. 2 

2.2 
2.2 
2. 2 
2. 2 
2. 1 
2. 1 

'. 1 
2. 0 
2. 0 
2. 0 

1.' 
1 • ' 

1.' 1.' 
1.' 1.' 
1 • ' 
1.6 
1.6 
1. 7 
1 • 7 
1 • 7 
1 • 7 
1 • 6 

1.6 
1. 6 
1.6 
1. 6 
1 • 6 
1. 5 
1. 5 
1. 5 
1. 5 
1. 5 
1." 
1 • " 

1." 
'"" 
'"" 1.' 
1 • ' 
t • 3 
1 • ' 
1 • ' 
1.3 
!.3 
1. 2 
1.2 

1 • 2 
1. 2 

\.' 
1 • ' 
1 • 2 
\ • 1 
1 • 1 
1 • 1 
1 • 1 
\ • 1 
1 • 1 
1 • 0 

-------------------------------------------------------------------------------------------------------· 
ORE t;RAOE IS .!0 TABLE B, 4 

COVER MOISTURE (X)/OJFFUSION COEFFICifNT {CM••2 PER SECJ 

(t) s. 0 6. 0 7.o 8.0 9.0 10,0 II , 0 12.0 t 3. 0 \11,0 l 5. 0 TA ILINI>S 
MOISTURE 

DIFFUSION 
COEFFICIENT' --------------------------------------------------------------------------------· 

"' (CM**2/SEC)' 0/P ,0287 ,0221 • 0171 • 0 131 .0101 ,0078 ,00&0 ,0(}4"- ,0036 .0027 ,0021 

-------------------------------------------------------------------------------------------------------· 3.0 
5.0 
6.0 
7. 0 

'. 0 
'. 0 

10,0 
II • 0 
12,0 
13. 0 
14,0 
15.0 

,048'1 
~0287 
.0221 
, 0 I 71 
• 0131 
,0101 
.0078 
.0060 
• 0046 
,0036 
• 0027 
• 0021 

5.6 
5.6 
5.5 
5.5 
5 •• 
5.3 
5.2 
s .1 
s. 0 

"·' ". 7 

'·' 

5.0 

'·' ••• 
". 7 ..7 
'. 6 
•• 5 .. " .. ' 
•• 2 

". 1 
". 0 

'·' •• 2 ..2 
" • 1 
•• 0 

". 0 

'·' '.8 
'. 7 
'. 7 
'. 6 
'. 5 

'. 7 
3.6 
3.6 
3.5 

'.' '." '·" '·' 
'. 3 
3.2 

'. 1 
'. 0 

3.2 
3.1 
3.1 

'. 1 
'. 0 
'. 0 

'·' 2.9 

2.' 
2.6 

'. 7 
2. 6 

2.1 
2. 7 
2. 7 
2.6 
2.6 
2 •• 
2.5 
2. 5 

2.' 
;:>,4 
2,3 

'.' 

2.• 
2.3 

'·' 2.' 
2.2 
2.2 
2.2 
2.2 
2. 1 
2. 1 

'·' 2. 0 

2. 0 
2.0 
2.0 
2. 0 
!.G 
1 • ' 
1 • ' 
1. q 

1.' 1.' 
1.' 
1 • 7 

1 • 7 
1 • 7 
1 • 7 
1 • 7 
1 • 7 
\. 6 
1. 6 
1.' 
\ . ' 
1. 5 
1. 5 
1 • 5 

1. s 
1. 5 
1. 5 

1 • " 
1 • " 
1 • " 
1 • " 
1." 
1." 1.' 
1.3 
1 • 3 

1.' 
1 • ' 
1 • ' 
1 • 2 

1 • ' 
1.2 
1.2 
1. 2 

1.' 
1.1 
1 • 1 
1 • 1 

-------------------------------------------------------------------------------------------------------· 



~ 

' 
"'" 

ORE GRADE IS .12 

TAILINGS 
MOISTURE 

'" 
OIFFUS!Oflj 
COEFFICIENT' 
(CM**2/SEC}' 

TABLES OF REQUIRED DEPTHS FOR ~ADQI\j ATTENUATION (METERS) 

