Lawrence Berkeley National Laboratory
Recent Work

Title

POTABLE WATER AS A SOURCE OF AIRBORNE RADON-222 IN U.S. DWELLINGS: A REVIEW
AND ASSESSMENT

Permalink

https://escholarship.org/uc/item/66n6g7rg

Author
Nazaroff, W.W.

Publication Date
1985-12-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/66n6g7rg
https://escholarship.org
http://www.cdlib.org/

N
- N —

R

we -1

LBL-1815
Preprint

4

|

E Lawrence Berkeley Lahoratory

UNIVERSITY OF CALIFORNIA o “Liwrenes "
~INCT mga i
a T
APPLIED SCIENCE MAY 1 1985
DIVISION | . SSRARY AND
T"NTS SECTION:
Submitted to Health Physics
POTABLE WATER AS A SOURCE OF AIRBORNE RADON-222
IN U.S. DWELLINGS: A REVIEW AND ASSESSMENT
W.W. Nazaroff, S.M. Doyle,
A.V. Nero, and R.G. Sextro
December 1985
.
j
APPLIED SCIENCE
DIVISION
. v
Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 -—

+C 137147



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



Submitted to Health Physics LBL-18154
EEB-Vent 85-20

POTABLE WATER AS A SOURCE OF AIRBORNE RADON-222
IN U.S. DWELLINGS: A REVIEW AND ASSESSMENT

W.W. Nazaroff*, SM. Doyle, A.V. Nero, and R.G. Sextro

Building Ventilation and Indoor Air Quality Program
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

December 1985

* Present address: Environmental Engineering Science
California Institute of Technology
Pasadena, CA 91125

This work was supported by the Assistant Secretary for Conservation and Renewable
Energy, Office of Building and Community Systems, Building Systems Division, and by
the Director, Office of Energy Research, Office of Health and Environmental Research,
Human Health Assessments Division and Pollutant Characterization and Safety Research
Division of the U.S. Department of Energy under Contract No. DE-ACO3-76SF00098. It
was also supported by the U.S. Environmental Protection Agency under Interagency
Agreement DW89930801-01-0 with DOE.



ABSTRACT

Using a long-term-average, single-cell model and available data for U.S. housing,
the cdncentra_tion of radon in indoor air due to the use of potable water is assessed. The

ratio of the airborne radon concentration to the concentration in water is represented by

a lognormal distribution with geometric mean and geometric standard deviation of 0.65 x

1074

- direct measurements of the ratio in 13 houses. By combining this result with data on

radon concentrations in U.S. water supplies, potable water is estimated to contribute an

average of 24, 1.3, and 0.1 Bq m_3 to the airborne radon concentration in residences

served by private wells, public ground water, and surface water supplies, respectively.

Keywords:  air-exchange rate, building volume, indoor air quality, pollutant sources,

radon, residential buildings, water, water-use rate

N

~and 2.88, respectively, in fair agreement with the previously reported results of



INTRODUCTION

In recent years, exposure in buildings to the radioactive progeny of radon-222 has
gained prominence as an element of the natural radiation environment. In fact, as a
result of numerous studies, such exposure is now estimated to account for nearly 50% of
" the effective-dose-equivalent to the public in countries with temperate climates (UN82).
Consequently, vigorous research activity has investigated many aspects of the indoor
radon problem: determining indoor concentrations; examining the effects of various con-
trolling factors, such as ventilation rate; characterizing the source materials and tran-
sport processes by which radon enters houses; and studying the behavior of radon progeny
in indoor air. (See, for example, Ne83.) These investigations have revealed the impor-
tance of variability in source strengths in determining the broad range of indoor concen-
trations that has been observed. The predominant source of radon in U.S. houses gen-
erally appears to be the soil adjacent to the foundation (Ne84a). The other major sources
-- potable water and building materials -- often contribute significantly to indoor concen-

trations, and either may be the dominant source in some cases.

High radon concentrations in potable water were first observed in Maine in the late
1950’s (Sm61). Initially, concern about radiation hygiene as a consequence of these obser-
vations focused on ingestion of radon-rich water, and researchers identified the stomach
as the organ receiving the greatest dose (Tu61, Do64, Hu65, He66, Su72). Later, Gesell
and Prichard speculated that the inhalation exposure to radon progeny arising from the
release of radon from domestic water uses may be of greater significance than the inges-
tion exposure (Ge75). More recent studies, comparing the expécted lung and stomach
doses resulting from radon-rich water, have concluded that the former is three to twelve
times the latter (Du76, Ka80, Pr81).

Several studies in ﬁhe past decade have investigated aspects of potable water as a
source of airborne radon indoors. Key efforts in the United Stvates include these: the
development of an inexpensive technique for measuring radon in water (Pr77); studies of
the transfer of radon from water to air during different household uses (Ge80, Pa79,
He82); measurements of the indoor airborne radon concentration resulting from water use
in different residences (Ge80, He82); estimation of the population dose resulting from
radon in potable water supplies in Houston, Texas (Pr81); and surveys of radon co.ncen-
trations in groundwater supplies (Pr83, Ho83). In addition, numerous investigations have

been conducted in Finland, where groundwater radon concentrations are particularly high
(As79, As80, Ca80, Ka80).

The purpose of this paper is to review the state of knowledge of domestic water as a

source ‘of indoor airborne radon, focusing on the assessment of indoor radon
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concentratiohs that result from water use.. Available data on residence volumes, air-
exchange rates, in-house water-use rates and water-to-air transfer coefficients are com-
bined to determine the average incremental indoor radon concentration in air that can be
expected to result from a specified concentration of radon in water. The distribution of
radon concentrations in U.S. water supplies is discussed, and the contribution of potable

water to indoor radon concentrations is estimated.



