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Preface

At the request of the Environmental Protection Agency (EPA) pursuant to a
congressional mandate (amendment to bill S. 1316 to amend title XIV of the
Public Health Service Act commonly known as the Safe Drinking Water Act), the
National Research Council has appointed a multidisciplinary committee to con-
duct a study and report on the health risks associated with exposure to radon in
drinking water. The committee was also asked to prepare an assessment of the
health-risk reduction associated with various mitigation measures to reduce ra-
don in indoor air; to accomplish this task, the committee used the results of the
latest scientific studies of risk assessment and relevant peer-reviewed research
carried out by organizations and individual investigators. Finally, the committee
was asked to summarize the agreements and differences between the various
advisory organizations on the issues relevant to the health risks posed by radon in
drinking water and radon-mitigation measures and to evaluate the technical and
scientific bases of any differences that exist.

The Committee on Risk Assessment of Radon in Drinking Water was ap-
pointed in May 1997, held its first meeting on July 14-15, 1997, and held six
additional meetings during the next 9 months. The ability of the committee to
comply with this extremely tight schedule is a reflection of the dedication and
expertise of the committee members and the efforts of the committee staff.

The committee acknowledges the help of those individuals or organizations
who gave presentations during our meetings and/or provided information in re-
sponse to requests by committee members or staff and to others who helped the
committee in the completion of our task.
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Public Summary

Radiation is a natural part of the environment in which we live. All people
receive exposure from naturally occurring radioactivity in soil, water, air and
food. The largest fraction of the natural radiation exposure we receive comes
from a radioactive gas, radon. Radon is emitted from uranium, a naturally occur-
ring mineral in rocks and soil; thus, radon is present virtually everywhere on the
earth, but particularly over land. Thus, low levels of radon are present in all the
air we breathe. There are three forms of radon, but the use of the term radon in
this report refers specifically to radon-222. Although it cannot be detected by a
person’s senses, radon and its radioactive by-products are a health concern be-
cause they can cause lung cancer when inhaled over many years. A recent report
by the National Research Council suggested that between 3,000 and 32,000 lung-
cancer deaths each year (the most likely value is given as 19,000 deaths) in the
United States are associated with breathing radon and its radioactive by-products
in indoor air, but these deaths are mainly among people who also smoke.

Most of the radon that enters a building comes directly from soil that is in
contact with or beneath the basement or foundation. Radon is also found in well
water and will enter a home whenever this water is used. In many situations such
as showering, washing clothes, and flushing toilets, radon is released from the
water and mixes with the indoor air. Thus, radon from water contributes to the
total inhalation risk associated with radon in indoor air. In addition to this, drink-
ing water contains dissolved radon and the radiation emitted by radon and its
radioactive decay products exposes sensitive cells in the stomach as well as other
organs once it is absorbed into the bloodstream. This report examines to what
degree this ingested radon is a health risk and to what extent radon released

Copyright National Academy of Sciences. All rights reserved.
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2 RISK ASSESSMENT OF RADON IN DRINKING WATER

from water into air increases the health risk due to radon already in the air in
homes.

Approximately half of the drinking water in the United States comes from
ground water that is tapped by wells. Underground, this water often moves
through rock containing natural uranium that releases radon to the water. Water
from wells normally has much higher concentrations of radon than does surface
water such as lakes and streams.

Radon concentrations can be measured either in terms of a volume of air
(becquerel of radon per cubic meter) or a volume of water (becquerel of radon per
liter). The average concentration of radon in public water supplies derived from
ground water sources is about 20 becquerel per liter (540 pCi). Some wells have
been identified with high concentrations, up to 400 times the average. Surface
water, such as in lakes and streams, has the lowest concentrations, about one-
tenth that of most wells.

Drinking-water quality in the United States is regulated by the Environmen-
tal Protection Agency (EPA) under the Safe Drinking Water Act (SDWA). Since
radon is acknowledged as a cancer-causing substance, the law directs EPA to set
a maximum contaminant level (MCL) for radon to restrict the exposure of the
public to the extent that is possible, that is, as close to zero as is feasible.

In 1991, EPA proposed an MCL for radon of 11 becquerel per liter (about
300 pCi per liter) for radon in drinking water. In 2000, the agency is required to
set a new MCL based in part on this report. The law also directed EPA to set an
alternative MCL (AMCL); an AMCL is the concentration of radon in water that
would cause an increase of radon in indoor air that is no greater than the level of
radon naturally present in outdoor air. Limiting public risk from radon by treating
the water alone is not feasible because radon is also naturally present in the air.
Thus, the AMCL is the tool that allows EPA to limit exposure to radon in water
to a practical level, that is, allowing no more risk from the radon in water than is
posed by the level of radon naturally present in outdoor air.

The 1996 amendments to the Safe Drinking Water Act required EPA to fund
the National Academy of Sciences (NAS) to determine the risk from radon in
drinking water and also to determine the public-health benefits of various meth-
ods of removing radon from indoor air.

In response to that agreement, the NAS established through its principal
operating agency, the National Research Council, a committee which has evalu-
ated various issues related to the risk from radon in drinking water and provides
here the information needed by EPA to set the AMCL. The primary conclusion
from the committee’s investigation into the risk of inhaling radon as compared to
drinking water containing dissolved radon is as follows:

Most of the cancer risk resulting from radon in the household water supply is
due to inhalation of the radioactive by-products that are produced from radon
that has been released from the water into the air, rather than from drinking the
water. (The risk from radon is higher among smokers because the combination
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PUBLIC SUMMARY 3

of radon and smoke has a greater damaging effect than the sum of the individual
risks.) Furthermore, the increased level of indoor radon that is caused by using
water in the home is generally small compared with the level of indoor radon
that originated in the soil beneath the home.

Based on an analysis of the available data on radon concentrations outdoors
and on the transfer from water to air, the Research Council committee arrived at
these additional conclusions:

® The average outdoor air concentration over the entire United States is
about 15 becquerel per cubic meter (405 pCi per cubic meter or 0.4 pCi per liter).

® The contribution to radon concentration in indoor air from household
usage of water is very low—only about one ten-thousandth the water concentra-
tion. The reason the resulting airborne concentration is so low is because only
about half of the radon in the household water supply escapes into the air and then
it is diluted into the large volume of air inside the home.

¢ Combining this information, the committee has determined that the level
of radon in drinking water that would cause an increase of radon in indoor air that
is no greater than the level of radon naturally present in outdoor air is about 150
becquerel per liter (4,050 pCi per liter). This conclusion will affect the public and
water utilities in the following ways:

1. People who own their own wells are not legally obliged to do anything
because the Safe Drinking Water Act does not regulate private wells. How-
ever, people who are served by private wells and who wish to minimize their
risk should test their water and consider taking action to reduce the radon if
the concentration in the water is above the AMCL. In addition, those people
should also measure the indoor air concentration in their home and consider
taking actions to reduce it if it is above EPA’s recommended action levels.
Lastly, as the earlier NRC report concluded, stopping smoking is the most
effective way to reduce the risk of lung cancer and reduce the risks associated
with radon.

2. Water supplies serving 25 or more people or with 15 or more connections
are considered to be public water supplies. Those supplies, along with some
special cases such as schools, will be subject to radon regulation if they rely on
groundwater. In this case, there are three possibilities: (a) The radon in the water
is already below the MCL. This will apply to the majority of people in the United
States—only about 1 of every 14 individuals routinely consumes water with
concentrations greater than the 1991 proposed MCL (11 becquerel per liter or
300 pCi/L). For water below the MCL, nothing needs be done. (b) The radon in
the water is greater than the AMCL. In this case, radon reduction (mitigation)
would be required by law after the regulation is final. Data available to the
committee indicate that there are several types of water mitigation technology
that could effectively reduce the radon concentration to the MCL. (c) The radon
in the water is between the MCL and the AMCL. In this case, the concentration
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4 RISK ASSESSMENT OF RADON IN DRINKING WATER

must be reduced to the MCL or, if there is an approved state plan, the risk to the
population served by the water supply can be reduced by activities that reduce
radon in air and/or water.

The committee discussed a variety of methods to reduce radon entry into
homes and the concentrations in the indoor air and in water. Ventilation systems
can be used to reduce radon concentrations in indoor air to acceptable levels.
Periodic testing would be needed to ensure the continued successful operation of
individual air treatment systems. New homes can be constructed using methods
to reduce airborne radon (radon resistant construction). However, there is not
enough evidence at the present time to be certain these techniques are effective.
Several water-treatment technologies to remove radon from water are very effec-
tive, however, they do not address the largest risk to the occupants of the house,
namely radon in air.

The EPA mandate is to reduce public risk caused by exposure to radon. For
those communities where the public water supply contains radon at concentra-
tions between the MCL and the AMCL, the law will allow individual states to
reduce the risk to their population through multimedia measures to mitigate radon
levels in indoor air. A state may develop and submit a multimedia program to
mitigate radon levels in indoor air for approval by the EPA Administrator. The
Administrator shall approve a state program if the health risk reduction benefits
expected to be achieved by the program are equal to or greater than the health risk
reduction benefits that would be achieved if each public water system in the state
complied with the MCL. If the program is approved, public water systems in the
state may comply with the alternative maximum contaminant level in lieu of the
MCL. State programs may rely on a variety of mitigation measures, including
public education, home radon testing, training, technical assistance, remediation
grant and loan or other financial incentive programs, or other regulatory or
nonregulatory measures. As required by SDWA, EPA is developing guidelines
for multimedia mitigation programs. If there is no approved state multimedia
mitigation program, any public water system in the state may submit a program
for approval by the EPA Administrator, according to the same criteria, conditions
and approval process that would apply to a state program. In this scenario, water
utilities can minimize the level of risk to their consumers—even if the water they
provide is higher than the MCL (but lower than the AMCL)—by reducing air-
borne radon in some of the community’s homes. Because the risk caused by
inhaled radon is so much greater than that caused by radon that is swallowed in
water, reducing the airborne radon in only a few homes may reduce public risk
enough for the water utility to be in compliance with the multimedia program
requirements.

With regard to multimedia programs, the committee’s report provides dis-
cussion of risk-reduction methods at the community level and of ways to evaluate
the effectiveness of reducing radon-related risk within a community or region
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served by a water utility. One risk reduction technique is public education pro-
grams to encourage radon mitigation from indoor air. The previously conducted
education and outreach programs reviewed by the committee were largely unsuc-
cessful; therefore, the committee concluded that public education and outreach
programs alone would be insufficient to achieve a measurable reduction in health
risk.

A multimedia mitigation program will reduce radon risks in indoor air in lieu
of reduction to the MCL in drinking water. The specific design of each commu-
nity water utility’s program will depend on many factors. At the same time,
complicated risk-reduction programs like those discussed here have many poten-
tial difficulties. For example, for water utilities that provide water that contains
radon at levels between the MCL and the AMCL, the feasibility of using a
multimedia mitigation program will depend on whether there are homes with
relatively high indoor radon concentrations. Only in those homes is it feasible to
reduce the air concentration sufficiently such that an expensive, large-scale water
mitigation program in the region is not needed to satisfy the multimedia program
requirements. The key issue is determining how many buildings must have air
mitigation systems to obtain a reduction in public risk equal to that which could
be achieved by reducing radon in the water supplied to the community. More-
over, air monitoring programs will be needed to identify the homes whose indoor
air must be mitigated and effective outreach programs will be needed to educate
the public about the need to modify these homes to reduce indoor radon so that
the water utility can demonstrate the risk reduction needed for compliance. Fi-
nally, consideration needs to be given to how the costs of mitigation of private
homes will be apportioned among homeowners and the water utilities or state
government.

Another potential problem is the present-day scarcity of trained personnel
(particularly in the water utilities) that could design or maintain home air mitiga-
tion systems and carry out the tests needed to ensure continued performance of
these systems.

Finally, the committee recognizes that the reduction in risk by multimedia
programs will not be distributed equally among the public. The mitigation of
indoor-air radon in a small number of homes means risk reduction among only a
few people who had high initial risk, rather than a uniform risk reduction for a
whole population served by the water utility.

The various analyses conducted allowed the committee to estimate the risk
and annual number of fatalities caused by radon in water and to compare it with
the risk caused by radon in air. The figure presented here summarizes the cancer
risk posed by inhaling radon in air (with and without the addition of radon from
using water in the home) and the risk posed by drinking water that contains
dissolved radon. Specifically, in 1998 in the United States, there will be about
160,000 deaths from lung cancer, mainly as a result of smoking tobacco. Of
those, about 19,000 are estimated to result from inhaling radon gas in the home;
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though most of these deaths will be among people who smoke. Of the 19,000
deaths, only 160 are estimated to result from inhaling radon that was emitted
from water used in the home though most of these deaths would also among
smokers. As a benchmark for comparison, about 700 lung-cancer deaths each
year can be attributed to exposure to natural levels of radon while people are
outdoors.

The committee determined that the risk of stomach cancer caused by drink-
ing water that contains dissolved radon is extremely small and would probably
result in about 20 deaths annually compared with the 13,000 deaths from stomach
cancer that arises from other causes.

Except in situations where concentrations of radon in water are very high,
reducing the radon in water will generally not make a large difference in the total
radon-related health risks to occupants of dwellings. Using techniques to reduce
airborne radon and its related lung-cancer risk makes good sense from a public-
health perspective. However, there are concerns about the equity of the multime-
dia approach.

The committee concludes that evaluating whether a multimedia approach to
radon reduction will achieve an acceptable risk reduction in a cost-effective and
equitable manner will be a complex process. It will require significant coopera-
tion among EPA, state agencies, water utilities and local governments, especially
because many of the communities affected by the radon regulation will be very
small and they will need assistance in making decisions concerning the advan-
tages or disadvantages of a multimedia program. Thus, each public water supply
will find it necessary to study its own circumstances carefully before deciding to
undertake a multimedia mitigation program instead of treating the water to re-
duce the radon dissolved in it.
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Executive Summary

BACKGROUND

Of all the radioisotopes that contribute to natural background radiation, ra-
don presents the largest risk to human health. There are three naturally occurring
isotopes of radon, but the use of the term radon in this report refers specifically to
222Rn, which is a decay product of 238U. A recent report by the National Research
Council suggested that between 3,000 and 32,000 lung-cancer deaths annually
(the most likely value for the number of deaths is 19,000) in the United States are
associated with exposure to 222Rn and its short-lived decay products in indoor air,
largely because radon substantially increases the lung-cancer risk for smokers.

Most radon enters homes via migration of soil gas. Throughout this report,
radon activity concentrations are cited in the SI' unit of becquerel per cubic meter
(Bq m3; 1 Bq m™3 = 0.027 pCi L'). The mean annual radon concentration
measured in the living areas of homes in the United States is 46 Bq m™.

Radon has also been identified as a public-health concern when present in
drinking water. Surface waters contain a low concentration of dissolved radon.
Typically radon concentrations in surface waters are less than 4,000 Bq m3.2
Water from ground water systems can have relatively high levels of dissolved
radon, however. Concentrations of 10,000,000 Bq m™3 or more are known to exist
in public water supplies. Many of the water supplies containing substantial con-
centrations of radon serve very small communities (<1,000 people). Data on

! International System of Units (SI) adopted in 1960 by the 11th General Conference on Weights
and Measurements (see for example NIST 1995; NIST 1991).

2 Note that 1 cubic meter (m3) is equivalent in volume to 1,000 L. Thus, 4,000 Bq m3 is equiva-
lent to 4 Bq Ll

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/6287

Risk Assessment of Radon in Drinking Water

EXECUTIVE SUMMARY 9

radon in water from public water supplies indicate that elevated concentrations of
radon in water occur primarily in the New England states, the Appalachian states,
the Rocky Mountain states, and small areas of the Southwest and the Great
Plains.

Because radon is easily released by agitation in water, many uses of water
release radon into the indoor air, which contributes to the total indoor airborne
radon concentration. Ingestion of radon in water is also thought to pose a direct
health risk through irradiation of sensitive cells in the gastrointestinal tract and in
other organs once it is absorbed into the bloodstream. Thus, radon in drinking
water could potentially produce adverse health effects in addition to lung cancer.

Drinking-water quality in the United States is regulated by the Environmen-
tal Protection Agency (EPA) under the Safe Drinking Water Act originally passed
in 1974. In the 1986 amendments to the act, EPA was specifically directed to
promulgate a standard for radon as one of several radionuclides to be regulated in
drinking water. Because of delays in implementing the regulation of radionu-
clides in drinking water, EPA was sued. In a consent decree, EPA agreed to
publish final rules for radionuclides in drinking water, including radon, by April
1993.

EPA proposed national primary drinking water regulations for radionuclides
in 1991. Because radon is a known carcinogen, its maximum contaminant level
goal (MCLG) was automatically set at zero. A maximum contaminant level
(MCL) of 11,000 Bq m™3 was subsequently proposed as the level protective of
public health and feasible to implement taking costs into account. Public com-
ments on the proposed regulations suggested that the MCL for radon be set
somewhere from less than 1,000 Bq m= to 740,000 Bq m=3; a large majority
favored setting the MCL at value higher than 11,000 Bq m3.

