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ABSTRACT

This handbook has been prepared to facilitate the design of earthen
covers to control radon emission from uranium mill tailings. Radon
emissions from bare and covered uranium mill tailings can be estimated from
equations based on diffusion theory. Basic equations are presented for
caiculating surface radon fluxes from covered tailings, or alternately, the
cover thicknesses required to satisfy a given radon flux criterion. Also
described is a computer code, RAECOM, for calculating cover thicknesses and
surface fluxes.  Methods are also described for measuring diffusion
coefficients for radon, or for estimating them from empirical correlations,
Since long-term soil moisture content is a critical parameter in
determining the value of the diffusion coefficient, methods are given for
estimating the long-term moisture content® of soils. The effects of cover
defects or advection are also discussed and guidelines are given for
determining if they are significant. For most practical cases, advection
~and cover defect effects on radon flux can be neglected. Several examples
are given to demonstrate cover design calculations, and an extensive list
of references is jncluded. ' :
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EXECUTIVE SUMMARY-

ES.1 INTRODUCTION

= This handbook has been prepared to facilitate the design of earthen
covers to control radon emission from uranium mill tailings. It contains
specific procedures for designing tailings covers for adequate radon
attenuation. The procedures are presented so that the design analysis can
be performed with either hand .calculators or with more complex computer
models. Both methods give sufficient accuracy in the required cover
+ thickness for most practical applications. The handbook also contains a
greatly expanded data base for estimating diffusion coefficients based upon
soil type, compaction and moisture content.

The handbook addresses the following main topics important in
evaluating the effectiveness of cover designs for radon attenuation.'_

1. Concise procedures for calculating cover thicknesses required
to satisfy the design criterion using both exact and
approximate expressions. '

2. EXperimenta]'techniques used to measure the radon diffusion
' coefficients for cover materials. S
3. Procedures and a data base for estimating diffusion °
coefficients for cover materials for use when specific
measurements on the material are not available. -

In addition, the handbook contains supporting information in the
following areas: : S S

1. An identification of other key references relating to radon
transport through materials. This also includes recent
field verification of both the calculational procedures
and the laboratory measurements. - -

2. A discussion of the characteristics of the radon source
© - term and “its influence on cover design.

3. The mathematical development of the procedures and a
listing of the-RAECQM computer program and input data format.

Radon does not combine readily with other elements because it is a
- chemically inert gas. The principal isotope of radon,‘ZZZRn, is generated
- from the radioactive decay of 226Ra and is a decay daughter in the 238
decay series. The half-life of radon is 3.8 days, allowing the radon
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to migrate considerable distances before decaying. Furthermore, the

generation of 222Rn continues at its current rate for many thousands of

ygars due to the relatively long half-lives of 226Ra, and  its parent,
OTh, wh1ch are both present in the tailings. '

_ The calculation of the thicknesses of cover materials requ1red to
attenuate radon flux to near-background levels 1is 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 that the radon decays to a solid daughter and
becomes trapped-before it completely penetrates the cover. The parameter
that characteriZes this radon movement in the soil is called the d1ffus1on
coefficient.

ES.2 DETERMINING RADON ATTENUATION THROUGH COVER MATERIALS

The thickness of cover material required for uranium-mill tailings.
reclamation s wusually determined by a radon flux or concentration
criterion which must be satisfied. The general approach used in estimating
the required thickness of a cover can be divided into two phases. First,
the characteristic parameters of the tailings and cover must be measured
or estimated. These include the radon diffusion coefficients, porosities
and moistures of the tailings and cover, and the radium content and
emanating power of the tailings. Second the thickness of cover needed to
achieve a prescribed radon flux js determined by iteratively calculating
radon fluxes for various cover thicknesses until the thickness giving the
prescribed flux is found., Alternatively, an approximate expression can be
used to calculate the cover thickriess directly. The diffusion coefficient
for radon in the total pore space of the soil is designated by the symbol
B, consistent with recent reports on radon movement. A second parameter,
the effective bulk diffusion coefficient of the soil, is often designated
De, and has sometimes been confused with D due to varying symbols and
nomenclature used in the literature. The two are related by D = Da/p,
where p is the total soil porosity.

Radon emissions from bare and covered uranium mill tailings are
estimated from equations based on diffusion theory. Basic equations are
presented for calculating surface radon fluxes from covered tailings, or
alternately, the cover thicknesses required to satisfy a given radon flux
criterion. Also described is a computer code, RAECOM, for calculating
cover thicknesses and surface fluxes.

ES.3 MEASUREMENT OF THE RADON DIFFUSION COEFFICIENT

The degree of radon flux reduction provided by a tailings cover
depends on the time required for the radon to diffuse through the cover,
and thus to partially decay in it. Therefore, the diffusion coefficient of
the soil is of central importance to determine the required cover thickness
to achieve a given radon flux reduction. It is therefore advantageous to
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know as accurately as possible the D of the candidate cover material. The
diffusion coefficient is most accurately determined by direct measurement,
The measurable quantities in determining D are the radon flux and the radon
concentration. The D can be calculated from any combination of two
measurements of flux and concentration which directly involve the source
and the cover,

The three most common pairs of measurements to determine D are:
a) the source flux and the flux through the cover; b) the source flux and
the equilibrium concentration at the bottom of the cover; and c) the time-
dependent concentration at the bottom of the cover and at the top of the
cover within a sealed system. Variations on these methods have also been
used. Radot diffusion coefficients can be measured either 1in - the
laboratory or in the field. 'Fie1d measurements offer the advantage of
exposure to actual wind, sun, rain and other significant environmental
parameters which may affect the 0§71 . mo1sture content and ijts diffusion
coefficient. However higher variability complicates the interpretation of
field data. Laboratory measurements of D provide better control over the
soil and diffusion conditions. The expense of testing soils in the
laboratory is also generally less than for field tests, as are the time
requirements for the tests,

_ A diffusion. coefficient data base, containing nearly 200 elements, has
been assembled. A representative sample of the data is shown in
Figure ES-1. The data were mostly measured by the time-dependent
technique (method c¢), but also include many steady-state and some field
" measurements, The diffusion coefficients are relatively constant at
absoTute dryness, averaging 0.061 *+ 0.006 cm 2/s for the dry soils tested.
As illustrated, increasing moisture causes Tower diffusion coefficients..

The variation in diffusion coefficients at intermediate moistures can
be largely attributed to varying pore size distributions; however, the
variation at high moistures {m = 0.9-1.0) cannot. Instead, this variation
results from the very steep variation 1in diffusion coefficients with
moisture as m approaches unity, This causes Targe apparent errors in
diffusion coefficients to result from relatively small errors in sample
moisture content, density, or specific gravity estimates from which - the-
~saturation, m, is estimated. The large variation near saturation in
Figure ES-1 is therefore attributed to uncerta1nt1es in the degree of
moisture saturat1on of the s0il samples. =~ :

Other soil propert1es besides 5011 moisture may have an influence
on D. One parameter, the percent passing a 200 mesh sieve, is a convenient
way to classify soils. It is important that the highest practical
compaction be achieved for earthen covers over the tailings so that maximum
radon attenuation is obtained; thus, pertinent engineering specifications
should usually call for compactions of at least 90 percent of standard
Proctor compaction.
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ES.4 ESTIMATING DIFFUSION COEFFICIENTS

It 1is often desirable. .to estimate the . diffusion coefficient of
- materials under varying conditions for which measured values . are not
available. This can be done with either complex models based upon physical
characteristics of the soil, or upon empirical correlations based upon
measured values of D, Soil moisture and compaction are important factors
in the value of D for a given soil.

Recently, a theoretical model has been developed for estimating radon
diffusion coefficients without relying on fitted parameters to radon
diffusion data. The formalism considers the detailed composition of the
pore fluid as well as a statistical definition of the pore structure of the
material. The pore fluid is modeled as a two-phase mixture of air and
~water, with radon diffusion occurr1ng in both phases, and with radon

exchange occurring between the air and-water. The pore structure is
modeled - from the measured pore size distribution of the soil, and is
described by the weighted average of -all combinations of single and
composite pores. The soil parameters required to estimate a radon
diffusion coefficient are thus the moisture, the packing density and the
pore size distribution.

Agreement between the model calculations and measured D values is
generally within the experimental uncertainties in the data. The pore size
distribution needed for the calculations can be obtained either from water
drainage curves or from particle size d1str1but1ons.

Emp1r1ca1 correlations for est1mat1ng D have the advantage of being
~ simple and easy to use, with a minimal amount of information needed. The
- recemmended correlation-using,the fraction of saturation, m, is: _

= 0.07 exp[-4(m - mp2 + m5)],_

_and is plotted in Figure ES-1.

The: correlation shown in Figure ES-1 has a geometric standard
deviation of 2.,0. However, individual estimates for a particular soil at a
given moisture may be uncertain by as much as an order of magn1tude,
_eSpec1a11y for h1gher values of m. _

: - The mo1sture content of -earthen materials has been shown to marked]y

affect their properties for- radon gas diffusion, salt and radionuclide
transport, physical stability, and support of. vegetation.-‘Because of these
effects, -the moisture contents in covers for uranium mill tailings are of
particular interest for proper containment and stabilization of the
tailings and their decay products. Since tailings containment systems must
function for very long time periods, the Tlong-term equilibrium moisture
character1st1cs are of particular 1nterest
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There presently exist several complex models for calculating
equilibrium soil moistures. However, considerable detailed meteorological,
hydrological and geophysical data are needed as input to these models and a
detajled discussion of the models is beyond the scope of this handbook.
There 4re several empirical and semi-empirical approaches that give a
satisfactory estimate of the long-term mo1sture One simple engineering
correlation is: S

= [o.lqu*é - 0.0012E - 0.04 + 0.156 f_cm]' y

where

mp = residual soil moisture in soil oQ;r1y1ng a deep aqu1fef
(fraction of saturation)
P = annual precipitation (in)
E = annual Take evaporation {in)
fcm- = soil fraction passing a‘No. 200 mesh‘sievev

ES.5 OTHER FACTORS INFLUENCING RADON MIGRATION

Three other factors influencing radon migration warrant consideration.
They are the source term (of the tailings), the effects of defects in the
cover, and the effects of advective radon transport.

Characterization of the source term is an important step in performing
the design analysis of an adequate cover system. The key parameters
defining the source term are the radium concentration, the dry bulk
density, the emanation coefficient, and the diffusion coefficient. The
utilization of source term dinformation can have beneficial impacts on
remedial action design concepts. For example, the sand component of
tailings can be effective as a bottom layer of a tailings cover.

An effective cover may be placed 1n1t1a11y over the ta1T1ngs
However, there are many mechanisms that can disrupt a cover, and, because
radon genera]]y takes the path of least resistance, these mechan1sms can
render a significant part of the cover less effective in attenuating radon,
Several techniques -are available for promoting or maintaining -cover
1ntegr1ty.' If cracks develop, the percentage loss of cover effectiveness
in the crack depth zone is approximately equal to- twelve times the percent
of the surface area disrupted by cracks.

Over the last several years there has been growing evidence presented
to suggest enhanced, advective transport of radon in the environment.
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However, most advective transport is cyclic in direction and velocity,
minimizing long-term effects on net radon releases. Advection is generally
not an important effect for semi-arid regions. However, it may be more
prominant in humid areas because the diffusion coefficients are generally
smalier, '

ES.6 SUMMARY AND APPLICATION

The radon releases from bare and covered tailings can be estimated
using diffusion theory, if appropriate diffusion coefficients are used.
The procedures 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 RAECOM code. A procedural checklist for the
hand calculations is given in Table ES-1. ™

As shown 1in the table, Step 1 is the calculation of all source
parameters. Step 2 is the calculation of the cover parameters. These
parameters are input to RAECOM for a determination of the required cover
thickness and surface flux. If a hand calculation is performed, Step 3 is
the calculation of cover attenuation parameters and bare tailings flux.
In Step 4, the required cover thickness is calculated. If the system
consists of a multilayer cover, the surface flux from the first layer is
calculated in Step 4 and the diffusion coefficient for the effective source
term is calculated in Step 5. Repeat steps 4 and 5 until the top layer is
calcuTated. ) ' '
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TABLE ES-1
PROCEDURAL CHECKLIST FOR CALCULATING ADEQUAT_E COVER THICKNESS

Step Comments . .
1. Determine Source Term Default values, R = 2,812 G m = 102 |1 - 1M
Parameters, R, E, O, pt.3t Pt = 1.5, pt = 0.35, g9t = 2 . _ Pt ot
Dt = 0.07 exp[;-4(m-mp2 + msﬂ
‘ag = ptZ nt[1-0.74 mt]z | o o
-1
2. Determine Cover Material Default values, pe = 0.35, o ome = 1072 M. .
Parameters, D¢, Pc, o, gc = 2.7 . S -
Dc = 0.07 exp[-d(m-mpcz + m5)]
3. C(alculate Cover Attenuation Jdt = RptE(XDt)% '
= Parameters and Calculate or : =
- ‘Estimate Bare Tailings Flux i
__bc = {X/Dc)
a = p2 ' 2
¢ T Pc DC 1-0.74 mc}
4, Calculate Surface Flux or : e = o 2Jy_exp(-bexc) _
Cover Thickness - [1 + (ap/ac)® tanh bexi] f_[l-(at/ac)¥ tanh byxg | exp(-2bcxc)
Xe = 3—-1n[ 2t /3¢ ]'
b

(1 +Vag/ac) tanh byxy) + (1 -Vag/ac) tanh bext ) Je/It)2

5. For Multiple Layer Cover,
Calculate Effective Source

Dgm’

6. Repeat For Multiple Layer Calculate Item 4 for the first cover
Covers layer, then calculate Item 5 for the -
second cover layer, then calculate
Item 4 for the second cover Tayer, and
so on until Item 4 is calculated for
the top layer




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 1is crushed to facilitate processing and a negligible fraction of
radium, the parent of radon, is removed. Conseguently, the accessibility
of radon to the environment 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. Hence, it is important to
accurately determine the radon-attenuating properties of cover materials
and cover systems. Radon migration throughjearthen materials is a complex
process in which the pore space and the air and moisture in it greatly
influence the effectiveness of the cover material in attenuating radon.
‘This handbook provides the basis, the methodology, and the standardized
procedures for calculating the radon attenuation provided by cover systems
placed over uran1ﬂm mill tailings impoundments. It is an update of an
earlier handbook and as such -contains significant new. information on
estimating and measuring diffusion coefficients. ‘It also incorporates the.
results of recent research efforts, particularly in the areas of the
physical description of the diffusion coefficient, the effects of cracking
and other defects and the effects of advective radon transport caused byj
moisture evaporation or barometr1c pressure var1at1ons.