PREDICTING THE INDOOR RADON CONCENTRATION RESULTING
FROM WATER USE

Long-Term-Average Single-Cell Model

From conservation of mass, the average indoor radon concentration resulting solely
from water use can be estimated from the following equation (see appendix for deriva-

tion):

C,=—2 , (1)

where

C, is the radon concentration in water entering the residence (Bq m'3),
W is the water-use rate per resident (m3 person'1 hr'l),
e is the use-weighted average transfer efficiency of radon from water to air
(dimensionless), _
V  is the volume per resident of the dwelling (m3 person'l), and
XA is the air-exchange rate of the residence (hr'l), assumed to be much

greater than the decay constant for radon (0.0076 hr'l).

An important question in assessing the impact of radon in water on exposure to
radiation is this: given a concentration of radon in water, C,, what is the expected
increase in the concentration in air, C,, that results from water use? The answer to this

question can be expressed in terms of a transfer factor, f:

- C,=70C,, (2)
where
_ We

There are at least two distinct approaches to determining f. The first, which we will use
in this paper, evaluates e, W, V and X from an examination of literature, then calculates
the distribution of f by combining these parameters mathematically. The second
approach determines C, and C,, experimentally in a sample of houses and then evaluates
/ directly from equation (2). In using t_he former approach, previous studies have
specified one or more typical values of V and )\, combined them with limited data on W
and e,and calculated f (Pa79,. Ge80, Bes4). They have concluded that the most typical

value of f is in the vicinity of 10'4 and that the value for a specific residence can be an



order of magnitude smaller or larger.

Two studies in the United States have evaluated f using the experimental approach.
In the first of these, radon was monitored continuously for several days in each of four
residences (Ge80). The difference between average radon concentrations for the periods
0800-2400 and 0000-0800 was assumed to be due to radon liberated by water use. In the
second study, identifiable peaks in inkdoor radon. concentration in 13 houses were used to
assess the contribution to indoor concentration from dishwashing, showering and laundry
(He82). The contribution of other water uses -- toilets, baths and sinks -- was based on
estimated transfer coefficients and water-use rates. The _r‘esﬁlts of these studies are dis-

cussed in a later section.

The results of measurements .in seventeen houses in two small regions is not
suﬂiéient to precisely estimate the distribution of f in the U.S. housing stock. Yet,
determining f in a large number of houses using experimental techniques such as these
poses substantial difficulties. The radon contributed by water use must be separated
from that due to othef sources. Thus, the small fraction of houses in which water is the
predominant source are best suited as study sites. Even in these cases, contributions.
from other sources, particularly soil and outdoor air, must be accounted for -- a necessity
that is complicated by the potential for large temporal variability in entry rates from
these soﬁrces (see, e.g., Na85). The approach presented here, mathematically combining
data on the contributing factors to determine the distribution of f, constitutes a more
feasible alternative for obtaining statistically-robust results. An alternative experimental
approach is to measure W, e, V and X in a randomly selected set of houses and evaluate
f for each house from equation (3). Although this approach appears to offer advantages
over the other experimental technique, particula,rly in avoiding interference from radon

sources other than water, it has not yet been used.

Water-Use Rates

The results from several studies giving residential in-house water-use rates per occu-
pant for specific functions are listed in Table 1. Four of these studies report results from
29 individual residences (Co74, La74, Be75, EPA78); Two additional studies, not listed in
Table 1, give the total in-house consumption rate for 18 homes in Louisville, Kentucky
(An67) and 43 homes in Wheatland and Laramie, Wyoming (Ba79). Total in-house use
rates per person for these 90 residences are plotted as a cumulative probability distribu-
tion in Figure 1. The data are well-fitted by a lognormal distribution with a georhetric
1l (0.189. m3

deviation of 1.57. The null hypothesis that the parent distribution is lognormal cannot be

"mean of 7.9 x 1075 m3 person’ person"1 day'l) and a geometric standard
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rejected, even at a significance level of 0.2, according to the Kolmogorov-Smirnov test
(Af72). Three previous studies of indoor radon from potable water have cited water-use
rates of 0.152 (He82), 0.223 (Ge80) and 0.262 (Pa79, Ho84a) m3 pers,on'1 day'l; each of
these values is within one geometric standard deviation of the geometric mean determined

here.

Transfer Efficiency

Radon is relatively insoluble in water. Boyle measured the solubility coefficient as a
function of temperature and found values of 0.51, 0.25 and 0.16 at 0.0, 20.0, and 39.1 °c,
respectively (Boll). As an example of the significance of these data, consider a toilet tank

holding 0.02 m3 of water at 20 °C in a closed bathroom of 15 m3.

At equilibrium,
assuming the initial concentration in air is zero, 99.97% of the radon originally in the
water has been released. Measurements have shown that the act;ua,lvfraction released in
residences is generally much smaller, indicating that equilibrium is not attained. A com-
pleﬁe theoretical analysis of the transfer of radon from water to air in households has not

been undertaken; instead, researchers have measured the fraction released experimentally.

Transfer coefficients have been determined for major household water uses in three
studies. In each case, concentrations of radon-in the inlet and effluent streams were meas-
ured. In one study transfer coefficients for some uses were estimated from laboratory
investigations of the dependence of the liberated fraction on agitation and on the surface-
to-volume ratio of the water reservoir (He82). The results from these studies are sum-

marized in Table 2, which shows good agreement among them.

