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ABSTRACT

A unified model of radon emanation, adsorption, absorption, and 
transport has been developed and incorporated into the RAETRAN code that 
uses new mathematical models of advective transport, moisture effects, and 
radon emanation. The model accounts for advective depletion in radon 
source regions, and for the effects of varying moistures on radon 
emanation, diffusion, absorption, adsorption, and advective transport 
rates. Radon transport in gas- and water-filled pore space is 
characterized, and exchange between the phases is considered. 
Correlations are also given for diffusion and permeability coefficients. 
The model provides a comprehensive assessment of source potentials for 
indoor radon accumulation based on soil moistures, radium, emanation, and 

advection of soil gas.
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1. INTRODUCTION

Radon emanation and transport in soils is illustrated schematically 
in Figure 1-1. Radon is emanated from radium-bearing minerals into the 
soil pore space, followed by diffusive and advective transport of the 
radon gas in both liquid and gas phases into a home, entering via cracks, 
sumps, porous building materials, water, and other routes. Advection 
becomes dominant with proximity to many home entry points, and exchange 
between air and water phases is continual.

Rogers and Associates Engineering Corporation (RAE) is performing a 
project for the Department of Energy to coordinate the eight key 
components of radon emanation and transport shown in Figure 1-1 into a 
unified, simplified model.

Previous RAE theoretical developments on radon emanation, diffusion 
and advection in porous soils include a radon emanation computer model 
(1), diffusion coefficient model (2,3), and radon diffusion equations with 
analytical solutions for two-phase diffusion through porous materials (4). 
Although the two-phase diffusion model was restrictive and only treated 
the radon interactions in the water-air pore spaces, it has been used 
extensively in predicting radon migration through earthen materials (5,6) 
and for reducing diffusion and emanation coefficient data from laboratory 
measurements (7,8). The model was also extended to include both constant 
and cyclical advection (9).

In addition to the theoretical developments, RAE has developed 
several experimental procedures for determining the values of key input 
parameters (7,8) and has amassed an extensive comprehensive data base for 
a wide range of soils. This data base has been augmented and used 

extensively in the work associated with this project.

Theoretical developments for radon transport are presented in the 
next section, followed by the results of efforts to predict appropriate 
values for the diffusion, permeabi1ity, and emanation coefficients used in 

the model.
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2. RADON EMANATION, ADSORPTION, AND TRANSPORT MODELING IN A
TWO-PHASE MEDIUM

Radon emanation, adsorption, and transport through a two-phase 
medium in the pore spaces of earthen materials involves several complex 
processes. There is advection and diffusion through the air in the 
presence of a water layer. As shown in Figure 2-1, there is radon
diffusion through the water in water-blocked pore regions, there is radium
and radon absorption in the water, and radon adsorption on some solid
subsurfaces, as well as other mechanisms. The general objective of the 
present effort is to characterize these mechanisms which occur on a 
microscopic scale by a simple advection, diffusion-type equation which can 
be used to describe these processes as if occurring through a simple
homogeneous medium characteristic of the porous material.

It has been shown previously that radon diffusion through a porous 
material with moisture can be characterized by the standard diffusion 
equation in which the radon concentration is a pore average, and the 
emanation and diffusion coefficients are also appropriate pore averages 
(4). In order to examine the distinct mechanisms in more detail, rate 
balances have been constructed separately for the radon in the gas and 
liquid components of the pore space. These coupled equations, for the one­
dimensional, steady-state condition, are:

3 (1-m)

kapX

p(l-m)

K RP*-Eair
p(l-m)

R + T,wa 0 (2-1)
(l-m)kd
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Dw xcw
KWP^ RP^Ewater
------- Cw + -------- --------m pm

(1-p)
- RX --------  + Tail - 0 (2-2)

where

X

w

P

P

m

Eai

■water

k^i

T

T

wa

aw

K

P

radon diffusion coefficient in air, including the tortuosity 
factor

radon diffusion coefficient in water 

radon concentration in the air-filled pore space 

radon concentration in the water-filled pore space 

radon decay constant

air-surface adsorption coefficient for radon 

radium concentration in the solid matrix 

water-surface adsorption coefficient for radon 

bulk dry density 

total porosity

fraction of moisture saturation

thatis a direct pore air
source of radon

component of emanation coefficient that is a direct pore 
water source of radon

equilibrium distribution coefficient for radium in solid-to- 
pore-1iquid

transfer factor of radon from pore liquid to pore air 

transfer factor of radon from pore air to pore 1iquid 

pore gas permeabi1ity 

pore gas pressure
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For Equation (2-1), the first term accounts for diffusion; the second term 
accounts for radon decay in the gas-filled pore space. The third term is 
radon adsorption onto a solid surface from an air-solid interface; the 
fourth term is radon advection. The fifth term is radon emanation into 
the air-filled pore space and the sixth term is a correction to the 
emanation from radon production due to the radium dissolved in the pore 
water. The last term represents the transfer of radon from water to air 
in the pore. The sixth term in Equation (2-1) accounts for the present 
method that radium concentration measurements are made. If only R in the 
solid material is measured, then the sixth term is multiplied by

PEai r 
P

The Equation (2-2) terms are similar to those for Equation (2-1) except 
there is no advection term.

It follows, for negligible radon decay in the pore liquid,

m
wa T

1-m aw (2-3)

and

aw
RpA,

pm
-water

m(l-p)

KdP
] (2-4)

The Eai-r and Ewater components of the emanation coefficient are 
shown in Figure 2-2 and are given by

p =, __ p
^water w

m

m*

E,

for m < m*

for m > m*

(2-5)
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for m < m* (2-6)Eai r “ Ea (1 ' n»/m*>

- 0 for m > m*

where, m*. Eg and Ew are constants of the emanation coefficient model (2). 
The term E, is the emanati on coeffi ci ent for no moisture, Ew is the 
emanation coefficient at saturation, and the piateau in the E curve starts 

at m*.