The handbook contains spec1f1c procedures for des1gn1ng tailings
covers for adequate radon attenuation. The procedures are presented so
that the design analysis can be performed with either hand calculators or
with more complex computer models. Both methods give suff1c1ent accuracy
in the required cover thickness for most practical applications. The hand-
book also contains a greatly expanded data base for estimating diffusion
coefficients based upon soil type, compaction and moisture content.’

1.1 ORGANIZATION OF HANDBOOK

This handbook addresses the following main topics 1mp0rtant in
evaluating the effectiveness of cover deSTgns for radon attenuat1on. a

1. Concise procedures for calculating cover thicknesses requ1red
"~ to satisfy the des1gn criterion uswng both exact and
~ approximate expressions.

2. Experimental techniques used to measure the radon daffus1on
~coefficients for cover materials.

3. Procedures and a data base for estimating diffusion

coefficients for cover materials for use when specific
.measurements on the material are not available.
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In addition, the handbook contains supporting information in the
following areas:

1. An 1dent1f1cat1on of other key references re]atlng to radon
“transport through materials. This also includes recent
field verification of both the caTcu]at1ona1 procedures
and the laboratory measurements. _

2. A discussion of the characteristics of the radon source
- term and its influence on cover design,

3. The mathematical development of the procedures and a. .
- Tisting of the RAECOM computer program and input data format.

T

A background review of early and recent relevant literature is pre-
sented in the following section of this chapter. Specific quantitative
results from the recent Tliterature are presented as appropriate to the
technical development in later chapters. Chapter 2 contains the procedures
for calculating the required cover -thicknesses,. along with several
illustrations and examples. . The methods for. measuring diffusion
coefficients are presented in Chapter 3, along with a comprehensive data
base for a variety of soil types. The methods for estimating the cover
diffusion coefficients are given in Chapter 4. Chapter 5 contains: a .
discussion of the effects of advection, cover defects and - source term
variations. The summary in Chapter 6 contains a checklist of the cover
design procedures. The mathematical development and computer code 1nf0r-.
mation are given in Appendices of the handbook . L _

1.2 BACKGROUND AND PREVIOUS WORK

Radon does not combine readily with other elements because it is. a
chemically inert gas. The principal isotope of radon, 222Rn, is generated
from the radioactive decay of 226Ra and is a decay daughter in the 238y
decay series as shown in Figure 1., The half-1ife of radon, Ty, is 3.8 days
which allows the radon to migrate considerable distances before decaying.
Furthermore, the generation of 22Z2Rn continues at its current rate for many
thousands_of years due to the relatively Tong half-Tives of 226Ra, and its
parent, 230Th, which are both present in the tailings.

The calculation of the. th1cknesses 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 that the radon decays to a solid daughter and
becomes trapped before it completely penetrates the cover, The parameter
that characterizes this radon movement in the soil is called the diffusion
coefficient.
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Researchers have long been interested in the diffusion and transport
of radon th(ogﬂg)porous materials. Early studies of radon in the natural
environment(2- were supplemented by research dealing specifically with
the diffusiow and transport of _radon produced in wuranium mill
tailings(13-16) and ore minerals.(17,18}) In particular, References 8 and
19 contain excellent early reviews of the general topic, and Reference 20
contains a comprehensive bibliography of pre-1980 work on the effects of
moisture on radon emanation and diffusion. ‘

Among the first major studies concerned with the diffusion of radon
from uranium mil]l tailings are those reported in References 13-16. 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  laboratory
experiments, (21-23) the diffusion of radon through various tailings and
cover materials was measured. Diffusion coefficients are generally deduced
~from measyrementS'of both radon fluxes and from radon gas concentration
profiles,(24-35) ‘ :

Field tests using uranium tailings materials also have yi?ldsd infor-
mation associated with the diffusion coefficient. 1In one test{24) syrface
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 dat? gas consistent with the
laboratory measurement of similar material. 24 In the other field
measurement (25) the diffusion _coefficient was deduced from in-situ borehole
logging of the 226Ra and 222Rn concentrations in acidic and alkaline
tailings. The radon transport through synthetic materials can also be
described with diffusion theory using a diffusion coefficient for the
material to characterize the diffusion. The primary concern with synthetic
materials_is their ability to maintain their integrity for the long period
of time that is required. However, several materials have been identified
as effective for the short-term reduction of radon. Diffusion coefficients
for several. synthetic materials are presented in References 26, 27 and 28.
‘Materials such as asphalt, EPDM rubber, polyethylene sheets, polycarbonate
sheets, and M{1ay are characterized by diffusion coefficients of less than
10-6 cm?/sec. (26 |

Recent field measurements of radon diffusion coefficients for
candidate cover materials for mill tailings give vresults,  that, are
consistent with laboratory measurements for the same materials.(36,37) In
particular the measurements and analysis 1in Reference 36 demonstrate
excellent agreement of model calculations with the annual average field-
measured values using laboratory-measured parameters as input to the model
calculatigns Additional field data have also vrecently become
availab1e(38] for comparison with laboratory measurements and calculational
models.

Other - recent efforts have focused upon methods for calculating or
estimating r?don diffTsion coefficients with techniques ranging from simple
correlations{22,23,39} to complex models.(40,41}  Considerable success has
been achieved with both the correlations and the models.
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Advective effects have recently been investigated.(42) The long-term
effect of. advection on the surface radon flux is generally much smaller
than are uncertainties in predicting the flux This same conclusion
applies to cover defects such as cracking.(43-45) Therefore, in general,
simple diffusion theory adquately describes the long-term radon transport
through uranium mill tailings and earthen cover systems. '
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2. DETERMINING RADON ATTENUATION THROUGH COVER MATERIALS

The thickness of cover material required for uranium-mill tailings
reclamation is wusually determined by a radon flux or concentration
criterion which must be satisfied. The general approach used in estimating
the required thickness of a cover can be divided into two phases. First,
the characteristic parameters of the tailings and cover must be measured
or estimated. These include the radon diffusion coefficients, porosities
and moistures of the tailings and cover, and the radium content and
emanating power_ of the tailings. Second the thickness of cover needed to
achjeve a preseribed radon flux is determined by iteratively ca]cu]ating
radon fluxes for various cover thicknesses until the thickness g1v1ng the
prescribed flux is found. Alternatively, an approx1mate express1on can be
used to calculate the cover thickness directly.

In the following equations and throughout this handbook, the diffusion’
coefficient for radon in the total pore space of the soil is designated by
the symbol D, consistent with recent reports on radon movement, A second
parameter, the effective bulk diffusion coefficient of the soil, is often
designated Do, and has sometimes been confused with D due. to varying
- symbols and nomenc]ature used in the literature. The two are related by,

D = Dg/p, where p is the total soil porosity. Identzi 1" nomenclature but-
different symbols were used in the earlier handbook and in the NRC's
Generic Environmental Impact Statement on Uranium Milling (Appendix P).
The symbol D in those reports corresponds to De in this handbook.

2.1 RADON DIFFUSION EQUATION

The one-dimensional steady-state rgdon diffusion equation is:

d2¢

" D—%-XC+RAE/p=0, -~ - (1) .
dx2 ' S .
whefe
C = radon concentration in the total pore space'(pCi'cm'3)'

D = diffusjon coefficient for radon in the tota] pore space .
(emés-1) _ -

x = decay constant of radon (2.1x10-6 s-1)

R = specific activity of radium in the soil (pCi g-1)
p =, dry bu}k density of the soil (g cm-3)

E = radon emanation coefficient (dimensionless)

p = total porosity of the soil {dimensionless)
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The radon flux from the bulk soil material is related to the radon
concentration in its pore space by Fick's Law: ' '

3= -10% pp 4L, | (2)
where
‘. J =_'bu1k}radoh“f]ux‘(p£i m2sl) | |
104 "= factor to convert units from pCi em~2s-1 to pci_m‘?s'l*

" Appendix A contains the mathematical basis for Equation 1 as well as
for the solutions used in this handbook. The solutions of interest are for
bare tailings, tailings covered with homogeneous material, and a
generalized multiregion problem with many tailings and cover layers.

2.2 FLUX FROM BARE TAILINGS -

" The solution of Equations 1 and 2 for the flux from a bare,
homogeneous tailings pile is: ' ' :

3¢ = 10% RpEVAD; tanh -éiJkt' N )
St = 100 o ‘/.t Sl B

where
Jt = radon flux from the tailings surface (pCi m-2g-1).
Xt = thickness'of ta11ﬁngs (cm) B '

The subscript "t" refers to the tailings region. A graph of Ji/RoE is
given in Figure 2 as a function of x¢, illustrating the limitation on the
radon flux imposed by radon decay, particularly for Tow diffusion
coefficients. As illustrated, most of the radon comes from the surface
layers of tailings; hence there is an advantage in consolidating tailings
into smaller, thicker piles.. : _ ‘

2.3 FLUX FROM COVERED TAILINGS

" The exact solution from diffusion theory to the two-region, tailings-
cover problem is: ' o '

2d¢ e-bexc

[1 +Vatg/ac tanh(btxt)]+ [1 -\/atléc;tanh(bfxt)] -%bcﬁc} |

e

[ =]
)
1t

(4)

(4 (-9 e thag

hY

B o
W (e \55;_%j§tf’.




NORMALIZED FLUX
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FIGURE 2. NORMALIZED FLUX FROM BARE TAILINGS AS A FUNCTION
OF TAILINGS THICKNESS AND DIFFUSTION COEFFICIENT.
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where

bj =V>\/D{(1' =cort) (cml)

aj = p? D [1 - (1-k) HH]Z (en?s-1)

m = 10-2 pM/p = fractional moisture saturation (diﬁension]ess)_
M = moisture content (dry weight percent)

k = 0.26 pti/em3 in water per pCi/emd in air

The subscript "c¢" pertains to the cover region, and J¢ is given in
Equation 3. A more detailed description of the parameter a;j and its
moisture dependence is given in Appendix A,

It is of interest to examine the behavior of J under various con-

“ditions. For a; equal to ac, and for sufficiently thick tailings such that
tanh({byxt) is approximately unity, then Equation 4 becomes:

Jc = Jt eXp(—chC) , (5)

which is- the simple exponential attenuation shown by Curve A in Figure 3.
However, if. atr«ac, Equation 4 becomes e R - '

_ 20 exp(-bexe) I, IS
T + exp{-2bcxe) ;

For small xg, the value of Jc is approximately equal to J¢ as shown by

Curve B in Figure 3, before the cover flux begins to decrease, This effect

has been Pbserved in laboratory measurements of radon fluxes from covered
tailings. 22)  For large X, Equation 6 becomes:

Jg(xc Targe) = 23p exp{-bexc) » (7)

so that J. decreases exponentially in the same manner as in Equation 5 but
retains twice t?e Tagnitude which is shown by Curve B in Figure 3. This is
also observable{22) in laboratory measurements.

