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ABSTRACT

Radon emissions from bare and covered uranium mill tailings can be estimated
by diffusion theory if appropriate 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 well as
technological developments associated with radon transport through tailings
cover systems.

Research 1is presently being conducted to define more clearly the influences
of misture, porosity, pore size distribution and other factors, on the attenuairive
properties of cover materials. The results of these present investigations will
be incorporated in a subsequent addendum to this handbock.

The radon fluxes or cover thicknesses can be calculated by hand or by
available computer programs. The equations and procedure for the hand calculations
1s 1in 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.  INTRODUCTION

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 Tong-term stabilizaticn of the tailings to adequately reduce radon emissions.
The generally accepted means of achieving stabilization is to cover the tailings
with earthen materials, sumetimes 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 meth-
odology, and the standardized procedures for caiculating the radon attenuation
provided by cover systems placed over uranium mil] 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.



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 Gereric Environmental Impact

Statement on Uranium Mi]]ing.(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 calcutating 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 1ist for calculating adequate cover thicknesses.

1.2 BACKGROUND AND PREVIQUS WORK

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

222Rn, is generated from the radio-

238

inert gas. The principal isotope of radon,

226

active decay of Ra and is a decay daughter in the U decay series as shown

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

to migrate considerable distances before decaying. Furthermore, the generation

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

226 230

relatively long half-Tives of Ra, and its parent, Th, 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-

(2-11)

ment have been supplemented by research dealing specifically with the

diffusion and transport of radon produced in uranium mill tai]ings(g’ 12-14)

(15,16) In particular, References 8 and 17 contain excellent

and ore minerals.
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

(19,20)

deduced. In other laboratory experiments, 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,.

(21,22) using uranium tailings materials also have

(21)

Two recent field tests
yielded information associated with the diffusion coefficient. In one test
surface radon fluxes were measured for various thicknesses of a cover material

placed over a small plot of tailings. The diffusion coefficient obtained from



a least-squares fit of the flux data was consistent with the Taboratory measure-
(21) (22)

226

the diffusion
ZZR

ment of similar material. In the other field measurement

Ra and 2 i]

coefficient was deduced from in-site borehole logging of the
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:

- nY _ .
De = Dair p exp(-0.261M) , (1-1)
where

D, = effective bulk diffusion coefficient (cm2/s)
D> 2

air = diffusion coefficient of radon in air (0.106 cm /sec)

p = total porosity of material

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

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

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

to other correlations of gaseous diffusion through porous mater1a1s.(24)

The correlation based upon the air-filled porosity, Pyo is:

_ 0 2.16
De = 0.74 Da1r pa + Dw 8 (1-2)
where
g = wvolume fraction of moisture
. air filled porosity = p - 0
[h = diffusion coefficient in water-filled

pores (assumed to be 6.6x10_ﬁcm2/sec)

5



The raden transport through synthetic materials can also 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.

The same authors also reported preliminary resu1ts(19) with a clay-grave)
aggregate that has a Tow air-filled porosity. Initial results with the aggregate

(19,25)

suggested further development and work is continuing in this area.

Other recent Taboratory efforts have been focusing on diffusion coefficient

(25-30)*

measurements using small samples. In some of the methods, the effects the

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

others,(29’3o)*

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
studiec 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 jnitial

{31,32)

results from the most recent field test are promising. The Bureau of

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

(33) Additionally, several materials have

barriers for worked-out mine stopes.
been identified as effective for the short-term reduction of radon in active
mines.

The radon-attenuating 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.(2°)

*(Ref.30) Private communication between W. Silker {PNL} and V.C. Rogers {RAE),
1981.
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2.  MATHEMATICAL BASIS 0OF RADON DIFFUSION THROUGH COVERS

The physical processes by which radon can be transparted from one point to
another are both numercus and complex. In general these processes may be
categorized 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

(35)

evaluation 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's law of diffusion.

If a temperature or momentum gradient exists within a containment volume

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

minimize these gradients also. However, microscopic transport of radon arising



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's
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

formalism.

2.1 DIFFUSION THROUGH ONE AND TWO REGIQONS

The general diffusion equation for the long-term steady state condition is
derived from the steady state equation of continuity where, for a particular
infinitesimal volume in the tailings or cover material, the radon generation

rate eguals the loss rate from leakage and decay:

<
<

FpAC = G, (2-1)

where
J = radon flux from the porous material (pCi/mzs)
V- J = radon leakage from the infinitesimal volume (pCi/mBS)
p = total porosity of the material
A = decay constant of radon (2.1x10_65ec_1)
C = radon concentration in the total pore Space (pCi/mB)
0 = radon source term (pCi/m3s)

The first term in the left-hand side of Eq 2-1 represents the Toss by



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 following expression:

Q= RoyEx (2-2)
where
_ 226 .
R = Ra content of the dry material
(pCi/g)
Py~ dry bulk density of the material (g/m3)
E = 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:

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



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

(12,19,20) have been used to deduce

(7,20)

theory expression. Radon flux measurements

De’ as have radon concentration measurements in the soil gas of the material

and the time-dependent break-point of radon migrating through the mater1a1€25’26’28)

With Fick's Law, EqQ 2-1 becomes, for a one-dimensional problem:

dc
D 7 - piC + Rp EA =0 {2-3)
e dx b

(23)

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

porosity for p, and Eq 1-2 for [%.

2.2 GENERAL SOLUTION AND BOUNDARY CONDITIONS

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

C{x) = A exp({bx) + B exp{-bx) + S , (2-4)
where
b = (aw/D,)" (2-5)
S = prEfp
A, B = integration constants

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

J = —De b LA exp{bx} -B exp{-bx)] (2-6)

10



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

2.1, are:

1. J{0) =0 the flux is zero at the origin

2 Ci(xi) = C1+1(x1) the concentration is continuous across a media
interface at x,

3.0 d.(x) = J., . (x) T . .

it i+1M 7 the radon flux 1s continuous across a media inter-

face at X;

4, Cn(xn) = Ca 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 Eg

2-4 becomes

C(x) = Alexp(b_x) + exp(-b_x)1 + Ro E/p

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 yields

-RobE

A:
pOEexp(boxo) + exp(—boxaTT

i1



Boundary and

Interface
Conditions
ATMOSPHERE
Upper _
Boundary & Cn(xn) =0
Region COVER
i+ 1
(g, di4p)
I _ _
nterface 3 J1(x1) J1+1(xi)
2 Ci(x1) = Ci+1(x1)
Region i TAILINGS
(C.» J5)
Lower ' -
Boundary L J(O) -0
FIGURE 2.1 BOUNDARY AND INTERFACE CONDITIONS FOR

SOLVING THE DIFFUSION EQUATIONS
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then

Ro, E exp(b_x) + exp{-b_x)
C(X) = b Ll - ex -(b—?(') ¥ ox (—bOX )]
Po PO % PA=P0%s
and
xD_ . [exp{b _x) -exp{-b_x}3
I = RopE (52 et T expTob X ]
Po Piby%g Pi™Bo%g

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

AD

0 AP
Jx ) = JO = RDbE (Ii;)

o

J0 = bODOS0 tanh (boxo)
where, as stated previously, D0 is the De for the tailings.

2.4 SOLUTION FOR COVERED TAILINGS

The solution of the diffusion equation for a two-region problem applies to

a tailings pile covered with a homogeneous material. For simplicity the source

term in the cover is assumed to be zero, Ca at the surface of the cover is
also assumed to be zero, and the origin is assumed to be at the interface.

Application of the boundary conditions yields the following set of

equations:

13



0 0 1 1 0
Db D.b
1 171 _
Ay By _Al (D 5 * By (55~ =0
00 0 0
Al *+ B, exp(—Zb]x]) = 0 (2-11)

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

J

A1 7 B0, Tam {b_x )T~ exp(Zbox YT -6.0.61 + exp(b.x )7 (212
070 00 1M1 11 17

jual
1]

- Al exp(2b.x (2-13)

1 1)

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

{region 1), yields:

Jg [exp(blx) + exp(2b1x1 - b.x)1

310 = =55 L (2-14)
(D°b°)[exp(2b x)) - 13 tanh (b x,) + [1 + exp(2b;x;))

171 :

where Eq 2-10 has also been utilized.
The flux at the surface of the cover is given by substituting x = X into

Eq 2-14.

_ 2, exp(-b,x,) (2-15)
Jilxq) = 0,5, Db,
[1 + (D ) tanh (box )3 + L1 - (5%

191 Dby

) tanh (boxo)] exp(—Zbel)

It is of interest to examine the behavior of Jl(xl) under various condi-

tions. For Dob0 equal to lel’ and for sufficiently thick tailings such that

14



tanh (boxo) is approximately unity, then Eq 2-15 becomes:

Jl(xl) = J, exp(—blxl) (2-16)

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

However, if Dob0 << Dibi’ Eq 2-15 becomes:

2J0 exp(—blxl)
1+ exp(—Zblxl)

Jl(xl) = (2-17)
For small X{s the value of Jl(xl) is approximately equal to JO as shown

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

effect has been observed in laboratory measurements of radon fjuxes from

(20}

covered tailings. At large Xq s Eg 2-17 becomes:

Jl(xl large) = 24, exp(—blxl), (2-18)

so that Jl 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

(20)

observabie in laboratory measurements.