In 1992, Congress directed the Office of Technology Assessment to analyze
the EPA health risk assessment and outline actions that could address regulation
of radon, considering both air and water. Also in 1992, the Chaffee-Lautenberg
amendment to the EPA appropriation bill for FY 1993 directed the agency to seek
an extension of the deadline for publishing a final rule until October 1993 and to
submit a report, reviewed by EPA’s Science Advisory Board (SAB), to Congress
by July 1993. That report was to address the risks posed by human exposure to
radon and consider both air and water sources, the costs of controlling or mitigat-
ing exposure to waterborne radon, and the risks posed by treating water to re-
move radon. The SAB review of the report questioned EPA’s estimates of the
number of community water supplies affected, the extrapolation of the risk of
lung cancer associated with the high radon exposures of uranium miners to the
low levels of exposure experienced in domestic environments and the magnitude
of risk associated with ingestion. The SAB report also emphasized that the risk of
cancer from radon in domestic settings was a multimedia issue and that the risk
for radon in water must be considered within the context of the total risk from
radon, which is dominated by radon in indoor air. The Office of Management and

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/6287

Risk Assessment of Radon in Drinking Water

10 RISK ASSESSMENT OF RADON IN DRINKING WATER

Budget also expressed concern about EPA’s analysis of the cost of mitigation. In
the agency’s FY 1994 appropriation bill, Congress ordered EPA to delay publish-
ing a rule for radon in drinking water.

The 1996 amendments to the Safe Drinking Water Act required EPA to
contract with the National Academy of Sciences (NAS) to conduct a risk assess-
ment of radon in drinking water and an assessment of the health-risk reduction
benefits associated with various measures to reduce radon concentrations in in-
door air. EPA is also required to publish an analysis of the health-risk reduction
and the costs associated with compliance with any specific MCL before issuing a
proposed regulation. The law also directed EPA to promulgate an alternative
maximum contaminant level (AMCL) if the proposed MCL is less than the con-
centration of radon in water “necessary to reduce the contribution of radon in
indoor air from drinking water to a concentration that is equivalent to the national
average concentration of radon in outdoor air.” Under the law, states may de-
velop a multimedia mitigation progam which if approved by EPA would allow
utilities whose water has radon concentrations higher than the MCL, but lower
than the AMCL, to comply with the AMCL. The multimedia programs to miti-
gate radon in indoor air may include “public education; testing; training; techni-
cal assistance; remediation grants, loan or incentive programs; or other regulatory
or non-regulatory measures.” If a state does not have an EPA-approved multime-
dia mitigation program, a public water supply in that state may submit such a
program to EPA directly. Public water supplies exceeding the AMCL and choos-
ing to institute a multimedia mitigation program to achieve equivalent health risk
reductions must, at a minimum, treat their water to reduce radon in water concen-
trations to less than or equal to the AMCL. The present report was written to
address the issues just discussed.

CRITICAL ISSUES

It has been difficult to set a standard for radon, as opposed to other radionu-
clides in drinking water, because of the absence of authoritative dosimetric infor-
mation for radon dissolved in water. Furthermore, radon presents a unique regu-
latory problem in that its efficient transfer from water into indoor air produces a
risk from the inhalation of its decay products. Thus, it is regulated as a radionu-
clide in water, but a major portion of the associated risk occurs because of its
contribution to the airborne radon concentration.

Because of the relatively small volume of water used in homes, the large
volume of air into which the radon is emitted, and the exchange of indoor air with
the ambient atmosphere, radon in water typically adds only a small increment
to the indoor air concentration. Specifically, radon at a given concentration in
water adds only about 1/10,000 as much to the air concentration; that is, typical
use of water containing radon at 10,000 Bq m~3 will on average increase the air
radon concentration by only 1 Bq m=3. There is always radon in indoor air
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from the penetration of soil gas into homes, so only very high concentrations
of radon in water will make an important contribution to the airborne
concentration.

Even though water generally makes only a small contribution to the indoor
airborne radon concentration, the risk posed by radon released from water, even
at typical groundwater concentrations, is estimated to be larger than the risks
posed by the other drinking water contaminants that have been subjected to
regulation, such as disinfection by-products. Thus, in most homes, the risk to the
occupants posed by indoor radon is dominated by the radon from soil gas, which
is not subject to regulation, and a change in the radon in drinking water would
produce a minimal change in the risk posed by airborne radon. This problem led
to the suggestion that mitigation of radon in indoor air be considered an alterna-
tive means of achieving risk reduction equal to or greater than that which would
be achieved by reducing the concentration of radon in drinking water.

The ingestion of radon in water also presents a possible risk. Questions were
raised with respect to the ingestion risk assessment that EPA used in the 1991
proposed regulations and in the revised multimedia risk assessment of 1994. The
questions were related to the applicability of some of the data used as the basis of
the risk model and to the resulting assumptions that were used to estimate risk.
The substantial uncertainties in the radon health risks other than those posed by
inhalation add to the problems of setting an appropriate MCL to protect public
health. Thus, a reevaluation of the ingestion risks was needed.

COMMITTEE CHARGE

EPA contracted with NAS to address the issues cited above, and the commit-
tee on the Risk Assessment of Radon Gas in Drinking Water was formed in the
National Research Council’s Board on Radiation Effects Research. The specific
tasks assigned to the committee were:

* To examine the development of radon risk assessments for both inhala-
tion and ingestion of water.

* To modify an existing risk model if that was deemed appropriate or to
develop a new one if not.

* To review the scientific data and technical methods used to arrive at risk
coefficients for radon in water.

® To assess potential health-risk reduction benefits associated with various
mitigation measures to reduce radon in indoor air.

The final report includes:

¢ Estimates of cancer risk per unit activity concentration of radon in water.
* Assessment of the state of knowledge with respect to health effects of
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radon in drinking water for populations at risk, such as infants, children, pregnant
women, smokers, elderly persons, and seriously ill persons.

* Review of information regarding teratogenic and reproductive effects in
men and women due to radon in water.

* Estimates of the transfer coefficient relating radon in water to average
radon concentrations in indoor air.

¢ Estimates of average radon concentrations in ambient air.

¢ Estimates of increased health risks that could result from methods used to
comply with regulations for radon in drinking water.

® Discussion of health-risk reduction benefits obtained by reducing radon
using currently available methods developed for reducing radon concentrations
in indoor air and comparison of these benefits with those achievable by the
comparable reduction of risks associated with mitigation of radon in water.

FINDINGS AND CONCLUSIONS

The committee’s report addresses each of those points, and its conclusions
are summarized below. The order of presentation below follows that in the report.

Occurrence of Radon in the United States

National data on indoor radon, radon in water, and geologic radon potential
indicate systematic differences in the distribution of radon across the United
States. Geologic radon-potential maps and statistical modeling of indoor radon
exposures make it clear that the northern United States, the Appalachian and
Rocky Mountain states, and states in the glaciated portions of the Great Plains
tend to have higher than average indoor radon concentrations. Some smaller
areas of the southern states also have higher than average indoor radon concentra-
tions. Data on radon in water from public water supplies indicate that elevated
concentrations of radon in water occur in the New England states, the Appala-
chian states, the Rocky Mountain states, and small areas of the Southwest and the
Great Plains.

National Average Ambient Radon Concentration

The ambient concentration of radon varies with distance from and height
over its principal source in the ground (rocks and soil) and from other sources that
can locally or regionally affect it, such as lakes, mine or mill tailings, vegetation,
and fossil-fuel combustion. However, diurnal fluctuations due to changes in air
stability and meteorologic events account for most of the variability. Average
ambient radon concentrations were measured by EPA over nine seasons at 50
sites across the United States. Most, but not all, sites coincided with the capital
city of the state but did not statistically represent the population across the U.S.,
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nor were the measurement at these sites necessarily representative of average
ambient radon concentrations in each state. But the EPA data set is the only one
with a fully national extent. The committee does not believe that the data are
sufficiently representative to provide a population-weighted annual average am-
bient radon concentration. An unweighted arithmetic mean radon concentra-
tion of 15 Bq m3, with a standard error of 0.3 Bq m=3 was calculated based
on the EPA data set, and the committee recommends use of this value as the
best available national ambient average concentration. After reviewing all the
other ambient radon concentration data that are available from other specific
sites, the committee concluded that the national average ambient radon concen-
tration would lie between 14 and 16 Bq m3.

Transfer Coefficient

The transfer coefficient is the average fraction of the initial average radon
concentration in water that is contributed to the indoor airborne radon concentra-
tion. The average transfer coefficient estimated by a model and the average
estimated from measurement data are in reasonable agreement. The average of
the measurements was 0.9 x 10# with a standard error of 0.1 x 104, and the
model’s average was either 0.9 X 10~ or 1.2 x 10~ depending on the choice of
input parameter values. Having considered the problems with both the mea-
surements of the transfer coefficient and the measurements that are the
input values into the model, the committee concludes that the transfer coef-
ficient is between 0.8 X 10 and 1.2 X 10 and recommends that EPA
continue to use 1.0 X 104 as the best central estimate of the transfer coeffi-
cient that can now be obtained.

Biologic Basis of Risk Estimation

The biologic effects of radon exposure under the low exposure conditions
found in domestic environments are postulated to be initiated by the passage of
single alpha particles with very high linear energy transfer. The alpha-particle
tracks produce multiple sites of DNA damage that result in deletions and rear-
rangements of chromosomal regions and lead to the genetic instabilities impli-
cated in tumor progression. Because low exposure conditions involve cells ex-
posed to single tracks, variations in exposure translate into variations in the
number of exposed cells, rather than in the amount of damage per cell. This
mechanistic interpretation is consistent with a linear, no-threshold relation-
ship between high-linear energy transfer (high-LET) radiation exposure and
cancer risk, as was adopted by the BEIR VI committee. However, quantita-
tive estimation of cancer risk requires assumptions about the probability of
an exposed cell becoming transformed and the latent period before malig-
nant transformation is complete. When these values are known for singly hit
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cells, the results might lead to reconsideration of the linear no-threshold
assumption used at present.

Ingestion Risk

The cancer risk arising from ingestion of radon dissolved in water must be
derived from calculations of the dose absorbed by the tissues at risk because no
studies have quantified the risk. Studies of the behavior of radon and other inert
gases have established that they are absorbed from the gastrointestinal tract and
readily eliminated from the body through the lungs. The stomach, the portal of
entry of ingested radon into the body, is of particular concern. The range of alpha
particles emitted by radon and its short-lived decay products is such that alpha
particles emitted within the stomach are unable to reach the cells at risk in the
stomach wall. Thus, the dose to the wall depends heavily on the extent to which
radon diffuses from the contents into the wall. Once radon has entered the blood,
through either the stomach or the small intestine, it is distributed among the
organs according to the blood flow to them and the relative solubility of radon in
the organs and in blood. Radon dissolved in blood that enters the lung will
equilibrate with air in the gas-exchange region and be removed from the body.

The committee found it necessary to formulate new mathematical models of
the diffusion of radon in the stomach and the behavior of radon dissolved in blood
and other tissues. The need for that effort arose from the lack of directly appli-
cable experimental observations and from limitations in the extent to which one
can interpret available studies. The diffusion of radon within the stomach was
modeled to determine the expected time-integrated concentration of radon at the
depth of the cells at risk. The result, based on a diffusion coefficient of 5 X
10-° cm? s7!, indicated that a conservative estimate of the integrated concentra-
tion in the wall was about 30% of that in the stomach content.

The committee also found it useful to set forth a physiologically-based phar-
macokinetic (PBPK) model of the behavior of radon in the body. Various inves-
tigators have assessed the retention of inhaled and ingested radon in the body, but
their observations do not relate directly to the distribution of radon among the
tissues. The PBPK is formulated using information on blood flow to the tissues
and on the relative solubility of radon in blood and tissue to determine the major
tissue of deposition (which was adipose tissue) and retention within this tissue.
The PBPK model is consistent with the observations regarding radon behavior in
the body. Unlike previous estimates of the radiation dose, the committee’s analy-
sis also considered that each radioactive decay product formed from radon decay
in the body exhibited its own behavior with respect to tissues of deposition,
retention, and routes of excretion.

The committee’s estimates of cancer risk are based on calculations with risk-
projection models for specific cancer sites. The computational method was that
described in EPA’s Federal Guidance Report 13. An age- and gender-averaged
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cancer death risk from lifetime ingestion of radon dissolved in drinking water
at a concentration of 1 Bq m=3is 0.2 X 108, Stomach cancer is the major contribu-
tor to the risk. The actual risk from ingested radon could be as low as zero depend-
ing on the validity of the linear, no-threshold dose response hypothesis, however,
the committee has estimated confidence limits on the ingestion risk (see chapter 4).

Inhalation Risk

Lung cancer arising from exposure to radon and its decay products is bron-
chogenic. The alpha-particle dose delivered to the target cells in the bronchial
epithelium is necessarily modeled on the basis of physical and biologic factors.
The dose depends particularly on the diameter of the inhaled ambient aerosol
particles to which most of the decay products attach. These particles deposit on
the airway surfaces and deliver the pertinent dose, and the dose can vary, because
of changes in particle size, by about a factor of 2 in normal home conditions.

The dose from radon gas itself is smaller than the dose from decay products
on the airways, mainly because of the location of the gas in the airway relative to
the target cells—that is, the source-to-target geometry. The dose from radon gas
that is soluble in body tissues is also smaller than the decay-product dose. Two of
the underground-miner studies showed no statistically significant risk of cancer
in organs other than the lung due to inhaled radon and radon decay products. The
dosimetry supports that observation, although there is a need to continue the
miner observations.

The risk of lung cancer associated with lifetime inhalation of radon in air at
a concentration of 1 Bq m~3 was estimated on the basis of studies of underground
miners. The values were based on risk projections from three follow-up studies:
BEIR IV (National Research Council 1988), NIH (1994) and BEIR VI (National
Research Council 1999). These three reports used data from 4 to 11 cohorts of
underground miners in seven countries and developed risk projections of 1.0 X
10%, 1.2 x 104, and 1.3 x 10~ per unit concentration in air (1 Bq m3), respec-
tively. The three values were for a mixed population of smokers and nonsmokers.
The value adopted by the committee is the rounded average derived from
the two BEIR-VI model results and equals 1.6 X 10~ per Bq m3. The lung-
cancer risk to smokers is statistically significantly higher than the risk to non-
smokers. Given the adopted transfer coefficient of 1 x 104, the risk of lung
cancer (discussed in two reports of the National Research Council and one of
the National Institutes of Health) posed by lifetime exposure to radon (222Rn)
in water at 1 Bq m3 was calculated to be 1.6 X< 103,

Summary of Risk Estimates

The risk estimates developed by the committee for radon in drinking water
are summarized in table ES-1. Although the committee was asked to estimate the
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risks to susceptible populations—such as infants, children, pregnant women,
smokers, and elderly and seriously ill persons—there is insufficient scientific
information to permit such estimation except for the lung-cancer risk to smokers,
which is presented separately in the table. The adopted lifetime risk of lung
cancer for a mixed population of smokers and nonsmokers, men and women,
resulting from the air exposure to radon from a waterborne radon concen-
tration of 1 Bq m73 is 1.6 X 10-8. The adopted lifetime risk of stomach cancer
for the same water concentration is 0.2 X 10-3; the committee could not
make a distinction in ingestion risk for any specifically identified subpopula-
tion other than the differences in gender.

Figure 1 (see Public Summary) puts the inhalation and ingestion risks into
perspective by direct comparison of annual cancer deaths. The number of lung-
cancer deaths in the United States is estimated to be 160,100 in 1998 (ACS 1998).
Using the average of the two BEIR-VI risk models and adjusting for the 1998
increase in the number of lung-cancer deaths, the committee estimates there will
be about 19,000 lung-cancer deaths in 1998 attributable to radon and the combi-
nation of radon and smoking. The committee estimated there might be about 20
stomach-cancer deaths in 1998 (with a subjectively determined uncertainty range
from 1 to 50 deaths) attributable to the ingestion of radon in drinking water as
compared to 13,700 stomach-cancer deaths that are estimated to develop in the
United States in 1998 from all causes (ACS 1998). Based on an estimated na-
tional mean value of radon in drinking water, the committee estimates 160 lung
cancer deaths in 1998 (with a subjectively determined range from 25 to 280
deaths) attributable to indoor radon (in air) resulting from the release of radon
from household water. The committee’s analysis indicates that most of the
cancer risk posed by radon in drinking water arises from the transfer of
radon into indoor air and the subsequent inhalation of the radon decay
products, and not from the ingestion of the water.