To determine a use-weighted mean transfer efficiency we have applied mean
coefficients by use (the last column in Table 2) to average water use by function for the 21
houses for which use by function was comprehensively monitored (La74, Be75, and
EPA78 in Table 1). The results are plotted as a cumulative frequency distribution in Fig-
ure 2, which shows a geometric mean of 0.55 and a geometric standard deviation of 1.12.
The range for the 21 houses considered was small, 0.44 - 0.68, leading to the conclusion,
as discussed later, that variability in the transfer efficiency is likely: to be a small factor in

the overall variability of f.

House Volume

In a study conducted for the U.S. Department of Energy, the floor area of the heated
portion of 6051 randomly selected residences was measured (RECS82). The report tabu-

lates the number of residences in each of seven building size classes for six categories



corresponding to the number of household r‘nembers.‘ After assuming a fixed ceiling
height of 2.4 m, we applied a least-sqhares analysis to the cumulative frequency piots of
these volume data to derive Iognormal statistics for volume per resident as a function of
the number of residents per household. (See Figure 3.) These statistics were then com-
bined mathematically, with weighting factors proportional to the number of people in
each class, to obtain 99 m3 person'1 and 1.90 a;s.the geometric mean and geometric stan-
dard deviation, respectively, for the UsSs. population. This distribution is plotted as the
bold line in Figure 3 and is seen to agree well with the points enclosed by circles which

were determined by graphically aggregating the results from the other six curves.

Air-Exzchange Rate

Two studies have been published that give air-exchange rate data for a large number
of U.S. residences. In the first of these, 1048 tracer-gas decay measurements, each giving
the air-exchange rate over a few hours, were made in 266 dwellings occupied by low-
income families and located in 14 cities spanning the major U.S. climactic zones (Gr81).
~ The individual-measurement results are plotted as cumulative frequency curve “a” in Fig-
ure 4 and are fit by a lognormal distribution whose geometric mean and geometric stan-

dard deviation are 0.9 hr! and 2.13, respectively.

The second study evéluated average infiltration rates for the November-March heat-
ing season in 312 residences (Gr83). In contrast to the first study in which the median |
house age was 45 years, the houses in this investigation tended to be fairly new, with a
median age of less than ten years. Furthermoré, these houses did not represent the distri-
bution across U.S. climate zones: most were located in Washington, California, Colorado,
New York and Ontario, Canada. The cumulative probability distribution of infiltration
rates for these houses is plotted as curve “b" in Figure 4. The Kolmogorov-Smirnov test
for goodness-of-fit indicates that the hypothesis that the parent distribution is lognormal

can be rejected at a significance level of 0.05, although not at a significance level of 0.01.

As these two sfudies concentrated respectively on low-income houses, which are
probably leakier than average, and on modern houses, which are probably tighter than
average, we expec,;t that the distribution for all U.S. housing lies between the two. We
have estimated the true distribution by aggregating the two distributions weighted pro-
portionally by the number of houses. The resulting geometric mean is 0.68 hr'! and the

geometric standard deviation is 2.01,

A caution must be noted in using this result: the measurements apply for the most

part only to infiltration-and only during the heating season. In many cases air-exchange
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rates at other times of the year are higher due to windows being open. If windows and
doors are closed, however, the air-exchange rate may be lower because the milder weather

conditions lead to reduced driving forces for infiltration.

The Distribution of f

A variable derived as the sum of independent, normally-distributed parameters is
itself normally distributed with a mean value given by the sum of the means and a vari-
ance given by the sum of the variances (Hi80). Similarly, a variable that is the product of
independent, lognormally distributed parameters is itself lognormally distributed. Thué,
given the lognormal statistics for W, e, V and X\, as summarized in Table 3, the lognor-
mal statistiés for f can be determined as follows:

GMy GM,

M) =G, oy, | )

65D ; = exp|((n(GSDY)): +(n(GSD)? + (in(GSDY) + (m(GsDy)?] ™" (5

In these expressions GM; represents a geometric mean, GSD; represents a geometric stan-
dard deviation and the subscripts designate a parameter. Using this approach to derive
the distribution of the overall air-to-water ratio yields a geometric mean for f of 0.65 x

104 with a geometric standard deviation of 2.88.

There are two methods of comparing this result with those of other studies. First,

we can calculate the arithmetic mean of f fro_m the following equation:

*¥
AM = GM exp [(ln(GSD))z/z] | (6)
The resulting value, 1.14 x 10'4, agrees well with the typically cited value of 1 x 10'4.
The second approach compares this distribution with that resulting from direct measure-

ments of C,/C,. For this comparison we have constructed a plot, shown in Figure 5, of

* The validity of assuming that the variables on the righthand side of this equation are in-
dependent is examined in a subsequent section.

** The minimum variance unbiased estimator of AM is given by a somewhat more com-
plex function which depends on the number of samples as well as the geometric mean and
geometric standard deviation (Ai57). For a large number of samples the expression con-
verges to equation (6). Taking n=21 for the current case (corresponding to the number of
determinations of e), the arithmetic mean determined by the more complex formula is

1.10x 1074,



the cumulative frequency distribution of derived from data for 13 houses in which C,/C,
was directly measured and in which the radon concentration in water exceeded 40,000 Bq
m3 (GeS0, He82). In four other houses in which such measurements were made, the
waterborne radon concentrations were so small that the expected contributions to radon
in air were small comparea even to outdoor concentrations and therefore extremely
difficult to measure. Considering the widely different means of determining f, the agree-
ment between our computed distribution and the results of direct- measurements is rea-
sonably good: twelve of the thirteen measurements lie between the 5% and 95% contours

of the computed distribution.