2.4 COVER THICKNESS FROM FLUX CRITERION

The value of xc required to achieve a specified flux can be obtained
by rearranging Equation 4, assuming the tailings are more than 100 cm
thick, and approximating exp(-2bcXxc) by (Jc/Jt)z. The result is:

|
;
[
1
]
|
|

1
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FIGURE 3. COVER SURFACE RADON FLUX FOR VARIOUS THICKNESSESS AND PARAMETERS.
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F

Xe =-’£ﬁ£ In [ - - 2d¢ /3¢ | ']
A L (1 +Vag/ac tanh byxt) + {1 -Vag/ac tanh bexg)(Ic/J¢)2
(8)

Most _practical applications require a significant degree of
attenuation so that the last term in the denominator of Equation 8 can be
neglected. The resulting simplified equation ca? be expressed in graphic
form and is presented as a nomograph in Figure 4.(39) :

The required cover thickness, xc, is found by first determining the
ratios Jc/J¢ and ac/ay and then referring to the nomograph in Figure 4.

" The value of the ratio Jc/Jt is found on Column A and the value of ac/at on

Column B. These two values should be connected with a straight line, and a
value read from Column C at the intersection with the line. That same
value is- located on the modified scale C' and a second line is drawn from
that value on C' to the value of D; on Column D. The intersection of the
resulting line with Column E gives the cover thickness, in units of either
meters or feet.

2.5 EXAMPLES OF SURFACE FLUX AND COVER THICKNESS DETERMINATIONS

Several examples are given in this section to illustrate the use of
the equations and graphs. The first general examples are calculations of
the surface flux from covered tailings. Figure 5 contains the results of
cover calculations for a bare tailings flux of Jy = 280 pCi/mls. Various
diffusion coefficients for the cover soils are used in Equation 4 to obtain
the curves in the figure.(46) As shown in the next chapter, the cover
moisture is the dominant parameter affecting the D, and hence, the radon
attenuation.

As an example of the ‘calculations used to -generate the curves in
Figure 5, it is assumed that a tailings pile has the following typical

- values:

R = 400 pCi/g
p = 1.5 g/cm3

E = 0.2 |
Dt = 1.3x10-2 cm2/s

Pt = 0.44
Mg = 11.7%
xt = 300 cm

The radon flux from the surface of the uncovered tailings is
calcutated from Equation 3:
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St

(204 cm2/m2)(400) (1.5) (0. z)[(z 1x10-6) (0. 013{] tanh (3.8)
- 198 pCi/m?s

Cover .materia1 is avai]ab]e' which can be compacted to have the
following properties:. _ - . .

Dc = 7.8x10-3 cm?/s
pc = 0-3
) Me = 6.3%

Furthermore; itfis assumed that m; = myx

The flux attenuation with. two meters of cover material is caTcu]ated
from Equation 4: :

_ 2(198)(3.76x10-2)
- 2.893 ~ 0.001

Jc'...

Je = 5.1 pCi m-2s-1

If a greater flux 1s acceptable, the same calculation can be repeated
with smaller cover thicknesses, or the required thickness can be directly
calculated from Eguation 8. For example, what cover thickness would y1e1d
a Jc of 20 pCi m~ s-1?  This is determined from Equation 8 as:

| 198 |
17 :
6 :"[2.893 . ._009] :

118 cm

Xe

1]

Xc

As an example of the use of the nomog%aph in Figure’4, a different
system with the following parameters is considered:

Jt = 400 pCi/m?s
Jo = 20 pCi/mZs

Pc = pt = 0.30

mc = mt = 0.30

De = Dt 0.008 cm?/s




These values give a Jc/Jdy of 0.05, located on Column A and ac/ap of 1,
Tocated on Column B. An intermediate parameter value of 1.1 is read from
Column C. The same value is located on the modified scale on Column C'.
This value is then wused with the diffusion coefficient of the cover,
located on Golumn D to obtain the cover thickness from Column E. For
example the cover thickness needed ~to attenuate the radon flux to
20 pCi/m?s is about 1.8 m (5.9 ft). Use of Equation 8 yields a cover
thickness of 1.85 m.

‘An even simpler way to use the nomograph is to substitute the value of
Dc/Dy for ac/ag; i.e., the quantity p (1 - 0.74 m) is assumed to be the
same for the tailings and the cover, To account for the variations in the
ratio of p (1 - 0.74 m) for the cover to the tailings, the rule of thumb
may be used that the cFve{ thickness decreases by 0.1 m for every 0.2
decrease in this ratio, The diffusion coefficient for the tailings
also has only a secondary effect on x., so that, as an additional rule of
- thumb, xc changes by 0.1 m for every factor of two change in Di. The
d1rect1on of the change is determined from the following: If Dt .
increased by a factor of 2, but Jt is known from direct measurement so that
it is unaffected by the change then x. decreases by 0.1 m, On the other
hand, if Jy is calculated from other parameters, one of these parameters
be1ng Dt, then Ji also varies with D¢, so that the resu1t1ng effect is that
X¢ Jdncreases by 0.1 m for every factor of two increase in Di. These rules
of thumb are summarized in Table 1. With these rules of thumb, the cover
thickness can be obtained from the nomograph using a value of unity for the
ratio ac/at, and then modifying x¢ accord1ng1y. For example, if Dy equals;
0.002 cm /s instead of 0.008 as given above, and the value for Jt is a
measured value that does not change, then the x. of 1.8 m is increased by
0.2 m to a value of 2.0 m, because the Dy is.reduced by a factor of four.
Furthermore, if p. were equal to 0.25 instead of 0.3, then the porosity
ratio decreases by about 0.2, so that x, is decreased from 2,0 m to 1.9 m.
If in the original example Ji were based upon a calculated value instead of
a measured value so that a change in Dt affects value of J¢, then a

reduction in Dt by a factor of four would yield a reduction in the cover
thickness of 0.2 m, from 1.8 m to 1.6 m.

"TABLE 1
RULES OF THUMB FOR ESTIMATING COVER THICKNESSES

Change In Resu1t1ng Changes

Parameter Change Parameter Value _ In Cover Thickness
Pe(1-0.74 mc) 0.2 decrease : 0.1 m decrease
P¢{1-0.74 mt)

D¢ factor of 2 increase 0.1 m decrease
(3¢ unchanged)
Dty Jt factor of 2 increase 0.1 m increase
2-10




2.6 MULTIREGION SYSTEMS

The(maShemat1ca1 solutions for multi-layer covers involving three(13)
and four region systems have been presented previously. A general
multiregion system must be solved by computer using matrix formulations of
the diffusion equations; however, approximate analytical solutions are also
available.

2.6.1 The RAECOM Computer Code

RAECOM (acronym for Radon Attenuation Effectiveness and Cover
th1m1zat1on with Moisture effects) is a FORTRAN computer program which
determines the radon fluxes and concentrations in a multilayer uranium
tailings and cover system and then opt1m1zes the thickness of a s?ecified
cover layer to satisfy given constraints on the maximum radon flux.

A logic flow diagram for the code 1is shown ‘in Figure 6. First, the

D's are calculated from a correlation if they are not input directly. Then
the migration of radon s determined for the specified cover charac-
teristics and the radon concentrations (C), and the radon fluxes (J) are
calculated. The cover optimization is-performed yielding adjusted values
(x) for the Tayer thicknesses. The radon migration calculations are then
repeated for each J and C with the adjusted cover layer thicknesses, and
the resulting surface flux, J., is tested against the specified criterion,
derit. If this criterion is satisfied, the code proceeds to final output.
If the flux criterion is not satisfied, appropriate layer thicknesses are
~adjusted within the specified constraints, radon migration calculations are
repeated, and the surface radon flux 1is again tested against the flux
criterion. This process is repeated until all criteria are satisfied. The
code then prints out all radon attenuation data. The input data format and
code listing are given in Appendix B.

2.6.2 Approximate Expressions

When it 1is necessary to estimate the radon flux from a multilayer
system or to determine a cover layer thickness without resorting to a
computer calculation, approximate analytical expressions may be used. The
expressions presented in this section can be used for that purpose.

The procedure for multilayer systems utilizes a sequential application _
of Equations 4 or 8 to each cover layer. The procedure treats the cover
layer in question as a single cover system with a modified source layer
accounting for the tailings and all cover layers beneath the 1layer in
question. In order to apply Equation 8 to the layer in question, an
estimate must be made of the radon flux from the previous layer, J¢, and
the diffusion coefficient of the source, Di. Following are the steps in
this procedure utilizing the cover system configuration shown in Figure 7:
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FIGURE 6. MAJOR COMPONENTS OF RAECOM MODEL.
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1. Calculate the radon flux from the first cover layer, Jcis using
Equation 4 and the tailings and first cover parameters.

2. Calgulate an equivalent source diffusion coefficient, Dyi,
from Equation 9:

Dty = Dpe PelXel 4 p (1 - e PelXel) (9)

3. D¢1 is used in analyzing the second cover layer. If the
cover consists of only two layers, use Jcj as Jt and Dy
as Dy in Equation 8 to calculate the requ1red th1ckness
of Tayer 2, xcp. The new source term thickness is xci +
Xt. The Dtl is used to compute at and bty for Equation 8.

4. If xc2 is specified and the thickness of~a third cover
layer is to be adjusted to satisfy the flux criterion,
then use Equation 4 to calculate a new Jcp with Jd¢1 as
Jits Dt1 as Dy, and xc1 plus x¢ as the source thickness.
The Dy is used to compute ay and by in Equation‘14 .

5. Obtain a new source term diffusion coeff1c1ent for :
analyzing layer 3 from Equation 10:

Dtz = Dt e “belXel -be2Xe2 4 p g (1 - e bchcl)e-bcszz
Php (L-ePety ()

6. If the cover consists of three 1ayers use ch as" Jt,
Di2 as Di: to compute at and by, and the sum of Xci, X2,
and xt for the source term thickness in Equation 8 to
ca]cu]ate the required thickness of cover layer 3,

as often as necessary, using Equation 11 to obtain the
diffusion coeff1c1ent for the mod1f1ed source term to :

|

|

J ' 7. For mofe than three cover layers repeat the above prdcess
| Tayer n + 1:

n
-benx
D, = Dt_exp‘:- ;Zi bcixci}'+ D¢, (1 - e7cnven)

n-1 n -
+ Z DC1 1 -e b<:1x1) exp[ 21 ijXcJ-] (11)
J

i=1

2.6.3 Examples of Multiregion Calculations

The tailings pile described in the first example is to be covered with
0.5 meter of a good quality clay and sufficient overburden to achieve a
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surface flux of 20 pC%/mzs. What thickness of overburden should be used?
. The basic material parameters are: . S

D R Moo om

“ tailings  0.013 cn?/s 0.44 11.7 0.4
clay 0.0078 cm?/s 0.30 6.3 0.4~

. overburden  0.022 cm?/s 0.37 . 5.4 10,25

First, the bare tailings flux is the same as before:
Jt = 198 pCi/mZs B

Then, calculate the attenuation through the c]ay  component usihgi
Equation 4,

2(198)(0.440)

Jel 7 70893 - (0.173)

64.1 pCi m-2s-1

del

Now, determine the diffusion coefficient for the source term to the
overburden (the source is now the tailings and clay) using Equation 9.

Dty = Dt exp{-byxy) + Dl[l - _exp(-blxl):l
Dy1 = (0.013)(0.440} + (0.0078)(1 - 0.44)
Dg1 = 0.0101 cm?/s

The value of D¢j is then substituted for Dy and Jo1 = 64.1 is
substituted for J¢ in Equation 8, giving

xp = 102 1n[ 6.41 ]
1.475 + 0,051

Xp = 146 cm = overburden thickness

The total cover thickness is therefore 146 cm + 50 ¢cm = 196 cm. In
this calculation the effective source thickness is assumed to be large
enough so that tanh agx{ is unity.
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The parameters specified in the above example were also used to
construct the input to the RAECOM program as specified in Appendix B. The
RAECOM calculations, shown in Table 2, yield an overburden thickness of
149 cm. Thus, the approximate procedure gives a result that is 3 cm less
than the exact calculation, well within acceptable uncertainty limits.