TABLE ES-1 Committee Estimate of Lifetime Risk Posed by Exposure to
Radon in Drinking Water at 1 Bq m

Exposure Pathway Lifetime risk

Male Female U.S. Population?
Inhalation (ever-smokers)? 3.1 x10°8 20 x10°8 26 x10°8
Inhalation (never-smokers)? 0.59 x 1078 0.4 x10°8 0.50 x 1078
Inhalation (population)b 2.1 x10°8 12 x108 1.6 x108
Ingestion 0.15 x 1078 0.23 x 1078 0.19 x 1078

Total Risk (inhalation and ingestion) 22 x10°8 14 x 108 1.8 x 108

aThese rounded values combine the various subpopulations, with appropriate weighting factors taken
from the 1990 U.S. Census.

bBased on the radon decay product risks of BEIR VI Report (National Research Council 1999) and
includes the incremental dose to showering with the uncertainties in these estimates.
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The committee was asked to review teratogenic and reproductive risks. There
is no scientific evidence of teratogenic and reproductive risks associated with
radon in tissues from either inhalation or ingestion.

Comparison of the Present Analysis with the Previous EPA Analyses

The committee’s analysis results in a modest reduction of the overall risk
associated with radon in drinking water compared with the two previous analyses
conducted by the EPA. However, the magnitudes of the risks associated with the
different exposure pathways are different, as shown in table ES-2. The com-
mittee’s analysis estimates that the inhalation pathway accounts for about
89% of the estimated cancer risk and ingestion accounts for 11%. In con-
trast, EPA’s 1994 analysis suggested that inhalation accounted for 47% of
the overall risk and ingestion accounted for 53%.

Based on the committee’s analysis, the estimated inhalation risk has increased
while the estimated ingestion risk has decreased. The committee did not do any new
analysis for the inhalation risk. An average risk value based on three studies: BEIR
IV, NIH, and BEIR VI (NRC 1988; Lubin et al. 1994; NRC 1999; respectively)
was adopted. The committee did conduct a new analysis of the ingestion risk, based
on a model developed for this study. This model reduces the overall ingestion risk
factor by about a factor of 5, and suggests that, in contrast with the previous EPA
analysis, almost all of the ingestion risk is attributed to the stomach. The estimated
ingestion risk factors for various organs are compared in table ES-2.

There are a number of factors underlying the analysis of the risk associated
with radon in drinking water, in addition to the lifetime radiation risk factors
described above. These include the amount of water ingested, the effective expo-

TABLE ES-2 Comparison of Individual Lifetime Risk Estimates Posed by
Radon in Drinking Water at a Concentration of 1 Bq m™

Committee 1991 EPA 1994 Revised EPA
Exposure Pathway Analysis? Proposed Rule? Analysis®
(A) Radon progeny inhalation 1.6 x 1078 13 x108 0.81 x 1078
(B) Radon inhalation 0.05 x 108 0.054 x 1078
(C) Ingestion 02 x108 0.4 x10°8 0.95 x 108
Stomach 1.6 x107 20 x107° 49 x107
Colon 0.059 x 1072 0.46 x 1072 14 %107
Liver 0.058 x 1072 0.33 x 1072 025 x 107
Lung 0.034 x 1079 0.55 x 1072 12 x107
General tissue 0.079 x 1072 0.61 x 1072 1.5 x107
Total risk (A+B+C) 1.8 x108 1.8 x 1078 1.8 x108
aTotal for the U.S. population (averaging across sex and smoking status).
bEPA 1991b.
cEPA 1994b.
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sure duration and the overall water-to-air transfer factor. The EPA reanalysis (EPA
1994b) used a direct tapwater consumption rate of 1 L d-!, an exposure time of
70y, and assumed that 20% of the radon in the tapwater is released from the water
in the process of transferring the water from the tap to the stomach (tapwater is
defined as water ingested directly, without agitation or heating). The committee
used an age- and gender-specific tapwater usage rate that corresponds to an age-
and gender-average rate of 0.6 L d-!' and assumed all of the radon remained dis-
solved in the water during the transfer process. Both the EPA and the committee
analyses used a transfer factor of 1 X 10~ for purposes of estimating the contribu-
tion radon dissolved in water makes to the overall indoor air radon concentration.
The estimated number of cancer deaths per year from public exposure to
radon are compared in table ES-3. Ranges estimated by this committee are ap-
proximate and are based on judgment using the best available information.

Uncertainty Analysis

Estimating potential human exposures to and health effects of radon in drink-
ing water involves the use of large amounts of data and the use of models for
projecting relationships outside the range of observed data. The data and models
must be used to characterize population behaviors, engineered-system perfor-
mance, contaminant transport, human contact, and dose-response relationships
among populations in different areas, so large variabilities and uncertainties are
associated with the resulting risk characterization. The report provides an evalu-
ation of the importance of and methods for addressing the uncertainty and vari-
ability that arise in the process of assessing multiple-route exposures to and the
health risks associated with radon.

TABLE ES-3 Comparison of estimated cancer deaths per year due to
exposure to radon and estimated possible ranges due to uncertainty

Committee Revised EPA
Exposure Pathway Analysis? Analysis®
Inhalation of radon progeny in indoor air 18,2000 13,600
(3,000-33,000)
Inhalation of radon progeny in outdoor air 720 520
(120-1300)
Inhalation of radon progeny derived from 160 86
the release of radon from drinking water (25-290)d
Ingestion of radon in drinking water 23 100
(5-50)

dBased on the 1998 estimated U.S. population of 270 million.

bBased on data from BEIR VI (National Research Council 1999).

¢Based on a U.S. population of 250 million (EPA 1994b).

dValues derived from rescaling the analysis of the EPA-SAB (1994b) report using 1998 population
and mortality data and risk estimates from BEIR VI (National Research Council 1999).
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The data, scenarios, and models used to represent human exposures to radon
in drinking water include at least four important relationships (i) The magnitude
of the source-medium concentration, that is, the concentrations of radon in the
water supply and in other relevant media, such as ambient air, (ii) the contami-
nant concentration ratio, which defines how much a source-medium concentra-
tion changes as a result of transfers, transformation, partitioning, dilution, and so
on before human contact, (iii) the extent of human contact, which describes
(often on a body-weight basis) the frequency (days per year) and magnitude
(liters per day) of human contact with a potentially contaminated exposure me-
dium (tap water, indoor air, or outdoor air), and (iv) the likelihood of a health
effect, such as cancer, associated with a predicted extent of human contact. The
latter area of uncertainty includes that of the dose-response model assumed.
Uncertainties in modeling the movement of radon with the wall of the stomach
(model structure), in the model parameters, and the lack of relevant experimental
observations are the critical sources of uncertainty. The key points discussed
included one overarching issue, that being how uncertainty and variability
can affect the reliability of the estimates of health effects for any exposure
scenario and related control strategies.

Mitigation of Radon in Air

There has been considerable research on and practical experience with the
use of active (mechanical) systems for the control of radon entry into buildings.
Use of such systems, when they are properly installed and operating, can typi-
cally yield indoor airborne radon concentrations below 150 Bq m=3 and can often
result in concentrations of about 75 Bq m3. Although there is considerable
experience with the design and installation of active systems, monitoring pro-
grams are needed to ensure the continued successful operation of individual
active systems. Another possible way to reduce risks associated with exposure to
airborne radon is to design and build radon-resistant new buildings. Although the
technical potential for building radon-resistant buildings has been demonstrated
under some circumstances, the scientific basis for ensuring that it can be done
reliably and as a consistent outcome of normal design and construction methods
is inadequate. With the exception of the results in research conducted in
Florida, there are no comparative data on which to base estimates of the
overall effects of radon-resistant construction methods on reducing concen-
trations of radon in indoor air radon concentrations.

Mitigation of Radon in Water

Several water treatment technologies have been used to effectively remove
radon from water. However various issues and secondary effects must be ad-
dressed in connection with each method, including intermedia pollution (transfer
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of radon from water to air) in the case of aeration and the retention of radionu-
clides (gamma-ray exposure and waste disposal) in the case granular activated
carbon (GAC) adsorption. If water must be treated to meet either the AMCL or
the MCL, disinfection might be required to meet the pending groundwater rule.
In this case, the risk associated with the disinfection byproducts, as estimated by
the committee, will be smaller than the risk reduction gained from radon removal.
The committee has estimated the equivalent gamma dose from a GAC system
designed to remove radon from a public water supply. The dose depends heavily
on the details and geometry of the system and should be predicted with an
extended-source model that can be modified to simulate the actual dimensions of
the treatment units.

Multimedia Approach to Risk Reduction

The 1996 Safe Drinking Water Act Amendments permit EPA to establish an
alternative maximum contamination level (AMCL) if the MCL is low enough so
that the contribution of waterborne radon to the indoor radon concentration is less
than the national average concentration in ambient air. The AMCL is defined
such that the waterborne contribution of radon to the indoor air concentration is
equal to the radon concentration in outdoor air, which is taken to be the national
average ambient radon concentration. In the situations where radon concentra-
tions in water are greater than the MCL but less than the AMCL, states or water
utilities can develop a multi-media approach to health risk reduction. The EPA is
required to publish guidelines including criteria for multimedia approaches to
mitigate radon in indoor air that result in a reduction in risk to the population
living in the area served by a public water supply that contains radon in concen-
trations greater than the MCL. The committee has examined some of the imple-
mentation issues involved in a multimedia mitigation approach through a se-
quence of scenarios that explore the possible options.

The MCL will be determined by EPA based on a variety of considerations
including their risk assessment, measurement technology, and best available
treatment options and thus, a specific value has not yet been determined. The
ratio of the average ambient radon air concentration to the transfer coefficient
defines the AMCL. On the basis of the committee’s recommended values
for the average ambient radon concentration and the average transfer
coefficient, the AMCL would be 150,000 Bq m=3 (about 4,000 pCi L1).
Water in excess of the AMCL must be mitigated at least to the AMCL, and
alternative means can then be used to provide a health-risk reduction equivalent
to what would be obtained by mitigation of the water to the MCL. However,
because of the relatively small cost difference between mitigating the water to
the AMCL and to the MCL, the committee believes that in most cases multime-
dia mitigation programs will probably not be considered for public water sup-
plies with water concentrations in excess of the AMCL. For high radon concen-
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tration water, it will generally be most cost-effective to mitigate radon in water
to the MCL.

For water supplies with radon concentrations between the MCL and the
AMCL, the feasibility of implementing a multimedia mitigation program
depends on the availability of homes in which the airborne radon concentra-
tion is high (greater than 150 Bq m3). EPA has divided the country into three
regions of different potentials for elevated indoor radon concentration. For water
supplies in areas of low indoor air radon potential, it will be difficult to identify
and mitigate enough homes to achieve an equivalent or better health-risk reduc-
tion by treating the air. For such water supplies, it is unlikely that a public water
system’s multimedia mitigation program will be practical unless the water con-
centration of radon is only slightly above the MCL.

In areas of medium and high indoor air radon potential, it is more feasible to
mitigate a small number of high-indoor-concentration homes to provide an
equivalent health-risk reduction at a cost less than the cost of mitigating the
water. In this scenario, the public water supply would have to actively recruit
high-indoor-air radon concentration homes and mitigate them. Incentives could
perhaps be used to get participation of homeowners in these multimedia pro-
grams. In addition, the utilities would have to monitor and maintain the air
mitigation systems routinely. This scenario would require water utilities to be-
come involved in air mitigation in individual homes, something with which they
are likely to have little experience.

Reduction of radon in indoor air can be an alternative means of reducing
overall risks associated with radon. One way to achieve this is to install active
(mechanical) systems to reduce radon entry into existing or new houses. Ad-
equate testing (long-term measurements in the living space to reflect actual expo-
sures) will be necessary to determine which existing houses should be mitigated.
Routine follow-up measurements will be needed, both to determine the risk re-
duction achieved by the mitigation and to ensure continued successful operation
of the mitigation systems. To ensure that health-risk reductions are at least as
great as the reductions that would result from reducing the water radon concen-
tration to the MCL, the number of homes with air mitigation systems should be
10-20% greater than the calculated minimum number of homes. Radon-resistant
new construction methods could also be used although the technical and practical
bases of their implementation are still poorly developed. Evaluation of the base-
line radon exposure would require use of radon-monitoring data from existing
houses in the community of interest or estimates of average indoor concentrations
based on calculated radon potentials for the region. Careful attention to the fol-
low-up monitoring results would be important, both for determining how much
radon reduction has resulted (on the basis of aggregate comparisons) and for
determining whether radon persists at unacceptable concentrations.

Various educational and outreach programs reviewed by this committee in-
dicate that, in general, public apathy about the potential risks of exposure to
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radon has generally remained, despite numerous and sometimes costly public
education efforts. Though the evaluation of many of these programs has not been
rigorous, on the basis of the reported results, the committee concludes that an
education and outreach program would be insufficient to provide a scientifi-
cally sound basis for claiming equivalent health-risk reductions and that an
active program of mitigation of homes would be needed to demonstrate
health-risk reduction.

Furthermore, the mitigation of indoor-air radon concentrations in a small
number of homes means risk reduction among only a few people who had high
initial risk, rather than uniform risk reduction for a whole population served by
the water utility. This approach raises questions of equity among the various
groups that are being exposed to various levels of risk associated with radon.
Equity issues would also result if the airborne-radon risks in one community were
traded for the risks in another without a resulting identical or improved public
health effect and a commensurate economic benefit to both communities. Non-
economic considerations could play a large role in the evaluation of multime-
dia mitigation programs and might be the deciding factors in whether to
undertake such a program. In any planning process, a careful program of
public education, utilizing experts in risk communication, will be essential to
give the public an adequate perspective of the tradeoffs in risks being proposed
and of the health and economic costs and benefits that will be produced by the
various alternatives.

EPA and the state agencies responsible for water quality will continue to be
faced with the problem of the health risks associated with the presence of radon in
drinking water. The increment in indoor radon that emanates from the water will
generally be small compared with the average concentration of radon already
present in the dwellings from other sources. Thus, except in situations where
concentrations of radon in water are very high, the reduction of radon in water
will generally not make a substantial reduction in the total radon-related health
risks to occupants of dwellings served by the water supply. However, the risks
associated with the waterborne radon are large in comparison with other regu-
lated contaminants in drinking water. Using mitigation of airborne radon to
achieve equivalent or greater health-risk reductions therefore makes good sense
from a public-health perspective. However, there are concerns that the equity
issues associated with the multimedia approach and other related issues will
become important in obtaining agreement by all of the stakeholders. This issue
will require each public water supply and the regulatory agency overseeing it to
study the circumstances carefully before deciding to implement a multimedia
mitigation program in lieu of water treatment.
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THE ORIGINS OF RADON

Naturally occurring radioactivity can be found throughout the earth’s crust.
Some of these radionuclides decay into stable elements, such as 'K — 40Ar,
14C — N and 3’Rb — 37Sr. Others are members of sequences of radioactive
decay in which one radionuclide decays into another radionuclide. The three
principal such series found in nature originate with 238U, 235U, and 232Th (NCRP
1987a).

The immediate disposition of an atom created in a radioactive series depends
on physical and chemical properties of the element and on the surrounding soil or
rocks. Many of the elements in the process are metals such as uranium, thorium,
polonium, lead, and bismuth or alkaline earths such as radium. These elements
vary greatly in solubility depending on ambient physical and chemical conditions
and may go into solution or be absorbed onto organic particles or clay minerals.
Uranium, radium, and radon are the most mobile, lead and bismuth are only
moderately mobile, while thorium and polonium remain relatively immobile.

One of the most abundant sources of naturally occurring radioactivity is the
series that begins with 238U, which is illustrated in figure 1.1. The first 14 mem-
bers in this series collectively emit gamma, beta, and alpha radiation. Because of
the arrangement of half-lives and chemical properties, the concentration of radio-
activity of the early members of the series is proportional to the concentration of
238U in the earth.

An important deviation happens roughly midway through the 238U series:
226Ra decays by alpha emission, thereby creating 222Rn. In contrast with other

23
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FIGURE 1.1 Decay scheme for natural occurring 233U chain.

members of the series, which are solids, radon is a chemically-inert noble gas and
can migrate in the environment.

MIGRATION OF RADON

A radon atom that is created deep within a grain of rock usually remains
there until it decays. However, when a radon atom is created near the surface of
a grain, it can recoil into the pore between grains; such radon atoms do not attach
or bind to the matrix that contains the immediate precursor, radium. The amount
of radon that reaches the pores is described by the emanation fraction. For typical
soils or bedrock, the emanation fraction can range from 5% to 50% (see the
review in Nazaroff 1992).

In most situations, the pore between grains of material contains a mixture of
air and water. Often, a recoil radon atom will come to rest in the water and remain
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there (Tanner 1980). In addition to this direct process, a gas is partitioned be-
tween the air and water in the pore. This partitioning is described by Henry’s law
in terms of the Oswald coefficient, K:

K=—x (1.1)

where C, and C, are the radon concentrations by volume (Bq m~) in the water
and air, respectively. The Oswald coefficient varies inversely with temperature.
At 10 °C, K, = 0.3; it increases to about 0.5 near 0 °C (Lewis and others 1987).
If the soil or bedrock is completely saturated with water, all the available radon
will be dissolved in the water.