The fifth column in Table 3 (labelled % var.) indicates the relative contributions of -
the various factors to the range of the distribution of f. These data indicate that
differences among houses in volume per resident and air-exchange rate are more impor-
tant than differences in water-use rate and transfer efficiency in accounting for the

differences in f among the housing stock.

In interpreting the results of this analysis, one must recognize the distinction
between the variance associated with the distribution of a parameter and the uncertainty
in the estimate of its mean. The former, reflected by the column labeled “GSD" in Table
3, provides information on the range of actual.values in the parent distribution. The
latter, reflected by the column labeled “GSE", indicates the degree to which the data are
adequate in number to determine the mean of the parent distribution. Thus, a GSD 2.88
for f suggests that the value of f for 68% of the housing stock is contained within the
range (0.23 - 1.87) x 104 .- i.e., within a factor of 2.88 of the geometric mean. On the
other hand, a GSE of 1.063 for f indicates that the 909% confidence limits on its
geometric mean (assuming the sampling to be representative) are 0.58 x 104 and 0.73 x
104, The data in the GSE" column also indicate that the water-use rate data contribute
the greatest amount of the four factors to the uncertainty in GM, suggestingi that addi-
tional experimental work to improve the estimate of f be directed at assessing W for a

larger number of households.

From these results we can also determine the number of households needed to esti-
mate GM; by direct experimental measurement with a precision comparable to that of

the present analysis. That number is given by

N= [ln(GSD 1)/In(GSE ,)]2 = 300, | (7)

Thus, f would have to be measured in 300 residences to improve the statistical basis for

estimating the parameters of its distribution. This analysis does not consider how well
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the data represent the U.S. housing stock. Because the sampling for each parameter
except V cannot be considered random, the uncertainty in our estimate of the geometric
mean of f is larger than that indicated by the GSE. However, an approach to improving
the estimate of the distribution of f that uses direct experimental measurements would

also experience difficulties in selecting a representative sample.



RADON CONCENTRATIONS IN POTABLE WATER SUPPLIES

" Radon concentrations in water have been observed to range over an extremely large
range, from effectively zero to more than 106 Bq m'3. Surface waters, which serve 49.5%
of the U.S. population (So83), have the lowest concentrations. Private wells, serving
18.3% of the population,b genéra_lly have the highest concentrations, whereas public
groundwatef supplies, which serve the remaining 32.2%, have intermediate concentra-
tions. In é,ssessing the data on radon in water supplies, we consider these three sources

separately.

Considerable work has recently been undertaken by the U.S. Environmental Protec-
tion Agency (EPA) to measure radon concentrations in public groundwater supplied in
the United States. (This research is summarized in Ho83.) Using these data, along with
other results from literature, we have computed lognormal statistics for the 41 states for
which data exist (See Table 4). In computing these statistics,‘ the logarithm of each con-
centration measurement was weighted by the inverse of the logarithm of the variance due
to counting uncertainty. The analysis was complicated by two features of the data: 1)
due to counting uncertainty, some of the measurement results were negative: and 2) in
early reports, measurements below the detection limit of approximately 600 Bq m'3 were
reported as ‘“‘not detectable”. Consequently, the parameters of the distribution could not
be determined from the first and second moments of the entire set of log-transformed
data. Instead,‘ we estimated the geometric mean as the median of the entire set of data
and determined the geometric standard deviation by calculating the second moment

(about the median) of the measurements whose value exceeded the median.

To determine the population-weighted average for the country, the statistics for
each state were combined with weights proportlonal to the population using pubhc :

3 3a,nda,

groundwater (8083) The result was a geometric mean of 5.2 x 10° Bq m
geometric standard deviation of 3.53. In addition to the caveat noted above, a few other
cautions should be noted in interpreting this result. First, it is slightly positively biased
by the fact that sa,mpling was done at distribution sites, rather than at household taps.
A more important concern is potential sampling bias. In the entire EPA study, the sup-
plies that were to be sampled were chosen by vsta.t_e officials with no randomness criteria
specified by EPA. Furthermore, for most of the study, sampling was limited to supplies
serving 1000 or more people. While 86% of the U.S. population that is served by public
groundwater is accounted for within this criteria, limited data show concentrations as

much as an order of magnltude greater in smaller supplies (He85)

Higher concentrations have also been observed in prlvate wells, although the data

are quite limited. For the present work, the assessment was based on 44 measurements
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from nine states (EPA79a, EPA79b, EPA79c, EPA8S0). The geometric mean and -

geometric standard deviation using an equal-weight calculation were found to be 36 x 103

-3

Bq m and 6.5 respectively. The dominant uhcerta.inty in these results is due to

unrepresentative sampling; hence a more rigorous analysis of the data is unwarranted.
Information on radon concentrations in surface water supplies was derived from this

same set of reports. Using a linear regression to the cumulative frequency plot of the 13

of 38 measurements which exceeded the detectlon limit of 0.6 x 10 Bq m -3 , the geometric

mean and geometric standard deviation were estimated to be 0.3 x 10 Bq m'3 and 5.0,

respectively.

