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• Elevated indoor 222Rn concentrations are often caused 
by high rates of entry from soil. The 222Rn source potential 
of soil depends on two parameters: the release rate of 222Rn 
into the soil pores and the volume of soil that can con
tribute its emanated 222Rn to indoor air. These parameters 
are characterized, respectively, by the soil's 222Rn gener
ation rate and its permeability. By measuring two quan
tities associated with air extracted from a soil probe-the 
222Rn concentration and the flow rate associated with a 
specified dynamic pressure difference-both characteristics 
may be determined from a single procedure. A means of 
interpreting results from the probe technique to predict 
222Rn entry potential into a basement with a perimeter 
leakage path is :Rrovided. In a field test of the technique, 
the measured 2 2Rn source potential in soils adjacent to 
a sample of four houses correlates well with measured 
indoor 222Rn concentrations. 

Introduction 

Exposure to 222Rn decay products in indoor air is now 
broadly recognized as a major environmental concern. A 
central element in any strategy for controlling exposure 
is the identification of buildings with elevated concentra
tions. The wide range of indoor concentrations that has 
been observed is largely due to differences among buildings 
in the rate of 222Rn entry, particularly from underlying soil 
which appears to be the predominant source in most 
houses with elevated levels (1, 2). 

The importance of soil as a source of indoor 222Rn, 
combined with the observed geographic clustering of high 
indoor concentrations (3, 4), suggests that an appraisal of 
soil-related factors may be sufficient to determine the 
potential of an area to have high indoor concentrations. 
Such an appraisal could constitute the basis for prioritizing 
efforts to identify individual houses with high concentra
tions; it could also be used to determine whether con
struction practices in an area need to be modified to 
prevent elevated concentrations in future housing. Prior 
work on this topic has not yet yielded widely used methods 
(5-7). . 

In this paper, a technique is presented for measuring the 
key soil parameters-permeability and the rate of release 
of 222Rn into the soil pores-and combining them to de
termine the soil's 222Rn source potential. Results of 
measuring the source potential and indoor concentrations 
of 222Rn at four sites in New Jersey provide a preliminary 
demonstration of the efficacy of the technique. 

Radon Source Potential 

The 222Rn source potential, as defined here, is a param
eter designed to indicate the level of risk of high indoor 
222Rn concentrations in buildings constructed on a given 
soil. More specifically, it is an estimate of the maximum 
sustainable rate of entry of 222Rn from the soil into a 
building, with units of activity per time (i.e., Bq s-1). 

Two key characteristics' determine the 222Rn source 
potential of a soil: the rate of release of 222Rn atoms from 
the soil grains into its pore space and the volume of soil 
that can make a sustained contribution of 222Rn to indoor 
air. The first of these depends primarily on the content 
and distribution of 226Ra within the soil grains. This 
characteristic also varies with environmental 
conditions-notably soil moisture content-which can 
affect the fraction of radon produced that enters the pore 
space of the soil (8). The second characteristic depends 
on the resistance of the soil to radon migration and on 
properties of the interface between the building and the 
soil, such as the geometry of the building substructure and 
the location of transport paths across the substructure 
shell. 

The technique proposed here entails installing a sam
pling probe into the soil. A pump is used to establish a 
reduced dynamic air pressure in the probe, relative to the 
atmosphere. The resulting air flow rate through the probe 
is measured, serving as a basis for computing soil perme
ability. A sample of the extracted air is analyzed to de
termine its 222Rn content; from this measurement, the rate 
of release of 222Rn into the soil pores can be determined. 
The measurement results are combined according to the 
method developed below to compute the 222Rn source 
potential. 

To implement the method, it is necessary to make as
sumptions about characteristics of the soil, about the na
ture of 222Rn transport processes in the soil, and about 
characteristics of the building. For the purposes of this 
paper, we make the following primary assumptions, de
signed to capture the dominant features of 222Rn transport 
and entry that lead to high indoor concentrations while 
retaining enough simplicity for the analysis to be tractable: 
(i) the soil has uniform and isotropic properties, (ii) mo
lecular diffusion can be neglected compared with bulk air 
flow as a 222Rn transport process through the soil pores, 
and (iii) the building has a basement substructure with a 
penetration to the soil near the level of the floor that 
extends around the building perimeter and has uniform 
width. These assumptions are discussed in subsequent 
sections. To obtain numerical values of the 222Rn source 
potential, one must specify specific structural dimensions. 
We assume values corresponding to a typical single-family 
residence in the United States: that the basement perim
eter is 40 m, and that the floor is 2 m below the soil surface. 
Results are computed for two values of the width of the 
perimeter penetration approximately spanning the ex
pected range of conditions: (i) 0.1 cm, corresponding to 
a shrinkage crack in the concrete floor and (ii) 15 cm, 
corresponding to a perimeter drain tile system plus gravel. 
(It shall be seen that radon entry is relatively insensitive 
to penetration width: although these widths differ by a 
factor of 150, the corresponding source potentials differ 
only by a factor of approximately 2.) One must also specify 
a nominal dynamic pressure difference from outdoors to 
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inside that can cause air flow through the soil; we assume 
4 Pa (see, e.g., ref 9). Additional assumptions are intro
duced as needed throughout the course of the paper. 