Migration of radon in soil gas is controlled by two processes: molecular
diffusion and advective flow. Diffusion is the process whereby molecules mi-
grate toward regions with lower concentrations. Radon concentrations in soil gas
are typically 40,000 Bq m~3 and concentrations 10 to 100 times this value are not
uncommon. The main reason for this is that the radon atoms are confined within
a small volume defined by the pore space between the soil grains. Thus, radon
will preferentially diffuse toward regions that have lower concentrations, such as
caves, tunnels, buildings, and the atmosphere.

Advective flow is controlled by pressure differences. Air will flow toward
locations with lower pressure, and changes in atmospheric pressure can force air
into or out of the ground. Very often, the air inside a building is warmer than air
in the soil that is in contact with the building. This temperature difference causes
a pressure gradient that draws air containing high concentrations of radon into the
structure. Wind—as well as airflow from a fan, furnace, or fireplace—can also
reduce pressures inside a building, compared with the pressures in the soil adja-
cent to the building foundation. These processes constitute the primary reason
that radon enters and may be present in buildings at higher concentrations than in
ambient air.

The water supply can also contribute to indoor radon. When water leaves a
faucet, dissolved gases are released. This process is increased by mechanical
sprays during a shower or by the heating and agitation that occur during launder-
ing, washing, and cooking. The increase in the indoor radon concentration due to
radon release from indoor water use is described by the transfer coefficient:

= 4% (1.2)
Cy

where (A_Ca) is the average increase of the indoor radon concentration that results
from using water having an average radon concentration of Cy,. The various
sources of radon and the resulting radiation exposure pathways are shown in
figure 1.2.
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FIGURE 1.2 Sources of radon and related radiation exposure pathways.
*Gamma exposure from radon collected during some mitigation procedures (see Appen-
dix E).

EXPOSURE TO INDOOR RADON

The first four descendants of radon—218Po, 214Pb, 214Bi, and 2!4Po—are also
radioactive and are collectively referred to as radon decay products. They are all
metals and have half-lives ranging from a fraction of a second to 27 min (see
figure 1.1). Indoors, some of these decay products come into contact with sur-
faces and are removed from the air by a process called plate-out. The rest of the
decay products remain suspended in air as free atoms (unattached) or combined
with other aerosols (attached). Although it is possible to measure the concentra-
tion of each radon decay product suspended in air, they are generally grouped. In
addition, the concentration is not presented in terms of activity per unit volume
(becquerel per cubic meter), but rather in terms of the total energy that would be
released by alpha particles when all the short-lived atoms decayed completely.
This quantity is called potential alpha energy (PAE), and the concentration in air
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(PAEC), is measured in units of energy per unit volume of air (joules per cubic
meter (J m—).

The development of a PAEC from indoor radon concentration depends on air
movement and aerosol conditions within a room. PAEC can depend on whether
the radon entered a room from soil or from water during bathing. The relationship
between indoor radon concentration and PAEC is expressed in terms of the
equilibrium ratio (ER). For a room without any depletion of radon or plate-out of
decay products, ER = 1.0. In domestic environments, ER ranges from 0.3 to 0.7
with a nominal value of 0.4 (Hopke and others 1995a).

The alpha-particle dose to lung tissues depends on PAEC and on the time
that a person spends in a given location. A combination of PAEC and time is a
measure of exposure expressed in joule-seconds per cubic meter (J-s m=3).

ABSORBED DOSE FROM INDOOR RADON

A person in a room will inhale radon decay products that are suspended in
air. Some activity can deposit and accumulate in the respiratory airways, de-
pending on breathing patterns and the aerodynamic size of the particles with
which the decay products are associated. Because of the short half-lives, the
radon decay products that are deposited in the lung will almost certainly decay
completely in the lung. The radiations emitted within the lung during these
decays can deposit energy in the body. However, this radioactivity is very near
the lung epithelium, so alpha particles in particular can transfer copious amounts
of energy to vulnerable cells. That is why radon decay products are character-
ized in terms of PAEC.

Radon gas itself is also inhaled. Most of it is exhaled immediately and
therefore does not accumulate in the respiratory system, as do radon decay prod-
ucts. Because the radon does not get close to radiosensitive cells, the absorbed
dose from alpha particles is small. However, some of the radon that reaches the
interior region of the lung is transferred to blood and dispersed throughout the
body. Radon and the decay products formed inside the body can deliver a radia-
tion dose to tissues and organs.

On some occasions, water is consumed immediately after leaving the faucet
before its radon is released into the air. This water goes directly to the stomach.
Before the ingested water leaves the stomach, some of the dissolved radon can
diffuse into and through the stomach wall. During that process, the radon passes
next to stem or progenitor cells that are radiosensitive. These cells can receive a
radiation dose from alpha particles emitted by radon and decay products that are
created in the stomach wall. After passing through the wall, radon and decay
products are absorbed in blood and transported throughout the body, where they
can deliver a dose to other organs.

Ingested water eventually passes through the stomach into the small intes-
tine, where the remaining radon and decay products are released from the water
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and transferred to blood. They then circulate within the body; most are released
from the blood into the lung and exhaled, but some remain in the blood and
accumulate in organs and tissues, which receive an absorbed dose from alpha,
beta, and gamma radiation.

HEALTH RISKS POSED BY INDOOR RADON

There is a direct implication between high doses of radiation and health
effects in humans. For example, excess cancers have been observed in a cohort of
survivors of the atomic-bomb blasts in Japan (National Research Council 1990a).
A relationship between lung cancer and inhalation of radon decay products has
been demonstrated in underground miners (Lubin and Boice 1997). Recent epi-
demiologic evidence suggests that inhalation of radon decay products in domes-
tic environments could also be a cause of lung cancer (National Research Council
1999; Lubin and others 1995). Although the studies do not specifically identify
health effects at low doses, there is compelling circumstantial evidence that they
occur.

Under ambient conditions of low dose and low dose rate, any health effects
associated with exposure to radon in air or water can be expected to occur from
the passage of single alpha particles through individual cells. Any given cell is hit
only once or not at all. An increase in exposure increases the number of cells that
are hit, but it will not affect the primary damage experienced by each cell. There-
fore, the initial events depend linearly on exposure or dose.

Exposed cells experience local damage in the form of DNA breaks and the
products of reactive oxygen. The damage is metabolized by cellular-repair sys-
tems, and some fraction of it results in permanent genetic changes. Those changes
can lead to the development of cancers; a cancer usually originates in a single
transformed cell.

Risk projection models have been developed to predict the risk in situations
where direct evidence is not available (National Research Council 1999; 1990a).
The nature of the exposure to indoor radon, the kinds of DNA damage inflicted
by alpha particles, and the extent of repair are consistent with the absence of a
threshold for cancer induction. The preferred model is a straight line that reaches
zero risk only when the dose or exposure is zero; it is referred to as the linear no-
threshold (LNT) model.

LEGISLATION AND REGULATIONS REGARDING INDOOR RADON

In 1988, Congress passed the Indoor Radon Abatement Act. Its stated goal
was to reduce indoor radon concentrations to outdoor levels. The Environmental
Protection Agency (EPA) was authorized to implement policies described in the
law. In 1987 and again in 1992, EPA published A Citizen’s Guide To Radon
(EPA 1992a). The document summarized the risks associated with inhalation of
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radon decay products in residential environments. It recommended that people
measure indoor radon and consider taking action if the annual average concentra-
tion in their living areas exceeds 148 Bq m=3. EPA also developed programs in
support of its recommendations for mitigation (Page 1993): public-information
programs, a National Residential Radon Survey, Regional Radon Training Cen-
ters, the Radon Contractor Proficiency Program, the Radon Measurement Profi-
ciency Program, Radon Reduction in New Construction, and support for the
development of indoor-radon programs in individual states. As a result of those
efforts, about 11 million of the approximate 100 million single family dwellings
in the United States have been tested and about 300,000 (0.3%) mitigated in an
effort to reduce indoor radon concentrations (CRCPD 1994). In addition, EPA
estimates about 1.2 million new homes have been built with radon-resistant con-
struction methods (A. Schmidt, personal communication), although the success
of these methods is unknown.

It was recognized that water might also make a substantial contribution to
and in some circumstances be the primary source of health risks associated with
radon. In 1986, a revision to the Safe Drinking Water Act specifically required
EPA to set a standard for ???Rn in drinking water (US Congress 1986). After
litigation and a consent decree, EPA developed a criteria document that summa-
rized the health effects of radon and its prevalence in drinking water (EPA 1991a).
On the basis of the document and considerations of uncertainties in the analytic
procedures for testing for radon in drinking water, a regulation was proposed in
1991 that established a maximum contaminant level (MCL) of 11,000 Bq m=3
(EPA 1991b). That MCL corresponded to an lifetime individual health risk of
10~ posed largely by an increase in radon in indoor air.

During the period permitted for public response after the announcement of
the proposed regulation, some groups supported reducing the MCL below
11,000 Bq m~3 because there is no known threshold for radiation-induced car-
cinogenesis. Others suggested raising the MCL because the increment in indoor-
air radon from water radon at 11,000 Bq m= would be about 2% of the annual
average residential radon concentration. There was also concern regarding the
dosimetry model used to estimate the risk of stomach cancer associated with
radon ingestion (Harley and Robbins 1994). As a result of those concerns, Con-
gress intervened in 1992 and directed the administrator of EPA to prepare a
multimedia risk assessment and cost estimates for compliance with regulations
regarding radon in drinking water. The reanalysis resulted in EPA’s revising its
risk assessment for the ingestion of water containing radon. As a result, the
ingestion risk and the inhalation risks (per unit of radon in drinking water) were
estimated to be about equal (EPA 1994b). This document was reviewed by the
Science Advisory Board (SAB) of EPA.

There was continuing concern about the estimates of stomach cancer result-
ing from radon ingestion. In addition, the SAB committee questioned the pru-
dence of regulating a small increase in indoor radon from water without consid-
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ering the larger reductions in risk that might be obtained by reducing radon
concentrations originating from soil gas (EPA-SAB 1993a).

The Safe Drinking Water Act was amended again in 1996 (US Congress
1996). The proposed national primary drinking-water regulation for radon was
withdrawn. Before proposing a new regulation for radon in water, EPA was in-
structed to ask the National Academy of Sciences to prepare a risk assessment for
radon in drinking water on the basis of the best science available. The assessment
was to consider each of the pathways associated with exposure to radon from
drinking water at concentrations and conditions likely to be experienced in residen-
tial environments. The Academy was also asked to prepare an assessment of health-
risk reductions that have been realized from various methods used to reduce radon
concentrations in indoor air to provide a basis for considering alternative or multi-
media mitigation schemes as opposed to mitigation of water alone.

CHARGE TO THE COMMITTEE

The Committee on the Risk Assessment of Exposure to Drinking Water in
the National Research Council’s Board on Radiation Effects Research began
deliberations in July 1997. The specific tasks assigned to the committee were:

* To examine the development of radon risk assessments for both inhala-
tion of air and ingestion of water.

* To modify an existing risk model if it were deemed appropriate or de-
velop a new one if necessary.

* To review the scientific data and technical methods used to arrive at risk
coefficients for exposure to radon in water.

* To assess potential health-risk reductions associated with various mea-
sures to reduce radon concentrations in indoor air.

The final report was to include:

¢ Estimates of lung, stomach, and other potential cancer risks per unit con-
centration of radon in water.

* Assessment of whether health effects of radon in drinking water could be
estimated for various sub-populations at risk, such as infants, children, pregnant
women, smokers, elderly persons, and seriously ill persons.

¢ Examination of evidence for teratogenic and reproductive effects in men
and women due to radon in water.

¢ Estimates of the transfer coefficient that relates radon in water to radon in
indoor air.

* Population-weighted estimates of radon concentrations in ambient air.

¢ Estimates of increases in health risks that could result from methods used
to comply with regulations for radon in drinking water.
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* Discussion of health-risk reductions obtained by encouraging people to
reduce radon concentrations in indoor air with methods already developed and
comparison of them with the risk reductions associated with mitigation of radon
in water.

COMPOSITION OF THE REPORT

Chapter 2 presents baseline data regarding concentrations of radon in water
and indoor air. It includes a discussion of radon concentrations measured in
outdoor air throughout the United States and an estimate of a national annual
average concentration of ambient radon.

Chapter 3 describes the transfer coefficient that expresses the increase in
indoor airborne radon in reference to the concentration of radon in water. It
includes a survey of measurements and theoretical considerations.

Chapter 4 discusses the dosimetry of ingested radon. It describes patterns of
consumption of water directly from the tap or faucet. The calculations make
extensive use of physiologically-based pharmacokinetic (PBPK) models that have
been developed for dosimetry of internal radioactivity. The chapter includes
computations of equivalent dose and risk to individual tissues and organs. A
special model was developed to estimate the concentration of radon and the
alpha-particle radiation dose produced by decay of radon and its decay products
occurring next to sensitive cells in the stomach wall.

Chapter 5 discusses the risk associated with inhalation of radon and radon
decay products. It includes a summary of the methods used to form risk-projec-
tion models that were developed by the National Research Council’s committees
on Biological Effects of lonizing Radiation (BEIR).

Chapter 6 discusses the basic mechanisms that are believed to be responsible
for radiation-induced carcinogenesis.

Chapter 7 presents an analysis of the uncertainty and precision associated
with the risk estimates obtained in the previous chapters.

Chapter 8 discusses the methods and efficiencies of radon mitigation in both
indoor air and water. It includes an examination of techniques for reducing radon
concentrations in existing buildings and procedures for reducing radon in new
construction.

Chapter 9 analyzes the concepts associated with a multimedia approach to
risk reduction. Several scenarios illustrate various ways to evaluate gains in risk
reduction by using an alternative AMCL for water with other indirect approaches
that encourage or even enforce mitigation in indoor air.

The committee’s research recommendations are summarized in chapter 10.

A glossary and six appendixes present specific details and methods that were
incorporated in the various chapters.
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Baseline Information on Indoor Radon and
Radon in Water in the United States

Several databases provide a national picture of indoor radon and radon in
water for the United States. We provide these data here as context for the dis-
cussions in later chapters on ambient radon, transfer factors, uncertainty, mitiga-
tion, and a multimedia approach to risk reduction. Figure 2.1 is a geologic-
physiographic map of the United States that will serve as a general reference for
areas of the country that are important as sources of radon (Schumann and others
1994); it is derived from standard geologic and physiographic maps.

INDOOR RADON

The concept of radon potential can be used as a basis for estimating indoor
radon concentrations. Although it is not possible to accurately predict radon
concentrations in individual houses because of the highly variable nature of
factors that control radon entry and concentrations in a specific house, one can
estimate the distribution of indoor radon concentrations on a regional basis. Sev-
eral approaches have been taken to develop indoor-radon potential maps of the
United States, and succeeding studies have built on previous ones; the most
recent maps of predicted indoor radon encompass a statistical analysis of vari-
ables that account for the greatest variation in indoor radon: geology, climate, and
house structure.

Figure 2.2 shows the geologic-radon potential map of the United States
developed by the US Geological Survey (Gundersen and others 1992) on the
basis of geology, indoor radon measurements, the aerial radiometric data col-
lected by the National Uranium Resource Evaluation (summarized in Duval and

32
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FIGURE 2.1 Geologic-physiographic map of the United States (courtesy of USGS).

others 1989), soil permeability, and foundation housing characteristics. It is a
map of the land potential, not a map of exposure or risk. It was compiled from
individual state geologic-radon potential maps (Gundersen and others 1993) that
served as the basis of the Environmental Protection Agency (EPA) map of radon
zones that has been incorporated into one of the national building codes (EPA
1993).

Figure 2.3 shows the most recent and most comprehensive map of indoor-
radon potential and represents a prediction of the geometric mean of annual
exposure to indoor radon. The elements used in the map include the radium
content of the surficial soil derived from the aerial radiometric data collected by
the National Uranium Resource Evaluation (summarized in Duval and others
1989), information on the geologic province that comprises most of the county
(from the US Geological Survey), soil characteristics, the fraction of homes with
basements and with living-area basements, and radon-concentration surveys con-
ducted nationally and in each state from EPA and other sources. Those elements
are used in a Bayesian mixed-effects regression model to provide predictions of
the geometric mean indoor radon concentration by county. Additional details of
the model are given in Price (1997). The predicted county means have standard
errors of 15-30% for typical counties; the uncertainty in a given county depends
on the number of radon measurements in the county and the level of detail in the
geologic information.
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From figures 2.2 and 2.3, it is obvious that the Appalachian Mountains,
Rocky Mountains, Colorado Plateau, and northern glaciated states (states north
of the limit of glaciation) tend to have the highest radon potential and indoor
radon. The principal geologic sources of radon in the United States are:

¢ Uranium-bearing metamorphosed rocks, volcanics, and granite intrusive
rocks that can be highly deformed or sheared (shear zones in these rocks cause
the largest indoor-radon problems in the United States), found predominantly in
the Appalachian Mountains, Rocky Mountains, and Basin and Range;

* Glacial deposits derived from uranium-bearing rocks and sediments found
in the northern tier of states above the limit of glaciation;

* Marine black shales found in the Appalachian Plateau and Great Plains
and to a smaller extent in the Coastal Plain, Colorado Plateau, and Basin and
Range;

* High-iron soils derived from carbonate, especially in karstic terrain found
in the Appalachian Plateau, Appalachian Mountains, and Coastal Plain; and

¢ Uranium-bearing fluvial, deltaic, marine, and lacustrine deposits and phos-
phatic deposits found in the Colorado Plateau, Rocky Mountains, Great Plains,
Coastal Plain, Basin and Range, and Appalachian Plateau.