Geometric mean radon-222 concentrations for these three types of water supply were
recently reported by Hess et al. (He85). For private wells and public groundwater sup-
plies, the geometric means for the entire country agree within 10% of those reported here.
Values for pﬁblic groundWater supplies in individual states differ markedly however.
These differences appear to be due, in part to: (1) the number of samples reported in the
present work for ﬁhe individual states are one per watef supply sysvt;err-l, while Hess. et al.
treat duplicate samples from a single water supply as two separate samples; (2) for data
falling below the minimum detection limit, Hess et al. ‘assigned an arbitrarily small value
(~4Bqm’ ) for those data reported as zero or with negative values; and/or (3) for some
states Hess et al. mcorporate in their analysis early data not included in the subsequent

published EPA reports. In some cases these early data may have been collected as part of

" an effort to look for high concentrations of radon in water supplies rather than to ascer-

tain the actual concentration distribution (Ho85). The aggregate geometric mean
reported by Hess et al. for surface water supplies is almost an order of magnitude smaller
than the value we have determined. For either case, however, the conclusion remains
that compared to other sources, surface water supplies are a negligible factor in contri-

buting to indoor radon.

By combining the distributions of C,, with the distribution of f, one obtains an esti-
mate of the parameters of the distribution of C,, the airborne radon concentration in
residences attributable to water. Following the approach used in deriving equations (4) -
(6), the distribution parameters were determined for the three types of water supply, as

shown in Table 5. Also shown in this table are the fraction of houses in which the indoor

~ radon concentration due to use of potable water exceeds two benchmark values. The

lower value, 9.3 qu"m'g, corresponds to the typica1 concentration entering residences
from the outdoor air (Ge83). The higher value, 33 Bq m'3, corresponds to the estimated
geometric mean radon concentration in U.S. residences (Ne84b) In only a small fraction

of houses served by publlc groundwater supplies is water a major source of indoor radon.
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On the other hand, the limited data on radon concentrations in private wells suggests'
that a substantial fraction of these may constitute important sources of indoor radon for

homes utilizing private well water.

These results also indicate that public ground water supplies cause about 0.8% of »
" the radon progeny exposure for the total U.S. popﬂlation; the total exposure is estimated
to cause an average individual lifetime risk of lung cancer of 0.15% (Jac84, Jams84,
Ne84b). Thus the average lifetime risk due to radon from public water supplies is in the
~ vicinity of 10'5, equal to the limiting risk commonly used by governmental agencies for
regulation of water and airborne environmental agents. Considering_thé broad distribu-
tion of C,, a significant number of pedple are exposed to a,irborne. radon from public
water supplies at levels corresponding to risks of 104 t0 103 or even higher. Given this
observation, it is ironic that even if these supplies were controlled to the extent that they
contributed nothing to indoor radon concentrations, the average public risk from expo-
sure to airborne radon progény would be essentially unéhanged. These seemingly incon-
sistent features arise becausé, although 99% of indoor radon originates in sources other
~than public groundwater sﬁpplies, estimates suggest that thé health risks associated with
typi.cal indoor radon levels are unusually high relva,tiv‘ve,‘ to those associated with other

environmental pollutants.
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LIMITATIONS OF THE CURRENT ANALYSIS

There are several respects in which the analysis presented here may be criticized.
These weaknesses are briefly discussed below, focusing on the estimation of the parame-
ters of the distribution of f. Some could be diminished by collecting additional data; oth-
ers are intrinsic in the approach and would require an unjustifiable level of effort to rec-

tify; none, in our opinion, are likely to greatly affect the resulting estimates.

| Use of the Lognornal Distribution

Throughout this paper we have assumed that the parent distribution for vvarivous
pafa,meters is lognormal. This hypothesis is used for three purposes: (1) to combine the
- distributions of the four 'c'ontributing factors to determine the distribution of f according
to equations (4) and (5); (2) to determine the arithmetic means of the distributions of f
and - C, according to equation (6); and (3) to estimate the fraction of households in which
benchmark values of C, are exceeded (Table 5). It cannot be proven that the parent dis-
tributions are lognormal. However, even if they are not strictly so, they may be
~ sufficiently well approximated by the lognormal distribution that the results of our ana-

lyses constitute good estimates.

Considerable evidence supports the appropriateness of the lognormal distribution for
representing f and C,. As noted eIsewhefe,- cumulative pro.bability plots of the factors
contributing to f suggest that. the lognormal distribution may be appropriate. The
objective Kolmogorov-Smirnov. test demonstrates for the water-use rates and air-
exchange rate that the hypothesis that the parent distribution is lognormal cannot be
rejected at a very high level of significance. In addition, it can be demonstrated on
'th’eoretical grounds that the random multiplicative combination of independent factors
yields a lognormal distribution in the limit of a la,rgé number of factors, regardless of the
nature of the distribution of each facﬁor. And finally, a previous study of radon in water
found that the distributions by state were better fitted by a lognormal than by a normal
distribution (Pr83). - | | |

" Adequacy and Representativeness of the Data

Of the four factors needed to determine f, only the distribution of house volumes
~ was obtained from a large random sample that may be considered representative of the
United States housing stock. Of the remaining factors, we believe it is most important to
improve information on in-house water-use rates. Even though the current data show

only moderate dispersion, we are not assured that the limited sample of 90 residences is
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at all representative of the entire country. The second priority for increasing the amount
of data should be directed at the air-exchange rate. We are reasonably assured that no
other large data sets currently exist; however, because.of the recent development of
infiltration models (e.g.; Gr82). and an integrating ventilation monitor (Di82), a sys-
tematic study of air-exchange rates in U.S. residences is now possiblé. The remaining
factor, the use-weighted transfer coefficient, does not n-eed'much further consideration.
Because any residence uses water in a mix of a.pplication_é, some with high transfer
efficiencies and others with low values, the use-weighted coefficient for any house will
necessarily be intermediate between the minimum and maximum use-specific values of 0.3
and 1.0. The very narrow range for e observed, even for the limited data set considered
here, combined with the good agreement zimong investigators on use-specific values sug-
gests that further refinements in determining the distribution of e are unlikely to substan-

tially affect the estimates of f.