We emphasize that the 222Rn source potential of soil is 
inextricably linked to a conceptual description of a 
building's substructure, particularly the manner in which 
it is coupled to the soil. We view this linkage as necessary, 
because the transport of radon in soil near a building is 
strongly influenced by the building itself. Because of this 
linkage, it may be necessary to modify the interpretive 
aspects of this technique if the characteristics of a building 
of interest differ markedly from those assumed here or if 
future research demonstrates that the transport paths and 
mechanisms assumed here are not the dominant ones in 
the housing stock. 

Radon Production and Transport in Soil 
In this section a theoretical description of 222Rn trans

port in soil is presented and the condition necessary to 
justify the assumption that diffusion may be neglected is 
derived. The equations presented here serve as the basis 
for the source-potential measurement technique. 

The general transport equation describing the rate of 
change of radon concentration in a differential element of 
the soil pore air is (1 O) 

al 1- - 1-
- = -"il·D"ill - -"il·lv + G - Al (1) at f f 

where l is the 222Rn activity concentration in the soil pores, 
f is the soil porosity, D is the molecular diffusion coefficient 
of 222Rn in soil air (relating the gradient of the interstitial 
concentration to the flux density across the total geometric 
area), vis the Darcian velocity vector (i.e., the flux density 
of soil air divided by the total geometric area), G is the 
release rate of 222Rn from soil grains into the pore air, and 
"A is the radioactive decay constant of 222Rn. (For flows 
much larger than those of interest here, the molecular 
diffusion coefficient is replaced by a coefficient of flow 
dispersion; see, e.g., ref 11.) On the right-hand side, the 
terms account for diffusive transport, convective transport, 
generation, and decay, respectively, of 222Rn. It is assumed 
throughout this paper that the moisture content of the soil 
pores is small enough so that dissolved 222Rn may be ne
glected. (This point is discussed further in ref 8.) The 
222Rn generation rate, G, is related to more fundamental 
parameters by the expression 

G = f PsARe"A(l - €)If (2) 

where f is the emanation coefficient (i.e., the fraction of 
radon atoms produced in the soil grains that enter the 
interstitial pore space before decaying), p8 is the density 
of the soil grains (commonly 2.65 X 103 kg m-3), and ARe 
is the 226Ra content of the soil. 

In the analysis here, it is assumed that v is described by 
Darcy's law: 

v = -(k/µ)VP (3) 

where k is the intrinsic permeability of the soil, µ is the 
dynamic viscosity of the air in the soil pores, and VP is 
the gradient of the dynamic pressure. For this description 
to be valid, several conditions must be satisfied. The soil 
must be isotropic with respect to permeability. The 
Reynolds number (dgv / v, where dg is a characteristic di
mension of the soil grains and v is the kinematic viscosity 
of air) must be sufficiently small (less than approximately 
4) that the flow is in the laminar-linear regime (12). The 
pore size must be large relative to the mean free path of 
the gas molecules ( ~0.065 µm at 20 °C). For the problem 
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of 222Rn migration in soil, these conditions are usually 
satisfied; however, in using the technique described in this 
paper, one must take care to ensure that the upper limit 
on the Reynolds number is not exceeded, otherwise the 
assumption necessary for Darcy's law to apply-that the 
fluid drag is proportional to the mean fluid velocity 
through the soil column-doesn't hold. 

Pressure disturbances associated with 222Rn migration 
in soil are a small fraction of the atmospheric pressure (e.g., 
ref 8 and 9); consequently we shall treat air as an incom
eressible fluid. In this case, under steady-state conditions, 
"ii' ·v = 0, and so, assuming the soil is isothermal and its 
permeability is isotropic and homogeneous, the dynamic 
pressure satisfies the Laplace equation: 

"iJ2p = 0 (4) 

By making the further assumption that the diffusion 
coefficient is spatially constant, eq 1 becomes 

a1 k - --=D'\721+-"ii'P·"ill+G-AI (5) at e fµ 

where D. = D / f is the effective coefficient of molecular 
diffusion of radon in soil air. 