2.5 MULTIREGION SOLUTION

. , 9 .
The mathematical solutions for three( ) and four(36) region systems have
been presented previously. The diffusion solutions for the radon concentration
and flux in a general multiregion system have recently been developed. The

following presentation is based upon Reference 37.

2.5.1 General Multilayer Expression

The configuration and coordinate system used in the present development

15



i i
i

1.0 2.0 3.0

Thickness (m)

FIGURE 2.2  COVER SURFACE RADON FLUX FOR VARIQUS
THICKNESSES AND PARAMETERS
Curve A (_DobO = D,b.)

171
Curve B (Dob0<(lel)
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of radon transport through a multilayer system is given in Figure 2.3, With
each of the Tayers in the system is associated a thickness, di’ a diffusion
coefficient, Di’ and air-filled porosity, P> and a radon source, Qi'

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

¥4 < x € X;s @s given by Eq 2-4, is repeated with the present nomenclature,

C.(x) = A exp(bsix) + B, exp(—bix) + S, {2-19)
for
Xj_1 S XS Xy i=1ton
and
i T Xyt d1

where

Ci(x) = radon concentration at x in the itD layer

X = the vertical distance from the bottom of

the tailings system

- 5
di = Tayer thickness
D, = the average effective radon diffusion coefficient (D)
within the 1th layer
P, = the average total porosity within the 1th Tayer
Q. = the average volumetric 222Rn source within

the ith1ayer

S = Q‘i/pi)\

The associated radon flux Ji’ is given by Eq 2-6 and is repeated here:

17



X Cover/Atmospheric Surface Interface

n - Jn(x)
Cn(XJ f QH(X)
d
n
n-1 ‘¢
i+1
Ciag (0
i e 35 (X)
C}(x) % Q1(X)
d;
4’ it soi1 Layer
i-1
1 ey ()
¢, (x) f Q,(x)
d
¢ Tailings/Subsoil Interface
o0 — Jpix)

FIGURE 2.3  MULTILAYERED TAILINGS-COVER SYSTEM
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di(x) = -D_ib_i [F\.i exp{hix) _Bi exp(—bixﬂ (2-20)

The Ai and Bi constants are determined by the boundary conditions for each
layer.
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
Ci%i) = Ghaqlxg) (2-21)
P KL S (2-22)
1 dx i+1 dx
fori=1,2,. . .n-1.

At the bottom boundary of the tailings system (i.e., Xy = 0) it is

assumed that the radon flux is a known constant, JO, where

ac,to) J (2-23)

S 0

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

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

) = C (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 = X5

interface:

Ai exp(bixi) + Bi exp(-bixi) +S. = A, . exp(b

i 1+1 ) + B

i+1% jop exPlbyyxg) + Seyy

(2-25}

19



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

interface (x = xi), that

-Djbi [Ai exp(bixi) -B. exp(-bixi)] =

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

at the bottom layer:

AL =By - 3,/(Dby) (2-27)

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

concentration at the soil-air surface:

A exp(bnxn) + B, exp(—bnxn) tS = C, (2-28)

Equations 2-25 through 2-28 constitute a complete set of equations for
determining the constants, Ai and Bi' An equivalent matrix equation for this
system of equations is shown in Fiqure 2.4.

The matrix equation representing the system of equations in Figure 2.4

has the general form:
MX = N {2-29)
which has the solution,

x = M Iy (2-30)

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

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

consuming and subject to computational round-off errors. A simpler solution

20











































































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/mzs? The porosities are the
same, and all other tailings parameters are given
previously.

The answer can be obtained using Eq 2-46 once
JO is determined.

D

2 = 0.106 exp(-0.261(8))

pO

D

22 0.013 em?/sec

p0

J = “6 1/2 4
o = (280)(1.6)(0.2)0{2.1 x 1077)(0.013)1% x 10
) - )

o 149 pCi/m-s, and

x; = (0.62)(5.00 - 0.832)

xl = 72.6m

Example 3

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/mzs. What
thickness of overburden should be used? Assume equal
porosities for all materials.
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First, determine the diffusion coefficients:

D 2
tailings -2 = 0.013 an/s
I:)0
D
clay “L 2 0.0046 cn/s
Py
D, 2
overburden B—-= 0.022 cm™ /s
2

Then, calculate the attenuation through the clay
component using kqs 2-38 and 2-39.

2
y = (199} g0 8y (0. 018y (O-119)

o
1

13 pCi/mzs.

o
il

Now, determine the diffusion coefficient for
the source term to the overburden (the source is now

the taiiings and ciay) using £y 2-53.

052 DO Dl

—= = —exp{-a,xq) + — [1 - exp(-a,x,)]

Ps, Py 171 p1 171

D52

5o = (0.013)(0.088) + (0.0046)(1 - 0.088)
2

Os

—2 . 0.0053 em’/s

952

This expression is substituted for Do/po, and Jl =
13 is substituted for JO in Eq 2-44.
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(1.02)[2.56 - TnQ.491 ~ {1 - 3.491)(0.024)13

>
™
1l

Xy = 2.3 m = overburder 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 1, shown in Table 3.3, specifies a cover thick-
ness of 2.8 m in order to achieve surface flux of 2 pCi/mzs from the tailings.

The results of the Example 2 calculations are shown in Tabie 3.4. A cover
thickness of 2.6 m is sufficient to give a surface raadon flux of 2 pCi/mzs 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 Jimits.

3.6 COVER SOURCE CONSIDERATIONS

The example calculations of the previous section did not consider any
surface raden 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

UKANIUN MILL TAILINGS GEIS, APPENDIX F -EX. |
2,0,,.0,0,0.,0.001

500.,0.01175,0.25,1.882E-3
283.574,0.00246,0.3,0.

URANIUN HILL TAILINGS GEXS, APPENDIX P -EX. 2
2,0.,.0,0,0.,0.001

500.,0.00325,0.25,1.882E-4
260.,.002338,0.3,0.

URANIUM MILL TAILINGS GEIS, APFENDIX P -EX.3
3,0.,0.,0,0.,.001

500.,0.00325,0.25,1.882E-4
100.,0.00138,0.3,0.

235.,0.0064,0.3,0.
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TABLE 3.3
RAECO CALCULATION OF EXAMPLE 1

ek URANIUM MILL TAILINGS GEIS, APFERDIX P ~EX. 1

kkkkskbkkr [ N F U T PARAMETETRSE EERETFES ST

NUMBER OF LAYERS = 2

INITIAL RADON FLUX = ,000 FCI/S0H*SEC

SURFACE RALOM CONCENTRATION = .000 FCI/LITER

COST FLAG = 0

FLUX CRITERIA FOR OFTIAIZATION = .000 FCI/50M+5EC

ACE = 1,000-003

LAYER THICKNESS DIFF COEFF FORDIITY SOURCE

(CH) (5OCH/SEC) (PCI/CC#5EC)

1 L3000+003 LFS-001 L2300+000 .1882-003
2 L2838+003 L 2440-002 L3000+000 L300

sk R E S U LTS 0F B AT DN ODIFFUOSTIOHN CALCULATTION #kesk

LATER THICKNESS EXIT FLUX EXIT CORNE. EFF
(CH) (FCI/SGM*5ET) (FCIAL
1 200, L7391+0072 R L0000
2 284, L2003+4001 LOOG0 L0000
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TABLE 3.4
RAECO CALCULATION OF EXAMPLE 2

*e0kt  URANIUM MILL TAILINGS GEIS, APPENDIX P -EX. 2

xkkspdtdar I NP U T

NUNBER OF LAYERS = 2

PARANETERS

LETES S I LY

INITIAL RADON FLUX = .000 PCI1/SOM#SEC
SURFACE RADON CONCENTRATION = ,000 PCI/LITER
COST FLAG = 0
FLUX CRITERIA FOR OPTIHIZATION = .000 FCI/SON#5ET
ACC = 1.,000-003
LAYER THICKRESS DIFF COEFF POROSITY SOURCE
(CH) (SOCH/SED) (PEI/CC#SEL)
1 »3000+003 .3250-002 .2300+000 .1882-0903
2 L2600+G03 .2338-002 .3000+000 L0000
w448 RESULTS RADON DIFFUSTON CALCULATIODRN veres
LAYER  THICKMNESS EXIT FLUX EXIT COMNC. EFF
(CH) (PCT/SAN#SED) (PCL/L)
1 500, 71204002 .1B855+004 L0000
2 260, 19764001 L0000 .0000
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TABLE 3.5

RAECO CALCULATION OF EXAMPLE 3

#sxr URANIUM MILL TAILINGS GEIS, APPENDIX P -EX.3J

ssatbeknns I NP UT

NUMBER OF LAYERS = 3

PARAMNETERS

LRI ELES T L

INITIAL RADON FLUX = .Q00 PCI/S0H+SEC
SURFACE RADON CONCERTRATION = .0Q00 FCI/LITER
COST FLAG = 0
FLUX CRITERIA FOR GPTIMNIZATION = .,00D PCI/SOH*SEL
ACC = {.000-003
LAYER THICKHESS DIFF COEFF FORDSITY SOURCE
(CH) {S0CH/SEC) (PCI/CC*SEC)
1 +3000+4003 .3250-002 .2500+000 .1882-003
+1000+003 .1380-002 .3000+000 .0000
3 «2350+4003 Lb600-902 .3000+4000 L0000
#bekt RESULTS RADON DIFFUSITION CALCULATIDMN wskex