TABLE B. '5 

COVE:R MOISTURE CXl/OIFFUSION COEFFICHt.T (Ciolu2 PER SFCJ 

(X) s.o •• 0 7.0 '. 0 •• o 10.0 11 • 0 12,0 13,0 111.(1 15,0 

--~----------------------------------------------------------------·------------· 0/P ,0287 ,0221 ,0171 ,0131 ,0101 .007~ .00&0 .004& ,0036 ,0027 ,0021 

------------------------------------------------------------------------------------------ ------------· 3. 0 
5. 0 
•• o 
7. 0 
8.0 
•.o 

I 0 • 0 
1 1 • 0 
12,0 
13,0 
14,0 
15,0 

• 0484 
,0287 
.0221 
• 0171 
• 01 :H 
• 0 I 0 I 
• 0078 
,001:10 
,0046 
,0036 
,0027 
• 0 021 

•• o 
5.8 
5.8 
5. 7 

'·' 5.5 
5.' 
5.3 
5.2 
5 • I 

'·' '·' 

5.2 
5. I 
5. 0 

'·' '. 8 •.8 
'. 7 

'·' •• 5 

'·' '. 3 

'·' 

'. 5 
'.' '.' '.' '.2 
'• I 
'• I •• o 
3. q 
3. 8 

'. 8 
3.7 

'.' 3. 8 
3.7 
3. 7 

'·' ' .. 
3. 5 
3. 5 
3.• 3.' 3.' 
3.2 

3. 3 
3. 3 
3. 2 
3. 2 
3. I 
3 • I 
3.1 
3.0 
3.0 
2.9 
2.8 
2.8 

'·' 2.' 
2.8 
2.8 
2. 7 
~.1 

' .. 
2.6 
2.6 
2.5 
2.5 
?. • 4 

2.5 
2.' 
2.4 
2.• 
2.3 
2. 3 
2. 3 
2. 2 
2.2 
2.2 
2 .1 
2 .1 

2. 1 
2. 1 
2. 1 
2.0 
2. 0 
2.0 
2.0 
1.' 
I • q 
I • q 

1 • ' 
1 • ' 

1.' 
I. 8 
1. ~ 
I • 8 
I. 7 
1 • 7 
1 • 7 
1.7 
1 • 7 ... 
I •' 
I • b 

1.' 
I • 5 
1. 5 
I • 5 
I. 5 
I. 5 
1. 5 

I • ' 
I • o 
1.' 
I •' 
1.0 

I. 3 
I • 3 
1. 3 
I • 3 
1 • 3 
1.3 
I • 3 
I • 2 
1.2 
I. 2 
1.2 
1.2 

--------------~----------------------------------------------------------------------------------------· 

ORE GRADE IS ·" 
TAILINGS 
MOISTURE 

(l) 

DIFf'USlON 
COEFfiCIENT r 
(CMH2/SEC)' 

TABLE B, b 

COVER MOISTURE (X)/DIFFUSION CDEf'FICJENT (C"'**2 PER SECJ 

(X) 
'· 0 

•• o 7. 0 8.0 •• o 10,0 II • 0 12.0 1 3. 0 14.0 t 5. 0 

0/P ,0287 ,0221 ,0171 ,0131 ,0\01 ,0078 ,00&0 ,004& ,003h ,0027 ,0021 

---~------------------~------~-------------------------------------------------------------------------· 3.0 
5.0 
•• o 
7. 0 
8.0 

'. 0 
I 0, 0 
11,0 
12,0 
13,0 
111,0 
15.0 

.0484 
• 0287 
• 0221 
• 0171 
• 0 131 
• 01 01 
,0078 
,0060 
,0041:1 
.003& 
,0027 
,0021 

•• 2 
•• 0 
5.9 
5.9 
5.8 
5. 7 
5.& 
5. 5 
5.' 
5.2 
5. I 
5. 0 

5.3 
5.2 
5 .1 
5.1 
5. 0 

'.' 
'. 8 
0.8 

'. 7 ' .. 
•• 5 

'.' 