Solving this equation is greatly simplified if one of the 
transport processes-advection or diffusion-may be ne
glected with respect to the other. To determine the cir
cumstances in which this is possible, we multiply and 
divide each variable and operator in eq 5 by a unique 
combination of a characteristic time "A-1, length H, and 
dynamic pressure difference ttl'0 as needed to make each 
dimensionless. The result is 

where the asterisks denote dimensionless quantities, which, 
if the characteristic parameters are chosen properly, have 
unit order of magnitude. This equation has two dimen
sionless groups 

(7) 

and 

(see Table I) (8) 

The group Pep is effectively a Peclet number for mass 
transfer in a porous medium. It gives the ratio of the 
characteristic velocity of advection to that due to diffusion. 
In cases in which the 222Rn entry rate from a uniform soil 
is high, advection dominates diffusion as a 222Rn transport 
process (e.g., ref 1, 2, 9, and 13). For assessing the 222Rn 
source potential, whereby we seek to identify soils with 
potential for generating high entry rates, molecular dif
fusion is neglected. Strictly, to be able to neglect diffusion, 
the condition Pep » 1 must be satisfied. For radon entry 
into a house, typical parameter values are t:.P0 = 4 Pa, f 

= 0.5, µ = 17 X 10~ kg m-1 s-1, and D. = 2 X 10~ m2 s-1 

(8). In this case Pep= 1 if k = 1.7 X 10-11 m2• So, for soils 
with much larger permeability-Le., uniform medium to 
coarse sands and gravels, or smaller grained soils with large 
structural permeabilities-transport by molecular diffusion 
may be neglected. 

Finally, we assume that steady-state conditions prevail. 
Under these conditions (again neglecting diffusion), the 
governing equation for 222Rn concentration in the soil 
pores, in dimensional form, is 

-(v/f)·Vl + G - Al= o (9) 



This equation will be solved numerically below to evaluate 
radon entry by pressure-driven flow into a building. 

To correctly interpret the results from the sampling 
probe, we also need to consider the case of radon migration 
in soil far from structures. Evidence suggests that 
transport by molecular diffusion dominates in this case, 
although rainfall and variations in barometric pressure 
have substantial influence at times (14). By neglecting 
convective flow for the case of uncovered soil of infinite 
depth and extent and assuming the radon concentration 
to be zero at the soil surface, the steady-state solution to 
the one-dimensional form of eq 5 yields the radon activity 
concentration in the soil pores at a depth z below the 
surface: 

I(z) = (G /A)(l - e-•/1o) (10) 

where l0 = (D0 /A)112 is known as the diffusion length. 

Analysis for a Spherical Cavity 

Introduction. The sampling technique, described in 
detail in a subsequent section, is designed to generate a 
small spherical cavity in the soil at the end of a sampling 
probe. To correctly interpret the measurement results, it 
is essential to consider the dynamic response of air in the 
soil pores, and of 222Rn within the pore air, to the with
drawal of air through the probe. The measurement system 
is modeled as an isolated spherical cavity buried in a 
semiinfinite, homogeneous, isotropic, and uniform soil. 
The temporal response of this system can be considered 
to have three periods: (i) an initial interval during which 
the pressure in the soil pores is changing with time in 
response to the sudden depressurization of the cavity; (ii) 
an intermediate interval during which pressure and flow 
conditions are steady, but the radon concentration in the 
soil pores is changing; and (iii) the steady-state period. The 
characteristic time, tP, associated with the initial interval 
is given by (8, 15) 

(11) 

where H is the depth of the center of the cavity below the 
soil surface and Pa is the atmospheric pressure. A repre
sentative value of tP is 9 s for a soil having a permeability 
of 10-11 m2 and a cavity depth of 1 m. The characteristic 
time to reach period iii is the minimum of (a) the char
acteristic time for a parcel of air to travel from the soil 
surface to the cavity or (b) the half-life of 222Rn (3.8 days). 
In either case, it is much longer than the duration of period 
i. As will be seen in the discussion of Figure 1 to follow, 
the time to achieve steady state for a representative case 
is on the order of days. Thus, the most practical approach 
to sampling for the 222Rn source potential is to measure 
the flow and pressure difference during the early part of 
period ii and to measure the 222Rn content of air sampled 
from the immediate vicinity of the soil probe. The in
terpretation of these results in terms of soil permeability 
and radon generation rate are described in the following 
subsection. The steady-state period is analyzed subse
quently. 

