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STATISTICAL UNCERTAINTY ANALYSIS OF RADON TRANSPORT IN
NONISOTHERMAL, UNSATURATED SOILS

D. J. Holford, P. C. Owczarski, G. W. Gee, H. D. Freeman
P.O. Box 999
Pacific Northwest Laboratory, Richland, Washington 99352

INTRODUCTION

To accurately predict radon fluxes from soils to the atmosphere, we must know more than
the radium content of the Soil. Radon flux from soil is affected not only by soil properties, but also
by meteorological factors such as air pressure and temperature changes at the soil surface, as well
as the infiltration of rainwater. Natural variations in meteorological factors and soil properties
contribute to uncertainty in subsurface model predictions of radon flux, which, when coupled with
a building transport model, will also add uncertainty to predictions of radon concentrations in
homes. A statistical uncertainty analysis using our Rn3D finite-element numerical model was
conducted to assess the relative importance of these meteorological factors and the soil properties

affecting radon transport.

RADON TRANSPORT IN NONISOTHERMAL, UNSATURATED SOILS

The Rn3D model has been enhanced to simulate the nonisothermal transport of radon by
diffusion and advection in both the liquid (water) and the gas (air) phase. This three-dimensional
finite-element code was used to simulate the effect of air pressure, water pressure, and temperature
gradients on radon concentration in partially saturated soil with parallel, partially penetrating
cracks. For this uncertainty analysis, a two-dimensional steady-state scenario was assumed, as
shown in Figure 1.

Using Einstein's summation convention, steady-state two-phase transport of radon in

partially saturated soil is governed by
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C, = concentration of radon in air-filled pore space,

1-s+sx

D = bulk diffusion coefficient of radon in partially saturated soil,
v, = Darcy velocity of air,

vy = Darcy velocity of water,

K = solubility coefficient of radon in water relative to air,

€ = soil porosity,

s = percent saturation of the soil pore space with water,
A = radon-222 decay coefficient,

R =radium content of the soil,

pb = bulk density of the soil,

E = radon emanation coefficient, and

i and j = directional indices of the Cartesian coordinate system.

The Darcy velocity of air is given by
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k, = permeability of the air phase (in units of length squared),

Pa = air phase pressure,
U, = dynamic viscosity of air, and

z = vertical distance above an arbitrary datum.

Similarly, the Darcy velocity of water is given by
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where k., = permeability of the water phase (in units of length squared), pw = water phase
pressure, and W, = dynamic viscosity of water.

Several of the model variables are dependent on soil pore saturation with water. The
capillary pressure of partially saturated soil is defined as the difference between the water and the

air phases, and is related to matric suction by the density of water and gravitational acceleration

Pc = Pa - Pw = "YPwg @)

where p. = capillary pressure,

Y = matric suction,

pw = density of water, and

g = gravitational acceleration.
The matric suction is related to the saturation by the following empirical relation (van Genuchten

1980):

§-5r _ 1 m
Swo S| 1+ {ony) )
where s, = residual water saturation,

' sy = maximum water saturation,

n = empirical constant correlated with pore size distribution,

m = 1-2/n, and

o = inverse of the air-entry pressure.

The values of n, m, and o were obtained for three different soils by fitting the van Genuchten

model to measured water retention data from a catalogue of soils (Mualem 1976a).



The permeability of the water phase can be predicted using the variables n and m from

Equation 5 (Mualem 1976b):
kw=ks§[l (1- s”‘“)m]k (6)
where k = intrinsic permeability and £ = exponent commonly fixed at 0.5. The permeability of the

air phase was assumed to be related to the water permeability by

ka =k (1 -ky)(1-5)? NO)
The bulk diffusion coefficient for radon in partially saturated soil was calculated as a

function of water saturation using

Djj = 1 Da + Dy
[
\ (1-s) sK | @®)

where 1 = tortuosity factor for a soil,
D, = diffusion coefficient of radon in pure air,

D,, = diffusion coefficient of radon in pure water, and

¥, = an exponent set, in this case, to four.

If y is set equal to one, Equation 8 represents the bulk diffusion coefficient of radon in partially

saturated soil, assuming no pore blockage occurs until a pore fills with water (Nielson et al. 1984).
In reality, pore blockage occurs before a pore is completely filled. Setting ¥ to four provides a
better fit to data measured by (Nielson et al. 1984).

The emanating fraction of radon from the soil was calculated from

_JEws/s" + Ea(1 - s/s) s< st

E={_ .
Ew $>8 )

where E and E, = emanation coefficients at saturation and at dryness, and s* = minimum moisture

on the plateau of an emanation-versus-moisture curve (Nielson et al. 1984).