2.7 COVER SOURCE CONSIDERATIONS

The example calculations of the previous sections 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 radon, the effect of the radon from the covers is very
small and 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 hneaﬂty assumption for tailings plus cover fluxes is conservative;
that is, the surface flux due only to the tailings is shghtly ]ess w'{th a
cover  source: term than without the cover source term. g
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TABLE 2

RAECOM CALCULATION

RAECON CALCULATION OF MULTIREGION EXAMPLE
kkkkkkkkik INFPUT
NUMEER OF LAYEES :

OF MULTIREGION EXAMPLE

FARAMNETERS Akkkakkirk

. -
RADNCN FLUX INTO LAYER I : 0.000 pLi/md/sec
SUREACE RABON CONCENTRATION : 0.000 pCi/litar
LAYER 3 ADJUSTED IC MEET Jerit @ 0.0 +/- 0.T00E-02 pli/n2/sec
BARE SOURCE FLUX (Jo) FXOM LAYER 1 : 198.4 pbi/md/sec
LAYER THICKNESS DIEE COEFE PORDSITY SOURCE HOISTURE
{ce) {cwd/sec) {pCi/ca3/sec) (dry wit. percent)
1 300, 1.3000E~02 0.4400 5. 7300E-04 11.70
2 50. 7.8000B-03 $.3000 0.0000E-01 0.30
3 100, 2.2000E-02 $.3700 0. 0000E-01 540
kkkkk RESULTS OF RADON DIEFUSION CALCULATION Ak
LAYER  THICKMESS EXIT ELUX EXIT CGNC. MiC
{cm) {pCi/m3/sec) {pCi/liter)
1 a0, 7.6937E+01 1.6701E+05 0.7035
2 50. 4.5203E+0] 4,4198E+(04 0.7063
3 149, 2.0011E+01 0.0000E-01 0.8163
Notation: .5000+003 = 0.5x103
pCi/sqm*sec = pCi m-2s-1
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3. - MEASUREMENT OF THE RADON DIFFUSION COEFFICIENT

The degree of radon flux reduction provided by a tailings cover
depends on the time required for the radon to diffuse through the cover,
and thus to partially decay in it. Therefore, the diffusion coefficient of
the soil is of central importance to determine the required cover thickness

to achieve a given radon flux reduction., It is therefore advantageous to

know as accurately as possible the D of the candidate cover material. The
diffusion coefficient is most accurately determined by direct measurement.
The measurable quantities in determining D are the radon flux and the radon
~concentration: Utilizing the appropriate equations, D can be calculated
from any combination of two measurements of flux and concentration: wh1ch
directly involve the source and the cover. L

The three most common pairs of measurements to determine D are:
a) the source flux and the flux through the cover; b) the source flux and
the equilibrium concentration at the bottom of the cover; and ¢} the
concentration at the bottom of the cover and at the top of the cover within
a sealed system. Variations on these methods have also been used., Radon
diffusion coefficients can be measured either in the laboratory or in the
field. Field measurements offer the advantage of exposure to actual wind,
sun, rain and other significant environmental parameters which may affect
the soil moisture content and its diffusion coefficient, However higher
variability complicates the interpretation of field data. Laboratory
measurements of D provide better control over the soil and diffusion con-
ditions. The expense of testing soils in the laboratory is also generally
less than for field tests, as are the time requirements for the tests.

This chapter summarizes the three main methods for measuring D.
Advantages and disadvantages of each method are presented, along with the
variations of each method which have been used to calculate D. The final
section presents a sensitivity analysis of each ~of the three main
procedures. :

3.1' LABORATORY MEASUREMENTS

3.1.1 Bare F]ux and Covered Flux

The D of a cover can be calculated from the measurements of the radon
flux fr?m the baye tailings and from the covered tailings placed in a tall
column, This procedure requires a two-step calculation. The D
of the ta111ngs is first calculated from bare flux measurements using
Equation 3. That information is then used in Equation 4 with measured
values of the flux from the covered ta111ngs to calculate the D of the
cover. The radon f1ux can be measured using either activated charcoal or
accumulator cans.(49,50)  additional quantities which must be measured or
estimated are the rad1um content, emanating power, dry bulk density, and
the porosity of the tailings. The porosity of the cover should also be
measured or estimated. '




An advantage of. the flux-flux method is that it provides a direct
measurement of the cover effectiveness which is consistent with its field
application. Various layers can alsc be combined to simulate desired cover
designs. A disadvantage is that large columns and volumes of tailings and
soil are required making the preparation cumbersome. The one-month delay
times necessary to allow for radon equilibration in the source and cover
are also a disadvantage.

3.1.2 Bare'F]ux and Covered Source Cancentration

The D of a cover material in a short column can be determined from
measurements of . the bare flux from the radon source and the radon
concentration ft She base of the cover after the cover system has
equilibrated.(3 - Additional quantities which must be  known or
estimated are the D of the source and the dry pqrosity of the cover soil.

An —advantage of measuring the. bare flux and the covered source

concentration is the improved sensitivity for m?asgrements when the radon
The smaller. samples-

does not decay significantly within the cover.
required also allow greater control -of moistures and dens1t1es. A
disadvantage 15 the ‘poor sensitivity for Tow diffusion coefficients.

3.1, 3 Transient Radon ‘Concentration Above A Cover

If a test cover is seaied on one s1de and its other s1de is: suddenTy

exposed to a high constant radon concentration, the concentration of radon
at the sealed surface will. increase with time until it reaches some steady-

state concentration. Measurements of the increase with time, or transient

radon concentration at the sealed surface provide a sensitive measure of
the diffusion coefficient of the material. Although a comparison of the

steady-state concentration with the source: concentration may also sometimes.

allow calculation of a diffusion coefficient, the calculatiops from the
transient radon concentration curve are usua]]y most sensitive.(26)

For the transient diffusion measurements the radon source provides a
high constant concentration of radon which is suddenly introduced to the
entrance of the diffusion tube containing the soil. By monitoring the
variation in alpha activity with time at the other end of the tube, a
unigue activity curve is measured which is characteristic of the diffusion

coefficient of the test material. F1gure 8 ‘illustrates measured and

expected. curves for various values of. D.

- Major advantages of this method are the short time requ1rement the

freedom from. atmospheric pressure variations, the small amount of sample

required, and the possibility for moisture control. in the sealed system.
The preparation can be completed within a few ‘hours, and the data collec-

tion -can often be completed within a few days or 1less. This method can

also combine the sensitivity of transient measurements for high D with the
sensitivity of steady-state measurements for low D. A comparison .of D's
measured with this apparatus has shown the results to be not only
internally  consistent but also consistent with steady~state

3-2

. [T U SR PR



100

. SLE-M SOI, .
80F : . : :

. -10,2cm COLUMN - >
70 270 pCi/em3 SOURCE -
' FITTED D=1.3x10"2¢m25~!
60 @ MEASURED DATA

50 .. S ; ? ' . '  - Con ' : . : o |

40}

30 | . ' ..-..

ool oo R

€€

ALPHA ACTIVITY (103¢/m)
“han b O®O
i
T
[ ]

eg

. T : -1093: B ‘ 1000 ] 10000. - 100000

TIME (min) | | ' RAE-100789A

FIGURE 8. TRANSIENT ALPHA ACTIVITY CURVES FOR MEASURING RADON
DIFFUSION COEFFICIENTS. '




procedures. (33) A disadvantage is the inability to combine various soil
layers to simulate composite covers, The small sample sizes utilized and
the complexity of time-dependent, multilayer calculations cause this
experimental Timitation. ' o ¢

3.1.4 ~ Other Laboratory Méthods of Measuring D

Although the three procedures described above are the most commonly
used methods of measuring D, other methods have also been used. A sealed
column can be used to measure steady-state radon concentrations above and
below a cover. This procedure is similar to the equilibrium condition of
the transient procedure described above, and offers the same advantage of
reta1n1ng the moisture uniformly within the soil. This method also does
not require the compTex equipment of the transient method, but only Lucas
cells for measuring radon concentrations.

N

A method for transient data colle t10n has also been utilized to
measure the D through solid uranium ore. 52) A cylindrical ore disk is
sealed on its flat faces as well as the edge and the radon concentration is
is allowed to increase to equilibrium, At time zero the seal is removed
from the faces and air is passed over the faces and analyzed for radon con-
tent. The value of D is then calculated from the exhalation rates at
different times. This procedure 1is generally useful .only for radium-
bearing source material. : '

3.2 FIELD MEASUREMENTS

Measurements made in the field are more representative of actual
diffusion coefficients and cover performance, However, it is more
difficult to analyze field data due to the greater variability caused by
environmental conditions. It is also more costly and often more time
consuming because more field measuréments are usually required for adequate
precision. Many of the techniques described above for laboratory measure-
ments can also be utilized under field conditions.

Kraner, et. a1.,(7) measured radon soil-gas concentrations at various
depths and derived the D of the soil as well as the surface flux from these
data. Although this procedure can result in a reasonable estimate of the
diffusion coefficient it is relatively insensitive under most conditions.
It can be shown that a large variation in diffusion coefficient can result
from only minor variations in the soil-gas concentrations.

Hartley, et. a].,(53) measured the flux from a bare- ta111ngs pile and !
the flux through. various tailings covers. By estimating the other 1
necessary information the average D of the covers were calcula ed using the :
same procedure outlined in Section 3.1.1. Nielson, et. al.,(36) combined
the various methods in Targe columns buried in three tailings piles. The
bare fluxes, covered fluxes, and radon soil gas concentrations were
measured. Utilizing the method of Se?t13n 3.1.2 and Reference 7, the D for
each field experiment was calculated

3-4

3

|

|
| |




3.3 ANALYSIS OF UNCERTAINTIES

An dimportant factor 1in selecting a method to measure the diffusion
coefficient of a soil is its ability to provide a precise and accurate
result.. Thus, it s helpful to examine the uncertainties associated with
the various methods to determine the range of diffusion coefficients to
which each is best suited. The magnitude of the relative uncertainty in D,
shown in Figure 9, 1is determined for each method using representative
values for the measurement systéms described in Section 3.1. As shown in
the figure, the uncertainties are a function of the term (bx).
Furthermore, the transient diffusion instrumentation provides for the .
lowest overall relative uncertainties in D. When bx exceeds 1.8, the
steady-state concentrations corresponding to the plateaus in Figure 8 can
be used to obtain the relative uncertainties shown for the concentration -
concentration method in Figure 9. When bx is less than 1.8, the transient -
method clearly exhibits the Jowest uncertainty of the four methods.

3.4 VALUES OF MEASURED DIFFUSION COEFFICIENT

Diffusion coefficients for radon have been measured in a w}de variety
of earthen materials under several research projects(26,34-36) over the
past two years. The measurements have generally been aimed at determining
the suitability of the materials as tailings covers. A data base of radon
diffusion coefficients was recently assembled from the results of the
various measurements and was used to evaluate the overall raq?sf and
typical values of diffusion coefficients of earthen materials.(39:54) The
data base includes the dry densities and moisture contents of the-soils and
thus allows examination of variations with moisture and compaction. Much
of the recent data also include sieve analyses, water drainage charac-
teristics, and other soil parameters used in later studies on the effects
of moisture, compaction and soil texture on diffusion coefficients.

The diffusion coefficient data base contains nearly 200 elements, a
representative sample of which is shown in Figure 10. The data were mostly
measured by the time-dependent technique, but also include many steady-
state and some field measurements. The diffusion coefficients are
relatively constant at absolute dryness, averaging 0.061 + 0.006 cmZ/s for
the dry soils tested. It is well known that increasing moisture causes
lower diffusion coefficients, '

“The variation in diffusion coefficients at intermediate moistures can
be Tlargely attributed to varying pore size distributions; however, the
variation at high moistures (m = 0.9-1.0) cannot. Instead, this variation
results from the very steep varitation in diffusion coefficients with
moisture as m approaches unity. This causes large apparent errors in
diffusion coefficients to result from relatively small errors in sample
moisture content, density, or specific gravity estimates from which the
saturation, m, 1is estimated. The large variation near saturation in
Figure 10 is therefore attributed to uncertainties in the degree of
moisture saturation of the soil samples.
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A bias is noted in comparing the diffusion coefficients at saturation
in ‘Figure 10 with the expected value of 6x10-6 cm?/s, the diffusion
coefficient for completely saturated soils. This is due to difficulty in
completely saturating a sample, and also to truncation of the lower part of
the distribution of these coefficients. Thé truncation occurs because
diffusion coefficients of >10-5 cm?/s require about seven days for
detection of the radon gas front and measurements gere often terminated
before this time., Although upper limits such as <10~ cm/s were estimated
from the termination time, these values were not included in the data base.