RADON IN GROUNDWATER AND PUBLIC WATER SUPPLIES

In the 1980s, a number of national studies of radon and other radionuclides in
public water supplies and groundwater in the United States were published (see
(Longtin 1988; Michel and Jordana 1987; Hess and others 1985; Horton 1983).
These studies examined geographic distribution, the controls of hydrogeology,
and differences among private well, small public, and large public water supplies.
The most common conclusions of the studies suggest that the highest radon
concentrations in groundwater and public water supplies generally occur in por-
tions of the Appalachian Mountains, Rocky Mountains, and Basin and Range.
Private well sources and small public water supplies tend to be higher in radon
than large public water supplies. Private well sources and small water supplies
tend to be in aquifers with low capacity. When these types of aquifers are ura-
nium bearing granite, metamorphic rocks, or fault zones (as found in the moun-
tain states), the radon concentration in the water tends to be high. Large public
water supplies tend to use high-capacity sand and gravel aquifers, which gener-
ally comprise low-uranium rocks and sediments and tend to be lower in radon.

The study of Hess and others (1985) examined 9,000 measurements of radon
in water from national and state surveys. Data were compiled for all but 10 states.
Public water supplies originating in surface water tended to have radon concen-
trations less than 4,000 Bq m=3. Private water supplies were higher in radon than
public water supplies by factors of 3 to 20. States with the highest radon in private
well water were Rhode Island, Florida, Maine, South Dakota, Montana, and
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Georgia. The New England states overall had the highest radon concentrations in
water from all sources; state geometric means ranged from 18,500 Bq m= in
Massachusetts to 88,800 Bq m™3 in Rhode Island. A population-weighted geo-
metric mean for the United States of 6,900 Bq m=3 was reported.

Two major national databases collected by EPA exist for radioactivity in
public water supplies. Beginning in November 1980, EPA systematically sampled
the 48 contiguous states, focusing on water supplies that served more than 1,000
people (Horton 1983). Radon samples were analyzed with liquid scintillation-
counting methods, and samples were targeted to be from as close to the ground-
water source as possible and to exclude surface waters. The more than 2,500
public water supplies that were sampled represented 45% of the water consumed
by US groundwater consumers. High radon concentrations were found in the
waters of the New England states, North Carolina and South Carolina, Georgia,
Virginia, Arizona, Colorado, Nevada, Montana, and Wyoming. Individual sam-
ple measurements ranged from O to over 500,000 Bq m=3, the average was
12,600 Bq m~3 and the geometric mean was 3,700 Bq m=.

From 1984 to 1986, EPA conducted the National Inorganics and Radionu-
clides Survey on the basis of 990 randomly distributed samples from the inventory
of public water systems in the Federal Reporting Data System (Longtin 1988). The
random sample was stratified into four general categories that represented the
population served by the system and represented finished water in the distribution
system, generally sampled at the tap. Radon was measured with liquid scintillation-
counting methods. Longtin (1988) calculated a population-weighted average radon
concentration of 9,200 Bq m= but did not calculate unweighted statistics. Our
committee examined the unweighted data; of the 990 records, 275 had censored
observations of less than 3,700 Bq m3. Values ranged from below the detection
level to 949,000 Bq m3. The distribution of the concentrations was assumed to be
log normal and statistics were estimated with the method of maximal likelihood,
using SAS and LIFEREG, which accounts for censored data. The geometric mean
radon concentration was estimated at 7,500 Bq m~3, the average 20,000 Bq m3 and
the geometric standard deviation 4.06.

A comparison of the two data sets with the data of Hess and colleagues
(1985) is shown in figure 2.4. The distributions appear similar in most respects.
The 9,000 measurements of Hess and others included the 2,700 measurements of
Horton (1983) and some state studies but did not include the Longtin (1988) data.
The Hess data have higher percentages of readings in the highest concentration
categories than either of the other two data sets. The Horton data have the highest
percentage of radon measurements less than 18,500 Bq m=3.

AMBIENT RADON

Ambient radon concentration is the concentration of radon in the atmo-
sphere. The outdoor concentration of radon varies with distance and height from
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FIGURE 2.4 Distributions of radon in water measurements in several studies across the
United States.

its principal source in the ground (rocks and soil) and distance from other sources
that can locally or regionally affect ambient radon, such as bodies of water, mine
or mill tailings, vegetation, and fossil-fuel combustion. The decrease in radon
with height from the source is not simply tied to ground exhalation, nor is the
variance a simple mathematical function. A number of studies have documented
the decrease in ambient radon with increasing height above the ground and con-
cluded that it is due predominantly to dilution by atmospheric mixing and turbu-
lence (Gogolak and Beck 1980; Druilhet and others 1980; Bakulin and others
1970; Pearson and Jones 1966; Servant 1966; Moses and Pearson 1965; Pearson
and Jones 1965). The ambient radon concentration can decrease by more than
half in the first 10 m, but many studies show decreases of only one-tenth to one-
third in the first 10 m. Concentrations of outdoor radon also change daily and
seasonally in response to temperature, changes in atmospheric pressure, and
precipitation.

Gesell (1983), Blanchard (1989), and Harley (1990) reviewed available
studies of outdoor radon from around the world and observed consistent diurnal
and seasonal trends. Generally, the diurnal pattern of outdoor radon concentra-
tion includes early morning and evening maxima related to cooling and air
stability. Minimum concentrations typically occur in the afternoon because of
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warming, evaporation and transpiration from soil, and mixing of air. Maximum
concentrations occur after midnight and in the early morning hours because of
inversion, cooling, and the increased stability of air masses. The marked diur-
nal pattern is illustrated in figure 2.5, which shows 7 y of hourly data from a site
in suburban northern New Jersey (N. Harley, personal communication). As in
diurnal patterns around the world, the radon concentration overnight was much
greater than that during the day. The ratio of maximums to minimums generally
ranges from 1.5 to 4.

Seasonally in the United States, maximum outdoor radon concentrations
often occur in the summer to early winter and minimum concentrations in the late
winter to spring in reaction to meteorologic changes and moisture conditions in
the ground. The seasonal pattern varies somewhat in different parts of the world
because of variations in seasonal wet and dry periods. Some moisture greatly
increases radon emanation (Tanner 1980) whereas too much moisture or satura-
tion of the soil greatly decreases radon transport to the atmosphere. Large baro-
metric-pressure changes and precipitation events yield short-lived but large varia-
tions in ambient radon and soil radon on a particular day or seasonally (Schumann
and others 1992; Clements and Wilkening 1974). The influence of barometric
pressure is illustrated in figure 2.6, which shows outdoor-radon data from Fort
Collins, Colorado (Borak and Baynes 1999). A change in barometric pressure
changes the pressure gradient between the atmosphere and soil. The soil response
depends on the magnitude and duration of the change; a dramatic increase in
barometric pressure suppresses radon transport to the atmosphere, and a decrease
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FIGURE 2.5 Diurnal variation of ambient radon at a site in northern New Jersey aver-
aged over 7 y.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/6287

Risk Assessment of Radon in Drinking Water

40 RISK ASSESSMENT OF RADON IN DRINKING WATER
80 — 860
Ch E | n | 1
c 700 | ‘ ’ J b o] —_
E- g /\ [ ‘ \ \l(u (\f \J er\W ”\ j‘m | ‘H 'Nr‘ 850 ©
o 60‘7{\“”\ | r”\f/“\w\“m U} L (\‘ ! Hﬂ\ U\; <
= [y i m i WH \” u\, | a0 ©
S sof UV \’U o Ih ‘f T B
g 0T IR
€ 4of | L k M 1830 @
3 r ‘ o
5 30F ! L2
S i - 820 g
C% i 7— 810 g
q @
g 10 i 3
- 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan

Day of Year

FIGURE 2.6 Seasonal variation in ambient radon and barometric pressure during 1994
from a site at Fort Collins, Colorado. (Radon concentration is lower curve.)

in pressure enhances radon transport from the soil. The radon response often lags
slightly behind the barometric-pressure change and is diminished if the pressure
change is relatively small or gradual, which allows equilibration.

The ratio of maximums to minimums for seasonal variation of outdoor radon
generally ranges from 2 to 5 and is larger in summer than in winter. Ambient
radon concentrations differ geographically because of differences in ground con-
centrations of radon related to geology, soil texture, moisture, atmospheric dilu-
tion by adjacent water bodies, and climatic and meteorologic sources. Overviews
of ambient radon concentrations around the world include those by Gesell (1983),
NCRP (1988), UNSCEAR (1988), and Harley (1990). Those studies report
averages above continental land masses generally in the range of 4-75 Bq m™3
and averages above water bodies or islands generally less than 2 Bq m=3. Wil-
kening and Clements (1975) estimated that the ocean contributes only 2% of
atmospheric radon.

Studies of Ambient Radon

For the purposes of this report, we have compiled and examined most of the
outdoor-radon studies conducted in the United States during the last 15 y. There
has been only one national study in the United States, but several ambient-radon
studies have been carried out on the state or regional scale or at a single site over
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time. In general, the studies examined in this section reported readings taken at
about 1-2 m above the ground with various methods, most commonly the use of
alpha-track detectors, continuous or semicontinuous radon monitors, and electret
ion chambers. The accuracy and precision of the individual methods has been
examined in numerous studies and recently reviewed by Fortmann (1994), Lucas
(1957) and Busigin and others (1979). Studies on the quality of data in the range
of 1-40 Bq m3 are rare, although measurement detection limits for the different
devices range from 1 to 18 Bq m= (Blanchard 1989). Measurement errors re-
ported in the studies that the committee compiled generally range from 8 to 20%
but can be substantially higher when very low concentrations were measured.
Quality control and duplicate measurements were used in all the studies. Only a
few studies measured radon progeny and calculated equilibrium factors and out-
door dose rates or dose (Wasiolek and others 1996; Wasiolek and Schery 1993).

National Studies

In the late 1980s, EPA conducted a national survey of ambient radon across
the United States (Hopper and others 1991) to confirm previously reported con-
centrations and in response to section 302 of the Indoor Radon Abatement Act,
which stated that “the national long-term goal of the United States with respect to
radon levels in buildings is that the air within buildings in the United States
should be as free of radon as the ambient air outside of buildings.” Section 303
also required EPA to include information regarding outdoor ambient radon con-
centrations around the country in the updated Citizens Guide to Radon. From
1989 to 1991, measurements were made quarterly in 50 cities, one in each state,
across the country. The sites chosen coincide with 50 EPA’s Environmental
Radiation Ambient Monitoring System stations that were established in 1973 and
most coincide with the capital cities of the states. The ambient radon concentra-
tions measured at the sites are shown in table 2.1. Summary statistics and the
frequency distribution of the seasonal averages are shown in figure 2.7. Measure-
ments were made at each station with three electret ion chambers placed in
ventilated shelters 1 m above ground. In each shelter, there were also three
thermoluminescent dosimeters to measure gamma radiation to provide the needed
gamma correction of the electret measurements. Every 90 d, the devices were
exchanged for new ones, and the old ones were measured at EPA’s Las Vegas
facility. Three devices were used to assess precision and allow for backup in case
a device failed, and readings were taken quarterly to examine seasonal variation.
(EPA 1992d; Hopper and others 1991). Measurements were reported in pCi/L,
but for this report we have converted the measurements to Bq m= [note: 1 m3 =
1,000 L]. The limit of detection of the devices was determined to be 2 Bq m=3.
During the first quarter, several stations were started several weeks late and
problems with the setting up of the stations and the measuring protocol were
found in several states (these data were not included). Corrections of the proce-
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TABLE 2.1 Seasonal Ambient Radon, Bq m~ for the United States
(Arithmetic Average of Three Detectors at Each Site)

Quarter 1 Quarter 2 Quarter 3 Quarter 4 Quarter 5

Sum. Fall Winter Spring Sum.
Site 1989 1989 1989 1990 1990
AL 13.3 16.4 12.5 12.0 26.5
AK 12.7 6.8 10.6 8.5 11.1
AR 11.7 21.6 19.5 11.8 15.2
AZ 8.8 16.2 28.5 20.0 13.6
CA 11.8 16.8 20.5 11.3 11.7
(¢[6) 12.3 27.5 17.3 8.0 10.5
CT 13.4 259 13.0 ND 15.4
DE 17.5 13.9 13.6 10.5 13.9
FL 259 14.7 14.1 9.6 11.0
GA 14.8 28.7 19.0 13.9 13.0
HI 9.5 6.8 7.0 59 8.9
1A 24.8 14.6 259 14.1 17.3
ID 13.3 16.3 27.4 9.1 9.7
IL 22.7 21.8 24.8 16.5 20.5
IN 19.4 15.7 15.0 19.6 15.7
KY 19.5 16.4 20.0 11.6 18.6
KS 27.3 19.2 23.4 15.8 19.6
LA 17.4 13.8 8.3 5.7 9.1
MA 22.9 17.0 15.2 8.0 14.4
MD ND 19.7 22.6 12.7 16.7
ME 19.2 18.1 20.1 13.2 15.4
MI 16.3 12.1 15.3 10.5 14.9
MN 18.5 14.1 17.6 8.8 10.6
MO 17.4 28.0 25.3 17.0 16.7
MS 15.5 16.0 11.0 11.7 15.7
MT 12.8 18.9 17.0 15.3 19.4
NC 18.7 14.6 159 5.3 12.2
ND 19.4 27.5 19.1 15.5 14.7
NE 20.0 22.0 21.2 14.6 18.7
NH 24.4 15.4 14.1 10.1 15.0
NJ 15.3 18.5 17.4 12.5 15.7
NM 7.8 6.2 10.2 2.5 4.4
NV 5.1 10.0 12.6 5.7 6.3
NY 12.7 11.8 15.0 9.3 10.4
OH 16.9 14.1 19.7 10.1 12.2
OK 10.4 13.4 13.6 10.4 23.8
OR ND 9.0 17.5 10.2 11.6
PA 20.9 21.5 24.2 10.0 16.5
RI ND 5.1 16.3 10.6 9.7
SC 15.4 359 17.5 12.2 16.7
SD 17.9 21.2 21.7 16.0 18.5
TN 17.3 18.0 19.8 11.1 20.2
X 17.9 17.0 21.1 7.0 20.7
UT 7.8 15.0 15.2 5.9 9.3
VA 14.6 20.0 16.2 13.9 18.6
VT 18.9 14.1 14.3 13.8 15.0
WA 15.0 24.9 16.0 14.3 20.8
WI 13.4 22.4 15.0 11.2 13.0
WV 22.0 11.6 ND 15.0 20.5
WY 7.4 16.7 ND 8.8 10.5
Avg. 16.1 17.3 17.5 11.4 14.8
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Quarter 6 Quarter 7 Quarter 8 Quarter 9
Fall Winter Spring Sum. Avg. All
1990 1990 1991 1991 Quarters
13.7 13.4 7.8 13.3 14.3
11.6 ND ND ND 10.2
20.5 15.5 16.0 15.7 16.4
18.3 18.0 14.6 12.5 16.7
18.5 13.4 10.5 12.5 14.1
16.9 13.2 5.8 3.6 12.8
15.7 13.4 7.5 12.6 14.6
13.7 15.0 7.9 15.9 13.6
9.1 9.0 11.2 18.5 13.7
11.3 14.8 10.1 15.4 15.7
8.5 7.3 6.3 10.2 7.8
20.4 18.3 13.1 20.8 18.8
17.4 23.3 5.9 13.9 15.1
17.5 10.1 11.8 20.5 18.5
13.8 11.5 10.2 15.9 15.2
18.9 14.4 12.7 24.5 17.4
24.7 22.0 15.3 19.2 20.7
6.8 9.7 8.0 9.7 9.8
15.7 13.7 10.7 14.8 14.7
15.2 17.0 11.1 16.8 16.5
17.3 10.5 16.2 17.4 16.4
16.2 11.8 11.5 14.8 13.7
15.0 14.7 10.5 11.7 13.5
20.6 16.2 11.0 14.7 18.5
17.6 9.9 7.5 14.8 13.3
20.2 17.6 12.5 20.1 17.1
11.8 9.3 8.3 ND 12.0
25.2 22.4 18.0 14.1 19.5
22.8 21.7 15.8 24.4 20.1
16.5 11.5 11.8 14.6 14.8
19.6 11.3 17.4 11.0 15.4
6.7 1.7 4.4 3.9 5.3
12.4 8.5 4.2 ND 8.1
11.5 8.9 12.3 ND 11.5
14.2 9.6 11.6 16.8 13.9
13.3 10.9 25.2 10.6 14.6
13.1 11.2 9.6 11.2 11.7
16.4 11.6 15.5 19.9 17.4
9.0 8.3 15.2 11.5 10.7
13.7 11.8 10.0 15.2 16.5
24.7 23.8 30.7 21.0 21.7
21.2 11.2 10.5 21.1 16.7
13.2 11.7 7.0 8.9 13.8
11.5 14.9 6.4 5.6 10.2
29.5 12.5 13.7 16.2 17.2
14.4 11.0 53 14.1 13.4
18.9 14.8 12.8 17.9 17.3
14.6 10.4 15.0 18.6 14.8
19.2 18.4 13.3 27.3 18.4
ND 10.4 10.4 5.2 9.9
16.1 13.3 11.6 15.0 14.8
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FIGURE 2.7 Average ambient radon concentrations at 50 sites in the United States.

dure were made by the second quarter. The authors (Hopper and others 1991)
emphasize that the study does not statistically represent the distribution of ambi-
ent radon concentrations in the United States but indicates that estimates of
annual average ambient radon concentrations and the associated error estimates
can be derived for each site. The authors used only quarters 2-5 for their original
report for the sake of timeliness, but provided our committee with the entire data
set for this report (R. Hopper, private communication). The updated Citizens
Guide To Radon (EPA 1992c) reported an average outdoor concentration of
14.8 Bq m~3 on the basis of the survey.