The properties of water and air are treated as functions of temperature and pressure in
Rn3D. The viscosity of water, viscosity of air, and density of water as functions of temperature
were implemented tabular functions for temperatures between 0 and 100°C (Weast 1982). The
density of air as a function of temperature and pressure was calculated from the ideal gas law

(Weast 1982):

_:( 1.293 ){ p ) :
711 +0.00367 T/\1333.224 * 76 (10)

where p, = density of dry air (kg/m3), T = temperature (°C), and p = absolute pressure (Pa).

The diffusion of radon in pure water was calculated as a function of teinperature (Bird et al.

1960; Hart 1986):

Do =7 4x10-12 (T*27315) Vou M, |
i | MRn 0.6
(uw)( /pRn) o

where D,, = diffusion of radon in pure water (m2/s),

T = temperature (°C),

¢ = "association parameter” fqr water given as 2.6,

My, = molecular weight of water,

lw = viscosity of water as a function of temperature (centipoise),

MR, = molecular weight of radon, and

PRrn = density of radon at the normal boiling point given as 4.4x103 kg/m3 (Herreman

1980).

The diffusion of radon in pure air was calculated as a function of temperature and pressure

(Bird et al. 1960):
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where D, = diffusion of radon in pure air (m2/s),
T = temperature ("C),
p = absolute pressure (Pa),
Tern = critical temperature of radon (°K),
Tea = critical temperature of air (°K), |
Pcrn = critical pressure of radon (Pa),
Pca = critical pressure of air (Pa), and
M, is the molecular weight of air.

The diffusion coefficients calculated in this manner show good agreement with compiled data (Hart
1986).
The solubility of radon in water/air at atmospheric pressure was implemented as a tabular

function of temperatures between 0 and 100°C (Table 1).

Table 1. Solubility of Radon in Water/Air at Atmospheric Pressure

TCQ ok

0 0.507
10 0.340
10 0.250
30 0.195
37 0.167
50 0.138
75 0.114

100 0.106




- STATISTICAL UNCERTAINTY ANALYSIS

If some input variables are very influential on Rn3D's prediction of radon flux to the
atmosphere, those input variables should be ineasured at field sites with the highest degree of
spatial and temporal accuracy. An uncertainty analysis attempts to quantify the uncertainty of
model output, giving an indication of the probable range of possible outcomes. A schematic
~ diagram (Figure 2) shows the statistical method used to perform this uncertainty analysis. Each
input variable was treatgd as a random variable, with a certain range and a uniform, loguniform,

normal, or lognormal distribution (Table 2).

Table 2. Input Variables, Their Ranges and Distributions

Variable Range Units

atrnoépheric radon 0.1to 100 | Bg/m3 loguniform
atmospheric pressure 8.5x104 to 105 Pa | uniform
capillary pressure 103 to 5x104 Pa loguniform
gas pressure gradient 10-3to 1 Pa/m loguniformA
liquid pressure gradient 10-1 to 102 Pa/m - loguniform
temperature gradient -0.9 t0 0.5 ‘C/m uniform
intrinsic permeability + 1 order mag. m? lognormal
porosity + 5% - - normal
tortuosity +10% ‘ normal

~ radium content 10 to 200 Bg/kg loguniform
crack width 104 to 10-2 m loguniform
crack depth 03106 m loguniform
crack spacing 0.6 to 20 m loguniform
water table depth -30to -10 m uniform



Latin Hypercube Sampling (Iman and Shortencarier 1984) was used to select random
combinations of the model input variables within the ranges listed in Table 2. Each random
combination of input variables was used for one run of Rn3D. A suite of such runs composes a
Monte Carlo simulation (Hammersley and Handscomb 1964). The advantage of Latin Hypercube
Sampling is that, rather than running the model many times (as with the traditional Monte Carlo
technique), the model must be run only two or three times the number of input variables.

Most of the input variables were given either uniform or loguniform distributions to evenly
sampie their entire ranges. The soil properties perrhéability, porosity, and tortuosity. were
assumed.to be less uncertain than the rest of the input Qan'ables, and were given normal or
lognormal distributions. In addition, the insture characterictic curves, relative penneability,
diffusion-versus-moisture and emanation-versus-moisture curves were assumed to be known for

three soil tchs. These four curves are shown in Figures 3,4,5, and 6, respectively, where

. moisture content is defined as the product of soil saturation (s) and porosity (€). Three Monte

Carlo simulations, each consisting of 35 runs of Rn3D, were conducted for these three soils:
sand, loam, and clay in order to assess uncertainties for different soil types. The base case soil

properties for each of the threc. Monte Carlo simulations are listed in Table 3.