Interpretation of Sampling Probe Data. The dy
namic pressure difference across the soil and the flow rate 
into the cavity are used to determine the soil permeability 
in the following manner. First, the Laplace equation (eq 
4) is solved subject to the boundary conditions that the 
dynamic pressure has a uniform value at the soil surface 
and a distinct uniform value within the cavity. Next, by 
means of eq 3, the fluid velocity in the soil is calculated 
and integrated over the surface of the cavity. This problem 

Table I. Definition of Dimensionless Parameters 

parameter definition• 

I11 r/H 
I12 l::J>ok/ <µAH2 
Ila F/<GH3 
rr4 Qµ/ l::J>okr 
I16 F/<GH2L 
Ils Qµ/ l::J>0kL 

measurement of 

cavity size 
pressure difference 
radon flux into spherical cavity 
air flow into spherical cavity 
radon flux into cylindrical cavity 
air flow into cylindrical cavity 

° F is the radon activity flux into the cavity (Bq s-1); G is the 
radon-222 release rate into the soil pores (Bq m-3 s-1); H is the 
depth of the cavity center below the soil surface (m); k is the 
permeability of the soil (m2); L is the axial length of the cylinder 
(m); l::J>0 is the dynamic pressure difference between the soil sur
face and the cavity (Pa); Q is the volumetric air flow rate into the 
cavity (m3 s-1); r is the radius of the cavity (m); < is the porosity of 
the soil (-); "A is the radioactive decay constant of radon-222 (2.1 X 
10-s s-1); µis the dynamic viscosity of air (kg m-1 s-1). 

may be solved analytically by making a transformation of 
eq 3 to bispherical coordinates (16), with the result 

., 
II4 = 81r[(l/Il1)2 -1]1!2L:{[{l/Il1) + l(l/Il1)2 -

n=O 
ljl/2]2n+l _ lj-1 {12) 

where Il4 is a normalized rate of air flow and Il1 is the 
normalized size of the cavity, as defined in Table I. In 
the limit II1 - 0, Il4 = 411". For practical use, with Il1 ~ 
0.2, only the first term (n = O) in the infinite sum need be 
evaluated; the error is less than 1 %. The right-hand side 
may be evaluated for any probe dimensions; then, given 
the flow rate Q, and the pressure difference tll'm the 
permeability k may be determined from the definition of 
Il4. 

The radon generation rate is determined from the 
measured radon concentration by using eq 10. The dif
fusion length of radon in soil varies from a few centimeters 
to a meter or more, depending largely on the soil moisture 
content (7, 8, 17). The unknown diffusion length may be 
determined by measuring the radon concentration at two 
different depths. It may also be determined by estimating 
the effective diffusion coefficient, n., based, for example, 
on separate measurements of porosity and moisture con
tent of the soil and the following empirical correlation (ref 
17; see also ref 7 and 8): 

n. = 'Y exp[-4(m - mE2 + m5)] (13) 

where 'Y = 7 X 10--£ m2 s-1 and m is the moisture saturation 
(fraction of the soil pore volume filled with water). If the 
cavity depth is sufficiently great relative to the expected 
diffusion length, the exponential term in eq 10 may simply 
be neglected. 

Steady-State Analysis. If the transit time of parcels 
of air from the surface of the soil to the cavity is not large 
relative to the half-life of 222Rn, the concentration of 222Rn 
entering the cavity under steady-state conditions will be 
lower than the initial concentration. The results of the 
steady-state case are considered because, although the 
routine use of the measurement technique would be based 
on the short-term relationships given above, the steady
state case may be of use in research applications. 

As stated in the previous subsection, the Laplace 
equation (eq 4) may be solved analytically to determine 
the dynamic pressure as a function of position in the soil. 
Darcy's law {eq 3) may then be used to calculate the ve
locity field. With this result, the normalized 222Rn flux into 
the cavity, Il3, is determined by solving eq 9 using a La
grangian frame-of-reference to compute the 222Rn con
centration as a function of position over the surface of the 
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Figure 1. Flow trajectories and pressure field for a spherical cavity 
with II, = 0.01 and II2 = 100 (see Table I for definition of param
eters). The streamlines are labeled with the zenith angle at which they 
penetrate the cavity and with the normalized time of travel, T = Xt 
where X = 2.1 X 10-e s-1 is the 222Rn decay constant and tis the 
dimensional travel time. Note that T Is inversely proportional to II2• 

cavity and then integrating the product of the 222Rn con
centration and the soil gas velocity over the cavity surface. 
The approach to computing the 222Rn concentration at the 
cavity surface is most easily understood by considering a 
fluid streamline originating at the soil surface, traversing 
the soil, and entering the cavity. In the Lagrangian 
frame-of-reference, the origin of the coordinate system 
moves along the streamline at the rate of air flow. Because 
diffusion is neglected, the 222Rn concentration at the origin 
of this reference system is governed only by the rates of 
production and radioactive decay in the soil pores. Thus, 
given the assumptions of soil homogeneity and negligible 
222Rn concentration in the air above the soil, the 222Rn 
concentration at any point in the soil pores is simply 

(14) 

where t is the time of travel along the appropriate 
streamline from the soil surface to the given point. 