As can be seen from table 2.1, ambient radon concentrations above the
average (all quarters, all sites, 14.8 Bq m™3) tend to occur in the Appalachian
Mountains, the northern Midwest, and the northern western states. Sites in the
southern and western coastal states, the Great Lakes states, and several of the
central and southwestern states tend to be at or below the average. These trends
probably reflect the geology or other sources at the sites and the proximity to
large water bodies. The bar graph in figure 2.7 illustrates the average of all data
from each site by season, showing the spring minima and fall maxima.

State Studies

Statewide or regional studies have been conducted in California (Liu and
others 1991), Nevada (Price and others 1994), Minnesota and Iowa (Steck and
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others 1999), and Maine (Hess and others 1982). In the Nevada study, Price and
others (1994) used the same method as Hopper and others (1991) and measured
50 sites across the state during a 30-d period in the summer of 1992. Sites were
chosen to reflect different rock types and represent the principal population cen-
ters in Nevada. About half the sites were in residential areas, and the rest were in
remote areas near rock outcrops. Results indicate that radon in soil gas corre-
sponds well with the geology, outdoor radon concentration and indoor radon.
Measurements across the state ranged from 2.6 to 52 Bq m=3; the geometric mean
was 13.1 Bq m=3. The range and values of concentrations were generally very
similar to what Hopper and others found for the United States.

As part of a statewide radon study, indoor radon was measured at 300 sites
throughout California (Liu and others 1991). At 68 of those sites, outdoor radon
was also measured by using alpha-track detectors in cups suspended 1-2 m above
the ground and exposed for a year starting in April 1988. Indoor radon was found
to correlate well with broad geologically defined areas of the state. The geometric
mean outdoor radon concentration was 15.54 Bq m3, and the range was 0.3 to
55.5 Bqm3.

Steck and others (1999) measured annual average atmospheric radon con-
centrations at 111 locations across Iowa beginning in 1993 and ending in the
spring of 1997. They also measured ambient radon at 64 selected sites in western
and northern Minnesota during 1995-1996. Comparisons were made with indoor
radon; at some sites seasonal variations and variation with height were tested.
Large-volume alpha-track detectors were enclosed in protective housings and
placed 1.5-2 m above the ground for a year at each site. In Minnesota, concurrent
annual average indoor radon measurements were also made with the same type of
device. In Iowa, the researchers found that elevated outdoor radon concentrations
twice the annual average reported by Hopper and others persisted over long
periods and covered wide areas of the state. In both states, some outdoor concen-
trations were the same as or higher than the national average indoor radon con-
centration (46 Bq m=3). In general, outdoor radon concentrations were distributed
in a geographically similar pattern to indoor measurements.

Etched-track detectors were used to measure outdoor radon and multi-room
indoor radon at 100 sites in Maine from October 1980 to May 1981 to determine
integrated average radon concentrations during the heating season (Hess and
others 1982). The outdoor cups were in open sheltered areas on porches, garages,
and sides of homes approximately one meter above the ground. Over half the
houses were in geologic regions where high concentrations of radon in water
were previously found. The remaining measurements were made in regions of
low or intermediate concentrations of radon in water. Outdoor radon corresponded
well with geology and in some instances was comparable with indoor radon
concentrations. The average ambient radon concentration of 26 Bq m=3 reported
by Hess and others (1982) is nearly twice the US average reported by Hopper and
others (1991).
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Site Studies

Long-term studies of outdoor radon have been conducted at a number of sites
around the country, including Socorro, New Mexico (Wasiolek and others 1996;
Wasiolek and Schery 1993); Fort Collins, Colorado (Borak and Baynes 1999);
Chester, New Jersey (Fisenne 1988); suburban New Jersey and Central Park,
New York (N. Harley, personal communication). Researchers from the New
Mexico Institute of Mining made semicontinuous measurements of 222Rn during
the winter of 1991-1992 at a site 1 m above a golf course in Socorro, using a two-
filter continuous monitor (Wasiolek and Schery 1993). Grab samples were also
measured with a two-filter manual system, and meteorologic measurements were
made 5 m above the ground. Both attached and unattached radon progeny were
measured and an effective dose rate between 0.2 and 0.7 mSv y~! was calculated.
Radon concentrations varied over the period but generally were 5-10 Bq m3 and
had a geometric mean of 10.2 Bq m=3. In a follow-on study, >?°Rn was measured
at the same site from February 1994 to February 1995 (Wasiolek and others
1996); an average effective dose of 22°Rn decay products of 0.025 mSv was
calculated.

From 1990 to 1997, continuous and passive monitoring of ambient radon at
a site in northern New Jersey (N. Harley, personal communication) yielded an
average of 8 Bq m=3. Passive alpha-track detectors were measured seasonally and
compared favorably with continuous (hourly) monitoring with a flowthrough
scintillation counter. The Chittaporn and others (1981) continuous monitor used
in the study is one of the few monitors that detects only radon and removes the
decay products at formation with an electret. Decay products can introduce error
into radon measurements that use flow-through scintillation counters. Monthly
average outdoor radon concentrations were higher during the colder months of
the year, however it is the daily variations of the outdoor radon that account for
the variation by a factor of 2 in radon concentration. A site in Central Park, New
York was also monitored for outdoor radon over a 3-y period using a passive
alpha-track detector; they found an average of 7 Bq m= and trends similar to
those in their northern New Jersey study (N. Harley, personal communication).

In a 3-y study (1993-1995) at a single site in Fort Collins, Colorado measure-
ments (Borak and Baynes 1999) were made 1 m above the ground at 15-min
intervals with a 1 liter flowthrough scintillation flask. Researchers found that
outdoor radon responded to changes in temperature, wind speed, barometric pres-
sure, and precipitation and varied seasonally and diurnally. Daily averages varied
from 2.5 to 64.5 Bq m~3, and monthly averages varied from 12 to 18 Bq m=3; the
magnitude of the variation in concentrations seems to be due to diurnal changes
and specific meteorologic events and less to long-term seasonal response.

Fisenne (1988) measured outdoor radon in Chester, New Jersey with a con-
tinuous two-filter monitor for 9-y beginning in 1977. The annual average radon
varied from 7.00 to 9.25 Bq m~3 and hourly measurements ranged from 0.4 to
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TABLE 2.2 Statistical Summary of Outdoor-Radon Surveys in the United
States (Bq m™>).

Geo.

Geo. Std.
Location Time Avg. Mean Dev. Range Method Reference
California ly 18.1 15.5 1.8 0.3-56.0  Etched track Liu and others
(68 sites) (1991)
Towa 4+y 30.0 29.0 1.4 7.0-55.0  Etched track Steck and others
(111 sites) (1999)
Maine 6 mo. 27.0 17.6 2.9-160.0 Etched track Hess and others
(51 sites) (1982)
Minnesota 1y 22.0 19.0 1.8 4.0-55.0  Etched track Steck and others
(64 sites) (1999)
Nevada 30d 15.1 13.1 — 2.6-52.0 Electret ion Price and others
(50 sites) chamber (1994)

Socorro, 4 mo. 12.5 10.2 2.0 1.3-50.3  Continuous Wasiolek and
NM 2-filter Scherly (1993)

Fort Collins, 3y 18.0 15.0 1.7 2.5-64.5 Continuous Borak and Baynes
CcO (daily) monitor (1999)

Suburban Ty 8.0 6.0 1.8 4.0-24.0  Continuous N. Harley

No. NJ (daily) monitor (personal
Etched track communication)
Chester, NJ 9y 8.1 — — 0.4-63.0  Continuous Fisenne (1988)
(hourly)  2-filter
Central Park, 3y 7.0 — — Etched track N. Harley
NY (personal
communication)

63 Bq m3. Again, diurnal changes in concentration and meteorologic events
accounted for most of the variability in the hourly readings.

Statistical Analysis and Summary of Data

In all studies examined for this report, the spatial and temporal variation is
striking and consistent and follows geologic, diurnal, meteorologic, and seasonal
controls. However, comparison of the statistics from the studies (table 2.2) re-
veals that arithmetic and geometric means across time and geography were within
the range of 6-30 Bq m3. Individual readings and hourly or daily averages were
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in the range of 1-63 Bq m=3, with the exception of Maine. Both Towa and Maine
had higher average outdoor radon than the other areas, and the geometric mean
for Iowa was significantly higher than all the others.

Average Ambient Radon

In the original charge to the committee, EPA requested “central estimates for
a population-weighted average national ambient concentration for radon, with an
uncertainty range. Comparisons of the contribution of radon in water to other
sources of indoor radon will be made and comparisons will be made to outdoor
levels.” The charge was amended to include a discussion of alternatives to popu-
lation-weighted averages and of spatial and temporal variation. The ambient-
radon data of Hopper and others (1991) are the only data that provide some
portion of national coverage over an extended period, but the committee has
concerns about the appropriateness of using these data to develop a population-
weighted average for the United States. Hopper and others contend that the data
cannot be used to represent the ambient radon of the state that contains the
sampling site. However, they do think that the ambient radon measured at each
site is representative of that site. Using population data from the 1990 census, one
can calculate a population weighted average (A, ) by summing the products of
each site’s seasonal average (A,) and the city population (P,) and then dividing by
the sum of the city populations.

That assumes that the ambient radon measured at the site is representative of
the ambient radon of the city. The population-weighted average radon concentra-
tion is given by:

Apy = l:INT 2.1

where N is the number of sites. The population-weighted average radon concen-
tration is 14.0 Bq m=3. The total population of the cities for all the sites in the
national outdoor radon survey was about 24 million, or slightly less than 10% of
the US population. The calculation is dominated by New York City, which has a
large population and a lower than average ambient radon measurement, and
therefore the population weighted average is less than the unweighted average of
14.8 Bq m3. Further, the sites were not chosen to be a statistical representation of
the population across the United States, nor were the sites chosen to be represen-
tative of ambient radon within each state or sample the geology of the country.
The overall distribution of the seasonal data for each site in the Hopper and others
(1991) data is given in figure 2.8. The committee feels that it is more reasonable
to recommend an (unweighted) arithmetic average radon concentration of
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FIGURE 2.8 Frequency distribution of average seasonal ambient radon for the United
States.

15 Bq m3 for the United States and that it lies within a confidence interval of 14-
16 Bq m=3.

It is evident that radon concentrations in air, in water, and indoors vary
systematically across the United States and that this variation should be part of
any regional consideration of multimedia assessment and mitigation. A compre-
hensive, geographically based ambient-radon study that incorporates the major
population areas of the United States and their geologic variability would provide
the basis for a valid population-weighted ambient radon concentration. Focused
regional studies of ambient radon in high-radon areas such as the glaciated north-
ern tier of states and states of the Appalachian Mountains, Rocky Mountains, and
Basin and Range would yield better information on overall exposure and more-
realistic baseline information for evaluating the contribution of the ambient con-
centration to what is observed in indoor air.
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Transfer of Radon from Water to Indoor Air

The estimation of the increment of airborne 222Rn in a dwelling that arises
from the use of water that contains dissolved radon is a complex problem. It
involves the solubility of radon in water, the amount of water used in the dwelling,
the volume of the dwelling, and the ventilation rate. The amount of waterborne
radon escaping into the air is different throughout a dwelling but is higher in areas
of active water use such as bathrooms and kitchens. It also depends on the radon
concentration in the water and the activities that are taking place. However, it is
common to estimate the average incremental concentration throughout the dwell-
ing (A_Ca) and derive a transfer coefficient as the ratio of that average concentration
in water C

a

Transfer Coefficient = A_C 3.1

w

The relationship used to estimate the transfer coefficient has been derived by
Nazaroff and others (1987) on the basis of the assumption that a house is a single
well-mixed volume. The transfer function can then be described by:

AC, _ We
C, AV

w

(3.2)

where W is the time-averaged water use rate; e is the use-weighted transfer
efficiency of 222Rn from water to air; A is the air-exchange rate, which is assumed
to be uncorrelated with the water use rate; and V is the volume of the dwelling.

50
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This chapter reviews published transfer-coefficient measurements. In addition, it
performs a distributional analysis in the same manner as Nazaroff and others
(1987) and compares the results.

MEASUREMENTS OF TRANSFER COEFFICIENTS

There are only a few measurements of transfer coefficients (from water to
air) in the literature, and most of them refer to a limited number of geographic
areas. Thus, there is considerable uncertainty in the extrapolation of the resulting
distribution to the entire housing stock of the United States. The earliest reports
of the measurements of the transfer coefficient were made by Gesell and Prichard
(1980) and Castren and others (1980). They assumed that all the indoor radon
was due to radon in the water, so the transfer coefficient was overestimated.
Gesell and Prichard took measurements in apartments, where soil-derived radon
is likely to contribute little to measured values. Castrén’s measurements, taken in
houses in Finland, made the same assumption and are thus not likely to be useful.
The actual values for the dwellings in Finland were not reported, and the data are
no longer available (Castrén, private communication, 1997).

McGregor and Gourgon (1980) measured C, and C,, in six conventional
residences, five trailers, and two schools in Nova Scotia, Canada. Only upper
limits for the transfer coefficients can be estimated, because ventilation rates and
water-use patterns were not determined. They found values of 0.032-0.24 x10~*
for the trailers and 0.038-0.52 x10~* for the dwellings. The values are lower than
many of the reported coefficients. Because the ventilation and water-use rates are
not available, it is not possible to know whether the values are low as a result of
high ventilation rates, low water use, or some combination of the two. Owing to
the uncertainty in separating the contributions of soil gas and drinking water
to the indoor radon concentrations, the transfer-coefficient values only for the
five trailers have been included in the committee’s estimated distribution of
values.

During the late 1970s and throughout the 1980s, Hess and co-workers (1990;
1987b; 1987a; 1982) measured the transfer coefficients in a series of houses
across Maine. In all, measurements were made in about 70 houses. They have
used an approach that they term the “burst method.” Measurements are made
during a 2-h period when a series of water-use activities are performed. The idea
is to use as much water during this 2-h period as would typically be used over a
24-h period. Radon is also monitored over a second 24-h period during which the
residents use water according to their normal daily routine. The water-use activi-
ties during the second 24-h period were recorded. Ventilation rates were also
measured directly.

As part of a study of the effectiveness of radon-mitigation methods (Deb
1992), concentrations of radon in air and water were measured before and after
the initiation of a water treatment to reduce the concentration of radon in the
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water. Measurements of radon in air and water use were made in each of 119
houses before and after treatment. In two homes one measurement was unavail-
able; therefore, values for only 117 homes were used. In two of the communities,
concentrations of radon in water were generally below 185,000 Bq m3; thus, the
increment of airborne radon was small and difficult to measure accurately. In
addition, not all of the before-and-after measurements were made in comparable
seasons, so there might be substantial errors in many of the measurements. How-
ever, in a number of the homes, the measurement after treatment of the water was
higher than the measurement before the reduction in waterborne radon. It is
possible to estimate the transfer coefficient from the before-and-after radon con-
centration measurements appropriately weighted for the measured water use.
However, some of the values are negative and therefore invalid. To incorporate
all of the data into the distribution of values, the measurements for each home
were averaged. Examination of the transfer coefficient as a function of the radon
concentration in water before treatment suggested that choosing homes where the
untreated-water concentrations were greater than 81,000 Bq m= would avoid
most of the invalid results. Use of this criterion resulted in 31 values, which
included only three negative ones.

Lawrence and others (1992) made a series of measurements in 29 homes in
Conifer, Colorado. The air volume of each home and the volume of water used
were determined, and the air and water 222Rn concentrations were measured.
However, ventilation rates were not measured, so the authors only estimated the
minimum and maximum values of airborne radon resulting from release from the
water used in the homes. Thus, minimum and maximum values of the transfer
coefficients could be calculated from the results given in their paper. To use the
resulting information in the overall distribution of measured transfer coefficients,
a best estimate of the transfer coefficient was calculated by taking the square root
of the product of the maximum and minimum values.