Note that we have effectively taken the perspective that this fundamental approach
-- based on data on four contributing factors and on a simple conServati_on-of-ma,ss model
-- provides sounder information on f than direct experimental -ﬁleasu'rement of airborne -
and waterborne radon concentrations. The limited déta of the latter kind have an aver-
age and range consistent with those resulting from the analytical approach taken here.
Improvements in the statistical representation of direct experimental determinations of f
by measuring C, and C, are subject to considerable difficulties in terms of the measure- »
ments themselves, and formidable problems in choosing a sample where the water contri-

bution is dominant, yet which is also representative of the housing stock.

Correlation Among Factors v

The derivation 6f equation (1) assumed that the air—_exchangé rate, A, and the incre-
mental airborne radon éoncentration due to water use, C,, were not correlated. No data
exist to test the validity of this assumption. However, it is reasonable to expect, given
the high prvoplortion of water use in bathrooms and the common presence there of an
exhaust fan or an open window, that these variables are corx_;elated to a degree. Experi-

ments would be needed to determine the importé,nce of this possible correlation.

In determining variance in f, we fu,rther assumed that the several contributing fac-
tors were independent (see Equation 5) This aSsumption, while a reasonable approxima-
tion, is not strictly valid. For example,' one study showed that water-use rates are posi-
tively correlated with house value (Li67); hence they probably are positively correlated
with house vblume. Data in another study show a negative chreldtion between house

volume and air-exchange rate (Gr83).
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The complete form of equation (5), accounting for correlation among factors, would
include six additional terms, one for each pair of factors. The sign of each term can be
plus or minus, depending on whether the correlation is positive or negative and whether
one factor multiplies or divides the other in determining f. The only available data for
estimating the magnitude of these terms are the measurements of house volume and air-
exchange rate in 312 houses (Gr83). We computed the variance of the sum of the loga-
rithms of these two factors, first assuming them to be independent, and 'then including
the effects of cross-correlation. The cross-correlation term reduced the standard deviation
of the sum by 11%. Since in determining the variance of f both negative and positive
contributions from the cross-correlation terms are to be expected, the error in assuming
the factors are uncorrelated is probably of order 10%. (Note that equation (4) for the

geometric mean does not depend on the factors being independent.)

N

Limitations of the Model -

In assessing population exposures. using the long-terni—a.verage single-cell model, two
additional elements must be considered. First, although the model assumes a uniform
indoor concentration, in cases where water is a signiﬁcant radon -source for the entire
house the concentration varies spatially, particularly during times when water use is high.
As é result, in some cases the single-cell model may not effectively describe the spatially-
averaged indoor concentration. For example, a bathroom exhaust fan‘may effectively
prevent much of the radon released from a shower from reaching other rooms of the
residence, even though it has a small impact on _the air-exchange rate of the entire house.
On the other hand, because of spdtial assbciation between occupants and the site of water
use, the exposure to radon liberated by water is somewhat greater than the household
average concentration. However, the eflect of spatial variations on expdsure is diminished
by the mixing that occurs during the time over which the radon progeny concentrations
increase to secular equilibrium. Prichard, in considering this effect, concluded that the
average indoor concentration arising from water use resulted in considerably greater
exposure than did locally elevated concentrations associated with episodic ‘emission
(Pr81). B .

The second factor to consider is the temporal association between occupancy and.

water use: most of the water use in a household occurs when people are present. As a

result, the average exposure to radon progeny arising from the use of potable water is

greater than the estimate obtained by multiplying the average indoor concentration from

this source by the percent of time a person occupies the dwelling. The upper bound on
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exposure (considering this factor alone) assumes the same average concentration and

100% occupancy.
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SUMMARY AND CONCLUSIONS

Surface supplies of potable water do not contribute significantly to indoor radon
concentrations. Groundwater supplies, which serve about 50% of the population, can in
some circumstances constitute the predominant source. Public supplies.derived from
groundwater and serving 1000 or more persons have been extensively investigated; these
are estimated to contribute an average of 2% to the mean indoor radon concentration in
the affected houses. Private groundwater supplies appear to constitute a somewhat
greater source; however available data are fragmentary, and further sampling studies are

warranted.

"The concentration of radon in indoor air in U.S. housing for a specified concentra-
tion of radon in water has been determined using a long-term-average, single-cell model
and available data on house volumes, air-exchange rates, water-use rates and water-to-air
transfer coefficients. The ratio of airborne to waterborne concentration so determined is
represented by a lognormal distribution with a geometric mean and geometric standard
deviation of 0.65 x 10'4 and 2.88, respectively. The statistical uncertainty in the
geometric mean arising from limited sample size is 6%. This distribution is consistent

with the results of direct measurements previously made in thirteen houses.

The limitations in the present analysis have been discussed. None are expected to
have a major effect on the results. Refinements may be justified in further testing the
validity of the lognorm.al distribution in represénting f and C,, in considering the effect
of spatial and temporal variation in concentrations on estimating expésure, and in exa-

mining the effects of seasonal variations in air-exchange rate.
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Table 1. In-house water-use rates by function. For each study the first line gives
summary results; subsequent lines, where present, give average results for specific households.