Combining Equations (2-1) and (2-2), using Equations (2-3) and (2-4) 

yields:

d2C, /dP\ dC, RpXE'
D —r- - K' — )—- - A.C, +  -------  - 0 (2-7)

dx2 \dx/ dx p

where

D - pore average diffusion coefficient with adsorption
- D'(l-m+mk)/f (2-8)

D' - pore di ffusi on coeffi ci ent with no adsorption

f “ 1 - m + mk + Kap

E' - [E - m(l-p)/kdp] / f (2-10)
O

ka - effective surface adsorption coefficient (cnr/g).

Henry’s Law constant, k, is used to eliminate Cw by the rel ation 
Cw - kCa. The degree of surface adsorption is a function of pore moisture, 
and generally greatly decreases with increasing moisture. Consequently, 
in combi ning Equati ons (2-1) and (2-2) the term (ka + kwk) has been 
rep!aced by an effective surface adsorption coeffi ci ent, Ka. A1so, D is 
written exp! icitly to show the dependence of the diffusion coefficient 
term on surface adsorption effects.



For no advection. Equation (2-7) is equal to the standard radon 
diffusion equation, using the pore average D and an adjusted emanation 
coefficient that decouples Equations (2-1) and (2-2). Consequently, 
standard measurements (7,8) and theoretical models (1,2) of D and E can be 
used with the new formulation. and previous analytical and numerical radon 
diffusion sol utions are applicable. The computer code RAECOM (5.6) has 
been adapted to solve Equation (2-7) including advection, where the 1 ayer 
thicknesses are selected for constant (dP/dx). The development is readi1y 
extended to multi-dimensional and time-dependent formalisms. The new code 
is called RAETRAN.



3. THE RAETRAN CODE

The radon transport equation modeled in RAETRAN is 

d2C dC
D —- - V------ X.C + Q - 0 (3-1)

dx^ dx

where

O
C - radon concentration in the air-filled pore space (pCi/crrr)

X “ radon decay constant (2.1 x 10'6 s'1)
O

Q - effective radon source term (pCi/crrr-s)

dP
V - effective pore air velocity - K' —

dx

p - total porosity of porous medium.

The radon flux. J, is related to the radon concentration by 

J dC
------- - -D — + V(l-m) C J (3-2)
pf dx

where

- ? - 1J = radon flux (pCi cm 11 s )

Additional insight can be gained into the role of advection in radon 
transport by noting that the radon concentration is very small or zero, at 
the s oi1 - air interface. Therefore, the 1ast term in Equation (3-2), the 
advecti ve component of the flux, is generally negligibly small compared to 
the di f fusi ve term. The mai n contri buti on of advecti on is to change the 
shape of the radon concentration profi1e, thus influencing the diffusive 
radon flux at the soil -air interface. The radon f 1 ux crossing this
interface is thus nearly entirely moving by a diffusive process.

3-1



The general solution to this equation is

This general solution must be fitted to the boundary conditions of the 
particular problem of interest by solving for the coefficients A and B.

3.1 APPLICATION TO A MULTILAYER SYSTEM

The configuration and coordinate system used in the present model is 
given in Figure 3-1. Each of the n layers in the system is associated 
with a thickness, d^. a diffusion coefficient, , a porosity, p^, and a 
radon source, . Additional data needed to characterize the system 
include the radium content, density, radon emanation coefficient, and 
radium distribution coefficient for each layer. Each layer has its own 
coordinate system whose origin is at the center of the layer. The 
coordinate system in the subsoil layer has its origin a distance d^/2

below..the 1ower boundary of layer1. All coordinatesare positive in the
upward direction.

The choice of a separate coordinate system centered on each layer 
greatly improves the numerical accuracy of the solution algorithms. In 
Equation (3-3) a large value for the x-coordinate can cause the 
exponential terms to have very large or very small values. This can 
complicate the solution process when implemented on a computer because of 
numerical overflow and underflow errors. The coordinate system with 
origin at the center of each layer restricts the maximum value of the 
x-coordinate to half of the layer thickness. This alleviates many of the 
numerical difficulties with the solution and minimizes the possibility of 
numerical errors.
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3.2 BOUNDARY CONDITIONS

As boundary conditions for each layer the concentration, C-j(x), and 
the flux, J.j(x), are continuous across layer boundaries. The radon 
concentration in the subsoil is assumed to approach a constant finite 
value, Cs. as depth increases. The radon concentration in the air above 
the top layer of the system is a constant, Ca, usually equal to zero. 
These boundary conditions are expressed as

lim C0(x) - C$ (3-4)
x —» - =*>

i = 0,1.........n-1 (3-5)

J (r) i = 0,1.........n-1 (3-6)

(3-7)

The general solution of Equation (3-1) in layer i is

C.,- (x.j) - A^ exp(a1-xi) + exp (b1-xi) + (3-8)

where

bi
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The corresponding radon flux, calculated from Equation (3-2), is

a.x. b.x.
J - rn- e 1 1 + s.j B.j e 1 1 + v^-Q^/A. (3-9)

where

ri “ vi ' aiDifipi

si “ vi ' biDifipi

Vi - VifiPi(l-mi)

In Equation (3-8), note that whether the advection velocity, , is 
positive (upward), negative (downward), or zero, it is always true that a^ 
is positive and is negative. Using this information with Equation 

(3-4), the result is

B0 = 0 (3-10)

Applying Equations (3-5) through (3-7) to Equation (3-8), the 
following system of equations results:

a d /2 b•d./2
A^e 1 1 + B^e 1 1

” (Q-j+2 - Q-j )/A

Ai+le
a. n d /2 - 1+1 i+l b. i d /2 □ Q- i+l i+l

‘ Bi+le

i = 0,1.........n-1 (3-11)

a. d./2 b.d./2 a d /2
riAje 1 1 + sjB-je 1 1 - ri+1 Bi+1e‘ 1 1 1 1

;i+l Bi+le

b.d. /2 
> i t

b d /2 
■ i+l i+l ” (v1+l Qi+1 ' viQi)/A 

i - 0.1.........n-1 (3-12)

a d /2 b d /2 
A„e n n + B„e n n - C. (3-13)



Equations (3-11) through (3-13) can be solved to yield the coefficients A^ 
and Bi which, when used in Equation (3-8), give the radon concentration in 
each layer of the system. The radon flux at any point can be determined 
using Equation (3-9).