LATER  THICKNESS EXIT FLUX EXIT CONC. EFF
(CH) {(PCT/S0QH*SET) (FCI/L}

1 300. LA1944002 L2080+4004 0000

2 100, L10064002 L1529+4005 0000

3 235, L2007+G00 0%00 L0000



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

enly to the tailings is slightly Tess 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/mzs, 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 2.8) pCi/mzs. Subtracting the cover contribution

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

previously calculated assuming no radium in the cover materials.
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4. SUMMARY AND CONCLUSIOHNS

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 hand or by 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. Multilayer 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 vaiues used for computing the bare tailings filux for the Hansen

Project faciiity are as follows:

R = 231.8 pCi/g
p = 1.6 g/cm3
E = 0.2
DO/p0 = 0.01314 cmz/s

0.01314 cmz/s was obtained from Eq 4-1 based on a

The value of DO/pO
tailings residual moisture of 8%. Substitution of the above values into Eq

4-3 yields



7S

TABLE 4.1
PROCEDURAL CHECKLIST FOR CALCULATING ADEQUATE COVER THICKNESS
DETERMIRE THE REQUIRED COVER THICKNESS If desired, the required cover thickness can be

ohtained from the tables in Appendix B given the
are grade and the tailings and cover mpistures.

OETERMINE SOURCE TERM PARAMETERS, R, €, P Default values, R = 2,800 G, £ = 0.2, P~ 1.6, DO/pO = 0,136 exp{-0.261 HO}
p., 0 po=10.35
0’ “a 0
DETERMINE COVER MATERIAL PARAMETLRS, Di' P4 Default value, Pi = 0.35 Di/pi = 3,106 exp{-0.261 Hl}
1
CALCULATE BARE TAILINGS FLUX AHD COVER JO = prE {aD /p0)2
ATTENUATION PARAMETER o
- 1 2
bl = {Apl/DI}
CALCULATE SURFACE FLUX OR COVER THICKNESS 20 exp(-b x)
(4]
3. -
1 p. bip p .
'y 0 o ; i
{1+ O U yor (1 - N S 1%) eapl-2b )
Py Dllp1 CI TV T
2:] B Py
x; = b, (n (=9) -1n C(1 + -2 15 21%)
1 1 4 P DVEN
Pe l-)9-/-")9'1‘2'} (#)‘Zn
i)1 Dl”pl "4
If multiple layer cover, calculate effective . —
key parameters source D/p, ay = by/vhy
D m-1 0, n~1
s o_ i _ _ i
o 3 5 £E1 - exp( aixiil exp(- 2. a5
smo 4o 1 j=i+1

If multipie layers are in the cover, calculate
item 5 for the first cover layer, then calculate
ltem & for the second cover layer, then calculate
[tem 5 for the second cover layer, and 3o on
until Ttem 5 is calculated for the top layer.



-1

- L
3, = (231.8 pCi/g)(1.6 g/en’)(0.2) x (2.10107® s71x0.01314 en®/s)?

X lOﬂcmz/m2 = 123.2 pCi/mzs

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

by tanh [xo/iﬁ;75;'] , where X5 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 topscil and the overburden
will maintain a moisture concentration of 10.5%. Equation 4-5 is used to
estimate the radon flux from the surface of the clay cover.

The following D/p values are computed from Eq 4-2:

Do/p0 0.01314 cmz/s (tailings, 8% moisture)

0.0043 cmz/s {clay layer, 12.3% moisture) ,

Dy/Pq

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

the porosities are equal for all materials yields J,=12 pCi/mzs from Eq 4-5.

1
Equation 4-5 can alsoc be written as

Jl = J.f exp(-b,x

0 1 IJ
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where

¢
p D /p p. D /p_
(1 + 9 [597—93%) + (1 - L2 Eﬁg——gﬂg) exp(-2b
P11 *1'Py Pl 1Py

f:

X7

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 D/p is computed as:

]
52 _ _ _ _
E;E-ﬂ Do/p0 [-expf{ aixi)J + Di/pi [l - exp( aixi)]
where
D )p = (0.01314 cmz/s
o' "a :
_ 2
D,/p, = 0.0043 cm™/s
1"F1
Xy ® 81.44 cm
a, = [2.1 x 1078 s71/0.0043 cmé/s x h1
Now
h = [1- ¢ i n £1°¢
171
- [1 - : n (0.7313)717°
(0.0221) x 91.44 '
= (0.75
and
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-6 -1
= 2.1 x 10 " s )2

0.043 cml/s x 0.75

1k

0.0255

Equation 4-7 now becomes:

D
52 - 4.01314 (0.0971) + 0.0043 {1 - 0.0971) = 0.0052 cn’/s

psz

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

addition to the clay Tayer by using the following quantities:

b,/p, = 0.0052 en/s
Po/Py =1

J, =2 0Ci /mes

3, = 12 pCi/n’s

D,/p, + 0.106 exp(-0.106 x 10.5%) = 0.0068 enl/s

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

A value of Xq = 105.3 ¢m or X1

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

= 1.05 m of overburden-topsoil is ohtained.

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.

Using Eq 4-5 with the values

3, = 123.22 pCi/n’s
_ o 2.1x100 1%
0.0068 cm™/s

Do/p0 = 0.01314 cm2/s (the diffusion coefficient of the tailings)
Dl/p1 = 0.0068 cmz/s (the diffusion coefficient of the sand-soil)

Xy = 304.8 c¢m {i.e., 10 ft, the depth of cover),

then
3, = 0.5 pCi/ms

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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APPENDIX A

INPUT DATA FORMAT FOR RAECO PROGRAM

A1l input data is free format. The following input is needed for

program operation.

Card Set Number Card Description

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

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

{1) N, Number of distinct Tailings cover layers:
positive integer, presently limited to 99.

p
(2} FO1, Entrance radon flux to layer 1, pCi/m sec.

{3) CN1, Surface radon concentration at top of
system, pCi/1l.

(4) [ICOST, Integer Cost Flag, ICOST = 0 if no
cost or optimization is to be performed,
1 otherwise,

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

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

3, 1-N Individual Cover layer Data Cards - One card for
each tailings or cover layer. Each card is composed
of four parameters:

{1) DX, The layer thickness in cm.

A-1



Card Set Humber Card Description

(2) D, layer effective radon diffusion coefficient,
cme/sec.

(3} p, Layer porosity.
(4) Q, Layer radon source term in pCi/cmBSec.
4 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) 10PT, 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 I0PT = 1.

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

5 Tailings Cover Unit Costs - This card contains C131 or
€521 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 number.

6 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).

6a {OPTIQONAL) Cover Material Haul tUnit Costs - This card is only
needed if ITRAN = 1. It contains Section 4.3
{Appendix B) unit costs for each cover layer ($/ton}.

by {OPTIONAL) 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.
7 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 parameters are:

{1) Site Preparation (Section 1.1, Appendix B).
A-2



Card Set Number

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} Miscellaneous Expenses.

If TOPT = 1, the card contains the following
g?iz:parameters that pertain to the disposal

(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) Miscellaneous Expenses.

Other Remedial Alternative Costs and Factors - This

card 1s needed only if ICF = 1. Tt contains six
cost entries in dollars.

(1) 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 B).

{4} Transportation Haul Costs.

(5} Engineering, Design and Construction
Management Percentage Fee.

(6) Contingency Percentage.
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Card Set Number

9

Card Description
Optimization Constraint Card - The following five

parameters are 1nput in free format.

(1} 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

n nu

(2} Minimum Thickness above Optimized Layer
in cm.

(3) Minimum Cover Thickness in cn.
(4) First Layer in Optimization, Integer.

(5) Second Layer in Optimization, Integer.
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15 ETTY.