Water Use by Function ( 103 m3 persorbl'1 day'l)
Dish- Shower/ - : :
Reference® washing Bath - Toilet Laundry  Other Total
Co74 (8 houses) 68.0 23.8 65.0 39.7 197
1 14.0 34.4 69.0 145
2 36.0 104 34.8 384
3 10.8 41.0 157
4 16.6 72.5 220
5 40.2 113 263
6 28.4 44.8 37.8 190
7 24.9 421 31.4 143 - -
8 . -20.8 69.8 26.5 179
Li74 (35 rural) 11.6 41.9 68.2 51.9 174
Li74 (10 urban) 13.9 37.9 68.2 41.4 161
La74 (5 houses) 13.6 32.1 74.8 28.0 7.9 156
A 12.1 58.2 112 54 .. 11.3 246
B 34.4 20.0 138 7.9 12.2 212
C 12.9 22.3 42.3 16.3 5.7 99
D 7.9 18.9 51.8 29.9 - 3.8 112
E 7.9 37.8 49.9 1770' -10.2 123
Be75 (5 houses) 140 329 55.6 43.8 21.9 168
1 46 - 13.1 68.7 . 55.4 38.5 180
2 1.3 31.8 38.8 - 26.8 -17.8 117
3 7.3 61.7 89.9 - 209 49.7 230
4 29.6 108.4° 59.8 93.0 291
_ 5 3.7 . 409 37.8 34.3 - 19.1 136
Mi76 27 80 121 27 10 265
Re65P 14 76 91 32 10 223
EPA78° (11 houses) -~ 19 38 35 40 20 152
A - 18.9 51.0 34.4 47.6 62.3 214
B . 10.2 30.2 32.9 8.3 15.1 96
C 13.2 27.6 21.2 49.5 35.5 147
D 18.9 50.3 31.8 28.7 25.7 155 .
E 10.6 32.8 31.0 52.9 29.9 157
F 18.9 215 23.4 48.0 15.5 127
G 14.0 32.9 24.6 ‘15.9 25.4 113
H 11.0 - 223 34.8 42.3 77.8 188
I 23.0 26.8 29.9 61.2 16.6 158
J 20.8 46.1 52.2 35.9 15.9 170
K 26.8 44.2 41.2 49.1 53.7 - - 215
Pa79, Ho84a 30 - 38 76 - 152 15 - 23 76 - 114 197 - 327
% Study sites: Co74 - Connecticut (4), Rhode Island - (2), California - (2); Li74 - Wiscon-
sin; La74 - probably Connecticut; Be75 - Boulder, Colorado; Mi76 - estimated; Re65 -
estimated; EPA78 - Wisconsin; Pa79 - estimated.
b

Cited in USWRC78; apparently the basis for the analysis in Ge80 and Pr81.
The basis for analysis in He82. ' '
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Table 2. Transfer coefficient for the release
of radon from water to air, by use.

Fraction of Radon Liberatéd
Type of Use  Pa79  Ge80 He82 Mean

Dishwasher 098 09  0.98 0.95
~ Shower 071 063 065 0.66
Bath 05 047 03% 042
Toilet 029 03 03 03
Laundry 0.95 0.9 0.9% 0.92.

Drinking and 028 045 0.1-05% 034
- Cleaning :

a Estimated in the original reference.
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Table 3. Summary of the distributions for parameters
used in the determination of the air-to-water ratio.

b v Units

Ratio ( f)

Parameter N GM GSD % Var.? GSE
Water-Use 90 7.9x10°% 157 18 1.05  mS (person-hr) ]
rate (W) 2
House 6051 987 1.90 37 1.01 = mS person™!
Volume (V) ' ' .
Air-Exchange 578~ 0.68 201 44 103  hrl
" Rate (\) : : '
Transfer 21 055 1.12 1 1.03
Coef. (e) : '
Air-to-Water 065x10% 288 1.063

Percent of variance in In(f) that can be attributed to given parameter

Geometric standard error: GSE = exp(ln(GSD)/Nl/z)
For f the GSE was determined as:

G.S’Ef = exp [ln2(GSEW) + ln2(GSEV) +n (GSE)‘) + 1n2(GSE ))1/2]
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Table 4. Radon concentrations in public ground water supplies in the United States.

222Rn Concentration

Population Served - . GM

State (Thousands) No. Samples (103 Bq m_3) GSD Reference
Alabama 1200 104 3.29 3.10 EPA79c, EPAS2b
Arizona 1490 64 10.9 2.40 EPAS83
Arkansas 880 43 1.70 4.39 ~ EPA79Db, Pr83
Colorado 320 37 9.31 249 EPAS2b
Delaware . 254 36 3.56 1.88 EPAS8la
Florida 6800 165 3.03 3.02 "EPAS81a
Georgia 1320 61 3.87 3.93 Ho84b
Idaho 592 85 - 8.30 -2.41 EPAS81b -
Illinois 4050 158 4.95 2.09 EPAS83
Indiana 1920 117 2.51 2.83 EPAS82a, Pr83
Towa 1600 58 4.37 . 3.23 EPA79b, Pr83
Kansas 903 7 2.66 3.11 HO84b
Kentucky 375 50  3.46 - 2.46 EPAS81b
Louisiana 1850 22 . 3.44 254 = Pr83
Maine 101 68 37.4 2.38 EPA79a
Massachusetts 1550 100 26.8 1.76 EPA82b
Minnesota 1910 124 6.72 2.17 EPA82b, Pr83
Mississippi 1800 53 2.10 2.61 EPAS82b
Montana 184 33 14.0 2.17 EPASI1b
Nebraska 961 . 21 6.59 3.68 Pr83
Nevada 329 26 13.3 2.28 EPAR8la
New Hampshire 392 31 32.1 2.45 EPAS80, EPA81b
New Jersey 3420 19 13.5 3.21 EPAS80
New Mexico 798 89 7.50 2.32 EPAS82a, Pr83
New York 3510 150 4.06 2.87 EPA79b
North Carolina 474 181 4.87 9.42 EPA79a, EPAR2a
North Dakota 258 67 4.49 2.33 EPAS81a
Ohio 2950 84 4.43 2.38  EPASI1b
Oklahoma 662 56 4.82 1.97 EPAS80, Pr83
Oregon 344 65 8.44 2.03 EPAS81b
Pennsylvania 2180 89 14.2 3.22 EPA82a
Rhode Island 142 92 65.6 5.90 EPAS83
South Carolina 541 185 5.03 6.28 EPAS80
South Dakota 321 79 9.83 2.57 EPAS81a
Tennessee 1450 50 1.24 5.64 EPAS83
Texas 5030 278 - 4.85 2.70 Pr83
Utah 662 98 10.6 1.95 EPA82b
Vermont 113 11 23.1 1.48 EPAS83
Virginia 707 101 8.37 3.69 EPAS83
Wisconsin 1620 143 7.43 2.78 EPAS82a
Wyoming 122 18 12.7 2.67 EPASS .
Total 56,085% 3318 5.18P 3.53P