Equations (3-11) through (3-13) can be more clearly expressed in 

matrix form:

M C - R (3-14)

where

M - coefficient matrix

C - column matrix composed of the and

R - column matrix representing the right sides of Equations 
(3-11) through (3-13) .

For a system of n layers above the subsoil the coefficient matrix is 
square with dimensions of 2n + 1 by 2n + l. The explicit form of Equation 
(3-14) is shown in Figure 3-2. This matrix is solved by using Gaussian 
elimination to transform the matrix to upper triangular form. This 
removes all non-zero elements below the main diagonal of the matrix. The 
values for A^ and are then obtained by backward substitution. Once the 
coefficients are known, the radon concentrations and fluxes are evaluated 

u s n g' Equ at 0-n s ('3'—'8) an d (-3 — 9)»'■ ■ ■ ....... .............. ...... ... ..............

3.3 RAETRAN COMPUTER CODE

The equations describing radon transport in a multilayer system are 
solved by the RAETRAN computer code. The logic used in the code is 
illustrated in Figure 3-3. The equations are solved in the matrix form 
shown in Equation (3-14). The matrix is converted to upper triangular 
form by Gaussian elimination and row interchanges. The coefficients are 
then evaluated by backward substitution. The radon concentrations and 

fluxes at each of the layer boundaries are calculated and printed.
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Input variables for the RAETRAN code are described in Table 3-1. 
The data can be read from an existing file or entered interactively by the 
user. In the interactive mode, the code prompts the user for all 
variables. If the input data are prepared in a file, the variables can be 
entered in free format separated by commas. The code prompts the user for 
the name of the input data file. The results of the calculations are 
written to the terminal screen and also to a disk file.

The RAETRAN code has been used to generate sample results for a 
three-layer soil system. The three layers range in thickness from 30 to 
100 cm. The layers have varying moisture contents, porosities, densities, 
and air permeabilities. All three layers have a radon emanation 
coefficient of 0.22 and a radium content of 5 pCi/g. The diffusion 
coefficients are entered as zeros in the data file and are therefore 
calculated in the code using a correlation formula. The complete input 
data set is given in the Appendix. The results of the analysis show a 
radon concentration of over 10,000 pCi/L at the base of the system and a 
ground surface radon flux of about 6.8 pCi/m2-s. The computer output for 
the sample problem and a listing of the computer code are also included in 
the appendix.
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TABLE 3-1

RAETRAN INPUT DATA

Record Variable Description

1 TITLE Title of run. Up to 80 characters are 
al1 owed.

2 N Number of 1ayers in the system.

3 CN1 Radon concentration in air above the top 
layer of the system (pCi/L).

DPDX1 Average atmospheric potential (pressure) 
gradient (Pa/m). Used to calculate advection 
velocity.

4 DX(I) Thickness of layer I (cm). Layer 1 is at the 
bottom of the system. 1ayer N is at the top.

RAD(I) Total radiurn content of 1ayer I (pCi/g).

RHO(I) Dry bulk density of 1ayer I (g/cm ).

POR(I) Total porosity of 1ayer I.

EMAN(I) Radon emanation coefficient for 1ayer I.

SAT(I) Fraction of moisture saturation for 1ayer I.

.................... RNfCA C I) Radon soil/air partifion (adsorption)
coefficient for 1ayer I (ml/g).

RAKD(I) Radi urn soi1/water distribution coefficient 
for 1ayer I (ml/g).

AIRPKI) PIntrinsic permeabi1ity of 1ayer I (cm ).

D( I) Radon diffusion coefficient for 1ayer I 
(cnr/s). Calculated internally if a value of 
zero is used.

Note: Record 4 is repeated for each layer in the system.
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4. DIFFUSION. PERMEABILITY. AND EMANATION COEFFICIENTS

Site-specific measurements of D and K are most desi rabl e for 
obtaining input data for the radon transport models. RAE has accumulated 
an extensive soi 1 data base including D and K measured values as well as 
values of many other nuclear, physical, and geological parameters. In 
addition, models have been developed to calculate D and K from basic data 
and first principies. The random-pore combinati on model that was 
developed earlier (2.3) was modified and extended to al so include the 
calculation of soi1 permeabi1ities in a similar manner.

4.1 PERMEABILITY COEFFICIENT

In the K calculations. soi1s were modeled to contain 1og-normal size 
distributions of cylindrical pores with uniform surface water films that 
could vary from dryness to saturation. Contiguous pore space contained 
al 1 possibl e random combi nati ons of the pore sizes, both in seri es and 
parallel configurations. Individual cylindrical pore permeabi1iti es were

O
computed from the radi i (r) of the air-filled pore spaces as rc/8, 
fol1owing the functional size-dependence used by Youngquist (10). The 

resultingpermeabilitiesofindividualpore segments werecombined for the 
entire soi1 in the same way as pore diffusion coefficients were previously 
combined to estimate bulk soi1 radon diffusion coefficients. The 
resulting permeabi1ity calculations are i 11 ustrated by the black dots in 
Figure 4-1. Gas permeabi1ities varied siowly with moisture, increased 
rapidly with the geometric standard deviation of the grain-size 
distri but'i on, and i ncreased as the square of the average particle 

diameter.

In addition to field measurements. 1aboratory measurements, or 
complex model calculations of K, an empirical correlation has also been 
developed. This correlation has the advantage of being simple and easy to 
use, with a minimum amount of information needed.
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The correlation for soil permeabilities is

K - p (l+p)(d73)2 exp[- 1.4 m - 2 m5] (4-1)

where

d' - geometric mean particle diameter (cm)

Equation (4-1) applies to soils whose particle distribution can be 
approximated by a log-normal distribution with a geometric standard 
deviation, S, of ten.

For other values of S, Equation (4-1) must be multiplied by

The correlation values for K are also plotted in Figure 4-1 for several 

values of d'. Curves are given for an S of ten and of five.