14 E3 X ¥

17 I'ET R}

18 EXE S

19 bk

20 LY XY

24 TR

2 #xk4+:k% [OUED DECEMRER 1980 BY V. C. ROGERS AND G.M, SANDQUIST
23 *x++%¢* FOR ROGEFS AND ASSQCIATES ENGINEERING CORPORATION

24 wixddkx fFo0, EDX 330, SALT LAKE CITY, UTAH B4110,

25 DIKENSIOR ALF(99),X{79),AIF1HI(9?) ,R{99),A{99),R{99),6{99),BU{(99)
26 $,A5(99) ,B5(99) B(9%),D(99) ,F(99),T(29},L(F9),RR{97),DDX(??),
27 $RF(99) ,RC(99) ,EF(99),DX(99),BL(T9) ,A0{99) RHO(F9),

28 $C131(99),0522¢99),C021499),RAT(99),C13{99),C52(99},C132(99),043{9¢
29 $),H{20)

30 C *xss*REAL INFUT DATA FOR RADDN DIFFUSION CALCULATION

31 CHARACTER*8 OFPTIDT{2)

2 CHARACTEK#2 5TR{,5TR2,5TKk3,5TR4,5TRS,5TR4

33 6646 READ(S,862,END=550){H{I},I=1,20)

34 B82 FOKHAT{(20A4)

39 L ¥rxkx READ RADON DIFFUSION DATA

36 REATI(S,1)N,FO1,CN1,1COST,CRITJT,ACE

37 REAL{S, 13 (OX(1),D¢1) P CT),Q0T) , 121 ,H)

38 | FORMAT()

39 FO=F{1/100090,

40 CH=CN1 /1000,

41 CRITJ=CRITJ1/10005.

47 WRITE(4,2222)(H{1),1=1,20)

43 CALL ADATE(OPRTRT(I) ,OPTLT(2))

44 STR1=5UBSTR{OPTDT{1},1,2)

4% STR2=SURSTR(GPTDT{1),3,])

44 STR3=5UESTR{OPTDT{1),5,2)

47 STR4=SUBSTREOPTDOT(Z2),1,2)
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48 STRS=5UBSTR(OPTDT{2),3,2)

49 STRé&=SUBSTR{OPTIT(2),5,2)
34 URITE(6,7BY)}5TRY,5TR2,5TR3,5TR4,5TRS,5TRA
51 7Bt FORMAT(//,¢3X, "DATE DF RUN",2X,AZ,°/ A2,/ ,A2,10%,
52 $TIME”,2%,A2, ", A2, :",A2,//7)
23 2222 FORMATOIHT, "x3xke " 2044, kksdag”)
59 WRITE(4,B88)N,FO) ,CHY,ICOST,CRITJY,ACC
95 888 FORMAT(///," t¥ksxxxtxe T NP U T FAKAMETERS
36 $xtxxurkavi’ // ° NUMBER OF LAYERS =7,12,
37 $/,7 INITIAL RADDN FLUX =" ,1PE10.3," PCI1/50M*SEC’,/,
1] $° SURFACE RADON CONCENTRATION =",1FE10.3,” PCI/LITER",/,
59 $° CD57 FLAG =-,12
&0 $,/,7 FLUX CRITERIA FOR OFTIMIZATION =" ,1FE10.3," FCI/SQH4SEC",/,
&1 $° ACC =", 1PE1G.T)
42 WRITE(4,BB7)¢I,DX(1),D(I},P(1),0(1),I=1,N)
63 WRITE{4,884)
b4 Bbs FORMATL////,” *x24% RES UL T $§ 0F RalildN nIFFU
65 $5 T 0N CALCULATTIONx24x",///)
Y 887 FOWRHAT(” LAYER",7X, THICKNESS",8X, DIFF COFFF~,8%,
67 §'PORDSITY”, 9%, "SOURCE",/,14X, (CH) ', 10X,
58 $° (SOCH/SEC) ,22%, "(PCI/CC*SEC) ",/ ,(2X,12,2K,4¢09X,E4+2.4) 3}
57 NN} = N -1
70 HH2 = N - 2
71 XL=2.0%979E-¢6
72 JT8T=0
73 BIX(1y = Dxi1)
74 ALP(1) = SOART(AL*F{13/0{1))
79 T9T = ALF{1Y*DX(T)
76 IF{TRT.OT.3.30X(1) = 3,./4LF (1)
77 % CONTINUE
7B Do 38, I=2,N
79 S8 DRX(I) = Bx4I)
80 SUn = &.
8l 10 74 I=1,K
82 SUN = SUM + DX(I,
83 74 %{I) = SiUn
B3 C k#x4k CALCULATE PARAMETERS FGR MATRIX
5 DO 10 I=1,NHI
B4 ALF(I)=5QRT(XL4F(I)Y/D{T))
87 ROUM=SORTIF(I+1)4L{I+1)/(FP1)*D0¢1) )
g8 R{I)=-.5%(1.-ROUX}
g9 RE{I)=~,3¢{1,+RDUM)
¥ BF={G{I+1)/PCI+1)-QUIY/POIY)/XL
21 T{IY=QF+EXP{-ALP{I)%X(1))
92 UCTy=Qr*.5S+EXPALF(TII#X(T))
93 10 ATFRIRICT)=SART (XL 14 (SART{F{I+1)/D{I+1})-SQRT{PCTI/DCINID
74 ALF{N)=SART{XL*F (NI /D{K})
&5 C *¥#+4 SPECIFY HATRIX ELEMENTS AND S0LVE
96 00 20 I=1,NHI
7 J=521-4
%8 K=241-~1



79
100
101
102
103
104
103
106
107
108
109
1o
BB
i1z
3
114
113
116
117
118
119
120
12
122
123
124

23
126
127
128
129
130
131
132
133
134
135
134
137
138
139
140
141
142
143
144
145
144
147
148
149

2

3

)

14

0

0

0

-

ACSY=EXP{-2,%ALP(I)aX{1))

ACJH1 ) =-EXP{AIPIHICT 3 X (1))
ACJ+2)=-EXPI~(ALP(I+10+ALPIT))4X{1))
A{J+3)=R{DI¥EXF{CALFCI+) +ALF(T) Y8 X{1))
AtJ+H4)=KR(OTISEXP(-ATFIHT(I)4X (T}
B(K¥=T{1}

E(K+1)=U{1)

NSH4=5+N~-4

AINTHE ) =EXP(~2.%ALP (N}+X{N)}
NZHi=2%N-1

BCHIH ) =(CH=-0 N/ (PON)SXL)Y VREXP(-ALF (NI *X(N))
G{1y=A(1)4]

G{2)=A{2)/G{Y)

G(I)=A{3}/G{1)

BUCT =(B{1)+FO/ (T 1) #ALP (1YY /GLY)
D0 30 I=1,HHZ

J=531-1

k=241

GEdy=A{Y-GLI-2}
Bld+1y=(A(JH1)-B(I-1)01/0(])
EU{K}=(B{K)-BRUCK-1) }/G(.J}
GiJ+2)=a{J+23-G(J+1}
BlJ+3)=a(J+3)/G(J+2)

G J+d1=A0J+4)/G(J+2)

BUCK#1 )= BCR4+1)-BUCK) Y /G (J+2)
NSH&=D04R-6

GINGMA)=A(NTHS) -G (NTHKE-2)

GIHOHG+T I =(A(NIME+T)-GINSME—-1) ) /6 (NSHA)
N2M2=2%H-2
BUCHZHZ2)={B(N2H2)~RU{NZM2-1))/G(NTME)
GENTMG+2)=A(KOME+2)-G{NIM&+T)
BS(N)=(R(N2HT1)Y-BU(NZN1-1)) /GINSH&+2}
ASINY=BUCNZHT-1)-G{HSHa+1 ) #BS{N)

00 40 I=1,HH2

J=94(N-1)-3

K=24(N-T)-1

L=iN-1
BS(L)=RULK -G Y #ASTL+1)-GlI+3)#BS(L+1)
ASLLI=BUCK-13=01J-2)*B5{L)
BS{1)=BU1)-G{2)*AS{2)-G(3)*+B5{2}
AS{1)=R5{1) ~ FO/LALP(1)Y&DL1))

#axks MATRIX SOLUTION COMFLETE

D0 147 I=1,N

ALPI=ALF (I)&X{1)

ASI=AS{I)+EXF{ALPI)
BST=BS{1}+EXP{~ALFI}
RCUT)=AST+BSI+0CI)/CPiT)#XL)
RF{I)=-D(I)®kALP{T )+ (ASI~-BSI)
RC(N)=CN

IF(ICOST.EQ.Q) GO TO 49

FOP=FO



150 IFAFQ.LT. 13FOP=1,

151 AR(T)=(ALOGIFOR)-ALOG(RF(11))/0X{1)

152 DO 160 I=1,NN!

153 IFCRFUI).GT.0.0.0R.RF{I+1}.67.0.)60 70 161
§54 IF(JTST.EQ.0)AA{T+1}=ALF{T+1)

155 60 TO 140

154 161 AA(T+1)={ALOG(RF (1)) =ALOG(RF(I+1)))/0X{1+1)
157 160 CONTINUE

158 C x#a4+ HEGIN COST OPTINIZATION

159 IF(JTST.EQ.0)G0 TQ 44

169 IF(CRITJ4.GT.99.) GB TO 45

161 IF(CRITJ.LE.O.) GOTO 45

162 17 = (RF(N)-CRITJ)/CRITJ

163 ABT? = AKS(T?)

164 IF{ABT7.LE.ACC) GO TO 45

165 TF(JTST.EQ. 1. AND.T7.GT.0.)HTST = NO2

166 IF(JTST.EQ.1.ANE,T7.6T.0.)11J = NO3

167 IF(JT5T.ED. 1. AND.T7.LT.0.)NTST = NO3

168 IF(JTST.EQ.1.AND.T7.LT.0.011J = NO2

149 IF(JTST.EQ.2.ARD.T7.GT.0. )NTST = NO3

170 IF(JTST.EQ.2.AND.T7.6T.0.)110 = KD2

171 IF(JT5T.EQ.2.ANL.T7.LT.0. )NTST = NO2

172 IF(JTST.EQ.2.AND.T7,LT.0. )11 = NO3

173 IF(ITHK.EQ.0.AKD.T7.LT.0.INTST=IT)

174 DX{NTST) = DXCNTSTI#(1.4T7)

175 IFCITHKLEQ.0)GD 10 99

176 12T = 9.