Includes 76% of population served by public ground water supplies.

Population-weighted statistics.
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Table 5. Estimated Contributions to U.S. Indoor Airborne
Radon-222 Concentration for Three Types of Water Service.

Fraction of U.S. C, (Bq m'3) Fraction Exceeding:
Type Pop. Served GM  GSD AM 9.3 Bq rn'3 33 Bq m3

Surface 0.495 0.020 6.86 0.13 0.0007 0.0001
Public : _ :
Groundwater ~  0.322 0.34 5.19 1.3 0.022 0.0027
Private S .
Wells . 0.183 . 23 8.9 24, - 0.26 : 0.11
Aggregate 1.0 4.8 0.055 0.021
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Figure 1. Cumulative frequency distribution of the average per-capita in-house water
use rate, W, in 90 U.S. residences. The straight line represents the lognormal
distribution that best fits the data, using minimum variance unbiased estima-
tors of the geometric mean and geometric standard deviation.
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: N = 21
. » | | GM = 0.55 .
GSD = 1.12
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Figure 2. Cumulative frequency distribution of use-weighted transfer efficiency, e, for
radon from water to air. Each of the 21 values was determined by summing

the products of the use-specific transfer coefficients (Table 2, mean) and the
fractional use rates for individual houses (Table 1).
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Figure 3. Cumulative frequency distribution of per capita household volume, V, for U.S.
residences. Only heated volume is considered. Six curves, (a)-(f), give distribu-
tions for specified numbers of residents per household; the bold line gives the
aggregate distribution, representative of the entire U.S. population.
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Figure 4. Cumulative frequency distribution of air-exchange rates, X\, in U.S. dwellings.
The study of low-income houses measured air-exchange rates over intervals of
a few hours (Gr81); the distribution was determined from 1048 individual
measurements in 266 houses (and therefore has a higher variance than it
would if the average measurement in each house had been used). The study of
modern houses determined average infiltration rates for a heating season

(Gr83). The studies were aggregated with weights proportional to the number
of houses studied. : ' '
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Figure 5. Cumulative frequency distribution of f, the airborne radon concentration in
U.S. dwellings that can be ascribed to a specified waterborne concentration.
The straight line represents the results of the analysis in this paper. The
twelve points plotted represent results of measurements of f in twelve of thir-
teen houses for which the waterborne concentration exceeded 40,000 Bq m™3,
For the thirteenth house, a negative value was determined for f, which is not
plotted in the figure. For three of the houses the reference reports C, as less
than a limit. For this figure we have plotted f for these houses at the
corresponding limits, which are (0.8, 0.9 and 1.7) x 10'4, respectively.
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Figure 6. Cumulative frequency distributions of radon concentrations in potable water
supplies in the United States. Distributions for surface water, public ground-
water and private groundwater are plotted separately.
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APPENDIX
Derivation of Equation (1)

By treating the interior of a residence as a single, well-mixed volume, the rate of °
change of the indoor radon concentration, C; may be described by the first-order

differential equation

*
id%=oox*+s—oix*+£'i’—:/—v—ﬁ, (A1)
where €,  is the outdoor radon concentration,
S is the entry rate for all sources other than water
(i.e., building material and soil),
)\* is the instantaneous air-exchange rate,
C, is the concentration of radon in water,
W" s the instantaneous water use rate,
Vv is the volume of the residence, and
e is the use-weighted transfer efficiency of radon from

water to air.

We have neglected radioactive decay as a removal term as it is small relative to the air-

exchange rate.

If equation (A1) is integrated over a long period and divided by the length of the

period, the left hand side tends to zero and we obtain the equation

T T T

*
Jox dt=[(c\ +5) dt+f—o“’w—e
0 0 0

dt. A2

= It
Let C; = C + C., where C is the indoor radon concentration in the absence of water

use and C, is the instantaneous concentration increase due to radon released from potable

water. Then

T T *
* 1 C,W e
{00 dt =~ { — (A3)
where
T
foNde
0
e (A4)
fe,at
0
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We define the time-average values, C, and W, by the relations

T
c, == [cla, | (A5)
T 0
T
w=-2L [wa. - (A6)
. T 0 _

Making the assumption that C,, V, and e are constant, we obtain

C,We
C, = v

(A7)

In equation (1), we have replaced X' by X\. This is equivalent to assuming that the
air-exchange rate is not correlated with C,. Alternatively, this assumes that the water-

use rate and the air-exchange rate are not correlated.
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