4.2 DIFFUSION COEFFICIENTS

One correlation frequently used for D is(5)

Since that correlation was developed, RAE has measured over 1500 
additional D measurements for the Department of Energy’s Uranium Mill 
Tailings Remedial Action Program. Host of these D’s were measured at high 
compactions. Consequently, Equation (4-3) has been modified as follows to 
include the effects of high compactions:

0.0034 exp[0.264 S4/3 - 0.6 m (1 - 0.1 S)] (4-2)

D - 0.07 exp[-4 (m - mp2 + m3)] (4-3)

3p(l+p)d 7p(l+p)d
m - 7 m5D - exp (4-4)

8(2+7cd) 2 + d
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where

d - geometric mean particle diameter (urn).
- 10.000 d\

For most natural soils near Proctor compaction. Equation (4-4) can 
be approximated by

D 0.035 exp m (4-5)

A portion of the D values in the data base are plotted in Figure 4-2, 
along with correlation curves for a low compaction, large-grained material 
and a high-compaction, small-grained material. The higher compaction 

reduces the value of D at low moistures.

4.3 ANISOTROPY IN DIFFUSION AND PERMEABILITY COEFFICIENTS

Possible anisotropy of radon diffusion coefficients of soils was 
examined by conducting laboratory diffusion measurements on soils in both 
the direction of the compactive force and perpendicular to the compactive 
force. Six different soils were prepared by compacting to 95 percent of 
standard Proctor density, and then pressing a 10-cm diameter thin-walled 
diffusion tube into the soil either parallel or perpendicular to the 
direction of compaction. Eighteen time-dependent radon diffusion 
measurements (7) on the resulting soil cylinders gave an average diffusion 

coefficient ratio (perpendicular/parallel) of 1.2 ± 0.3, indicating only a 

marginal increase in diffusion along the bedding plane. This could still 
be greater in some undisturbed soils, but is probably insignificant in re­
compacted soils in construction excavations.

Over 50 similar laboratory air-permeabi1ity measurements were 
conducted on five of the same soil samples. The average ratio of air- 

permeabilities (perpendicular/parallei to compaction) was 6 ± 6, 

indicating a somewhat more significant increase in permeability along the
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bedding plane. This ratio also may be greater in undisturbed soils, but 
may be important even in some re-compacted soils.

4.4 RADON EMANATION COEFFICIENTS

Emanation coefficients have been measured for several different soil 
types, because the RAE data base for E consisted mainly of values for 
uranium ores, uranium mill tailings, and phosphogypsum. The new E values 
were measured on soils documented in the data base to facilitate further 
development of the emanation coefficient model (1). The new values are 
shown in Figure 4-3. The fit to a relatively narrow normal distribution 
is encouraging, especially considering the widely diverse soils used for 
the measurements. These data indicate that a best-estimate default value 

of E for normal soils is 0.22, if site-specific data are not available.
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5. SURFACE ADSORPTION OF RADON

The adsorption terms In Equations (2-1) and (2-2) combine to form an 
effective diffusion coefficient, permeability coefficient, and emanation 
coefficient. The validity of this model was tested by measuring effective 
diffusion coefficients including adsorption in the 1aboratory and 
comparing the measured results with Equation (2-8) for various values 
of f.

In the measurements, clean coarse sand was mixed with activated 
charcoal. The ka of the dry charcoal was previously determined to be 
2,000 cm^/g, and the diffusi on coeffi ci ent for the dry sand was previously 
measured to be 0.065 cm^/sec. Measurements of the effective diffusion 
coefficient were made for the activated charcoal and for various mixtures 
of dry sand and activated charcoal . The weight fractions of charcoal in 
the mixtures were 0.1, 0.03, and 0.01. The measured diffusion 
coefficients are shown as sol id circles in Figure 5-1. They compare very 
well with the theoretical curve obtained from applying Equation (2-8). 
for the calculations, a value of 0.065 cm2/sec was used for the D without 
adsorption, and the varying fractions of activated charcoal with the sand

O
gave an effective homogeneous Ka of 200, 60, and 20 cnr/g.

The effects of moisture on Ka and D were studied by repeating the 
experiment for KQ - 200 wi th the overal 1 system at 14 percent and 40 
percent of saturation. The measured effective D values are shown as open 

circles in Figure 5-1.

The moisture preferential ly accumulates wi th the activated charcoal 
and effectively blocks the adsorption sites for radon, greatly reducing 
the Ka wi th moi sture. The dependence of Ka on moi stures yi el ds the 
i nteresti ng result that for highly adsorbing systems, the effective 
diffusion coefficient increases wi th increasing moisture up to a certain 
degree of saturation.

5-1
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6. SUMMARY

A simplified model has been developed for radon emanation and 
transport through a two-phase medium in the pore spaces of earthen
materials. The model explicitly considers radon emanation into the water 
and the air pore regions, radon adsorption on solid surfaces, radon 
diffusion through the pore water and air regions, radon and radium
absorption in the water, radon transfer between the pore water and air,
and advection in the air region. The one-dimensional steady-state
formalism is presented and has been encoded into the RAETRAN computer 
code.

The DIFPERM code for calculating diffusion and permeability 
coefficients from basic principles is described and new correlations for D 
and K are presented. It is also shown that horizontal permeabilities are 
slightly greater than vertical permeabilities, but the difference is not 
as evident in the D measurements. Several new E measurements have also 
been made for a wide variety of soils. The geometric mean of the E 
measurements is 0.22.
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PUT FOR RAETRAN SAMPLE PROBLEM

ETRAN SAMPLE PROBLEM — 3 LAYER SYSTEM 

,100.
1.7, .20, .22, ,55, 0., 200., l.E-8, 0.
1.6, .25, . 22, .60, 0., 200., 3.E-8, 0.
1.6, . 35, .22, .40, 100., 500., 2.E-7, 0.