177 IF (N04.GT.N) GOTO 59

178 LG 44, IJ = WO4,N

17§ 46 T2T = T2T+IX{ID)

180 S5 IF(NO1.LT.2) GOTO 47

181 10 54, 1J = 2,N0!

182 56 T2T = T2T+DX(IJ)

183 47 CONTIRUE

184 T23=TIX(NTST)

185 T2T=T2T+EX(RTST}

184 IF(NHIN.E@.NTST}T2T=T2T+DX(I11J}~DX (NTST)
187 DX {NHIN)Y=X(R)-X(1}-T2T

188 IF (DX{NTST) . NE.T23)CRITd=-1.

189 G0 TG 99

190 43 CONTIKUE

191 44 CONTINUE

192 c COST INFORMATION INFUT

193 c ICF = FLAG FOR TOTAL REMEDIAL ACTION COSTS
194 C ITRAN = 0 COVER HAUL COSTS INCLULED IN COVER COSTS
195 C ICF = ¢ FOR COVER COSTS ONLY, { FOR TOTAL LOSTS
194 c 10FT = 1 FOR HOVING OFTION

197 C 1TRAN = 1 COVER HAUL COSTS GIVEN SEPARATELY
198 > I0PT = 0 FOR NON-HOVING OFTICN

199 c (RHO(I) 15 DENSITY OF ITH LAYER G/CH3)

200 £ 0.841 CONVERTS TO TON/YD3
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201 READ(5,1)ICF,I0FT,TAREA, DAREA, ITRAN

202 T4 = 52.85B#TAREA

203 IF(I0FT.EQ@.1) 60 T0 51

204 C s++3% READ LAYEK COST DATA

205 READ(5,1) (C131{1},1=2,N)

206 99999 READ(S,1)(C132¢1),I=2,N)

207 IF (1TRAN.EQ. 1IREAD(S, 1) (C43¢1),1=2,N)
208 IFCITRANLED.1IREATICS, 1) (RHOCT) ,I=2,N)
209 Do 3, 1=2,N

210 BL(I) = T1#{C131(I)+C132(I)}

211 IF(ITRANLEQ.1IEC(T) = BC{I)+T1#CAZ{I)*RHO{I1)+0.841
212 3 CONTINUE

213 READ(5,1)C11,£421,C122,0123,C133,0134,C14,C15

214 BC{1) = C11+C122+TAREACI334C1 344CT4+C15

215 L5 = 0

214 60 TO 4

747 51 READ(S,1){C52¢8(1),I=2,N)

218 READ(S,1)40522(1),1=2,N)

219 IF(ITRAN.ER.Y.)READ{S, 1) {C43(1},I=2,N)
220 IFCITRAN.EQ.1IREAD(S, 1) (RHO(T) ,I=2,N)
224 T1=52,858+HAREA

222 B0 5, 1=2,N

223 BC{I) = T1#(C521(1)4L522¢1))

224 IF(ITRAN.EQ.1)BC(I) = BC(I}+T14C43(1)+,B41%RHO(I)
225 5 CONTINUE

226 READ(S,1)C51,0520,C524,0523,053,054,C1
27 BO{1) = C51+DAREA*C523+C53+054

228 4 CONTINUE

229 IF{1CF.ER.1)REAL(S,1)C2,03,C41,042 ,EDF,CONRTF

230 C COST GFTIMIZATION

231 C READ IN THICKNESS RESTRICTIONS

232 C ITHK = FLAG FOK THICKNESS RESTRICTIONS
233 C ITHK = 0 - ND RESTRICTIONS

734 C ITHK = { - COVER ARGVE NO2 GT D2

215 c ITHK = 2 - TOTAL COVER THICKNESS BT I3

234 c ITHK = 12 - BGTH RESTRICTIONS APFLY

237 » ND2 = LAYER NO. OF 15T OPTIMIZATION

238 C NO3 = LAYER HO. OF 2KD OPTINIZATION

239 c CRITJ = FLUX CRITERIA

249 REAL(S,1)ITHN,D2,D3,H02,K03

241 NO1 =ND2-1

242 NO4 = NO3+1

243 00 4, 1=ND2,N

244 6 RAT{I) = BC{I)/AA(T)

245 JTST =

244 IF{RAT{NO3) . LE.RAT(NO2)) JTST = 2

247 IF{ITHK.GE.1) GOTO B

248 D0 9, II = NO2,N

245  DX(II) = 9.01

250 NGF = ND2

251 IF(JTST.EQ.2)NOP = NOD3
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B84
683

797
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798

UX(NOP) = ALOG(RF(ND1)/KF(N))/Ak(NGE)
60 TO 99

IFCITHKLEG.2) GOTO 15
NOF = NO2
IF(JTST.EQ.2INOP = NO3
NOF1 = NOP+1

T5T=BC (HOF1)

T4T=0.

U0 57 1J=NOF1,K
T4T=TAT+IX{1J)

TST=ANINI (TST,BC(I0))
IF(TST.EQ.BC{ TS} INKIN=]J
IF(TAT. LT D2V DX{NNIN) =DX (NMIN) +2-T4T
IFCITHK.EG.1) GO TO 99
CONTINUE

1= DX(2)

K0 12, LI1=3,H

Tt = T{+IX(L])

IFiT1.BE. D3) GO TO 99
T2 = BLi2)

NMIN = 2
0o 14, HI=3,
T2 = AMING(T2,EC(HID

IF(T2,EQ.BC{HID} NHIN = HI
DXCNHIN) = DI-TI+DX(NHIN)
GO TD ¥%

TOTAL COST SUNNAKY
CONTINUE

exeke QUTFUT COST OFTINIZATION RESULTS

WRITE(6,881)

FORMAT (46X, LAYER",3%, THICKNESS®,7X, ‘EXIT FLUX',10X,
$EXIT CONC.",8X, EFF’,7, 18X, (CH}", 6%, (FCI/SGH+5EC)”
$,10%, (FCI/L)",/)

IO B84 I=1,M

RXVZ=RF (I)410000.

CXYZ=RC(11#1000.

WRITE{4,883)1,0DX{I),RXYZ,CXYZ,AALT)

FORMAT(8Y,12,5K,F6.0,2%,2(5%,E12.4) ,4%,E12.4)

TOTLIX=0.

IF(ICOST.E@.0) GO TO 44é

D0 797 JJK=2,M

TOTDEX=BIX{JJK)+TDTDEX

WRITE(6,880)

FORMATL ////77,28%," #x443 C D ST RESULTS sk’ //

$20X%, "LAYER N0, ,6X, THICKNESS”,BX, CO8T",/,38X, {(CH) ",
‘]]X'”(S)”'jlzﬂx"::::::::::::::::::::::::::::::::::::::::’
$/7)
FORMAT(23X,12,10X,F6.6,8%,1FE10.3,/)
IF{IOFT.E@.1> GO TO 52

T3 = 0.

DO 21, IIT1=2,W



303
304
305
30é
307
308
309
310
311
312
313
3i4
315
316
37
318
319
320
N

22
323
324
325
38
327
328
329
330
331
332
333
334
335
336
337
338
33%
340
341
342
343
J44
343
346
347
J4B
349
350
331
342

C33¢111) = WX{ITI)«BCCIII)
21 73 = T3+C13(I11)
Ct = T3+BCi1:

799 FORMAT(/ ZOX,':::=:::::::=:::::::::::::::::::::::;:::: o7y
$20X, TOTAL,10X,F8,2,6X,1PEY0.3,//,20X, "SUFPORT COSTS ", 16X,
$1FE19. 3 iy 20X '===3====:======:===========:==::=:;:=;==';/,
$20%, TUTAL COVER COSTS",12X,¥FE10.3,/,204,

t' =:::::3:._-===:===::=============:;==;=;==' )
0o 777 I“e;