Other soilproperties besides soil moisture may have an influence
on D. One parameter, the percent passing a 200 mesh sieve, is a convenient
way to classify soils. The diffusion coefficients and other properties of
several soils are given in Table 3. The soil description is based upon the
percentage of clays and silts in the material, which is determined from the
fraction passing a No. 200 mesh screen. The soils in Table 3 are placed
into the following four groups, according to the fraction passing a No, 200
sieve: Tless than 0.3, 0.3 to 0.5, 0.5 to 0.8 and 0.8 to 1.0. Within each
group the soils are ordered according to increasing dry weight percent
moisture. For the first group the moisture varies from 1.0 to 9.8 percent.
These Tower values are typical for sandy soils. The second group has
moistures ranging from 0.8 to 18.2 percent. The data base for the third
group has a limited number of data points and the moistures only range up
to 11.7 percent. The moisture range for the last group is 6 to 38 percent,
representative of clayey soils., This data base only contains diffusion
coefficients for soils compacted to greater than 90 percent of standard
Proctor density. 39 Since it is important that the highest practical
compaction be achieved for earthen covers over the tailings so that maximum
radon attenuation is obtained, pertinent engineering specifications should
usually call for compactions of at least 90 percent of standard Proctor
compaction.
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TABLE 3

MEASURED RADON DIFFUSION COEFFICIENTS FOR EARTHEN MATERIALS

D
Diffusion Percent P Diffusion
Passing A Density Coefficient Passing A Density Coefficient
#200 Mesh (dry wt.%) (g/cm3) #200 Mesh ({dry wt.%) (g/cm3) (cm?/s)
1.0 1.81 30-50% 1.80 0.000040
1.2 1.87 (cont) 1.80 .000079
1.5 1.83 N 1.81 .000079
2.3 1.83 1.80 .000032
3.0 1.72
3.4 1.79 50-80% 1.61 0.029
4.4 1.83 1.93 .039
5.4 1.78 1.76 .026
9.8 1.82 1.68 .024
1.72 017
0.8 1.86 1.55 .022
1.9 1.72
2.4 1.82 80-100% 6.0 1.84 0.012
3.3 1.68 6.0 1.30 .036
3.4 1.76 8.5 1.45 .054
3.5 1.70 9.1 1.93 .0015
3.9 1.62 10.0 1.79 .020
4,2 1.63 11.0 1.68 .030
4.6 1.80 11.3 1.35 .037
5.1 1,68 11.6 1.81 .0042
5.2 1.80 13.7 1.89 .0013
5.3 1.73 13.8 1.90 .0022
6.3 1.82 15.0 1.65 .0010
6.4 1.60 16.0 1.37 .038
6.8 1.64 21.0 1.36 .0142
7.6 1.62 23.0 1.36 L0150
8.4 1.64 23.0 1.31 .0047
9.0 1.81 24.5 1.35 .0134
9.3 1.69 25.5 1.38 .0122
12.0 1.69 27 .6 1.30 .0052
14.0 1.80 ' 27.7 1.37 .0067
15.0 - 1.80 .00081 38.0 . 1.30 .00010




4. ESTIMATING DIFFUSION COEFFICIENTS

Radon diffusion coefficients for earthen materials have traditionally
been determined from laboratory measurements with the subject soil at a
prescribed moisture content and compaction. However, it is often desirable
to estimate the diffusion coefficient of materials under varying conditions
for which measured values are not available. This can be done with either
complex models based upon physical characteristics of the soil, or upon
empirical correlations based upon measured values of D. Both approaches
are discussed in this chapter, and the advantages and disadvantages of each
are given. Because soil moisture and compaction are 1mportant factors in
the value of D for a given soil, they are also examined in detail in this
chapter.

In order to predict the diffusion coefficient of radon from physical
properties of an earthen material without conducting radon measurements,
empirical correlations have generally been (se% One of the earlier
correlations 1is the correl tion with moisture{d which was used in the
GEIS on uran1um_m1111pg Another is a correlation with the air-filled
porosity of the soil 3) Although these correlations permit estimation of
diffusion coefficients from soil properties rather than diffusion measure-
ments, their basis is still a series. of measured values of diffusion
coefficients. - o o o :

4,1 DIFFUSION COEFFICIENT MODEL

Recently, a theoret1ca1 mode1 has been deveToped for estimating radon
diffusion  coe f1g1ents without relying on - fitted parameters to radon
diffusion data. The formalism considers the detailed composition of
the pore fluid as well as a statistical definition of the pore structure of
the material. As illustrated in Figure 11, the pore fluid is modeled as a
two-phase mixture of air and water, with radon diffusion occurring in both
phases, and with radon exchange occurring between the air and water. The
pore structure is modeied from the measured pore size distribution of the
soil, and is described by the weighted average of all combinations of
single and composite pores. The so0il parameters required to estimate a
radon diffusion coefficient are thus the moisture, the packing dens1ty and
the pore size distribution.

Agreement between the model calculations and measured D values Is
generally within the experimental, uncertainties in the data. A typical
result is shown in Figure 12.1%%) For the calculations, the pore size
distribution was de uc?d both from water drainage curves and from particle
size distributions.

4.2 DIFFUSION COEFFICIENT CORRELATIONS

Empirical correlations for estimating D have the advantage of being
simple and easy to use, with a minimal amount of information needed. One
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of the ear%g correlations related D with the wet weight-percent moisture in
the soil. Subsequently, the development of the model for D revealed
that the fraction of saturation, m, was the primary fundamental parameter
characterizing D. A more recent correlation using the parameter, m, is
recomménded for use. It is given by:

D = 0.07 exp[—4(m - mp? + m5)jl, ' (12)

and is plotted-in Figures 10 and 12.

The relationship between the fraction of saturat1on m, and the
common1y-measured moisture percentage, M, is:

Ty

m=102 W(lp - g} , - (13)
where
p = dry bulk density (g em3)
g = specific gravity (g cm'3)
‘M = dry we1ght ‘percent m01sture (gm water/gm dry 5011) x 102

The exponential argument in the: corre1at1on is a simple power series
in m, where the first term defines the general downward slope. The second.
term contains the porosity influence and also causes a more. gradua];
decrease with moisture in the pore f1111ng region. The final term in the
exponential argument accounts for major pore blockage near saturat10n and”
causes the more rapid decreases needed in this region.

4.3 UNCERTAINTIES OF D CORRELATION ESTIMATES

The correlation shown in Figure 10 has a geometric standard deviation

~of 2.0. However, individual estimates for a particular soil at a given

moisture may be uncerta1n by as much as an order of magnitude, especially
for h1gher values of m.

A reduCtion can be achjeved in the error associated with a D value
from the correlation if just one measurement 1is made with the candidate
soil. 1In general, if the D at a given m for a specific soil is higher than
the correlation, it will remain higher for other values of m. As seen in
Figure 13, this is also true if the measured D is lower than the correla-
tion. Values for the four soils shown in the figure also indicate the fact

that materials with a wide range of particle sizes have lower D values.

Therefore, by normalizing the correlation to a measured value for the D of
a specific soil at a given m, more accurate estimates can be made for the D
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of the same soil at different m values. The norma1lzat1on is performed by
multiplying the term 0.07 in Equation 12 by the ratio of the measured D to
the corre1at1on D at the m value of the measurement.

et

4.4 ESTIMATESKOF THE LONG-TERM MOISTURE CONTENT OF SOILS

The moisture content of earthen materials has been shown to markedly
affect their properties for radon gas diffusion, salt and radionuclide
transport, physical stability, and support of vegetation. Because of these
effects, the moisture contents in covers for uranium mill tailings are of
particular interest for proper containment and. stabilization of the
tailings and their decay products. Since tailings containment systems must
function for very long time periods, the long- term equ111br1um moisture
characteristics are of part1cu1ar interest.

There presently exist severa1 complex models for calculating
equilibrium soil moistures. (56-58) However, considerable detailed
meteorological, hydrological and geophys1ca1 data are needed as input to
these models and a detailed discussion of the models is beyond the scope of
this handbook. There are several empirical and semi-empirical approaches
that give a satisfactory estimate of the Tong-term moisture. One sim?1?
engineering correlation, given in the previous edition of thi% handsook,

has been “extended to include the effects of soil type.(5%, The
resulting expression is: _
= 0.1247% - 0.0012€ - 0.04 + 0.156 fem] » (1)
where
my = residual soil moisture in soil overlying a deep aqu1fer
(fraction of saturation)
P = annual precipitation (1n) .
£ = annual lake evapofatiOnu(ih):i
fon = soil fraction passing a No. 200 mesh

The'correTation,in.Equation 14 is applicable to a location with a deep
water table. If the water table is shallow, ‘then the correlation for m
becomes: ' o .

.m_=mr[1- (E'l_;'_f_c_r_n_)z]+(9_-_7__:.f£m)2, (15)
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where

H = depth to the water table (ft)

Equat1on 14 can also be expressed in the form to est1mate the dry-
: we1ght percent soil moisture: (59)

31P%-003E+39fcm-10 o (18)

where M is theldry we1ght percent soil moisture,

4,5 COMPACTION EFFECTS ON DIFFUSION COEFFICIENTS

Compaction of the cover materials generally reduces the equilibrium D
value. The dominant effect is from the increase in the equilibrium m;
however, for some soils, D also decrease with greater compaction at a
- fixed m. For soils with higher compactions, such as represented by the
data in Table 3, systematic biases from the correlation are observed for
certain types of soils.

The soil description in Table 3 is based upon the percentage of clays

and silts in the material, which is determined from the fraction passing a

No. 200 mesh screen. As stated previously, the soils are placed into four
groups, according to the fraction passing a No. 200 sieve,

Diffusion coefficients from the first group are an average of
20 percent lower than the correlation, and those from the second group are
.50 percent Tower. Those in the third group are within one percent of the
correlation, on the average, and the fourth group averages 30 percent
higher than the correlation. These biases should be applied to the
correlation in Equation 12 if it is used to obtain an estimate of D. For
example, for a soil with fo, less than 0.3, the D obtained from Equat1on 12
can be divided by 1.2 to obtain a more accurate estimate of D.

The biases are conszst?nt with predictions from the diffusion
coefficient computer model. A material with a high clay-silt content
is not as effective in attenuative radon as a material with a wide range of
particle sizes, for a given saturation percentage. These characteristics
should be considered when selecting cover materials.,

A significant dincrease in the Jower Timit of the volumetric water
content, #, also occurs for many soils at higher compactions. The_ipcreas
was particularly significant for densities exceeding 1.5 g/cm3. 26,60
Examination of the relationship between m, @ and porosity, p, is helpful in
explaining the increases

= 6/p (17)
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The volumetric moisture, 6, increases because the pore size decreases, and
additional moisture is retained in the pores due to their smaller radius,
and hence their increase suction. 1In addition, the porosity decreases with
1ncreas1ng compaction. In some cases m more than doubles in magnitude for
density 1ncreases of 30 percent

The dual effect of increasing compact1on on D is 1illustrated in
‘Figure 14, This well-graded soil has 25 percent passing a No. 200 mesh.
Increasing the bulk density by eight percent increases the equilibrium m by
about 0,12, 1t also results in a value of D that is about a factor of four
less than the correlation value of D at the same value of m. The effect of
compaction %n Fquilibrium soil moistures has also been demonstrated in
field tests. : _ L

4.6 SUMMARY

A simple correlation can be used to est1mate D for many 50115. The
uncertainty associated with the correlation can be reduced by removing the
variability associated with the soil ‘type. This can be accomplished by
normalizing the correlation to a data point for the soil under: investiga-
ton. The moisture content of the soil greatly influences D, thus, it is
important to consider the wmoisture when estimating or measuring D.
Finally, a higher compacted so0il generally has a higher equilibrium
~moisture content and a lower D than the same soil at a lower compaction.
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5.. OTHER FACTORS INFLUENCING RADON MIGRATION

Three other factors influencing radon migration warrant consideration.
They are the source term (the ta1]1ngs), the effects of defects in the
cover, and the effects of advection. _

5.1 RADON SOURCE TERM

Characterization of the source term is a major step in performing the
design analysis of an adequate cover system. As given by Equation 3, the
key parameters for the source term are the radium concentration, the dry
bulk density, the emanating power, and the diffusion coefficient.

Values for the radium concentration, "R, of tailings can be measured
directly from tailings saTB1es by the radon equilibrium method, and by
direct gamma spectroscopy. )7 1f a radium analysis is not available,
it can be estimated quite accurately from the uranium concentration of the
ore as specified by the ore grade, using the following equation:

R = K3G _ (18)

where

G

]

ore grade (wt%-U30§)

Ka 2812 pCi (226Ra) per gram soil/(wt% U30g)

This equation presumes equilibrium between the uranijum and radium in
the ore and all radium being contained in the tailings.

The bulk density, pp, of the solid tailings material is a relatively
easy measurement to perform. In the absence of measured data a typical
value of 1.5 g/cm can be used for the bulk dry density. The density of
most tailings piles will be within 35 percent of this value.

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 recently 62) that E varies with moisture. A? s?own in Figure 15, E
can vary considerably for different tailings piles. However, for most
practical applications with wuranium tailings, a value of 0.2 is a
reasonable estimate of E. The data shown in Figure 15 are based upon a few
grab samples per pile. '

5.2 SOURCE TERM IMPACTS ON RECLAMATION DESIGN

The utilization of source term information can have beneficial impacts
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on remedial action design concepts. For example, the sand component of
tailings can be effective as a bottom layer of a tailings cover. As an
illustration, the original pile configuration consists of a central core of
slimes surrounded by an outer ring of sands. The slimes occupy 40 percent
of the pile and the sands comprise 60 percent of the tailings. Other key
parameters used in the radon calculations for this example are given in
Table 4. The example is for a warm, dry climate with a dry, sandy material
used for the cover. The volume average radium content for the pile is

660 pCi/g, yielding an average bare tailings flux of 557 pC1/m s. The .

ca1cu1ated cover thickness requ1red to reduce the average surface flux to
20 pC?/m s is 494 cm., Some savings in cover costs can be realized by
covering the glimes portion of the pile with sand tailings. The sand
tailings are not as effective as the cover material because they have
elevated radium concentrations; however, their use as a lower cover layer
result in a net decrease in the amount of c1ean cover material required, so
that us1ng a sand tailings layer of 122 “cm, the clean cover th1ckness
required is reduced from 494 cm to 410 cm.