REPRODUCED FROM B
AVAILABLE COPY
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IUTPUI FOR RAETRAN SAMPLE PROBLEM

RAETRAN SAMPLE PROBLEM — 3 LAYER SYSTEM

********** INPUT SUMMARY AND PRELIMINARY CALCULATIONS **********

Number of layers = 3
Surface radon concentration in air = 
Average atmospheric potential gradient =

0.00E+00 pCi/L 
1.00E+02 Pa/m

Layer
Thickness

(cm)

Radium
Content
(pCi/g)

Dry Bulk
Density
(g/cc) Porosity

Emanation
Coefficient

Saturation
Fraction

Top

Bottom

30.0
50.0 

100.0

5.00E+00
5.00E+00
5.00E+00

1.600
1.600
1.700

0.350
0.250
0.200

0.220
0.220
0.220

0.400
0.600
0.550

Layer

Top

Bottom

Radon

1.00E+02

0.00E+00

Radium
Kd

(ml/g)

5.00E+02
2.Q0E+02
2.00E+02

Air
Permeability 

(cm**2)

2.00E-07
3.00E-OS
1.00E-08

Diffusion
Coefficient

(cm**2/s)

1.65E-02
5.41E-03
6.93E-03

Advection
Velocity

(cm/s)

4.03E-03
8.46E-03
9.40E-03

********** RESULTS OF RADON TRANSPORT CALCULATION **********

Layer

3 Top 
2
1 Bottom 
0 Sub-soil

Thickness Exit Cone. Exit Flux
(cm) (pCi/L) (pCi/m**2-s>

30.0 0.00E+00 6.78E+00
50.0 6.S7E+03 6.23E+01

100.0 1.15E+04 3.90E+01
0.0 I.08E+04 4.12E+01

I

REPRODUCED FROM BEST
AVAILABLE COPY
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PROGRAM RAETRAN 
IMPLICIT REALA8 (A-H,0-Z)
CHARACTER'S LAYER 
CHARACTERAS0 TITLE
COMMON AIRPK50) ,CN1 (0:50).DPDX1 ,DX<0:50). EMAN(50),LAYER,N,

% P0R<0:50),RAD(50),RAKfi(50).RH0(50),RNKA(50),SAT(50).TITLE
DIMENSION A(0:50),AIRP(50),ALPHA(0:50),B(0:50).BETA(0:50),CM(625), 

i DM(25,25),D2(0:50).EE(4),EF(4),F(0:50).RHS(50),RC(0:50),
l RF(0:50),3(0:50),0(0:50),yAD(0:50),VBD(0:50) ,VL 11(0:50)

DATA EPS,RNUA,XL / 1.00D-5, 2.6D-1, 2.10D-6 /

CAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
C

Dry Air permeability of layer I (cm/s)
Intrinsic dry air permeability of layer I (cmAA2)
Radon concentration above top layer (pCi/1)
Pore diffusion coefficient or layer I (cniAA2/s)
Diagonal matrix of coefficients
Dimensionless atmospheric potential gradient (cm air/cm) 
Ave. atmospheric potential (pressure) gradient (Pa/m) 
Thickness of layer I (era)
Radon emanation coefficient of layer I 
Error bound for matrix solution 
Porosity of layer I 
Radium content of layer I (pCi/g)
Radium distribution coefficient for layer I (ml/g)
Radon concentration at the top of layer I (pCi/cmAA3) 
Radon flux at the top of layer I (pCi/cmAA2-s)
Dry bulk density of layer I (g/cmAA3)
Right hand side column vector in matrix equation 
Radon soil/air partition coefficient for layer I (ml/g) 
Radon water/air partition coefficient 
Pore space radon source (RADARHOAEMAN/PQR),
Fraction of moisture saturation for layer I

AIRP(I) 
AIRPKI) 
CN1 
D( I)
DM
DPDX 
DPDX1 
DX (I) 
EMAN(I) 
EPS
P0S( I) 
RAD( I) 
RAKD(I) 
P.C( I) 
RFQ) 
RHQ(I) 
RHS
RNKA(I)
RNWA
S(I)
SAT(I) 
V(I)
XL

layer I (pCi/cc)

Advective pore velocity in layer I (cm*/s) 
Radon decay constant (1/s)

Radon concentration is calculated from the following:

RC(X) = AAe:<p( ALPHAAX) + BAexp (BEIAAX) + S

0PEH(UNIT=6,FILE=,RAETRAN.0UT,,STATUS='NEa')

C— CALL SUBROUTINE TO READ INPUT DATA

CALL..READ

C----- PRELIMINARY CALCULATIONS ---------------------------------------------------------- ------------

CN = CN1/1000.
A IRONS = 1.29 ! Air density (kg/mAA3)
GRAV = 9.8 ! Gravitational acc. (m/sAA2)
DPDX = DPDX1/(AIRDNSAGRAV)
AIRDNS = 1.29E-3 ! Air denstiy (g/cmAA3)
GRAV = 980. ! Grav. acc. < cm/sAA2)
AIRVIS = 1.80E-4 ! Air viscosity (poise)

CAA Define air permeabilities bv laver and the average permeability 
DXT =0.
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SUM = 0.
DO 20 1=1,N

DXT = DXT + DX(I)
AIRP(I) = AIRPK imiRBNSAGRAV/AI&VIS 
SUM = SUM + DX( I)/AIRP(I)

20 CONTINUE
AOPESM = DXT/3UM

kk

30

Calculate diffusion coeffs., radon sources, advection 
DO 30 1=1,N 

XM = SAT(I)
IP (D(I) .EQ. 0.)