Formally, eq 14 is obtained from eq 9 in the following 
manner. In the absence of diffusion, and for a uniform 
soil, the gradient of the 222Rn concentration in the soil 
pores is parallel to the direction of air flow through the 
pores. Thus, v·VI = v(dl/ds), where ds is a differential 
distance along a streamline. Furthermore, v / E = ds / dt. 
By use of these relationships, and the chain rule, eq 9 
becomes 

-(dl/dt) + G - AI= 0 (15) 

With boundary condition I = 0 at t = 0 (i.e., at the soil 
surface), eq 14 is the solution to eq 15. · 

The problem has therefore been reduced to determining 
t as a function of position arouhd the surface of the cavity. 
Since v is known as a function of position throughout the 
soil, t may be determined for any point on the cavity 
surface by integrating ds/-v along the streamline from the 
cavity to the soil surface. This integration was accom
plished numerically, using a fourth-order Runge-Kutta 
method (18), applied at 1° intervals over the zenith angle. 

The normalized time of travel along a given trajectory, 
r(=At), scales linearly with the inverse of the Darcian 
velocity and, consequently, with the inverse of the nor
malized dynamic e!essure difference, Il2. Thus, for a given 
cavity geometry, 111' t he trajectory t ravel t imes need only 
be computed for one value of Il2; the t imes for any other 
value of IT2 are obtain ed by a linear scaling. 

To give an appreciation of the paths and travel times, 
several trajectories are plotted in Figure 1 for one case, IT1 
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Figure 2. Normalized radon concentration entering a spherical cavity 
under steady-state conditions vs the normalized rate of air flow into 
the cavity. Results are plotted for three different values of II,, the 
ratio of cavity radius to depth. 

= 0.01 and IT2 = 100. (For a typical deployment of the 
technique, with H = 1.5 m and tll'0 = 50 Pa, IT2 = 100 for 
k ~ 7 x 10-11 m2, equivalent to the permeability of a 
uniform, medium sand.) Two features of this figure are 
noteworthy. First, the dynamic pressure falls rapidly with 
distance from the cavity surface: 90% of the pressure drop 
is confined to a zone of approximate radius O.lH. Second, 
for these conditions, the normalized travel times for paths 
entering the upper portion of the cavity are 0(1) i.e., the 
dimensional travel times are comparable to the 222Rn 
half-life of 3.8 days. 

The variation of the steady-state 222Rn flux with cavity 
size and dynamic pressure difference is shown in Figure 
2 for a broad range of conditions, under the assumption 
that H » l0 . There are two zones of interest. For small 
values of the product II1II2 (I11IT2 < 0.1), the radon flux 
(Il3) is roughly proportional to II1II2, and for small IT11 
the proportionality constant is 411'. In this region the long 
trajectory travel times imply that the 222Rn concentration 
at all positions on the cavity surface is equal to the upper 
limit, G /A. The 222Rn flux is the product of this concen
tration and the air fl.ow rate into the cavity. On the other 
hand, for large values of IT 1II~ (Il1IT2 > 3), the 222Rn flux 
increases approximately as (l11I12)3/ 4• In this region, the 
average 222Rn concent ration entering th e cavity is lower 
than the G / X limit because the normalized trajectory travel 
time, r, is reduced to 0(1) or less over a portion of the 
surface of the cavity. 

The following empirical fit to the curves in Figure 2 
yields values of IT3 accurate to within 4% for IT1 < 0.1, 
and for II1II2 < 104

: 

log [ II~~2 ] = i.111 II1II2 ~ 0.1 

log [ ;:~2 ] = 1.00 - 0.168 log (Il1I12) -

o.055 log2 <I11Il2) 0.1 < II1II2 ~ 10 

Analysis for a Cylindrical Cavity 
Introduction. The spherical cavity is a poor repre

sentation of the substructure penetrations that commonly 
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Figure 3. Flow trajectories and pressure field for a cylindrical cavity 
with I11 = 0.01 and I12 = 1 (see Table I for definition of parameters). 
The streamlines are labeled with the zenith angle at which they pen
etrate the cavity and with the normalized time of travel, T = >..t where 
>.. = 2.1 X 10-e s-1 Is the 222Rn decay constant. 

lead to high 222Rn entry rates. Examples (e.g., ref 19) of 
such penetrations include these: a perimeter drain tile 
system connected to a basement sump through an un
trapped pipe, a "French drain" (i.e., a designed gap of 
several centimeters width between the wall and the floor), 
and the shrinkage crack along the floor-wall joint of a 
basement with concrete floor and walls. Such penetrations 
may serve as a major conduit for 222Rn entry. 