A series of calcu]ations were also performed for varying thicknesses
of the sand tailings layer, and a sand tailings cover efficiency for the
example was generated., It is defined as the fraction of clean cover that
‘can be replaced by sandy tailings to yield the same radon attenuation
through the system. As shown in Figure 16, the sand tailings are nearly as
effective as the clean cover. The cover efficiency varies from 60 percent
to 80 percent, decreasing with increasing sand tailings layer thickness. A
cover efficiency of 70 percent means that one meter of sand tailings as
cover is equivalent to 0.7 m of a clean cover soil with the same D value.

5.3 LONG-TERM INTEGRITY OF TAILINGS COVERS

* A major consideration in determining the radon release from a tailings
cover system js the long-term condition and integrity of the tailings and
cover system itself, Even though an effective cover may: be placed
initially over the tailings, there are many mechanisms that can-disrupt a
cover, and, because radon generally takes the path of least resistance,
these mechanisms can render a significant part of the cover less effective
in attenuating radon. The diffusion and advection mechanisms responsible

for ‘the transport of radon through porous materials can cause radon to.
m1grate significant distances from its point of origin if there are defects

in_the material.” Three of these mechanisms which can disrupt a cover are
vegetat1on cracking and animal burrowing. The growth of vegetation in the
cover may affect the cover integrity in_ several ways. First, the
occurrence of p]ants will remove moisture from the cover soil due to plant
transpiration. This loss of moisture can dramatically reduce the covers'
effectiveness in attenuation radon. For example, if a cover, which con-
tains a 12 percent dry-weight moisture, reduces the flux to 2 pCi/msec,
them the same cover with a 7 percent moisture content and the same total
porosity only reduces the flux to 17 pCi mzsec. A decrease to five percent
would yield a surface flux of about 25 pCi/m?sec. Second, if the plant

dies or Tlapses into a dormant or semidormant state during periods of
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TABLE 4
KEY PARAMETERS FOR SOURCE CALCULATION EXAMPLE

at

Value For Value For
Parameter STimes Sands
Radium Content 600 pCi | 200 pCi
Density - 1.6 g/cm3 _ 1.6 g/cm3
Porosity .38 0.38
Emanation Coefficient 0.4 5 0.3
Dt 0.01 cm2/s 0.02 cm2/s
De 0.035 cm?/s 0.035 cm?/s

reduced preciﬁitation, then air channels surrounding the roots may develop
in the cover soil due to the reduction in size of roots. This dormant
state can occur repeatedly for a significant fraction of each year.

A series of three-dimensional radon diffusion calculations have been
performed for tailings cover s¥st3ms with cracks and with holes from
burrowing animals and vegetation. 43)  Although the results of calculations
dépend somewhat upon the particular geometry of the cover penetrations, and
other diffusion properties, the cover degradation with penetration
magnitude can generally be approximated by the correlation shown in
Figure 17. This correlation was obtained from the results of -the series of
3-D cawfufer calculations applied to various penetration geometries and
sizes.(43 The abscissa of Figure 17 is the percentage area occupied by
the disruption (cracks or holes). The ordinate is the percentage effective
loss of cover effectiveness to the depth of the disruption. For example, a
disruption that opens four percent of the area can result in a 50 percent
loss of the effectiveness of the portion of the cover affected by the
disruption, If the roots extend five feet, then the top five feet of cover
has the effectiveness of only 2.5 feet of original cover. However, cracks
in properly designed tailings covers are generally relatively shallow and
have only a minor effect on the surface radon flux.

In other work on the effects of cover defects,(44,45) multidimensional
diffusion theory calculations suggest that a collection of cover defects
which enhance radon flux by a factor of two or more will be easily
recognized, e.g., cracks at least 2 cm wide, spaced less than 1 m apart and
penetrating 75% of the cover thickness.
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The fo110w1ng techniques are recommended to avo1d the formation of
defects:{45) B

1, Avo1d soils that form shr1nkage cracks. These include soils
_that are rich in smectites, i.e., aluminosilicate clays which
form wide and deep shrinkage cracks. They can be detected -
by standard soil shrinkage tests or by a var1ety of tests
that character1ze clays. .

-

2. Avoid so11s that are eroded eas11y by prec1p1tat1on runoff
The'se include sodic soils, i.e., soils conta1n1ng unusua11y
high concentrations of leachable sodium ion. They can be
1dent1f1ed by their sod1um adsorpt1on ratios being greater
than 15 ‘

vty

3. Use_care_in the design and application of the cover,

- In summary, several techniques are available for maintaining cover
“integrity. If cracks deve]op the percentage loss of cover effectiveness in
the crack depth zone is approximately equal to twelve times the percent of
the. surface. area d1srupted by cracks (F1gure 17)

5. RADON TRANSPORT BY - ADVECTION

‘Over the last several years there has been growing evidence presented
to suggest enhanced radon. transport in the. environment. Measured radon
releases from the earth's surface have been associated with radium and
uranium sources that are sufficiently removed .from the earth's surface
to preclude normal diffusional processes from being the dominant
mechanism by which the radon is transported to the suyrface. An example of
this 1is the enhancement of the surface radon flux that occurs prior to
earthquake activity and the enhanced surface radon flux halo associated
with deep hydrocarbon deposits. These phenomena suggest that radon is also
transported in the geosphere by convective or advective mechanisms. Such
mechanisms may also influence the Tlong-term radon transport through the
covers of wuranium mill tailings, resulting in long-term average radon
releases that are significantly enhanced over the releases predicted with
simple diffusion theory.

Most phenomena, including other diffusional processes, that can
potentially influence radon advection couple into the radon transport
equation by the time- and position-dependent velocity term. The magnitude
and cyclic frequency of the advective velocity, v(x,t) and the depth over
which it occurs are critical factors 1in determining the degree of
enhancement of the radon flux over its diffusive value. Hence, it is
important to ascertain the form of v(x,t) in order to estimate the flux
enhancement from the advective velocity. For example, water evaporation
from a tailings cover 1is generally a cyclic phenomenon, If most of the
water evaporation from the soil occurs within a distance of 20 cm of the
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. surface, then no significant radon flux enhancement will occur, ev?n if the
evaporation rates produce relatively high advective ve]oc1t1es.

It has been shown that by defining a diffusive velocity as ZM/E_ the
flux ‘enhdncement can be estimated quantitatively with relatively s1mp1e
expressions, enabling many insights to be gained about radon advection.
Three 1mportant parameters determine the long-term magnitude of flux
enhancement “from advection--the peak advection velocity, the depth over:
which the advection applies, and the time period of "the advection. In
general advection has only a minor long-term effect on the radon flux until
the advective velocity 1is significantly greater than the diffusive
velocity. B ' ' a AR 8

The effect of advection from cyclical mechanisms on the Tong-term.
average radon flux can be estimated by measuring Jyzx, the flux at the
maximum point of the cycle and Jyin, the flux at the minimum point -of the
cycle.  The. total long-term average flux, Ja, s Jjust the. arithmetic
average of Jpax and Jyip. Furthermore, the ratio of total average flux to
the simple d1f¥u51on flux, Jgq, can be obtained from Figure 18 by forming
the ratio K = Jpax/Jdmin. The ratio of the maximum ‘amplitude, v, of the
advective velocity to the diffusive velocity, v4, is also given in the
figure.  For example, if a series of flux measurements on a ta111ngs pile
yield a Jpax of 63 pCi m~ 2s-1 and a dpin of 5 pCi m~ 25 1 ~then K is equal
to 12.6, and from Figure 18, the flux enhancement, {Jd is 1.9. The
long- term total flux, Jz, is (68)/2 =_34 pCi m 25~ therefore, the
diffusive flux, Jgq, would be 18 pCi m2s-1." The rat1o of the maximum
amplitude of the advective velocity to the diffusive velocity is
Vg/vg = 1.6. A common value for the diffusive velocity is 3x10-% cm s-
Therefore, the maximum magnitude of the advective velocity 'is about
5x10-4 cm s-1. This is a much larger value than is genera11y found ‘around
present uranium milling environments; therefore, advection®is generally not
an important effect for semi-arid regions. Because the diffusive velocity
is 31gn1f1cant1y 1ower for hum1d areas, advection may be more prom1nant in
compar1son
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6. SUMMARY AND APPLICATION

The radon releases from bare and covered tailings can be estimated
using diffusion theory, if appropriate diffusion coefficients are used.
The procedures 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 RAECOM code. A procedural checklist for the
hand calculations is given in Table 5.

As . shown in the table, Step 1 is the calculation of all source
parameters. Step 2 1is the calculation of the cover parameters. These
parameters are dnput to RAECOM for a determination of the required cover
thickness and surface flux. If a hand calculation is performed, Step 3 is
the calculation of over attenuation parameters and bare tailings flux.
In Step 4, the reguired cover thickness is calculated. If the system
consists of a multilayer cover, the surface flux from the first layer is
calculated in Step 4 and the diffusion coefficient for the effective source
term is calculated in Step 5. Repeat st%ps 4 and 5 until the top layer is:
calculated. The following examp]e(63 illustrates the use of this
procedure:

The values used for computing the bare tailings flux are as follows:
Step 1
R = 231.8 pCi g-1
p = 1.6 g cm3
E = 0.2
Dt = 0.013 cm? s-1
The value of D¢ wés obtained from Equation 12, using. a tailings

residual moisture of M = 11,5 dry-weight percent, which yields a value of
m = 0.45 using Equation 13.

Step 2

The cover system consists of two feet of well-graded earthen material,
covered with random fill or overburden, and one-half foot of top soil. The
D for the well graded material is estimated to be 0.0083 cmé s-1 based upon
an m value of 0.5, and the D for the overburden and topsoil is estimated
to be 0.02 cm? s~ based upon an m value of 0.35.

Step 3

Substitution of the above values into Equation 3 yields for the bare
tailings flux: : S s
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J; = (231.8 pCi g~1)(1.6 g cn3)(0.2) x (2.1x10-6 s-1 x 0.013 cm2 51y
x 1 x 104 cm m=2 = 123 pci m2 s-1
The values of all needed parameters are:

Well-Graded

' Tailings' ‘Material  Overburden
D 0.013 .0083 . - .02
P -0.41 - - 0.356 , . 0.35
M 11,5 . 11.0 ‘ . 7.0
S m o 0.45 - 0.55 - _ 0.35
Step 4 o _ N

Using these values, the previously calculated bare tailings radon
flux, .and assuming _the porosities are equal for all materials yields
Ji = 36.4 pCi m-2 571, e

The next step (Step 5) is to calculate the D of the effective source

term. - This composite diffusion coefficient is computed. by Equation 9.
Thus, the composite Dy1 is computed as: '

Dy1 = Dt exp(-byx1) + Dc1 [il - exp(-blxl)]

Dy = 0.013 cm? s-1

Dey = 0.0083 cm? s-1

-x1.-= 61 cm ,
by = (2.1x10-6 s-1/0.0083 cm? s°1)*
by = 0.016 cm-1

then
Dyy = 0.013 (0.379) + 0.00515 = 0.0101 cm? s-1

Step 4 is then repeated. Fquation 8 yields the depth of overburden-topsoil
in addition to the clay layer by using the following quantities:
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Dt = 0.0101 cm s-1 -

Xt = more than 10 m | |
. Je = 20 pCi m2 s-1 (assumed desired level)

Jg = 36.4 pCi m2 s-1

3.64
Xe = 97.6 1 : = 74
¢ "[1.569 * 0.130] o

Thus, the total cover needed to ach%eve a radon flux of 20 pCi m2 s-1 is:
-

61 cm clay
+ 74 cm overburden-topsoil

135 cm total cover

It is also of interest to ca1cu1ate the cover thickness required. to meet a
flux criterion of 20 pCit m*2 s-1 if only overburden-topsoil is placed over
the tailings. -

Using Equation 8 with the values,

Je = 20 pCi m~2 s-1

Jy = 123 pCi m2s-1

Dy = 0.013 cm? s-1 (the diffusion coefficient of the tailings)
De = 0.02 cm? s~1 (the diffusion coefficient of the overburden-

topsoil)
at/ac = 0.850

gives

Xe = 97.6 In 12.3 - 185 cm
1.850 + 0.004

The above calculations were performed by hand. The approximations
associated with these cover-thickness equations are accurate to within
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3 cm. If the RAECOM code is used, items 1 and 2 of Table 5 provide
sufficient information to prepare a complete data set in the format given
in Appendix B. A RAECOM calculation for  this example yields a cover
‘thickness of 61 cm clay plus 77 cm overburden~topsoil in the first case and