' .. 
'. 5 
'. 5 

'.' 
'. 3 
'. 3 
'. 2 
'• I '.I 
4.0 

3.' 
3.8 

'. 0 
3.9 
3.9 
3. 8 
3.8 
3. 7 
3.& 
3.& 
3. 5 
3.5 
3.0 
3. 3 

3.4 

'.' 3.3 
3.3 
3. 3 
3. 2 
3.2 
3 • I 
3. I 
3. 0 
2.' 
2.9 

3. 0 

2.' 
2. q 

2. 8 
2. 8 
2. 8 
2. 7 
2. 7 
2. 7 

'·' 2.' 
2.5 

2. 5 
2. 5 
2.5 
2.5 
2.' 
2.' 
2.' 
2. 3 
2. 3 
2. 3 
2. 2 
2. 2 

2. 2 
2. 2 
2. 1 
2. 1 
2. 1 
2. 1 
2. 0 
2. 0 
2. 0 
2. () 
I • q 

1 • ' 

I • Q 

1 • ' 
I • 8 
I • 8 
I • A 
I. 8 
I. 8 
I • 7 
I • 7 
I • 7 
I • 7 
1 •• 

1 •• 
I • & 

1.& 
1.& 
I •' 
1.5 
1.5 
1.5 
1.5 
1.5 

I •' 
I •' 

.., 
1.' 
1.' 
I, 3 
I • 3 

I • ' 
1 • 3 
I • 3 
I • 3 
1.3 
I • 2 
I • 2 

-------------------------------------------------------------------------------------------------------· 
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lARLES OF REQUI~EO DEPTHS FOR RAOUN ATTENUATION {ME"TERS] 

ORE GRADE " ,30 TABLE B.tt 

COVER MOISTURE (%)/DIFFUSION COEFFlCIFNT (CM••2 PER SEC) 

U I LINGS DIFFUSION • "' 5. 0 & • 0 7. 0 '. 0 9. 0 1 0. 0 11 • 0 12.0 I 3, 0 I~ ,ll I 5, 0 
~OISTURE COEFFICIENT' ••••••••w•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• ,., ([M .. 21SECJ' DIP ,0287 ,0221 • 0171 • 0 13 t , 01 0 I ,007f\ ,0060 .ooat> • u 0 3b ,0027 • 0021 

-------------------------------------------------------------------------------------------------------· 3,0 • 0 484 • 7, I & 'I 5.3 '·' 0,0 3.' 3. 0 2,& 2.2 1.9 I ' & 
5. 0 • 0287 • &,9 &,0 5. 2 '. 5 3,9 3,0 2.' 2.5 2. 2 I ,9 I' & 
&,0 • 0221 • '.' 5,9 5. 2 '. 5 3,9 3,0 2.' 2,5 2.2 I, 9 1.& 
7.0 • 0 I 71 • '.' 5. 9 5, I '.' 3,8 3.3 2,9 2. 5 2, I .. , 1.& 

'. 0 • 0 131 • '. 7 5.' 5. 0 '·' 3,8 3. 3 2.' 2. 5 2, I I' • 1.& 
•.o • 0 I 0 t • '.' 5. 7 5. 0 '. 3 3.7 3. 3 2, A 2,0 2, I ... .., 

I 0, 0 .o 078 • '.5 5 ·' '. 9 '. 3 3. 7 3,2 2. 8 2.' 2 ,I I , A I,& 
11. 0 ,0060 • '.' 5.' '. 8 '. 2 3. 7 3. 2 2. 7 2,0 2, I I • 8 I , 5 
12,0 ,0046 • '. 3 5. 5 '·' o, I 3.' 3, I 2. 7 2.' 2. 0 ... I , 5 
13. 0 • 00 36 • '. 2 5.' 0,7 o, I l, 5 3, I 2, I 2,3 2,0 1.1 I , 5 
14,0 • 0027 • '. 0 5. 3 '·' 0,0 3. 5 3,0 2.' 2.' 2,0 I , I 1.5 
15,0 ,0021 • 5,9 5,2 '. 5 3,9 '·' 3,0 2.' 2. 2 2. 0 I , I 1.5 

~------------------------------------------------------------------------------------------------------· 
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