5 D(I) = 0.07ADEXP(-4.AXMAC1,-P0S(DAA2+XMAA4))
V(I) = DPDXAAVPERM/(POR(I)A(l.-XM))

CONTINUE

velocities

WRITE INPUT DATA

WRITE(5,70) TITLE;N,CN1,DPDX1 
WRITE(6,70) TITLE.N,CN1,BPBX1

70 FORMAT( ' 1',/,IX,ABO,///,' AAAAAAAAAA INPUT SUMMARY AND 
% 'PRELIMINARY CALCULATIONS AAAAAAAAAA',//, *
l ' Number of layers = '.12./,
%. ' Surface radon concentration in air = ', 1PE9.2,' pCi/L',/,
I ' Average atmospheric potential gradient = ',E9.2,' Pa/ra')

WRITE(5,72)
UR HE (6,72)

72 EORMAI(//,35X 'Radium',7X 'Dry Bulk',/,20X,'Thickness5X,
t 'Content',7XDensity^OX, Eiaanation',5X,'Saturation',/,5X. 
i ' Layer',12X,(cm)',8X,'(pCi/g)',7X,'(g/cc)',8X,'Porosity7,4X,
t 'Coefficient',5X,'Fraction',/,'--------------------— ',
% 6 (' ---------------------- '))

LAYER = 'Top 
DO 74 I=N,1,-1

IE (I .EQ. 1) LAYER = 'Bottom '
WRITE(5,73) I,LAYER,DX(I),RAD(I),RHO(I),P0R(I),EMAN(I),SAT(I) 
WRITE(6.73) I.LAYER,DX( I),RAD(I),RH0(I),P0R(I),EMAN(I),SA1(I)

73 F0RMAT(2X,I2,2X,A8,7X,F6.1,6X,1PE9.2,6X,0PF6.3 3(8X,E&.3))
LAYER = '

74 CONTINUE

WRITE(5,765 
WRITE(6,76)

76 FORMAT(//,2IX,'Radon'9X,'Radium',SX,i'Air'3X 'Diffusion',5X,
l 'Advection',/,1SX,'Adsorotion',8X,'Kd',7X, 'Permeability',2X,
% 'Coefficient',4X,7VeTdcitv',/,3X,7Layer',iIX,'tmi/gr' ,3X, 7 
I ' (ffll/g)',7X,McmAA2)' 6X,'«cmAA2/s)' 6X,?(cm/s)',/,

LAYER = 'Top 
DO 78 I=N.i;-l

IF (I .EQ. I) LAYER = 'Bottom '
WRITE(5,77) I,LAYER,RNKA(I),RAKIKI),AIRPKI),D(I),U(I)
WRITE(6,77) I,LAYER,RNKA(I),SAKB(I),AIRPI(I),D(I),U(I)

77 E0RMAT(2X,I2,2X,A8,5(5X,1PE9.2))
LAYER = ' '

78 CONTINUE

REPRODUCED FROM BEST
AVAILABLE COPY
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ADJUST PARAMETERS

80

DO 80 1=1,N 
XM = SAT(I)
G = 1. - XM + XMARMUA 
F(I) = G + RNKA(I)*RHO(I)
D( I) = D<I)xG/F<I)
V(I) = DPDXAAVPERH/<PORU)AF( I))

SS'i!
3(1) = RAD(I)*RHO<I)*EMAN(I)/POR(I> 

CONTINUE 
POR(O) = FOR(1)
DX(0) = DX(1)
D(0) = IKl)
F(0) = F(1)
3(0) = S(l)
V(0) = V(l)

CALCULATE PARAMETERS FOR MATRIX --------------------

DO 105 1=0.M
D2(I) = O.SADXd)
VR2D = 0.5AV( D/D' I)
ROOT = DSQRI(US2DAVR2IN-XL/D(I))
ALPHA(I) = VR2D+S00T 
BETA(1) = VR2D-R00T
VAD(I) = ULIT(15-ALPHA(I)AD(I)AF(I)APOR(I) 
VBD(I) = VLIK I)-BETAC DAIK I)AE( I)APOR( I) 

105 CONTINUE

C----- SPECIFY MATRIX ELEMENTS

108
110

NN = N+N 
NN1 = NN+1 
DO 110 1=0,N-l 

II = I+I
EE(1) = DEXP(AL?HA(I)AD2( I))
EE(2) = DEXP(BETA(I)AD2(I))
EE(3 5 = -DEXP(-ALPHA(I+1)AD2(1+1))
EE (A) = -DEXP(-8ETA(I + 1)AD2(I + D)
RHS(II + l) = S(I+1)-S(I)
EF(1) = VAD(I)AEE(1)
EE(2) = VBB(I)*EE(2> I
EF(3) = VAD(1+1)AEE(3)
EF(4)s vb&(T+1)AEE(4)
RHS(II+2) = VLIT(I+1)*S(I+1)-VLIT(I)*S(I) 
IE (I .EQ. 0) THEN 

EE(2) = EE(1)
EF(2) = EE 11)

END IE
DO 103 J=l,4 

IE (I.EQ.O .AND 
DM(11 + 1,11+J-l)
DM(II+2, II+J-1)

CONTINUE 
CONTINUE ■
DM(NN+1,NN) = DEXP(ALPHA(N)*D2(N))

J.EQ.l) GOTO 103 
! EE(J)

EE( J)
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DM(NN + 1 ,NN+1) = DEXP(BETA(N)AD2(N)) 
RHS(ffN+i) = CM-S(N)

32

L40

200

C —

300

30

STORE DIAGONAL MATRIX COLUMNWISE IN CM

K = 0
DO"*130 J=1, NN1 
DO 130 1=1,NN1 

K = K + l 
CM(K) = DM( I 

CONTINUE
,J)

CALL SUBROUTINE TO SOLVE COEFFICIENT MATRIX -------------------------

CALL G£LG(RHS,CM,NN1,EPS, IER)
IF (IER .NE. 0) THEN 

WRITE(5,132) IER 
END IF
FORMAT!/,' IER=',12,4X,'POSSIBLE LOSS OF SIGNIFICANCE IN 

i 'MATRIX SOLUTION.')

SUBSTITUTE COEFFICIENTS

A(0) = RHS(1)
B (0) = 0.
DO 140 1=1, N 

II = I+I 
A(I) = RHS(II)
B(I) = RHS(11+1) 

CONTINUE

MATRIX SOLUTION COMPLETE. EVALUATE RADON CONCENTRATION AND FLUX. 