184 cm of overburden~topso11 in the second case.
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Determine Source Term
Parameters, R, E, P, pt,ag Ot = 1.5, py = 0.35, 9¢

Determine Cover Material
Parameters, D¢, Pc, Pc

Calculate Cover Attenuation
Parameters and Calculate or
Estimate Bare Tailings Flux

-9

Calculate Surface Flux or
Cover Thickness

For Multiple Layer Cover,
Calculate Effective Source

Repeat For Multiple Layer

TABLE 5

PROCEDURAL CHECKLIST FOR CALCULATING ADEQUATE COVER THICKNESS

Comments

n

Pefault values, R = 2,812 G Coomg
=2

10-2 Mt[

=)
o
1

at

Default values, pg = 0.35,
O = 2.7

&

=
3]
|

Ca
o+
]

o
[x]
H

[=1]
L]
|

= 0,07 .exp[-tl(m-m}:)2 + ms):l
ptZ py [1-0.74 mt]
10-2 Mc[
= 0.07 exp[--4(m~mpc2 + m5ﬂ
RoLE(ADy)

(\/Dc)

= pe? 96[1-0.74 mg_]

2Jy exp(-bcxc)

1

[1+ (ap/ac)% tanh byxt] + [1-(at/ac)% tanh bixt ] exp(-2bexc)

Xe ==—1In

be

Calculate Item 4 for the first cover
layer, then calculate Item 5 for the
second cover layer, then calculate
Item 4 for the second cover layer, and
so on until Item 4 is calculated for
the top Tayer

(1 +Vag/ac) tanh byxt) + (1 -Vag/ac) tanh btxt)(Jc/Jf)Z]
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APPENDIX A
MATHEMATICAL BASIS FOR RADON DIFFUSION

The radon diffusion equation for- a porous, multiphase system, given in
Equation 1, is derived in this Appendix in order to obtain expressions for
the equivalent D descriving the radon diffusion through the system. Since
the basic diffusion relationship pertained to a single medium, two coupled
diffusion equations serve as the starting point for the derivation. These
equations apply to the diffusion in the air-space and in the ygter-space of
the multiphase *system. It has been shown prev10us]y( that radon
diffusion through a two-phase medium in the pore Spaces of earthen
materials can be characterized by the following diffusion equations:

2
Da dC - AC + RpAEa + Twa =0 (A-l)
dx2 -~ p(1-m) p(1-m)
2c. :
b, 30w _ ag,, + ReAEw _Twa - g (A-2)
dx2 : pm: pm
where
Dy = diffusidn coefficient in the air—filled'pore-space (cmZs-1)
Dy = d1ffus1on coeff1c1ent in the water-filled pore space (cmZs-1)
”_Ca,Cw_1= radon concentrat1ons in the respective air- and water- |
filled pore space (pC?/cm3)
p = porosity
m = volume fraction of moisture saturation of the pore space
A = radon decay constant | o |
| R: = radium concentrat1on in mater1a1 '
# = bulk density of dry material
£ = radon emanation powér coefficient for the air-filled
pore spaces
Ew = radon emanation coefficient for the water-filled pore
spaces
Twa = radon transfer rate from water to the air
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The sum of E, and E, yields the total emanation coefficient, E, of the
earthen material.

The radon concentration in the total pore space is given by:

™

CeGm e Ga )

Combining Equations A-l;'AfZ{and-A-3 yields

oo

©dx2- B R ' h
e
where
D = Da(1-m) +-Dwmk , (A-5)
1 - (1-kjm
and

k- = radon distributio c??ff1c1ent Cw/Cas for water/a1r
(k = 0.26 at 20 c)(

Equat1?n A-4 is the radon diffusion equation traditionally
used(1:9,26) 3nd is identical to Equation 1. The d1ffus1on coefficient D
pertains to the total pore space in the material.

A.1 BARE TAILINGS FLUX

One parameter needed for estimating cover thicknesses over uranium
mill ta111ngs is the radon source term; thus it is desirable to obtain an
expression for the flux from an uncovered ta111ngs p11e Solution of
Equation A-4 for the boundary conditions:

=xg) =0 ._.  | _. - (A-6)

dC
ax
C{x=0)=0 (A-7)

yields the following expression for the bare tailings flux
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Jy = 104 RpEVAD: tanh[\* /D¢ xtI, (A-8)

where x¢ is the thickness of the tailings and the subscript t refers to the
tailings. i

A.2 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 and the radon concentration at the
surface of the cover are assumed to be zero. The origin is assumed to be
at the interface. It is also assumed that there is continuity of flux,
radon concentration in air, and radon concentration in water across the
interface. The latter two continuity conditions can be combined into the

~following interface condition: ~
Ct _ CC
= s A-9

1-(1-k)my TI-{I-k)m; (A-9)

where Ct and C. are defined by Equation A-3.
Continuity of flux across the interface gives:
dc dc | '-
Dipt oot = Dope S-€ A-10
tPt 35 cPe (A-10)

It is convenient to group the parameters comprising the source term in
such a way that the grouped parameter has a physical meaning. This
grouping is the same as the expression for the radon flux at the surface of
the bare tailings. -

.Solution of Equation A-4 using the boundary and interface conditions
in Equations A-6, A-7, A-9 and A-10 yields for the surface flux:

: -bex '
Ixe) = e ©° (A-11)
at at ~2bexe
1+ (% tanh(bgxg))+[ 1 - /ZE tanh{bixt) ] e
ac ’ dc ' :

where
*c = cover thickness
b;y = \/I75} (i =cort)
aj = Pizni[l - (1-|<)m1-}2
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APPENDIX B

RADIATION ﬁITENUATION EFFECTIVENESS
AND COVER OPTIMIZATION WITH MOISTURE. EFFECTS.

- , THE RAECOM CODE

The one-dimensional, steady-state radon diffusion code, RAECO,(48) has
been modified and updated. The updated codée, RAECOM, is a FORTRAN program
which determines the radon fluxes and concentrations in multilayer uranium
tailings and cover systems using the mathematical formulation given in
Appendix A, and then optimizes the cover thickness to sat1sfy a given flux
constraint. The numerical method of solution in RAECOM is identical to
that in RAECO. _ ‘ . B

N

In proceeding through a calculation, first, the D's are calculated
from a correlation if they are not input directly. Then the migration of
radon is determined for the specified cover characteristics and the radon
concentrations (C) and the radon fluxes (J) are calculated. The cover
optimization 1is performed yielding adjusted values (t) for the layer
thicknesses. The radon migration calculations are then repeated for each J
and C with the adjusted cover layer thicknesses, and the resuiting surface
flux, Jp, 1is tested against the specified criterion, Jcrit. If this
criterion is satisfied, the code proceeds to final output. If the flux
‘criterion is not sat1sf1ed, appropriate layer thicknesses are adjusted
within the specified constraints, radon migration calculations are
repeated, and the surface 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. If additional cover systems
are to be evaluated, the RAECOM code will re-initialize and perform the
complete analysis for the subsequent cover systems. Any number of cover
systems can be analyzed by stacking data sets. '

B.1 MODIFICATIONS " |
Modifications to'RAECO'thét are incorporated in RAECOM include:
1. Soil moistures (dry"weight percent) ‘are read in to calculate
the D of any layer not input, using Equation 12,

2. The radon concentration interface condition includes the
effects of soil moisture (Appendix A).

3. The diffusion coefficient of the pore space, D, and the

pore space radon source term, Q = RpEa/P, are read in
directly instead of the bulk parameters Dg = pD and Qg = pQ.
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=layer 1.

4, The optimization routine does not depend upon. cost parameters.

5. 1If desired, the program will estimate the entrance radon flux
into layer 1, assuming an 1nf1n1te1y thick subsoil underneath

program operation.

Card Set Number

3, 1-N

. A1l input data is free format.

B.2 INPUT DATA FORMAT FOR RAECOM

The following input -is needed for

Card Description

N
- Site Designation Card -~ One card with 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:

(1) - N, Number of distinct ta111ngs cover 1ayers.
' p051t1ve integer, present]y limited to 99.

. (2) FOl, Entrance radon flux to layer 1, pCi/m2s.

If F01 equals -1., then FOL is computed
internally for an infinitely thick subsoil.

(3) CNI1, Surface radon concentrat1on at top of
system, pCi/l. R

(4) ICOST, Integer Cover Optimization Flag,
I1COST = 0 if no optimization is.to be :
performed, otherwise, ICOST equals the Tayer
number to be optimized. ICOST cannot equal 1.

(5) CRITJ, Surface F1ux Constraint for
_ :opt1m1zat1on, pC1/m s, CRITJ = O for no
. constraint. :

(6) -ACC, Surface Flux Convergence Cr1ter1on,
fract1on._., _

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.
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B.4 SAMPLE PROBLEM

(2) o,
(3) »n,

(4) q,

~{5) M,

Layer radon diffusion'coefficient, em? s-1,

Layer porosity.

Layer radon source term in pCi cm'35f1,

Moisture content as dry wt percent.

The output- and input for the examp]e prob]em descr1bed 1n Tab]e 2 of

the Handbook 1is given

be1ow.

_ RAECOM CALCULATION OF MULTIREGION EXAMPLE

RAECOM CALCULATION OF MULTIREGION EXAMPLE
Aikikikkk INPUT PARAMETERS *****ik***

NUBER QF LAYERS :

RADON ELUX INTO LAYER 1 :

SUREACE RADON CONCENTRATION :
LAYER 3 ADJUSTED TO MEET Jerit :

BARE SOURCE ELUX (Jo) FROM LAYER 1 :

LAYER THICKRESS
(ca)
1 500,
2 50.
3 100,

kkkkk RESULTS
LAYER  THICKNESS

{cm)
1 500.
2 5°s -
3 149,

LIFF COEFE
{cw2/sec)

1.3000E-02
7.8000E-03
2.20008-02

3
G.000 pli/n2/sec -
0,000 pli/liter

0.0 +/- 0.100E-02 pCi/n2/sec
198.4 pCi/ed/sec

PORDSITY SOURCE - HOISTURE

(pC1fcnS/sec) {dry wi. percent} '
0.4400 3.7300E-04 - IL7
¢.3000 0. 0000E-01 £.30
0.3700 0.0000E-01 5.40

OF KADON UIFFUSION CALCULATIOCN Akt

EXTT ELUX EXIT CONC. HIC
(pCi/m2/sec) (pLi/liter) - _

7.6937E+01 1.6701E+05 - 0.7025
4.5285E+01 44198404 0.7063

2.0011E+01 0.0000E-01 0.8163 . -

ﬂﬁECUH CALCULAI&UN OF HHLIIREGION EXAMPLE

50,

"!

106., .022,".37% o]

560. Olﬁé 44, 1000573, P17
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B.4 RAECOM LISTING J

CCCCEECECQECCCCCCCEEECECCCEECCCCCCECCCCECCCCECECCCCCBCCCCSCCCCCCEEECCCCCE

THE RAECOM PROGRAM IS A SHORTENED AND UPDATED VERSION GE THE C
ORIGINAL RAECO PROGRAM (V.C. ROGERS ET.AL., UNTRA-DOE/ALO-165, JUNE C
1981). THE COST CALCULATION SEGHENT OF THE ORIGINAL PROGRAN HAG ¢
BEEN REMOVED. NODIFIED INPUT INCLUBES DIFFUSION COEFFICIENTIS aND G

OURCE PACE, AND SOIL MOIS PROGRAY €

5 TERMS EOR THE PORE D SOIL ¥ ES. THE

ALSD CAN ESTINATE DIEFUSION COEFFICIENTS EROM MOISTURES (V.C. ROGERS C
EI.AL., UMTRA-DOE/ALO-193, NOV. 1982). INTEREACE CONDITIONS HAVE C
BEEN UPDATED (V.C. ROGERS ET.AL., FI. COLLING: URANIUM MILL TAILINGS C
HANAGENENT ~ 5, F. 369-382, 1982}, THE WODIEICATIONS IN RAECOM, THE C
INPUT EORMAT, AND'A SAMPLE'PROBLEM ARE GIVEN IN NUKEG/CR-3533 (1984).8

CCCCCELECCOO0CeCOeCeeeeereDEC-1983CCCC000CeCneCeetCeeeeeeeeeeeeoeeet
PROGRAN RAECON S
DEEINE & INITIALIZE ARRAYS

INPLICIT REALAB {A-H,0-1)
BIMENSION ALP(S0),AIPIHI(50),R(50),A(245),B(99),6(245) BU(99)
3A5(50) ,BS(501,2¢50),B(50) , P1303, 150, Ut50) . RR¢50) , DIX E50) , X(50),
gﬁfégg)iggggg>,Eftsoi,BX(sé),ncaﬁo;,nalso),nﬁutso),inteay,al(so),