777 URITELS,798)1,00X(1),C13(1)
WRITE(S,799)TOTLDX, T3 ,BC(T,CH

33 FORHMAT(10X, T0TAL *,E10.3,///,104, "SUFPORT COSTS (%) 7,E30.3,///

1,10%, TOTAL COVER COSTS ($) “,E10.3,//)
GO 70 2%
T4 = @
D0 24, KI=2,W
CI2{KIY = DX(KIj*BL(KI)
24 T4 = T4+C92(KI)
C3 = T4+4ERC(1)
00 263 I=2,N
763 WRITE(S,798)1,0DX{1),C52(1)
WRITE(6,799)T0TDDX,T4,8C(1),L[5
IF(ICFLED.O) GO TQ 999
Cé C1+C2+C3+CAT1+C42+405+CH20+¢C52A
C7 ELF#{C4-C42)/109,
L& = Ca+C7
ce CONTF+(B/100.
CTOT = CB+CY
IEDF=ETF
ICONTF=CONTF
CEC520=C5+C320+C22A
WRITE(6,796)01,02,03,C41,C42,05C520,06,1EDF,C7,C8, ICONTF,
$C?,C707
796 FORMAT(/////7,22X, SUMHARYT OF REMEDIAL ACTION COSTS ($:7,7,22X,
i-::::::::::::::::::::::::::::::::::::”’j/f'1éxi
$ TAILINGS SITE CDS7S7,20X,1PE10.3,//,16X, ’REHUTE OFF-sITE ",
$244,1FEY0,3,//,16%, "UINDELOWUN AREA",25X, ]PE10 o7 VEX,
$"TRANSFORTATION",/,21X,"A. CAFITAL COSTS” _17% 1PE10 3,7/,
$21X,"B. HAUL COSTS",24X,1FE10.3,//,146X, BISFOSAL SITE",26¥,
SIFET0.3,//,16X%,"T0TAL CLEANUP ", 26X,t1PET10.3,//,16X,
$ ENG, DESIGN, CONST. HGNRT AT ',12, L) i 1FE15.3 oy
‘16X :::::::::::::::::::::::::==:::::;:;::=;::::::::::”’jf,]éx
§ TOTAL”,34%,1FE10.3,/7, 16X, CONTINGENCY AT <,12,°%°,
$21X, irETO 3./77,16K,

n
3

T
i

1l

wonon

‘-=:=::=:=:::::::::::;::::z:::;z:;:::::::;:::::::;:"/,jaxl
§GRAND TOTAL ", 28X, 1FE10.3,/,16X,
"::::::::::::::::::::::::::::::::;:::::::::;::::::"f///)
?9% GO TO 466
G55 STaF
END






APPENDIX B

TABLES OF REQUIRED DEPTHS FOR RADON ATTENUATION
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TABLES OF REQUIRED DEPTHS FQOR RADONM ATYEWUATION (METERS)
QRE GRADE 13 .05 TABLE B, |}

COVER MDISTURE (X)/DIFFUSION COEFFICIENT {CMxx2 PER SEC)

TAILINGS DIFFUSION * (X) 5.0 6.0 7.0 8,0 9,0 10,0 f1.0 12,0 13.0 14,0 15.0
MOISTURE COEFFICIENT' mac et o me s o m oo s s e mm e e o = 0 0 0 0 om0 0 W o o o o o 0 o 0 0 00 0 o e o I v o e o
(1) (CMww2/5EC)Y* D/7P ,028T7 L0221 0171 L0131 L0101 L0078 0060 ,004e L0036 L0027 L0021
3,0 »0a84 ! 4,9 4,3 3.7 3.2 2.7 2.3 2,0 1.7 1.4 1.2 1.0
5,0 «0287 ' 4.8 4.1 3.6 3.1 2etb 2.3 1.9 1.7 1.9 1.2 1.0
6,0 0221 ’ a,7 4,1 3.5 3.¢ L] 2.2 1.9 1.6 1.4 1.2 1.n
140 017y 8.4 4.0 3.5 3.0 2.6 2.2 1.9 1.6 1.4 1.2 1.0
3.0 013} ' 4,5 3.9 3.4 2.9 2.5 2.2 1.9 1.6 t.t 1.2 1,0
9.0 .0101 4.4 3.8 3.3 2.9 2.9 2.1 1.8 1.6 1,4 1.2 1.0
10,0 JO0T8 ! 4,3 3.8 3.3 2,8 2.4 2.1 1.8 1.6 1.3 1.1 1,0
11,0 0060 * 4,2 3.7 5.2 2.8 cdad 2.1 1.8 1.5 t.3 1.1 1.0
12.0 L0046 ' 4,1 1.6 3.1 2.7 2.3 2.0 t.7 1.5 1.3 1.1 %
15.0 LD030 ! 4,0 3.5 3.0 2.k 2.3 2.0 1.7 1.5 1.3 f.1 9
14,0 0027 ¢ 3.9 3.4 2.9 2.b 2.2 1.9 i.7 1.4 1,2 LR | -9
15,0 0021 ! 3.4 3.3 2.9 2,5 2.2 1.9 1.6 t.4 1.2 1.0 «9
QORE GRADE 15§ .06 TABLE B, &

COYER MOISTURE (X)/DIFFUSION COEFFICIENT (CMaw2 PER SEC)

TAILINGS DIFFUSION * (X} 5,0 6,0 7.0 8,0 9,0 10,0 11.0 12.0 13,0 14,0 15.0
HOISTURE COEFFICIE“?' VS E W AR W R g mh E  w d R  pk RTE  ar ey e e I SR D e e BBk BN e e oy e ok ok e o o BN D AW A e B
(%) (CHex2/3ECY* Ds/F L0287 G221 ,0171 ,013% .010! ,0078 ,0060 ,00d4s L0038 ,0027 .0021
3.0 .0d8a  * 5.2 4,8 3.8 3.3 2.8 2.4 2.1 1.R 1.5 1.3 1.1
5.0 L0287 ¢ 5.0 4,3 3,7 3,2 2.8 2.4 2.¢ 1.8 1.5 1,3 1.1
6,0 0221 °* 4,9 4,3 3.7 3.2 2.7 2.4 2.0 1.7 1.5 1.3 1.1
7.0 L0171 * 4,8 4,2 3.6 3.1 2.7 2.3 2.0 1,7 1.9 1.3 1.1
5,0 «0131 ' 4,8 a,1 3.6 3.1 CeT 2.3 2.0 1.7 1.4 1.2 i.1
9,0 L0101 4,7 5,0 3.5 3.0 2.h 2,3 1.9 1.7 1.4 1.2 1.0
10,0 .oo7e ! 4,6 4,0 1,4 3.0 2.6 2.2 1.3 1.6 1.4 1.2 1,0
11.0 0060 ! 4.9 3.9 3. u 2.9 2.5 2.2 1.9 1.6 1.4 i.a 1.0
12.0 L0048 * 4,3 3.8 3,5 2.4 2.5 2.1 1.4 1.6 1.4 - 1.0
13,0 «0036 * 4,2 3.7 3.2 2.8 2.4 2.1 1,8 1.5 1.3 1.1 1.0
14,0 0027 4,1 1.6 3.1 2.7 2.3 2.0 1.8 1.5 1.3 1.1 1.0
15,0 0021 4,0 1,8 3.0 2.k 2.3 2.0 1.7 1.5 1.3 1.1 .9
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TABLES OF REGUIRED DEPTHS FOR RADON ATTENUATION {METEXS)
ORE GRADE I8 .08 TABLE B. 3

COVER MOISTURE (X)/DIFFUSION COEFFICIENT (CHs«x2 PER SEC)
I

TAILINGS OIFFUSION * (1) 5.0 6,0 7.0 B.0O 9.0 10,0 11.0 12.0 13.0 14,0 15.0
HDISTURE COEFFICIENT' e W g e iy oy ey gy e e T R o B T PR B A D D N A W Y N e B N RY NS BN B A A A R e A B e A A AP e e O R T IR Y kil ke Ay R TR R A W WS R WO R
(x) {CHax2/SEL) " D/P L0287 L0221 .0171 L0131 .01G1 ,L,007R L0080 _004e .003& ,0027 .0021
3.0 .0a8a ! 5.5 a.7 4,1 3.5 3.0 2.6 2.2 1.9 1.6 1.4 1.2
5.0 0287 ' S.u a,s 4.9 3.5 3.0 2eb 2.2 1.9 1.6 1.4 1,2
6,0 .0221 ! 5,3 a,6 1.9 5,4 2.9 2.5 2.2 1.9 1.6 1.4 1.2
7.0 L0171 5,2 a,5 3.9 3.4 2.9 2.5 2.2 1.8 1.6 1.4 1.2
8.0 20131 5.1 4,14 3.8 3.3 2,9 2.5 Zal 1,6 1.6 1.3 1.2
9,0 L0101 5,0 a,3 3.8 3.3 2.8 2.4 2.1 1.8 1.5 1.3 tal
10.0 .00718 * 4.9 4,3 3.7 3.2 2.8 2.4 2.1 1.4 1.5 1.3 1.1
11,0 L0060 ' 4,8 4,2 3.6 3.1 2.7 2.3 2.0 1.7 1.5 1.3 1.1
12.0 L0048 ! q4,7 4,1 1.5 3.1 2.7 2.3 2.0 1.7 1.5 1.3 1.1
t3,0 0036 ! a,6 4,0 3.5 3,0 2.b 2.3 2.0 1.7 1.5 1.3 1.1
18,0 0027 ¢ a,5 3.9 3.4 2.9 2.9 2.2 1,9 1.7 1.4 1,2 1.1
15,0 L0021 4,3 3.8 3.3 2.9 2.5 2.2 1.9 1.6 1.4 1.2 1,0
ORE GRADE IS .10 TABLE B, ¢
COVER MOISTURE (X)/DIFFUSION COEFFICIENT {CMs%x2 PER SEC)
TAILINGS DIFFUSIGN * (1) 5,0 6.0 7.0 8,0 9.0 10,0 11,0 12.0 13.9 10,0 15.0
HO!STURE COEFF!CIENT' A A W N W W WS W W R W R T R e N U gl o v v sk oy ek Ok e A W W W N W MR WS TR W W w M T W A TR TR R OW NN ML R TR TR R TR OMR VR PR WOV MR NR R NN TR OCWOWE R
(x) (CHMax2/78ECY" D/sP L0287 L0221 ,017t ,0131 ,0101 ,0078 ,00&0D ,004s L0036 ,0027 002!
3,0 »0484 * 5,8 5.0 4.3 3.7 3.2 2.7 2.4 2.0 1.7 1.5 1.3
5.0 .0287 ! 5.8 4,9 4,p 3,6 3.1 2.7 2.3 2.0 1.7 1.5 1.3
6,0 0221 ' 5.5 1.8 a,.2 3.6 3.4 2.7 2.3 2.0 1.7 1.9 1.0
7.0 01717 5.5 4.7 4,1 3.5 3.1 2.6 2.3 2.0 1.7 {4 1.2
8,0 013y * 5.4 q,7 48,0 3.5 3.0 2.6 2.2 1,4 1.7 $ .4 1.2
9,0 +0101 ° 5,3 qa,6 4.0 3.4 3.0 2.6 2.2 1.5% 1.6 1.4 la2
10,0 0078 * 5.2 a,s 3.9 3,4 2.9 2.5 2.2 1.9 1.6 1.4 1.2
11,0 Jobeo  f 5,1 a,4 1.8 3.3 2.9 2.5 2.2 1.9 1.b 1.4 1.2
12.0 w0046 ! 5,0 a.,3 3.7 3.3 2.8 2.4 2.1 1.8 1.5 1.4 1.2
13,0 L0036 ¢ a,8 a,2 1.7 3,2 2.0 2.4 2.1 1.8 1.5 1.3 1.1
14,0 0027 ¢ 4,7 4,1 1.6 3.1 2.7 2.3 2.0 1.8 1.5 1.3 1.1
15.0 0021 * 4,6 4,0 3.5 3,0 2.6 2.3 2.0 1.7 1.5 1.3 1.1
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TABLES OF REQUIKED DEPTHS FOR HADON ATTENUATION (METERS)