Chittaporn and Harley (1994) have measured the water-use contribution to
airborne radon in an energy-efficient home in New Jersey. They estimate a trans-
fer coefficient for the home at 1.7 x1072.

The resulting distribution of values of the measured transfer coefficient is
shown in figure 3.1. The median is 4.5 X10-, and the average is 8.7 X107 with
a standard deviation of 1.2 x10~*. When plotted on a logarithmic scale, the
central portion of the distribution is fairly linear and thus the geometric properties
have also been calculated. The geometric mean is 3.8 x10~> with a geometric
standard deviation (GSD) of 3.3.

MODELING OF TRANSFER COEFFICIENT

The model of Nazaroff and others (1987) is used here to estimate the central
values of the distribution of transfer coefficient. As in that report, it is assumed
that the underlying distributions of the house volumes, ventilation rates, water
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FIGURE 3.1 Cumulative probability distribution of measurements of transfer coeffi-
cient.

use, and use-weighted transfer efficiency are lognormal and so can be combined
as done by Nazaroff and others (1987). There are new data on these input vari-
ables since the Nazaroff and others estimation, and they are summarized in the
following sections.

House Volumes

A new survey of US dwelling volumes has recently been reported by Murray
(1997). Two sets of values are reported; one is based on a 1993 survey of dwell-
ing area conducted by the US Department of Energy (DOE) (1995), and the
second is based on volumes obtained from a large number (over 4,000) of mea-
surements of air-exchange rates using perfluorocarbon tracers between 1982 and
1987. Murray reports that the values fit a lognormal distribution well. Because
the DOE survey represents a substantially larger number of homes (7,041), the
geometric mean of 320 m? and a GSD of 1.8 derived from those data is used. The
committee obtained the DOE database and extracted the area and the number of
occupants per dwelling. Assuming a ceiling height of 2.44 m, house volumes per
occupant were calculated. Figure 3.2 shows the distribution of dwelling volumes
per occupant for each number of occupants and the overall distribution of dwell-
ing volume per occupant. For the overall distribution, the geometric mean is
115 m3 of volume per occupant with a GSD of 2.0.
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FIGURE 3.2 Cumulative probability distribution of volume of dwelling per occupant
derived from 1993 DOE Residential Energy Consumption Study.

Ventilation Rates

Murray and Burmaster (1995) made a similar analysis of ventilation rates,
based on the Brookhaven perfluorocarbon-tracer measurement database contain-
ing data on 2,844 dwellings. A geometric mean of 0.53 air changes per hour with
a GSD of 2.3 was calculated. This value is somewhat lower than had been used
by Nazaroff and others (1987). As Murray and Burmaster indicate in their paper,
the houses used in the studies that constitute the database were not chosen on any
statistical sampling basis. Most of the measurements were made in the northeast-
ern United States or California and during the winter. Although the authors have
made an effort to stratify the data and project the data to the entire United States,
they may not have been able to fully represent the variability inherent in the US
housing stock. The authors themselves indicate that they have concerns about the
representativeness of their results. If the ventilation rate is negatively biased, its
use in the model would tend to overestimate the transfer coefficient.

Alternatively, a modeling study by Sherman and Matson (1997) that used the
larger DOE Residential Energy Consumption Study (DOE 1995) estimated a
mean value of 1.1 air changes per hour. This study provided mean ventilation
rates for each county in the country. Sherman and Matson estimate the number of
houses of various types and sizes in each county in the United States by using
data from the 1990 national census and the same DOE survey used to estimate
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house volumes. Sherman and Dickerhoff (1994) present the leakage rates of
various types of US homes. Combining the data with average county weather,
they calculate the distribution of residential ventilation rates for the population of
US dwellings. The arithmetic and geometric means of these data are essentially
the same: 1.1 air changes per hour with a GSD of 1.1. Thus, although the values
might represent the central tendency in the data, they do not provide a good
representation of the variability over housing types.

To combine the modeled ventilation rates into a transfer coefficient, it is nec-
essary to be able to reflect the variability of the values for individual dwellings in
the same way that the variability in water use, housing volume per occupant, and
use-weighted transfer efficiency are reflected in their distributional parameters.
Nazaroff and others (1987) looked at several smaller data sets of measured ventila-
tion rates. They report geometric means of 0.90 and 0.53 air changes per hour and
GSDs of 2.13 and 1.73, respectively. Those values are similar to the GSD of 2.3
estimated by Murray and Burmaster. Thus, it appears that a reasonable GSD for the
underlying distribution of individual dwellings should be around 2. Because the
Murray and Burmaster approach was to estimate the distribution over the entire
housing population, the committee adopted their GSD to propagate into estimates
of the geometric mean and standard deviation of the transfer coefficient. Using the
Sherman and Matson model arithmetic mean and a GSD of 2.3 implies a geometric
mean of about (.77 air changes per hour. The committee also considered using the
calculated geometric mean of 1.07 from the Sherman and Matson data with the
higher GSD. That ventilation rate would yield a geometric mean transfer coeffi-
cient of 3.9 X107 and an average 8.8 X107,

There is thus a disparity in the estimated geometric means between the
available measurements and the results of modeling. The committee was con-
cerned about the relatively few measurement data on ventilation in some areas of
the country and in seasons other than winter. The model looks as though it might
better represent the distribution of housing and the seasonality of ventilation rates
across the United States. Clearly, neither source of information is fully satisfac-
tory in providing the needed input to the estimation of the transfer coefficient.

Water Use Per Occupant

Residential water use in five cities was reported by Bowen and others (1993).
The cities were Altamonte Springs, FL; Nashua, NH; Norman, OK; Portland,
OR; and Tucson, AZ. Those authors reported average per capita use in two
seasons and as a function of flow rates. There was no separation of indoor use
from outdoor uses, such as watering lawns and filling pools. Only water used
indoors will contribute to the indoor radon concentration, so these data are not
helpful unless it is possible to estimate the indoor use fraction, and there is not
direct information available to do so. Thus, the data are not directly useful in
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estimating water use per occupant without assuming the fraction of indoor water
use.

However, additional data from an ongoing residential water-use measure-
ment program were made available by the American Water Works Association
(DeOreo, private communication, 1997). This study has provided information on
detailed daily amounts of use for a number of specific activities (clothes-wash-
ing, dishwashing, toilets, showering, baths, faucets, etc.) for 595 houses and
permits a determination of the indoor use rates. It was conducted in Boulder; CO,
Denver, CO; Eugene, OR; Seattle, WA; and San Diego, CA. Systems were
installed in the homes to provide a log of each water use, its duration, and the total
volume of water used. For some of the days being monitored, water use was
extremely low, suggesting that the occupants were not home and so were not
using water in the normal manner. By carefully reviewing the various records, it
is possible to eliminate those values from the database. That results in the distri-
bution observed in figure 3.3. Although there was a wide variation in total water
use among the locations, there was much less variation among the indoor use
rates; the average was 0.28 £ 0.20 m3 per person per day, and the geometric mean
was 0.23 with a GSD of 1.8.
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FIGURE 3.3 Cumulative probability distribution of water use per day per person based
on data from Boulder, CO; Denver, CO; Eugene, OR; Seattle, WA; and San Diego, CA.
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Use-Weighted Transfer Efficiency

The transfer efficiency is the fraction of the radon in the water that is released
to the air during the activities that use water (showering, clothes-washing or
dishwashing, and so on). The earliest values of the transfer efficiencies have been
previously reported by EPA (Becker III and Lachajczyk 1984) and Nazaroff and
others (1987). The transfer efficiency of shower heads has been measured by
Fitzgerald and others (1997) and by Bernhardt and Hess (1996), who found
values quite similar to those used by Nazaroff and others. The transfer efficiency
for each activity was combined with the water use data to yield a use-weighted
transfer coefficient. A geometric mean of 0.52 with a GSD of 1.3 was obtained.

Transfer-Coefficient Model Results

The new input values and the earlier values of Nazaroff and others are
compared in table 3.1. Both the dwelling volume and the water use per occupant
are greater in the committee’s analysis. The transfer efficiency has remained
essentially the same. The resulting geometric mean value of the transfer coeffi-
cient has risen to 0.55 x10~* with a GSD of 3.5. The arithmetic average transfer
coefficient is estimated at 1.2 X107%; it is considerably higher than the geometric
mean value because of the high degree of skewness of the distribution.

CONCLUSIONS

There is reasonable agreement between the average value of the transfer co-
efficient estimated by the model and the value calculated from the measured data.

TABLE 3.1 Lognormal Distributions of Parameters in Transfer-Coefficient

Calculation
Nazaroff and others
(Nazaroff and others 1987) Committee
Geometric Geometric
Geometric Standard Geometric Standard
Parameter Mean Deviation Mean Deviation
Dwelling volume per occupant
(m3 person’l) 99 1.9 115 2.0
Ventilation rate 0.68 2.0 0.77 or 1.07 2.3
Transfer efficiency
water to air 0.55 1.1 0.52 1.3
Water use per capita
(m3 person~! h~1) 7.9 %1073 1.6 9.4 %1073 1.8
Geometric mean
transfer coefficient 6.5 % 1072 2.8 55x 102 or 3.5
3.9 x 1075
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The average of the measurements was 8.7 X10~* with a standard error of 1.0 x10~
4. With a modeled geometric mean ventilation of 1.07 air changes per hour, the
transfer coefficient is calculated to have the same value as the measurements.
However, if the committee uses the estimate of the geometric mean of the venti-
lation rate of 0.77, the resulting estimate of the transfer coefficient is 1.2 X107,
The committee feels that there are problems with both the measurements and the
model results. Considering the problems with both the measurements of the
transfer coefficient and the measurements that are the input values for the model,
the committee recommends that the Environmental Protection Agency continue
to use 1.0 X104 as the best central estimate of the transfer coefficient, based on
the available data.

Because of the uncertainty in the value of the ventilation rate and its distribu-
tional characteristics, the committee recommends assuming that the transfer coef-
ficient is between 0.8 and 1.2 x10~*. The committee is not assigning a specific
uncertainty to the central estimate, but rather assumes that the central estimate
has the highest likelihood of lying within that range.
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Dosimetry of Ingested Radon and its
Associated Risk

Estimates of dose to various tissues of the body from ingestion of radon
dissolved in drinking water and the resulting health risks are developed in this
chapter. A review of the literature indicated a wide range in the reported dose per
unit intake (dose coefficient), and neither national nor international radiation-
protection agencies have provided authoritative values. In particular, values re-
ported for the dose to the stomach per unit radon activity ingested (a dose coeffi-
cient) vary widely, are often based on assumptions that are not documented, and
often are not based on contemporary dosimetric methods. The central issues are:
1) the extent to which radon diffuses into the wall of the stomach, and 2) the
behavior of radon and its decay products in the body. Studies of the behavior in
the body of inhaled and ingested radon indicate that radon is readily absorbed by
blood and is rapidly eliminated from the body in exhaled air. Because of the wide
range in dose coefficients reported in the literature, the committee has undertaken
an independent dosimetric analysis using the methods of contemporary radiation
dosimetry.

The chapter begins with a brief review of the relevant physiochemical prop-
erties of radon, the consumption of drinking water, and estimates of dose and risk
reported in the literature. Following these introductory discussions the com-
mittee’s estimates of dose and risk are presented.

INTAKES AND CONSUMPTION OF WATER

In regulating other drinking water contaminants (EPA 1994b) the US Envi-
ronmental Protection Agency currently uses the quantity 2 L per day for adults

59
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and 1 L per day for “infants” (individuals of 10 kg body mass or less) as default
drinking water intakes (EPA 1994b). The combined mean value of 1.2 L d-!
consists of both direct use, such as tapwater ingestion as well as indirect use, such
as juices and other beverages that contain tapwater, such as coffee. A National
Research Council committee (1977) has suggested that daily consumption of
water can vary with extent of physical activity and fluctuations in temperature
and humidity and that people who live in warmer climates might have higher
intakes of water.

Numerous studies have developed data on drinking-water intake. All the
studies that are available were based on short-term survey data. One of the more
commonly cited studies on water intake is the Ershow and Cantor (1989) study.
They estimated water intake on the basis of data collected by the US Department
of Agriculture 1977-1978 Nationwide Food Consumption Survey and calculated
daily intake and total water intake by various age groups of males, females, and
both sexes combined. They defined tapwater as “all water from the household tap
consumed directly as a beverage or used to prepare foods and beverages” and
defined total water intake as tapwater plus “water intrinsic to foods and bever-
ages.” Table 4.1 summarizes data from the Ershow and Cantor study.

The combined mean value of 1.2 L d-! (table 4.1) is for all uses of tapwater,
which consists of both direct use (i.e., direct ingestion) and indirect use, i.e.
making coffee, tea, etc. As noted by the EPA (1994b), the concern about radon
dissolved in water is largely for the water that is ingested directly. The EPA has
estimated that slightly more than half of the tapwater use is directly ingested. The
committee has adopted a value of 0.6 L d-! for direct use. This value is similar to
that used by the EPA in their Multimedia Risk Assessment (EPA 1994b). How-
ever, the committee has conservatively assumed for direct use, that all of the
radon in the tapwater remains dissolved in the process of transferring the water
from the tap to the stomach.

PHYSICOCHEMICAL PROPERTIES OF RADON

Radon, a noble gas, is essentially chemically inert. Unlike the other noble
gases, radon has no known stable isotope. Rather it has 36 radioactive isotopes
and isomers, which range in mass number from 198 to 228. The radon isotope of
interest here is 222Rn (physical half-life, 3.825 d), a member of the decay series
beginning with the primordial radionuclide 238U. 222Rn emits alpha particles as it
spontaneously decays to a series of short-lived radioactive decay products, which
are followed by a longer-lived series headed by 2!Pb (half-life, 22.3 y), as shown
earlier in figure 1.1. The cumulative energies of the radiation emitted by the
members of the decay series (alpha particles, electrons, and photons) are shown
in table 4.2. The tabulated values represent the average or expected energy of the
indicated radiation emitted per atom of 222Rn initially present. The entry for a
particular member includes the contribution of the member and its precursors
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TABLE 4.1 Tapwater Intake by Sex and Age?
Daily Tapwater Intake (mL)
Age Group (y) Mean  SD Median  90% UCL? 95% UCL®  99% UCL®
Males
<0.5 250 232 240 569 757 NA
0.5t0 0.9 322 249 264 634 871 NA
l1to3 683 406 606 1228 1464 2061
4t06 773 414 693 1336 1530 1900
7 to 10 802 437 738 1391 1609 2055
11to 14 970 547 877 1714 2019 2653
15 to 19 1120 644 1019 1974 2283 3090
20 to 44 1354 788 1216 2309 2837 4065
45 to 64 1633 783 1510 2650 3094 4213
65 to 74 1594 719 1457 2502 2812 NA
>75 1517 667 1443 2332 2696 NA
All ages 1250 759 1123 2205 2673 3760
Females
<0.5 293 259 240 672 800 NA
0.5t0 0.9 333 281 278 712 759 NA
1to3 606 368 532 1114 1339 1806
4t06 709 395 622 1231 1491 1932
7 to 10 772 395 726 1299 1475 1888
11 to 14 881 490 797 1531 1814 2382
15 to 19 883 513 800 1565 1839 2452
20 to 44 1182 634 1089 1996 2323 3132
45 to 64 1483 670 1394 2303 2668 3666
65 to 74 1429 603 1360 2247 2561 3082
>75 1300 540 1250 1998 2242 2933
All ages 1147 648 1049 1988 2316 3097
Males and Females Combined
<0.5 272 247 240 640 800 NA
0.5t0 0.9 328 265 268 688 764 NA
1to3 646 390 567 1162 1419 1899
4t06 742 406 660 1302 1520 1932
7 to 10 787 417 731 1338 1556 1998
11 to 14 925 521 838 1621 1924 2503
15 to 19 999 593 897 1763 2134 2871
20 to 44 1255 709 1144 2121 2559 3634
45 to 64 1546 723 1439 2451 2870 3994
65 to 74 1500 660 1394 2333 2693 3479
>75 1381 600 1302 2170 2476 3087
All ages 1193 702 1081 2092 2477 3415

aData from Ershow and Cantor (1989).
bUCL = upper confidence limit.
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FIGURE 4.1 Solubility of the noble gas elements in water (CRC 1996) at body temper-
ature, shown as a function of atomic mass. The solubility is expressed as the mole fraction
of the gas in the mixture.

(listed above it), including 222Rn. The kinetic energy of the emitted alpha par-
ticles for the 222Rn series (24.5 MeV) accounts for 89% of the total emitted
energy (27.6 MeV). A substantial fraction (78%) of the alpha energy is associated
with the short-lived radon decay products (19.2 of 24.5 MeV). If an atom of 22?Rn
entered the body, in the absence of any biologic removal mechanisms for it or its
decay products, the energies listed in table 4.2 would be available for deposition
within the tissues of the body. However, ingested and inhaled radon is known to
be promptly removed from the body by exhalation. Biologic removal processes
are also applicable to the decay products formed within the body, but the short
half-life of some decay products limits the importance of these removal pro-
cesses. The decay products formed within the body may enter their own meta-
bolic pathways and routes of excretion from the body. Ingested radon is removed
from the body through exhalation while the longer-lived decay products are
eliminated by urinary and fecal excretion.