)
DATA (LTINTE, EDE7940. 000/) AA, RHO/10040..000/,

a0y IO CRICN Y CACICACI CACIOICY

SNSAVE, XL/0, 2, 10-6
c CALL ASSTGN(B,"LAI"y ™0
E READ RADON DIFFUSION DATA

READ(5,882) (H(I},1=1,20)

882 EORMATI2084)

READ(S,1) M,E01,CN1,ICOST,CRITIL,ACC
Reap(5, 2y «Bx(1) ek, pond,acny, D, 1=,
1 FORMAT!13,2F8.0,13,268.00
2 Eennnr(ssio.om
1F (ICOST.GT.0).NO3 = ICOST
IF (ICOST.6T.0) ICOST = 1
ITHK = 0
NO2 = NO3 - 1
NOL = NO2 - 1
NO4 = NOS + 1
E0 = F01/10000.
CN = CN1/1000,
CRITI = CRITJI/10000,
WRITE(6,2222) (H(D),1=1,20) o
2222 FORMAT(/ 777717 *, 2ohay " SO o
NRITE(5,888) N,EOI,CNL '

838 FORMAT(/,’ AkkkAkkik INPUT PARANETERS
AkkkkkARA! //,' NUMBER OF LAYERS :’ 19X,12,
» RADON FLUX' INTO LAYER 1 :7,12%,610.3," gCi/2/sec’ /,
8 'SURFACE RADON CONCENTRATION '7,8%,610.3, pti/liter’}

IF (ICOST.EQ.0) 60 T0 676

WRITE(6,675) N3, CRITI, ACC _
675 EORMAT(/,’ LAYER’ 12,” ADJUSTED 10 MEET Jerit :°,5X,;610.3,
1 '+/- ’,510.3,' pt1llilsec’,l) :
676 CONTINGE
o0 100 I=1,N
YHT) = KN(D)A.01
RHD(I) = 2.7004(1.00-P{1))
XHS(I) = RHOCDAXMCD)ZPCT)
IE (XNS(1),LE,.99) GO 10 678
18 = XK(I)
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AMs(I} =
XH(I) = XHS(I)*P(I)/RHO(I)
WEITE(6,679) 1,18, XN(
679 EORHAI(I,’ LAYER' 12; EXCEEDS SATURATION. MOISIURE ,
% 'CHANGED ERCH',E7. 3, 1,F7.3,/7)
678 CONTINUE
IE(BCI) . EQL0.)B{ )=, 07ADEXP{ -4, A(XNS{1}A(]. -P(I)ik2)+
i XHS(I)**S))
100 A4(I) =1, - .74XXH5(I)
_ AB = DSERT(XL/D(1})
RE(I) = {Q{1)AP{1)/AB}ATANH(ABADX(1))
{E0L.EQ.-1.) RE(1) = RE(1}/{1.+{,SATANH(ABADX(1)))/
i O.SIIHEXP(ABiBX(1))+DEX?(-AB*BX(1)))
IF (FOL.EQ.- 1 Y B¢ = - SARE(1)ATANH(ABADX (1))
PDX(1) = DX(
BC(1) = CN/AQ(I)
HRIIE(6,341) RE(1}410000.
341 FORNAT( BARE SOURCE FLUX (Jo) FROM LAYER 1 :/,Gl11.4,
2’ aCi/wd/skc’//)

“WRITE{6,B87) o
NRITE(C 6007 (L,DYLD),D(D,() D), J00.RXH( D), IL ol
850 soknartée(/,zx,iz 5%,26.0,8%,1PE11.4, 7%, “PEA, #, 1#&11 4 7x, _

$-PE7.2 o

ux:rzts 'ag6) S
886 FORMAT(//,’ Akkkk RESULTS OF RAD ON DIEEY

1 I0N CALC

ULATIDNKkkA',/)
887 EDRHAT(’ LAYER’ 2 ’IHICKNESS' 9%, ' DIEF COEEE’,7X,
4/POROSITY  OX, *SOURCE’ , 9X, "MDISTURE" 1/, 11X, {cm) 9%
&’écn%{s?c{ kZiX (pﬂz!emesec)’,IX fdry u{ percents )

1
g(1 = QDD
P(I) = F(DAA4(D)
B{I) = D{IMP(D)
© 101 CONTIMUE
IF (N.EQ.1} &0 10 110
CNMl =N -1
NH2 = N ~ 2
Jist
- DDXQ1
ALP(1
99 cum u

00 2N
. 58 n&xtx; = = BX(I)
E- HODIEY PARAMETERS EOR CODE LIKITS

SUNY = 0.
SUiA = 0,
SUMAX = 8.
XRED = 0.
XCHG = 0.
Xty = 9.

X0 = 0.
SUKKAX = ALP(1ADX(1)
IE_(SUMMAX.LE.4.61) 60 T0 60

"YRED = 4.617ALP(1)
FO = F0 & DEXP(4.5] - SUMMAX)
. Sinmax = ALB(T) & (BX(1) - XRED)
60 CONTIMGE
IE" (RE0.67,0.) XCHG=DX(L)-XRED
10 345
ALPT = DQBRI(XLkPEI)IB(I))
SUMX = SUKX + DX(I)
X(I+1) = SUMX - XCHG
SUKA = SUMA + ALPI

 ALSUM = ALPI & X(T+1)

TF (ALSUK,GE,SUNNAX)  SUNMAX = ALSUN
S0 A%+ ALSUH

)=
) =

{1} iy :
E DSORT(XLAP{1}/D(1))

343 _ ALR(I) = ALPI
IE (SUMMAX.GI.174.) WEITE(6,321)
321 EORMAT(’ LAYER THICKNESS OR DIFFUSION COEEEICIENT EXCEEBS LIHIIS )
IE (SUMMAX.LE.87.) GO T& 500
5& Z SUHﬂX SUHA

56 1=
X(1+1) = xi1+1> -X0
456  CONTINUE
500 CONTINUE
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C ’ '
C CALCULATE PARAKETERS FOR HATRIX

DO 10 I=1,NM1

RDUN = ﬁSﬂRT(P(I*l)kD(I+1)!(P(I)*B(I}))

R(I) = -.0k(1.-RDUM)

RR(I) = -.5&(1,+KDUK)

0P = (QCI+1)/PCI+1)-0(1)/P(1))/XL

~I{I) = QPADEXP(-ALF({)AX(I+1))

U{I) = QPA.SADEXP{ALP{ D)AX(I+1))
10. AIPIHI(I)‘BSERI(XL)*(DSIRI(P{I+1)IB(I+1)) BSERI(?(I)ID(I))}
ALP(N) = DSORT (XLAB(N}/D(N})-

C
E SPECIEY MATRIX ELEMENTS AND SOLVE
" D0 20 I=1,NH1
xI-4

1 = 5k . \

K = 2kI-1 '

ACT) = DEXP(=2.RALE( DIAX(I41)) :

A(J+]) = -DEXP(QIPIHI(I)*X(I+1)) .

#(J+2) = -DEXP(-(ALP{T+1)4ALP{1))AX(1+1))

f(1+3) = 8(I)*BEXP((ALP(I+1}+ALP(I))*X(I+l)) ,
ACT+4) = RROTIADEXP(-AIPIHI(IDAX(I+1}) "
B(K) = T(I) L
B{K+1) = I(T)
oM =

N N-§ '

a;#SHQJE BgXP(HZ ~KALP (N} AX(N+1)) :
¢ BNZHL) = (CN-BON)/ (RGNAXL) JADEXP(-ALPONIAX(NHL))
% UPPER TRIANGULARIZE MATRIX

G(1) = A{1}4DEXP(-2.ALP(1)AX(1))
G{2) = 2(2)/6(1) -

1)
2)
6(3) = AGME(L)
BULL) = (BLL)+FORDEXP(-ALPALIAX(L)}/(DCLALP(1)) /B(1)
030 I=1,M2
Il

b

J

K

G(J) = A(J)-6(]-2)

G(d+1) = (A(J+1)-6{(]-1))/G(])

BU(K) = (B{K)-BULX-1))/G(T)

G(J+2} = A(J+2)-G{J+]1)

G(J+3) = A(J+3)/6(]J+2) _

G(JHA) = A(J+4)/G(J+2) :
30 BU(K+l) = (BIK+1)-BUK))/G{I+2) :

N3ME = SAN-6

G{NSHE) = A(NSNG)-G{NSNE-2)
B(NGME+L) = (A(NGMG+1)-G(NGHG-1))/G(NDHG)
N2K2 = 24N-2

BU(N2M2) = (B(N2M2)-BUCNZN2-1)}/G(NGME)
G{NSHe+2) = A(NGKG+2)-G(NIME+])

BS(N) = (B(N2N1)-BU(NZN1-1))/G(N5NG+2)
AS(N) = BU&#%HI 1)-G(N3M6+1)ABS(N)

Bﬂ W

5&(&~1)-3

u 2A(N-T)-1
L= NI

BE(L) = BU(K)-G(1)AAS{L+1)-G(I+1)ABS(L+1)

AS(L) = BU(K-1)-B{J-2)XB5{L)
BS(1) = BUL1)-G(2IXAS{2)-G(3}4BS(2)
AS{1) = (BSC1)ADEXP(-ALF(1)X{1))-E0/(ALP{1)AD{(1)})
& ADEXP(-RLP(1)AX(1))

£
E MATRIX SOLUTION COMPLETE

D0 147 I=1,N
ALPT = ALBCDMX(I+1)
ASI = AS(IMDEXP(ALPD)
B51 = BS(DADEXP(-ALFT)
RE(D) = ASI#BST+O( 1)/ (PCIIAXL)

=t |
lggll

) =
0
]

147 RE(I} = -DCIYAALP(IXA(ASI-BSD)




RCIN) = N
IF (ICOST.EQ.0) GO T 45
¢ EOP = F0 :
¢ IE (E0.LI.1) FOP=1.
IF (RE(1}.LE.0.) RE({1)=l.
£ hkkix BEGIN COST OPTIMIZATION
IE (JIST.EQ.0) GO TO 44
IE {CRITJ.G1.99.) G0 T0 45
IE (CRITJ.LE.O.) 6O 10 4%
17 = (RE(N)}-CRITJ)/CRITI

ABI7 = DABS(I7)
IF (ABT7.LE.ACC) GO IO 45
NIST = ND3

111 = NO2
IE (NISI.EQ.NSAVE) G0 10 190
DX¥AX = 0.
DXHIN = 0. -
REMAX = 0, -
REKIN = 0.
NSAVE = NISI
E 190 CONTINUE _
E SET LINITS (DXMAX 2DXMIN) AND DO REGULA FALSI SEARCH EOR DX

IF (17) 200,45,201
200 DymAX = bxclTsh
REMIN = RE(N)

60 10 202
201 DXNIN = DX(NIST)

REWAX = RE(N)

IF (DXHAX) 202,203,202
202 DX(KIST) = DXHIN+(BXMAX-DXNIN)# (RENAX-CRITI)/ (REMAX-RENITN)

G0 10 204
203 DX(NTST) = DX(NTST)A(1,40.5417)
204 CONTINUE
TF (REWAX.ED.0.) DX(NTST)=0,5ADXHAX
IE (DX(NTST).LE.1.) DX(NTST}=0.
TF (DX(NTST).LE.1.} JIST=0 .
IF (ITHK.EG.0) G0 10 99
121 = 0,
TE(ND4.G1.N) GO T0 55
D0 46 11 = HOA,N
46 TIT = T2140X(ID)
55 TE(ND1.LT.2) GO 10 47
D0 56 II = 2,H01
56 121 = T2T+DX( 1)
47 CONTINUE
123 = DX(NIST)
9T = TITHXINIST)
IF (NNIN.EQ.NTST) T2T=T2T+DX(IL1)-DX(NIST)
TE (NNIN.NE.O) DX(NNIN)=X(N+1)-X(2)-121
TE (DX(NAIN).GE.0.) GO 10 48
BX(NKIN) = 0.
nx;g%&gé = 0, 5A(DX(NTSTMDIX(NTST))

G :
@ gg"%ﬁ%?&!SI).NE.IZS) CRITI=-1.
G0 I0 99
44 CONTINUE
¢ 47 CONTIMUE
E OUTPUT RESULIS

110 WRITE{6,881) :

881 FORMAT(EX, ‘ LAYER',3X, *THICKNESS' ,7X,‘EXIT ELUX’,10%,
$/EXTT CONC.’,8X,'H3C’,/,18Y," (cw)® 7K,/ (pCi/a2/sec)’
8,8%, (gCi/liter}’ /)

ffﬂnﬁg fmmmw Rz = CrPa/ (L= 074 XMS(E) )

XYz = Rcumooo.im%

884 WRITE(6,883) I,DDX(I),RK{Z,CHYZ,A4(D)

883 Eugnnnartéx,Iz,ei,rs.o,éx,19&12.4,7x,axi.4,ax,-rr7.4}
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