ORE GRADE I8 .12 TABLE B. 5

COVER MOISTURE (X)/DIFFUSION COEFFICIENT (CMax2 PER SFC}

TAILINGS DIFFUSION ' (%) 5,0 6.0 7.0 8,0 3,0 10.0 11,0 12,0 13,0 14,0 15,0
MOISTURE COEFFICJENT' weemsmmccmsrccamec-cucscrccreesm et ren-musarosee—sum—ecacesrmas-ems imemmcremcene
(x) (CHwa2/SEC}’ O/P L0287 ,0221 L0171 L0134 ,0101 ,0078 L0060 .0f4k L0036 ,0027 .0021
3,0 Joa8a ' 6,0 5.2 4,5 3.9 3.3 2,9 2,5 2.1 1.8 1.6 1.3
5.0 L0287 ' 5.8 S,1 u,4 3.8 3.3 2.8 d.4 2.1 1.8 1.5 1.3
6.0 0221 5,8 5.0 4,3 3.7 3,2 2.8 2.4 2.1 1.4 1.5 1.3
7.0 L0t71 S.7 4.9 4,3 3.7 3.2 2.8 2.1 2.0 1.8 1.5 1.3
8,0 L0131 ¢ 5.6 a.8 4.2 3.6 3.1 2.7 2.3 2.0 1.7 1.5 1.3
9,0 .0108 ¢ 5.5 a,8 a,1 L 3.4 2.7 2.3 2.0 1.7 1.5 1.3
10,0 .0078 ¢ 5.4 a,7 4,1 3.5 3.1 2.8 2.3 2.0 1.7 1.5 1.3
11,0 L0060 5.3 4,6 4,0 3,5 3.0 2.6 2,2 1.9 1.7 1.4 1.2
12.0 L0086 5.2 4,5 3.9 3,4 3.0 2eb 2,2 1.9 1.7 1.4 1.2
13.0 L0036 7 5.1 8.4 3,8 3.3 2.9 2.5 2.2 1.9 1.6 1 1.2
14,0 L0027 ¢ 4,9 4,3 3.8 1.3 2.8 2.5 2.1 1.8 1.6 1.4 1.2
15,0 .0021 ¢ 4,8 4,2 3.7 3.2 2.8 2.4 2.1 1.n 1.6 1.4 1.2
ORE GRADE 18 .14 TABLE B, &

COVER MDISTURE (%X)/DIFFUSION COEFFICIENT (Cv#x2 PER SEC)

TAILINGS DIFFUSION * (3D 5.0 6,0 7.0 8,0 3,0 10,0 11.0 1e.n 13,0 14,0 15.0

MOTSTURE COEFFICIENY' rrovressthsrm s s s s ss s e s s e s e s S m e s — R —————— === MM A s eEs s ANt .-
(x} (CMew2/3EC)* O/P ,0287 ,0221 ,0171 L0131 .010% ,0n78 L0060 .004b6 00346 .0027 .002)
3.0 o484 ' 6.2 5.3 4.6 4,0 3.4 3.0 2.5 2.2 1.9 1.6 1.4
5,0 .0287 F 65,0 5.2 4,5 3.9 3.4 2.9 2.5 2.2 1.9 1.n 1.4
6,0 0221 ° 5.9 S.1 4.5 3.9 3.3 2.9 2.5 2.1 1,8 l.» 1.4
7.0 LOr7L 5.9 5,1 4.4 3.8 3.3 2,8 2.5 2.1 1.8 1.8 1.3
8,0 .0131 5.8 5,0 4,3 3.8 3.3 2.8 2,4 2,1 1.4 1.k 1.3
9,0 .0t01 7 5.7 4.9 4,3 3.7 3.2 2.8 2.4 2,1 1.8 1.5 1.3
10,0 .0078 ' 5.6 4.8 4,2 L. 3.2 2.7 2.4 2,0 1.8 1.5 1.3
11,0 LB060 5,5 a,8 4,1 3.6 3.4 2.7 e.3 2.0 i.7 1.5 1.3
12.0 L0046 ! S.4 4,7 a,1 1.5 3.1 2.7 2.3 2,0 1.7 1.5 1.3
13.0 0036 ° 5.2 4.& 4.0 3.5 3.0 fah 2.3 2. 1.7 1.5 1.3
14,0 0027 5.1 4,5 3.9 3.4 2.9 2.t 2.2 1.9 1.7 1.4 1.2
15,0 »002% 9.0 4.4 3.8 3.3 2.9 2.5 2,2 1.9 1.6 1.4 1.2
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TABLES OF REWULIRED LEPTHS FOR RADON ATTENUATICN (HETERS)

ORE GRADE I8 g TABLE B, 7

COYER MOINTURE {3)/LIFFUSIGN COEFFICIENT (CHwaz PER SEC)

TAILINGS DIFFUSIUN [ {¥X} 5.0 6,0 7.0 5.0 9.0 10,0 11,0 12,0 13,9 14,0 15.0
HUISTUPE CUEFFIEIENTl ekl R b el L e e Al P L R b b L L L L el L L P E Rl ]
(x} (CHe%2/8ECY| D/P L0287 0221 017t L0131 _gtol .0078 L0060 ,00do L0836 L0027 ,0021
3.0 Joasa .3 5.5 4.7 4,1 1.5 1,0 2.6 2,3 1.9 1,7 1.4
5.0 L0287 w,2 5.4 4,8 4.0 3,5 3.0 2.6 2.2 1.9 1.8 1,4
6,0 22l i oL 5.3 4,0 u,0 3,4 3.0 2.6 2.2 1.9 1.6 1.4
7.0 SULTL ] 6.0 5,2 4,5 3,9 3.4 2.9 2.5 2.2 1.9 l.0 1,4
8,0 LUE3L 5,9 5,1 4,5 3,9 3.3 2.9 2.s 2.2 1.9 1.0 1,4
9.0 Lotet 4 5,8 5.1 4,4 5.8 3.3 2.9 2.5 2.1 1.8 1,06 1.4
10.0 0078 | 5,7 5.0 4,3 L. 1,3 2.8 2.4 2.1 1,8 1.6 1.4
11,0 20080 | 5.6 4 @ 4,3 5,7 3.2 2.8 2.4 2.1 1,8 1.0 1.3
12.0 L0048 | 5.5 4,h 4,2 L 3.2 2.7 4,4 2.t 1,8 1.5 1,3
13,9 L0036 ) 5.4 4,7 4,1 L 3.1 2.7 2,3 2.0 1.7 1.5 1.3
ta, v TS 5.3 4.4 4,0 I 3,0 2.6 2.3 2.0 1.7 1.5 1.3
15,0 LU021 5,2 4.5 3,9 3.4 3,0 2.8 2.2 1.9 1.7 1.5 1.3
ORE GRADE T8 Y. TABLE B, B

CUYER MOISTURE (X)/CIFFUIIUN COEFFICIENT (CMwwx2 PER 8EC)

TAILINGS DIFFuU3Iun | (X) S.0 ©,0 7.0 8,0 9.0 10.0 11.0 ie,u 13,0 14,0 1%5.0
HQISTURE COEFFICIENT' TR VR m o v R A W AN T P e TR ek ey Sy W g T A o o T R R o T e T T D e o ey el g M A e ke gy o
(%) (CHr»2/3ECIL D/P L0287 L0221 L0171 L0131 L0101 L0078 L0080 «0048 0038 0027 L0021

L0484 | 5.6 4,8 3.1 2.7 2.3 1.7 1.5
L0247 1.7 1
Luedt
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L0101
L0078
000G
L0048
LOU30
- L0027
15,0 U021 |

T T T R kA

.
L=1
-]
o
("]

a
a

ED @ 240000000

-
F =

= R Y. IS (TP TR Y Y

-
COoOCODOoC oo
.