These pathways may reasonably be modeled as a buried 
cylindrical cavity with a horizontal axis. The length of the 
cavity is approximated by the perimeter length of the 
basement; its radius is estimated to be the radius of the 
drain pipe in one case or half the width of the gap or crack 
in the others. Since the length of the cavity is typically 
much greater than the other length scales, the problem is 
analyzed in two dimensions, neglecting end effects. 

This case is distinguished from the spherical cavity 
primarily in the change from three-dimensional to two
dimensional flow. As a consequence, for a given value of 
IIi. the trajectory travel times and rate of dynamic pres
sure drop with distance from the cavity surface are much 
smaller for the cylindrical case. (See Figure 3 and note 
that the values of r are given for IT2 = 1, rather than for 
II2 = 100 as in Figure 1.) 

By analyzing this configuration, a basis is provided for 
relating the results obtained from the probe to cases of 
interest for 222Rn entry into houses. 

Analysis. With the change in geometry, two of the 
dimensionless groups must be altered. Radon flux and air 
flow into the cavity are given per unit length of cavity, and 
the normalized parameters are designated IT6 and IT6, 

respectively. (See Table I.) 
For this geometry, the Laplace equation is conveniently 

solved by using bipolar coordinates (16). In terms of the 
dimensionless groups, the flow rate into the cavity is given 
by 

Ils = sinh-1 m1:~112 - 1]1/2} (17) 

For IT1 « 1, IT6 ---+ 2'11'/[ln (2/Il1)]. 
The normalized radon flux into the cavity is determined 

in a manner that is analogous to that for the spherical 
cavity, as described in the previous section. 

Results. The normalized radon concentration entering 
the cylindrical cavity is shown in Figure 4 as a function 
of the normalized rate of air flow into the cavity. As in 
the case of the spherical cavity, there are two zones of 
interest. For small rates of air flow into the cavity, i.e. IT2 
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Figure 4. Normalized radon concentration entering a cylindrical cavity 
under steady-state conditions vs the normalized rate of air flow into 
the cavity. With the normalization shown here, the results are es
sentially independent of cavity diameter. 

< 0.1 ln (2/Il1), the radon flux is proportional to the dy
namic pressure difference: 

F = 2'11'GLl:J'0 k/µ.>.. ln (2H/r) (18) 

where r is half the width of the gap or crack. 
For high rates of air flow into the cavity, the radon 

concentration at the cavity surface is depleted because of 
the short time of transit of air parcels through the soil 
relative to the radon half-life. In this regime, the radon 
entry rate is given by 

F = 4.0GLH213E1/ 3 0 

[ 
!lP k ]2/3 

µ.>.. ln (2H/r) 
(19) 

The depletion regime occurs under the condition l!:J'0 kl 
> I0.5 E µ. >.. H2 ln (2H/r)}. (For the representative con
ditions of E = 0.5, H = 2 m, r = 7.5 cm, and !:J'0 = 4 Pa, 
this condition becomes k > 3.5 X 10-11 m2.) Because the 
presence of the basement walls shields a portion of the 
flow, it is expected that the actual rate of 222Rn entry into 
a building under these conditions would be in the range 
50-100% of that predicted for the idealized geometry 
considered here. 

If the interior of the building can be treated as a single, 
well-mixed volume, and if the radon entry rate from soil 
is equal to the radon source potential, then the indoor 
radon concentration, I, is given by 

I0 + (F/V) + S 
I= >.. + (Qv/V) 

(20) 

where I0 is the outdoor radon concentration, V is the 
building volume, S is the rate of entry of radon from 
sources other than soil and outdoor air, such as building 
materials and potable water (8), and Qv is the flow rate of 
outdoor air into the building. Generally, the radon decay 
rate, >.., is much smaller than Qv/ V. In cases of present 
interest, where F is large, radon entry from sources other 
than the soil may be neglected. Under these conditions, 
eq 20 reduces simply to I = F / Qv. 