Table 3. Base Case Soil Properties for Three Monte Carlo Simulations

Propert Sand Loam Clay
permeability (m?2) 1x10-10 1x10-13 1x10-16
porosity 0.2526 0.4491 0.5631
tortuosity 0.6 - 0.4 0.2

van Genuchten (Mualem)

residual saturation 0.1229 0.2299 0.5409



n 4.886 . 2.502 1.8133

alpha (m-1) 2.37 1.66 | 0.83
emanation

wet | 0.3 03 03

dry 0.1 0.1 0.1

minimum saturation 0.3 0.4 0.6

Figure 7 is a probability plot of the results of the three Monte Carlo simulations. The
predicted radon flux varies over five orders of magnitude. Interestingly, the variability between

soil types is much less than the total variability for each soil type.

SENSITIVITY ANALYSIS
The results of the Monte Carlo simulations can be used to determine the sensitivity of the
radon flux to each input variable, expressed as sensitivity coefficients. The sensitivity coefficient

represents the percentage change in flux that results from a percentage change in an input variable:

o = GEE _ dnF) _
tdXyX;  d(InX;) | (13)

where a; = sensitivity coefficient, F = total radon flux from the soil to the atmosphere, and X = ith

input variable.
The sensitivity coefficients can be estimated using multiple linear regression, by assuming a

first-order model for the relationship between the radon flux and the input variables:
InF = ag + a;InX; + agInXy + -+ + agInXy (14)

where 2; = ith regression coefficient (estimated sensitivity coefficient) and k is the number of input
variables.
The sensitivity coefficient can be standardized so that input variables with widely varying

ranges can be compared:



W=/}, | (15)
where 21? = standardized sensitivity coefficient and O%; = standard deviation of the sensitivity
~ coefficient. This standardized sensitivity coefficient is regarded to be significant if its absolute
value is larger than two (representing variability larger than two standard deviations of the
sensitivity coefficient). A negative coefficient indicates that the radon flux increases as thé input
variable's value decreases; a positive coefficient indicates the converse.
The standardized sensitivity coefficients for the three Monte Carlo simulations are shown in

Figures 8, 9 and 10. Input variables that have standardized sensitivity coefficients larger than two

are
. width of cracks (or other macroporesj
. radium content
. gas pressure gradient
: capillary pressure (soil saturation).

Variables with sensitivity coefficients between one and two, and which are therefore marginally

~ significant, are

. permeability

. atmospheric pressure
. depth to water table

. crack spacing.

The differences in sensitivity coefficients calcvlated for the different soil types are not great,
although some trends are apparent. For instance, the sensitivity coefficient for crack width is
larger for a clay than for a sand, because of the larger permeability contrast between cracks in a
low-permeability clay than in a high-permeability sand. For the same reason, the clay soil scenario
is more sensitive to variations in the soil permeability than is the sand scenario. Because of higher
gas velocities, the gas pressure gradient is a more significant factor in the higher-permeability sand

simulations.



CONCLUSIONS
This analysis indicates several input variables to the Rn3D model that should be carefully
measured to accurately predict radon fluxes from soils. Obviously nondestructive field
measurements of crack width, spacing, and depth are not practical. But the sensitivity of radon
flux to the presence of cracks in the soil suggests that using the laboratory-measured properties of a
small soil sample to predict radon fluxes into a house is an insufficient technique if cracks are
indeed present. Field methods for measurihg the bulk permeability and porosity of a large, in situ
soil sample are necessary to accurately predict the radon gas transﬁort propertics of the soil.
Future work will include sensitivity and uncertainty analyses of more realistic scenarios

with timc-varying"atmospheric pressure, temperature, and rainfall. In these cases, neither the

pressure and temperaturc gradients, nor the soil saturation will be uniform in the soil.
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Figure 1: Schematic Diagram Showing Model and Boundary Conditions

Figure 2: Schematic Diagram Showing Latin Hypercube Sampling (LHS), Monte Carlo
Simulation, and Sensitivity Analysis using Multiple Linea: Regression

Figure 3: Matric Suction versus Moisture Content for Three Soil Types

Figure 4: Liquid Permeability versus Moisture Content for Three Soil Types

Figure 5: Bulk Diffusion Coc fficient versus Moisture Content for Three Soil Types
Figure 6: Emanation versus Moisture Content for Three Soil Types

Figure 7: Normal Probability Plot of Radon Fluxes Predicted by Monte Carlo Simulations

Figure 8: Standardized Sensitivity Coefficients for Clzy Monte Carlo Simulation (parameters are
listed in inverse order of Table 2) ‘

Figure 9: Standardized Sensitivity Coefficients for Loam Monte Carlo Simulation (parameters are
listed in inverse order of Table 2) '

Figure 10: Standardized Sensitivity Coefficients for Sand Monte Carlo Simulation (parameters are
listed in inverse order of Table 2)
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