-

-
= G Q@ T U

—
L T T T
[ SRR TN R i RN A 3

E - EidAV Ao
R T T Y]

e
£ w
-

L=
B o oo o @

b v & & = 2 & & & w 3
1 b B~ @0 DS Tu iYW
" ® E ¥ & & & N N &
1 & 4« = & & & ®w & @ & ®= @
TAPD NI OO T s e
[ LI HR R TRV TR Y R P PY R T
1% * & &« a ¢4 & a a
® & & w w N ¥ = a8 3

[ VR TR VR TR Y RE VO, VR Y R VI, )

B * = =5 3 & * & » ¥ & 4

1 © 23 - ==Y P

1,7
1,7
1.6
1.6
P,a
{.b
1.8
1.6
1.5
1,5

R =R L LI T N R Y [« B« N BE |
PwlbWd W wWiwiHibn e R
1 4~ X®@O0000S
Erom o gy i iu v
I = v % & » #» » ® u ®
JwEeEPFFAMAC>S> O

3
]

- - L ] - - - - - W -



9-9

TABLES UF REQULIRED LEPTMS F(R RAUON ATTENUATION (METERS)
CRE GRADE I8 .20 TAbLE B, 9

COYER MNI8TURE (X)/UJFFUYICN CQEFFICIENT [CM#x2 PFR SEC)

TAILINGS OIFFUSIQN I (X)) 5.0 6,0 7.9 8,0 9,40 10,0 11,9 12,0 13,0 14,0 15,0
HUISTURE CUEFF!EIEHT' 0T NN NS A N e el N B S e R g NG ey oy ey AR N S P S S o e g e B A g 0y o e A R e T e N W
(X} (CHmrn2 74ECY | O/P L0287 L0221 LUl71 L0134 L010¢ L0078 _U0sn ,00Qdu U038 L0027 0021
3.0 LY ] o,b 9,7 4,9 4.3 3.7 3,2 2,7 2.4 2,0 1.7 1.5
5.0 L0287 b4 5.6 4,8 4 g 3.6 L P! 2.7 2.3 2.0 1,7 1.5
6,0 L022Y | o,4 5.5 4,8 4,1 3.0 3.1 2.7 2.3 2.9 1.7 1.5
7.0 L0171 B3 5.5 4,7 4,1 1.5 3.1 2.7 2.3 2.0 1.7 1,5
8,0 L1310 o,2 5.4 4,7 a0 3.5 1.0 2.b 2,3 2.0 1,7 1.4
9.0 L0101 i 6.1 5.3 4,0 4,0 3.5 3.0 2.4 2.2 1.9 1,7 1.4
io,¢ L0078 | oV 5.2 4,5 3.9 3.d 3.0 2.6 2,2 1.9 1,? 1,4
11.0 .00m0 | 5.9 5.1 4,5 3.9 3,4 2.9 2,5 2.7 1.9 1.6 1.4
12,0 L0040 | 5.4 5.0 d,4 3,0 3.3 2.9 2,8 2,2 1.9 1.8 1.4
13,0 LUD3s | 5.7 4,9 .3 3.7 3.3 2,8 2.5 2,1 1.8 1,6 1,4
14,0 0027 | S,0 4,8 4,2 3.7 3.2 2,8 é.d 2.1 1.8 1,86 1.4
15 /] Luoz2t 5.4 4,7 4,1 L 1.1 2.7 2.4 2.1 1.8 1.5 1.3
ORE GRADE 19 .25 TABLE B,10

CUVER MOISTURE (X)/CIFFUSICN CQEFFICIENT {CMaa2 PER S8ECL)

TAILINGYS DIFFUSION 1 (X} 5.0 a,0 7.0 8,0 5,0 10.0 11,0 12,0 13,0 14,0 15,0

HUISTUPE CDEFFICIENT] T Py S T i P Y g e T Y R S N o P A g R gy e N A Ty kA o P O g e VY N N e m A A S o W
(%) [CHM*%2/9ECY) D/P L0287 0221 L0171 L0131 _oto0l ,0078 ,0060 L0048 _003& ,0027 ,0021
3,0 L0484 | 6.9 5.9 5.1 4,4 3.8 3.3 2,9 2,5 2.1 1.8 1.6
5.0 U287 0.7 5, 5.0 4,4 3.8 3,3 2.8 2.4 2.1 1,8 1.6
B, 0 L0221 ) b,.b S.B 5.0 4,3 3,7 3.2 2.8 2.4 2.1 1,8 1.5
7.0 L0171 6,5 5.7 4,9 4.3 3.7 1.2 2.8 2,4 2.1 1.4 1.5
8.0 L0131 | 8,5 5,6 4,9 b,2 3.7 3.° 2.7 2,4 2.0 1,8 1.5
9,0 Lutot 6.4 5.5 4.8 4.2 .6 3.1 2.7 2,3 2.0 1,8 1.5
10,9 .a078 | b.3 5.0 4,7 4,1 3,6 3.1 2.7 2.3 2.0 1,7 1.5
11,0 L0050 | 2,2 5.4 4,7 4,1 3.5 3.1 2.7 2.3 2.0 1.7 1.5
12,0 1 004e | 6,0 5.3 4.6 4,0 3.5 3.0 2.8 2.3 2.0 1.7 1,5
13,0 Ju036 5.9 5.2 4,5 .9 3.4 3.0 2.6 2,2 1,9 1.7 1.4
14,0 L0027 5,8 5,1 4.4 3.y 3.0 2.9 2.5 2.2 1.9 1.7 1.4
15,0 Lu02t | 5.7 S.0 q,3 j.B 1.3 2.9 2.5 2,2 1.9 1,6 1.4

e e v N N TN g B R A W S N Wy b N N N N N g NN e A A N G g W Uy o NN A TR B T gy gy T gy U e T N e e ek O A T AR B BF A s e B TE W P VR o WAL W W
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TARLES OF REQGUIRED DERPTHS FOR RADUN ATTENUATION (METERS)
ORE GRADE IS .30 TABLE B.1t

COVER MOISTURE (%¥)/DIFFUSION COEFFICIFMNT (CHawg PER 35EC)

TAILINGS OIFFUSION T (X) 5,0 6,0 7.0 4.0 9.0 16,0 it1.0 12.0 13,0 fu,o 15.0
MOTSTURE COEFFICIENT' ewmrecsccncerec s s e ru s e e s et e e e e R R rE et A A s G- RS o s re e e ==
(x} {(CHaw2/3ECY" D/P L0287 L0221 L0171 .013% +0101 L0078 L0080 L0046 Lul3s 0027 L0021
e PR R R RN AR R FTSEEAS P a Rty T E R T RS T RS b o T T o o e e e i W My o W omow T W oy T oam W ko A MR w
3.0 Joa8g 7.1 6,1 5.3 4.6 a.0¢ 3.4 3.0 2.6 2.2 1.9 1.6
5,0 0287 ' b,9 6.0 5.2 4,5 3.9 3.4 2,9 2.5 2,2 1.9 1.6
b.O 0221 ! 6.8 5.9 5.2 4,5 3.9 3,4 2.9 2.5 2.2 1.9 1.h
T.0 017 ! 5.8 5.9 5.1 4.,4d 3.8 1.3 2.9 2.5 2.1 i.H 1.6
8,0 0131 ! 6.7 5.8 S.0 .4 3.8 3.3 2.8 2.9 e.1 .48 |
9.0 0101 f 6.8 5.7 95,0 u,3 3.7 3.3 2B 2.t eyl 1.4 1.,A
10,0 Go7R ' 6.5 5.6 4.9 4,3 3.7 1.2 2.5 2o 2al 1.4 1.8
11.0 L0060 ! 6,4 5,6 4,8 4.2 3.7 3.2 2.7 2.4 2l 1.8 1.9
12.0 L0046 6,3 5.9 4.8 a.1 1.6 3.1 2.7 Q.U 2.8 1.8 1.5
13,0 L0036 6,2 5,4 a.7 a.1 5,5 3.1 2.7 2e3 2.0 1.7 1.5
14,0 L0027 7 b.0 5.3 4,8 4,0 3.9 3.0 deb 2.3 2.0 1.7 1.5
1.0 0021 ° 5.9 5.2 a.5 3.9 3,4 3.0 2.6 2.2 2.0 1.7 1.9
ARG T T T TR TR ST RS ST R RS T Y TR S EA e e SRS e R ST TSV e S AR T TR EE T EEA SRS ST r e RS
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