A high 222Rn source potential might be considered one 
that yields a predicted indoor radon concentration for a 
representative house exceeding a particular guideline. The 
U.S. Environmental Protection Agency has recommended 
a limit of 150 Bq m-3 (4 pCi L-1) as an annual average 222Rn 
concentration in the living space of houses (20). The 
volume of a house with one floor plus a full basement and 
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Table II. Comparison of Measured Indoor 222Rn Source Potential and Observed 222Rn Concentrations in the Basement of 
Several Houses 

house-probe radon source potential• [222Rn],d 
no. D,P,b Pa k, m2 I, Bq m-3 eG, Bq m-3 s-1 F,• Bq s-1 Bqm-3 

1- 1 50 2.7 x 10-11 2.7 x 104 0.025 4-8 925 

2-1 10 3.3 x 10-10 1x106 0.9 930-1600 7600 
2-2 10 7 x 10-10 4 x 106 0.4 680-1200 
2-3 250 5.4 x 10-12 4 x 106 3.6 120-280 

3-1 50 1.1 x 10-11 1.2 x 106 0.11 8-17 850 
3- 2 10 7 x 10-10 7.7 x 104 0.10 170-290 
3-3 50 1.7 x 10-11 5 x 104 0.05 5-11 

4-1 500 1.7 x 10-12 1.2 x 104 0.02 0.2--0.5 100 
4- 2 500 1 x 10-12 4.4 x 103 0.01 0.06--0.14 

• D,P is the dynamic pressure difference applied between the soil surface and the soil cavity; k is the measured soil permeability; I is the 
measured radon concentration in the sample of air extracted from the soil; eG is the measured product of soil porosity and the radon 
generation rate, and Fis the calculated radon source potential. bThe value of D,P was selected to be as small as could be stably maintained 
and yield an accurately measurable flow rate. For moderately permeable soils (k > ca. 10-11 m2, in practice), D,.l' = 10-50 Pa, whereas for low 
permeability soils it was necessary to have D,P = 250-500 Pa to produce a readily measured flow rate. c Range of values computed by 
assuming r = 0.05-7.5 cm and t = 0.5. dMeasured in the basement. 

a perimeter of 40 m might be 450 m3• If we assume that 
the interior volume is well-mixed and that the ventilation 
rate is a typical value of 0.5 vol/h (i.e., Qv = 225 m3 h-1), 

an entry rate of 9.3 Bq s-1 would yield an indoor concen
tration exceeding the guideline. Thus, 10 Bq s-1 is the 
approximate value of the indoor 222Rn source potential of 
a soil that would justify concern about nearby indoor radon 
concentrations. 

Experimental Measurement of the 222Rn Source 
Potential 

Measurement Techniques. The instrumentation 
consisted of probes made of galvanized metal pipe, a set 
of diaphragm gauges (Magnehelic, Dwyer Instruments, 
Inc., Michigan City, IN) for measuring differential pres
sures in the range of 10-500 Pa, a set of rotameters for 
measuring air flow in the range of 1-3000 cm3 min-1, radon 
concentration measurement apparatus, a control valve, and 
a pump. 

The probes had an inside diameter of 0.6 cm and a 
length of 1.5 or 2 m. To install a probe, a slightly un
dersized pilot hole ( ~ 1.2-cm diameter) was drilled in the 
soil to the desired depth. An installation rod was inserted 
into the probe, and the unit was hammered into the pilot 
hole. The diameter of the rod was slightly smaller than 
the inner diameter of the probe, and it extended 2 cm 
beyond the probe length. At the top of the rod was a 
2.5-cm-diameter cylinder which served as the hammering 
surface. After the installation rod was removed, a small 
auger was used to ensure that the soil at the bottom of the 
pocket created at the tip of the probe was not compacted. 

The top of the probe was then coupled to the pressure 
and flow instrumentation. Flows were usually measured 
at differential pressures of 10 or 50 Pa, the lower value 
being used if it could be stably maintained. In those cases 
where soil permeabilities were low (i.e., below ca. 10-11 m2), 

differential pressures of 250 or 500 Pa were used. 
Measurement of the radon concentration in the ex

tracted soil gas was made with a ~250-cm3 flow-through 
scintillation cell and a portable photomultiplier-tube-based 
counting system (Type 300 and Model RM-1003, respec
tively, Pylon Electronic Development Co., Ottawa, Cana
da). Approximately one-half to several liters of soil gas 
were extracted initially, depending on the soil permeability 
and the time required for the permeability measurement. 
The scintillation cell was then closed and 10 min allowed 
to elapse before counting the a decays due to radon in the 
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Figure 5. Indoor radon concentration measured in the basement vs 
radon source potential of soil measured at four New Jersey homesites. 
The regression line relates the logarithm of the measured indoor radon 
concentration ( Y) to the logarithm of the geometric mean radon source 
potential (X) measured at each site. 

cell. This time period was sufficient to allow decay of any 
of the shorter lived 220Rn that is also present in the soil 
gas. The observed a decays were converted to 222Rn gas 
concentration, correcting for background and for a decays 
due to radon progeny that build up from the radon in the 
cell. 