DO 200 1=0,N
AS I = A<I)ADEXP(ALPHA(I)*D2( I))
BSI = B(I)*DEXP(BETA(I)AD2( I))
RC(I) = ASI + BSI + 3(I)
RF (I) = VAIKD+ASI + VBIK I) *BSI + VLIKI)AS(I)

CONTINUE 
RC(N > = CN 
DX(O) = 0........ i
OUTPUT RESULTS -------- ------- ———------------------—------------------ -----------

WRITE(5,300)
WRITE(6,300 >
FORMAH//// ' kUUAMM RESULTS OF RADON TRANSPORT ',

% 'CALCULATION AAAAAAAAAA',//.21X ' Thickness&XExit Cone.',
S 6X,'Exit Flux',/,5X,'Laver',13X,;(cm)',10X, '(pCi/L)',7X,
% ' (pCi/mAA2-s)',/,' -------------------------- ' ,3(4X,'----------------------- ')) '

LAYER = 'Top 
DO 320 I=N,0,-1

IF (I .EQ. 1) LAYER = 'Bottom '
IF (I -.EG. 0) LAYER = 'Sub-soil'
RC(I) = RC(I)AlOOO.
RE (I) = RF( DAIOOOO.

REPRODUCED FROM
AVAILABLE COP
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WRITE(5,310) I,LAYER,DX(I),RC(I),RFCI> 
WRITECG.aiO) I,LAYER,BX(I),RC<I),RF(I)

10 FORMAT(2X,12,2X r A3,7X,F6.1,3X,1PE3.2,7X,E9.2)

20 CONTINUE
CLOSE!UNIT=6)
STOP
END

100

200

205

210

220

SUBROUTINE READ 
IMPLICIT REALA8 (A-H,0-Z>
CHARACTERA8 LAYER 
CHARACTERA16 BLANK,FILNAM 
CHARACTERASO TITLE
COMMON AIRPI(50)•CN1,D(0)50).DPDXI.DX(0:50).EMAfH50),LAYER,N,

% P0R(0:50) ,RAIU50) ,RAK[I(50) ,RH0(50> ,RNKA(50) ,3AT(50) jTITLEBATA BLANK/' '/
WR ITE(5,10)
FORMAT(' ENTER INPUT DATA FILE NAME OR',/,' <RETURN> FOR ',

I 'INTERACTIVE INPUT >',$)
READf5,20) FILNAiM 
FORMAT(A1&)
IE (FILNAM .ME. BLANK) THEN

0PEN(UNIT=3,FILE=FILNAM.STATUS='0LD')
REAIK3,500) TITLE 
READ(3,505) N 
READ(3,510) CN1,DPDXI 
DO 100 1=1,H

READ(3,510) DX( I),RAD( I) ,RHO( I).POR(I),EMAN(I),SAT(I), 
l RNKA( I) ,RAKD( I), AIRPK I) fIK I)

CONT I.NUE 
CLOSE!UNIT=3)ELSF
USITE(5,200)
FORMAT!J Enter title of run',/,' >',$)
READ!5,500) TITLE 
WRITE(5,205)
FORMAT(' Number of layers in system >',$)
READ!5,505) N 
WRITE(5.210)
FORMAT(' Radon concentration in air above top layer ',

I '(pCi/L) >',*)
READ! 5 ,_510) ...CN I !? Tl c 1 ................ ..............VJR ITE (5 215)
FORMAT!; Average atmospheric potential gradient (Pa/m)',

6X,'>'.$)
READ(5,510) DPDX1 
WR ITE(5.220) N
FORMAT!/,' FOR EACH OF THE ',12/ LAYERS ENTER5X,

'Layer Thickness !era)',5X,'Radium Content !pCi/g)',/,5X, 
'Dry Bulk Density !g/cc) ’,/.5X,'Total Porosity',/,5X, 
'Emanation Coefficient',/,5X,
'Fraction of Moisture Saturation',/,5X,
'Radon Soil/Air Partition Coeff. Imi/g)',/,5X.
'Radium Soil/Water Distribution Coeff. (ml/g)',/,5X,
^Tr. + rinu A i 1 i + t» ( * / RV*'Intrinsic Drv Air Permeability 
'Optional Radon Diffusion Coeff.

<cmA*2)',/.5X; 
!cmAA2/s)')

REPRODUCED FROM BEST 
AVAILABLE COPY
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!35
!40
J45

230
255
260
265

270
275
280
500505510

!30

LAYER = '(Bottom)'
DO 230 1=1,N

IE (I ,Ed. N) LAYER = '(Top)
«RITE(5,230) I,LAYER
EORHAK//,' LAYER ', I2,4X, A8,/,5X, 'Layer Thickness (cm)', 

l 25X,'>',$)
READ(5,510) DX(I)
URITE(S 235)
FORMAT(5x7'Radium Content (pCi/3) ' ,23X,'>',ii>
READ(5,510) RAD(I)
UR ITE(5,240)
FORMAT(5X'Drv Bulk Density (g/cc)',22X!
READ(5,510) RhO(I)
WRITE(5,245)
E0RMAT(5X 'Total Porosity',31X,'>',$)
READ(5,510) P0R( I)
URITE(5,250)
F0RMAT(5X.'Emanation Coefficient',24X,'>',$)
READ(5,510) EMAN(I)
URITE(5,255)
FORMAT(5X,'Fraction of Moisture Saturation',14X,'>',$) 
READ(5,510) SAT(I)
WR HE (5,260)
FORMAT(§X,'Radon Soil/Air Partition Coeff. (ml/3) ' ,7X,'>',$) 
REA0(5,510) RNKA<I)
UR ITE(5,265)
E0RMAT(5X,'Radium Soil/Water Distribution Coeff. (ml/3) >',$! 
READ(5.510) RAKIKI)
WRITE(5,270)

' FORMATfoX.'Intrinsic Dry Air Permeability (cntAA2)' ,7X,'>',$)
■ READ(5;5l6) AIRPKI)

WR ITE(5 275)
FORMAT(&X,'Optional Radon Diffusion Coeff. (cmAAE/s) >',$) 

. -'READ(5,5I0) IK I)
..... ■■ LAYER = '

■ CONTINUE .•
END IF
FORMAT(A30)
EORHAK 16)
FORMAT(10F12.6)
RETURN
END

SUBROUTINE GELG(RHS,CM,M,EFS,IER)
IMPLICIT REALA3 (A-H,0-Z)

PURPOSE
TO SOLVE A GENERAL SYSTEM OF SIMULTANEOUS LINEAR EQUATIONS. 