To obtain the most reliable results, the measurements 
should be carried out during a period when the barometric 
pressure is relatively stable (it is particularly important 
to avoid a period of sharply rising pressure), and not during 
or immediately after a heavy rainfall. In addition, the 
measurements should be made beyond a distance x from 
any building, where x is approximately 2 times the depth 
below grade of the lowest floor of the building, as the soil 
gas radon concentration near a building may be depleted 
by air flow through the building's substructure. 

Measurement Results. Measurements were made at 
several homes in New Jersey that were part of a year-long, 
intensive study conducted by Lawrence Berkeley Labo
ratory on radon entry and control (21). Results are shown 
in Table II for three of these homes along with a fourth 
home (22) selected because it had low radon concentrations 
in the basement and therefore the soil at that site might 
be expected to have a low radon source potential. 

The 222Rn source potential was computed for these 
houses by using eq 18 and 19, the measured radon gen
eration rate and permeability, and the nominal geometry 
and pressure difference given under Radon Source Po
tential. The resulting source potentials vary by more than 



3 orders of magnitude and correlate well with the observed 
radon concentrations in the basements of these houses (see 
Figure 5). The significant variability in source potential 
at a given site suggests that measurements should be made 
at several locations at a site to reduce the influence of an 
anomalous measurement. 

Discussion 
To recapitulate, a method is proposed for assessing the 

potential of soil to generate high indoor radon concen
trations in buildings constructed upon it. The method is 
comprised first of a procedure for measuring the perme
ability of soil and the generation rate of radon in the soil 
pores and second of a means of interpreting the results to 
predict the maximum sustainable rate of entry via soil gas 
flow into the substructure of a building having charac
teristics representative of a single-family residence. In a 
small, preliminary sample, the method is shown to yield 
results that correlate well with indoor concentrations. 

Key issues require further evaluation before the as
sessment method presented in this paper can be considered 
a valid means of determining the radon source potential 
of soil. One such issue is the extent to which the de
scription of radon migration and entry adopted here pre
vails in the housing stock. Other scenarios may also be 
important in accounting for elevated concentrations. For 
example, if the soil near a house has substantially nonu
niform permeability, then radon may diffuse from low
permeability zones to areas of higher permeability and 
subsequently be carried by soil gas flow into the structure. 
In such a case the entry rate may depend upon the dif
fusion coefficient of radon in the soil, a factor not con
sidered here. It will also depend in such a case upon the 
detailed geometry both of the high-permeability zones and 
of the coupling between the building substructure and the 
soil. Such a condition might be detected with the present 
technique by observation of large permeability variations 
with small changes in probe location. 

As a related matter, the combination of building sub
structure and entry pathway considered in this paper is 
only one of several specific possibilities, all of which may 
be important. The alternatives include a basement with 
a penetration through a slab floor that is underlain by a 
gravel layer, a basement with concrete-block walls, a 
slab-on-grade foundation, or an unvented unpaved crawl 
space. It will require considerable further work to assess 
the radon source potential for these specific substructure 
conditions. However, predictions for these alternatives are 
likely to differ from the case considered in this paper only 
by a fraction of an order of magnitude, and given that the 
222Rn source potential varies by more than 3 orders of 
magnitude it seems reasonable to use the present pathway 
description until the other cases are analyzed. 

Another issue is the degree of soil inhomogeneity at a 
house site-both laterally and with depth in the soil-and 
its concomitant influence on the measurement of soil 
characteristics used to determine the radon source po
tential. In some cases, soil permeability and radon content 
have been observed to be relatively homogeneous (23), in 
which case a few measurements (or even one) will suffice. 
In other cases, widely varying permeability and soil gas 
radon concentrations have been observed (21); in such 
cases, the usefulness of these measurements for estimating 
potential radon entry rates is likely to be reduced. 

Further work to improve the probe system appears 
warranted. The analysis represented by Figure 1 suggests 
that the measurement results are highly sensitive to soil 
conditions within a few probe diameters of the cavity. The 
present installation techniques may significantly disturb 

the soil within this range. In addition, the cavity in the 
present system is only a crude approximation to an isolated 
sphere. The use of alternative probe geometries should 
be investigated. 

Another issue not addressed in the present work is the 
temporal variability in the 222Rn source potential. Vari
ations in moisture content of the soil could potentially 
cause large variations in both the radon generation rate, 
by altering the emanating fraction, and the soil permea
bility. Experimental study of the magnitude of this effect 
would be useful. 

Most importantly, further survey work must be con
ducted comparing measured indoor radon concentrations 
with the indoor 222Rn source potential of the nearby soil. 
Ultimately, the demonstration of a strong empirical cor
relation between the higher observed indoor concentrations 
and the source potential is both sufficient and necessary 
to justify the use of this method for appraising the risk of 
high indoor 222Rn concentrations from soil. 
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