USAGE
CALL GELG(RHS,CM,M,EPS,IER)

DESCRIPTION OF PARAMETERS
RHS - ONE DIMENSIONAL MATRIX CONTAINING THE M ELEMENTS OF 

THE RIGHT HAND SIDE COLUMN VECTOR.- ON RETURN, RHS 
CONTAINS THE SOLUTION OF THE EQUATIONS.

REPRODUCED FROM BEST
AVAILABLE COPY
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rjc
^r

j ooo
oo

oo
oo

oo
oo

oo
oo

oo
oo

oo
oo

oo
oo

oo
O

oo
oo

o CM - ONE DIMENSIONAL MATRIX CONTAINING THE ELEMENTS OF 
THE M BY M COEFFICIENT MATRIX. (DESTROYED)

M - THE NUMBER OF EQUATIONS IN THE SYSTEM.
EPS - AN INPUT CONSTANT WHICH IS USED AS RELATIVE

TOLERANCE FOR TEST ON LOSS OF SIGNIFICANCE.
IER - RESULTING ERROR PARAMETER CODED AS FOLLOWS

IER= 0 - NO ERROR.
IER=-1 - NO RESULT BECAUSE OF M LESS THAN 1 OR 

PIVOT ELEMENT AT ANY ELIMINATION STEP 
EQUAL TO 0,

IER= K - WARNING DUE TO POSSIBLE LOSS OF SIGNIFI­
CANCE INDICATED AI ELIMINATION STEP K+l, 
WHERE PIVOT ELEMENT WAS LESS THAN OR 
EQUAL TO THE INTERNAL TOLERANCE EPS TIMES 
ABSOLUTELY GREATEST ELEMENT OF MATRIX CM.

MM - M*M

REMARKS
INPUT MATRICES RHS i CM ARE ASSUMED TO BE STORED COLUMNWISE 
IN M AND MAM SUCCESSIVE STORAGE LOCATIONS. ON RETURN, RHS 
IS THE SOLUTION MATRIX. THE PROCEDURE GIVES RESULTS IF THE 
NUMBER OF EQUATIONS M IS GREATER THAN 0 AND PIVOT ELEMENTS 
AI ALL ELIMINATION STEPS ARE DIFFERENT FROM 0. HOWEVER,
THE WARNING IER=K (IF GIVEN) INDICATES POSSIBLE LOSS OF 
SIGNIFICANCE. IN CASE OF A WELL SCALED MATRIX CM AND 
APPROPRIATE TOLERANCE EPS, IER=K MAY BE INTERPRETED THAT 
MATRIX CM HAS THE RANK K. NO WARNING IS GIVEN IN CASE M=l.

SUBROUTINES AND FUNCTION SUBROUTINES REQUIRED 
NONE

METHOD
SOLUTION IS DONE BY MEANS OF GAUSS ELIMINATION WITH 
COMPLETE PIVOTING

DIMENSION CM(625),RHS(50)
MM = MAM

SEARCH FOR GREATEST ELEMENT IN MATRIX CM

PIV=0.
DO 3 L=1,MM

TB=DABS(CM(L)) ,
ty rP<TBr?IV)-3f3,2 '
2 PIV=TB 

I=L
3 CONTINUE 

TOL=EPSAPIV

‘8

CAA

4

LST = 1
DO 17 K=1 ,M

TEST ON SINGULARITY 
IF(PIV) 23,23,4 
IE(IER) 7,5,7

A-10
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5 IF(PIU-TOL) 6,6,7
6 IER=K-1
7 PIVI=1,/CM(I)

J=(1-1)/H
1=I-JAM-K 
J=J+1-K

CAA I+K IS ROW-INDEX, J+K IS COLUMN INDEX OF PIVOT ELEMENT.
CAA PIVOT ROW REDUCTION AND ROW INTERCHANGE IN RIGHT HAND SIDE.

DO 8 L=K,M,M 
LL=L+1
IR=PIVIARHS(LL)
RHS(LL)=RHS(L)
RHS(L)=IB

8 CONTINUE

CAA IS ELIMINATION TERMINATED?

IF(K-M) 9,13,13

CAA COLUMN INTERCHANGE IN MATRIX CM

9 LEND=LST+M-K 
IF(J) 12,12,10

10 II=JAM
DO 11 L=LST,LEND 

TB=CM(L)
LL=L+11 
CM(L)=CM(LL)
CM(LL)=TB

11 CONTINUE

CAA ROW INTERCHANGE AND PIVOT ROW REDUCTION IN MATRIX CM

12 DO 13 L=LSI,MM,M
LL=L+1
TB=PIVIACM(LL)
CM(LL)=CM(L)
CM(L)=TB

13 CONTINUE

CAA SAVE COLUMN INTERCHANGE INFORMATION

CM(LST)=J

..CAA ELEMENTREDUCTION AND NEXT PIVOT SEARCH

PIV=0.
LST=LST+13=0
DO 16 II=LST,LEND 

PIVI=-CM( ID 
IST=II+M 
3=3 + 1
DO 15 L=1ST,MM, M 

LL=L-J
CM(L)=CM(L)+PIVIACM(LL)
TB = DABS(CM(L)) 
lE(IB-PIV) 15,15,14

A-ll



14 PIV=TB
I=L

15 CONTINUE
DO IS L=K,M,M

LL=L+J
RHS(LL)=RHS(LL)+PIVIARHS(L)

16

17

18 IF(M-l) 23,22,19

IST= IST-LST 
L= IST-M 
L=CM(L)+0.5 

DO 21 J=11,M ,M 
TB=RHS(J)
LL = J
DO 20 :< = IST,MH,N 

LL=LL+1
T8=TB-CM(K5 ARHS(LL)

20 CONTINUE 
K=J + L
RHS(J)=RHS(K> 
RHS(K)=TB

21 CONTINUE
22 RETURN

CAA ERROR RETURN

23 IER=-1 
RETURN 
END
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