The extent to which radon is absorbed from the gastrointestinal (GI) tract and
retained in the body is determined, in part, by its solubility in blood and in the
tissues. The solubility of the various noble gases in water (CRC 1996) at body
temperature is shown graphically as a function of atomic mass in figure 4.1.
Radon is considerably more soluble in water than the lighter noble gases—about
15 times as soluble as helium and neon. Data on solubilities of the noble gases in
body tissues exhibit a similar relationship although the data are more variable.
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TABLE 4.2 Cumulative Energy of Radiations Emitted in the Decay of >>’Rn
and Members of Its Decay Series

Energy (MeV per 222Ry atom)

Nuclide Ty Alpha Electron Photon Total
Rn-222 3.8235d 5.49 — 0.000399 5.49
Po-218 3.05m 11.5 — 0.000408 11.5
Pb-214 26.8 m 11.5 0.293 0.250 12.0
Bi-214 19.7 m 11.5 0.952 1.76 14.2
Po-214 164.3 ps 19.2 0.952 1.76 21.9
Pb-210 223y 19.2 0.990 1.76 22.0
Bi-210 5.01d 19.2 1.38 1.76 22.3
Po-210 138.38 d 24.5 1.38 1.76 27.6

Radon is readily absorbed from the GI tract and distributed among the tis-
sues, in part because of its relative solubility in blood and in tissue. The ratio of
solubility in tissue to that in blood is referred to as the partition coefficient.
Measurements of the solubilities and partition coefficients of argon, krypton,
xenon, and radon have been reported. Considerable data are available on xenon
because of its use in assessing blood flow. Data on radon are less plentiful; the
work of Nussbaum (1957) is their major source. Data on the partition coefficients
of krypton, xenon, and radon are summarized in table 4.3. Of particular note are
the higher partition of radon in blood (7 times that of krypton) and its higher
partition in adipose tissue. Adipose tissue is the major tissue of deposition of
radon that has entered the systemic circulation.

Estimates of Dose from Ingested Radon

The inhalation hazard of radon and its short-lived decay products has long
been of concern in occupational radiation protection and public health. Ingestion

TABLE 4.3 Partition Coefficients of Noble Gases

Organ Krypton Xenon Radon
Blood/air 0.06 0.18 0.43
Adipose tissue/blood 5.50 8.00 11.2
Muscle/blood 1.09 0.70 0.36
Brain/blood 1.13 0.75 0.72
Kidney/blood — 0.65 0.66
Testes/blood — — 0.43
Liver/blood — 0.70 0.71
Bone/blood — 0.41 0.36
Lung/blood — 0.70 0.709
Gl-tract/blood — 0.81 0.704
Other/blood — — 0.70

aDefault values used in analysis.
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of radon has received considerably less attention from radiation protection agen-
cies who are primarily concerned with occupational exposures, in part because
ingestion intakes are readily avoided in the workplace. Thus, recommendations
of the International Commission on Radiological Protection (ICRP) and the Na-
tional Council on Radiation Protection and Measurements (NCRP) have not in-
cluded guidance for the control of ingested radon. In the absence of such guid-
ance a number of investigators have undertaken dosimetric and risk assessments
of ingested radon.

The fate of radon in the body has been the subject of several investigations.
In 1951, Harley and others (1994; 1958) examined the elimination of radon from
the body in a series of measurements of radon in exhaled air after chronic inhala-
tion. Hursh and others (1965) investigated the fate of ingested radon and pro-
posed a concentration limit on radon dissolved in water. Von Doebeln and Lindell
(1964) investigated the retention of ingested radon in the body. Brown and Hess
(1992) investigated the transfer and kinetics of ingested radon. The retention in
the body of the noble gases argon, krypton, and xenon were studied by Tobias
and others (1949), Ellis and others (1977), Susskind and others (1977; 1976), and
Bell and Leach (1982). The results of those investigations support a number of
general observations:

® Ingested radon is absorbed from the gut.

* Exhalation is the major route of elimination from the body.
® Ingested radon is largely eliminated within an hour.

* Body adipose tissue is the major site of long-term retention.

The absorption and retention of inert gases in human body tissues have been
extensively studied by several authors, including: Smith and Morales (1944),
Morales and Smith (1944), Kety (1951), Bernard and Snyder (1975), Bell and
Leach (1982), Palazzi and others (1983), Peterman and Perkins (1988), Harley
and Robbins (1994), Sharma and others (1996). In vitro studies have provided
data on the solubilities and partition coefficients of the noble gases and other
chemically inert substances in human blood, adipose tissue, and individual tis-
sues; the data have been summarized by Steward and others (1973).

Hursh and others (1965) derived a value for the maximum permissible con-
centration of 222Rn in water on the basis of limiting the dose to the stomach. They
assumed that radon diffuses through the stomach wall and enters the splanchnic
blood flowing to the liver. The concentration of radon in the stomach wall was
taken, conservatively, to be equivalent to that in the stomach contents. Von
Doebeln and Lindell (1964) used the data of Hursh and others to estimate the
dose to the stomach. More recently, Crawford-Brown (1991; 1989) estimated the
dose to the stomach using a linear radon concentration profile in the wall. The
dose to other organs was based on kinetics inferred from measurements of reten-
tion of ingested 133Xe (Correia and others 1987). Harley and Robbins (1994) used
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a compartment model (the parameter values are not given in the paper) for the
distribution of radon in the body based on data from Hursh and others (1965),
Harley and others (1994), and Harley and Robbins (1994). They assumed that a
fraction of the ingested radon diffuses into the stomach wall but that the vascular
structure in the mucosa intercepts the radon before it reaches a depth from which
the alpha emissions could irradiate the stem cells (N. Harley personal communi-
cation, see appendix A). Sharma and others (1996) used the compartment model
of Peterman and Perkins (1988) and the data of Brown and Hess (1992) to
estimate the dose from dissolved radon. They make no statements regarding the
diffusion of radon into the stomach wall and computed, in a most unusual manner,
the stomach dose as the alpha energy emitted within the stomach contents divided
by the mass of the stomach wall and contents (C.T. Hess personal communica-
tion). The estimates of the dose to the stomach obtained by the various investiga-
tors are listed in table 4.4. All authors assumed that the short-lived decay products
of radon decayed at the site of the 222Rn decay; that is, the alpha energy of 19.2
MeV (see table 4.1) was associated with each 222Rn decay. Those specifically
considering the diffusion of radon within the stomach wall generally associated
the first two alpha emissions, 11.5 MeV, with the radon decay in the stomach
wall.

The data in table 4.4 indicate that the estimated dose to the stomach depends
on the extent to which the investigators considered diffusion as a mechanism by
which radon comes into intimate contact with the stomach wall; the highest dose
coefficient is about 200 times the lowest (Sharma and others 1996; Harley and
Robbins 1994; Brown and Hess 1992; Crawford-Brown 1989; Suomela and
Kahlos 1972; Hursh and others 1965; Von Doebeln and Lindell 1964). Except for
Harley and Robbins (1994), none of the investigators identified any basis for their
assumption regarding the movement or lack of movement of radon into the stom-
ach wall. Harley and Robbins (1994) assumed that the absorption of radon fol-
lows that of water which is predominantly from the small intestine, and cited the
large countercurrent flow of fluid (1500 mL per day) from the stomach wall as

TABLE 4.4 Summary of Estimates of Equivalent Dose to Stomach per Unit
Activity of 22?Rn Ingested

Authors Diffusion Dose Coefficient, Sv Bq‘1
Hursh and others (1965) Yes 1.1 x 1077
Von Doebeln and Lindell (1964) Yes 1.1 x 1077
Suomela and Kahlos (1972) Yes 1.3 x 1077
Crawford-Brown (1989) Yes 3.0 x 1077
Brown and Hess (1992) See footnote? 8.8 x 1078
Sharma and others (1996) See footnote? 8.2 x 1078
Harley and Robbins (1994) Yes 1.6 x 107

aDose averaged over the mass of the stomach wall and contents.
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evidence for lack of significant wall transport. No experimental evidence was
provided by any of the investigators as a basis for their assumptions concerning
the movement or lack of movement of radon into the stomach wall.

Behavior of Radon in the Body

The investigations by Harley and colleagues (1994), Harly and Robbins
(1994) and Hursh and others (1965) provide basic information on the behavior of
radon in the body. Harley and coworkers fit their observations to a function
involving five exponential terms and associated the terms with tissue compart-
ments. Bernard and Snyder (1975) interpreted the Harley data using a mammill-
ary model to derive their estimates of the distribution of radon among the tissues.
It is possible to observe the tissue distribution of noble gases in medical studies
using radioisotopes of krypton and xenon. Correia and others (1987) used nuclear-
medicine instrumentation to observe the behavior of ingested '33Xe and then
attempted to infer the fate of ingested radon. Presently, it is considered that
compartment models describing the movement of a contaminant within the body
which are consistent with anatomic and physiologic principles provide the best
basis for interpretation of experimental observations. Models based on physi-
ologic principles are referred to as physiologically based pharmacokinetic (PBPK)
models. Details regarding this modeling practice are given in a review by Bischoff
(1986).

The committee has used a PBPK model of ingested radon that was formu-
lated using the blood-flow model of Leggett and Williams (1995) (see also
Leggett and Williams 1991; Williams and Leggett 1989). The resulting model,
shown in figure 4.2, is discussed in detail in appendix A. Briefly, radon is distrib-
uted by the blood flow to the organs, where its transfer depends on its solubility
in tissue relative to that in blood—the partition coefficient. The blood volume of
the body is apportioned among a number of compartments, which represent
various blood pools. In figure 4.2, the compartment “Large Veins” represents the
venous blood return from the systemic tissues, “Right Heart” and “Left Heart”
the content of the heart chambers, “Pulmonary” the blood-exchanging gases in
the lung, and “Large Arteries” represents the arterial blood flow to the systemic
tissues. The compartment labeled “Gut Cont” in figure 4.2 is expanded in figure
4.3, where the GI tract is divided into four segments, the compartment “St
Contents,” representing the contents of the stomach, “SI Contents” that of the
small intestine, “ULI Contents” that of the upper large intestine, and “LLI Con-
tents” that of the lower large intestine. “St Wall,” “SI Wall,” “ULI Wall,” and
“LLI Wall” represent the walls of those segments. Ingested radon enters the
stomach and is absorbed from the gut as indicated in the upper right of figure 4.3.
In figures 4.2 and 4.3, dashed arrows denote the transfer of radon as a gas, and
solid arrows correspond to the flow of radon dissolved in arterial (thicker arrows)
and venous blood. As shown in figure 4.3, the gut is perfused by arterial blood,

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/6287

Risk Assessment of Radon in Drinking Water

DOSIMETRY OF INGESTED RADON AND ITS ASSOCIATED RISK 67
Intake
<---- t
|7 Gut wall Gut Cont
Liver Pancreas L
L a
a Spleen r
r g
Perfused e
Tissues

A
Lung r

v Tissue
e t
i Pulmonary e
l Alveolar T r
n Air i
i % o

ea . ea

\ Exhalation .

Heart

Wall

FIGURE 4.2 Diagram of PBPK model used for ingested radon (see Appendix A for
details).

which, with blood flowing from the spleen and pancreas, enters the portal circu-
lation to the liver as shown in figure 4.2. Venous blood is pumped by the right
side of the heart to the pulmonary region of the lung, the “Pulmonary” compart-
ment of figure 4.2, where radon dissolved in blood exchanges with alveolar air
and is exhaled.

Ingested 222Rn is readily absorbed and appears promptly in exhaled air. The
studies of ingested radon have indicated that retention in the body is somewhat
greater when radon is ingested with food (Brown and Hess 1992; Hursh and
others 1965). The increased retention is presumably a result of the slower transfer
of foodstuffs from the stomach to the small intestine. Whereas the small intestine
is the major site of absorption of most nutrients, fractional amounts of some
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FIGURE 4.3 Expansion of the gut compartments of figure 4.2 to show the four seg-
ments of the gastrointestinal tract.

materials, such as water, aspirin, and alcohol, are known to be absorbed from the
stomach.

Further details regarding the radon biokinetic model, including the numeri-
cal values of the transfer coefficients of the resulting differential equations, are
given in appendix A. The equations are solved by assuming that a unit activity
(1 Bq) of ?22Rn is present in the stomach contents at time zero. The fractions of
ingested radon that remain in the body (in the contents of GI tract and in systemic
tissues) at various times after intake are shown in figure 4.4. The fraction of the
initial activity residing in various tissues as a function of time is shown in figure
4.5. The high radon uptake in the liver shown in figure 4.5 is a direct reflection of
the fact that all radon absorbed from the GI tract flows in blood from the GI tract
walls to the liver. The importance of adipose tissue as a site of deposition and
retention can be seen at later times; beyond about 30 min it is the major site of
radon deposition in the body.
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FIGURE 4.4 The fraction of ingested radon remaining in the body (with the contents of
the gut and in systemic tissues) at various times following an intake by ingestion.
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The PBPK model’s predictions of radon retention in the body are compared
with the observations of Hursh and others in figure 4.6. The solid line in figure
4.6 is the PBPK prediction, and the dashed lines are the fits of Hursh and others
to their data on two male subjects who ingested radon on two occasions. The
upper dashed line represents the retention observed shortly after a subject had
ingested a breakfast that included “heavy whipping cream.” The other observa-
tions were at least 2 h after a “normal light” breakfast. The comparisons in figure
4.6 were limited to the time period of the observations. The higher retention after
the high-fat meal is consistent with the general observation noted above and
presumably reflects a slower emptying of the stomach.

Figure 4.7 compares the PBPK model’s prediction of radon retention with
that of the mammillary model of Bernard and Snyder (1975) based on the Harley
and others (1994; 1958) data on washout of inhaled radon. Also shown in the
figure is the retention indicated by Crawford-Brown (1989) based on his analy-
sis of the Correia and others (1987) data. The differences between the model
predictions appear to be much as expected; for example, the Bernard and Snyder
model might be expected to underestimate the retention because it was derived
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FIGURE 4.6 The PBPK model’s predictions of radon retention in the body are com-
pared to the observations of Hursh and others (1965). The solid line of figure 4.6 is the
PBPK predictions and the dashed lines are the fits of Hursh et al. to their data for two
male subjects who ingested radon on two different occasions.
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FIGURE 4.7 A comparison of the PBPK model predictions for the retention of radon
with that indicated by the mammillary model of Bernard and Snyder (1975) based on the
Harley and others (1994) data on the washout of inhaled radon. Also shown in the figure
is the retention indicated by Crawford-Brown (1989) based on his analysis of the Correia
and others data (1987) and the results of Harley and Robbins (1994).

from inhaled radon. The PBPK model appears to provide reasonable predictions
of retained radon, and its physiological basis provides the basis of the distribu-
tion of radon among the organs of the body.

Diffusion of Radon in the Stomach

As seen from table 4.4, the dose to the stomach depends strongly on
whether radon is considered to move into the stomach wall, presumably by
diffusion. Alpha particles emitted within the contents of the stomach cannot
penetrate the mucus layer lining the epithelium and cannot reach the stem cells
at risk (the range of alpha particles in tissue is about 50-60 um). This mucus
layer is thought to be important in minimizing the exposure of the stomach
epithelium to the acidic environment of the gastric lumen (Livingston and
Engel 1995) and possibly acts as a barrier to the gastric absorption of drugs
(Larhed and others 1997). The layer is composed primarily of mucin mol-
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ecules that are continuously secreted and degraded by the gastric acids; al-
though it is about 95% water, it substantially slows the diffusion of acid
relative to water alone. It has been hypothesized that the continual movement
of water and new mucin molecules away from the epithelial surface also car-
ries acid away from the epithelium by convection (Livingston and Engel 1995).
The interplay of these factors has been mathematically modeled (Engel and
others 1984), but many of the physiological parameters of the model have not
been measured.

In view of the importance of the diffusion mechanism in estimating the dose
to the stomach, the committee found it useful to formulate a model within which
it could investigate this mechanism. The model consisted of a spherical represen-
tation of a stomach with a volume of 250 mL. A mucus layer 50 um thick was
assumed. This was followed by a layer of surface cells 50 um thick. The stem
cells were considered to be distributed throughout a layer of tissue 200 pm thick.
Below this layer, diffusion into capillaries was assumed to remove radon and
reduce the concentration to zero. The concentration of radon in the contents of the
stomach, assumed to be well mixed, was taken to decline exponentially with a
half-time of 20 min. The model and its results are discussed in detail in appendix
B. When the above parameters were used with a radon diffusion coefficient for
the gastric wall of 5 X 1076 cm? s~1, the time-integrated concentration of radon at
the depth of the cells at risk (200 pm) was found to be 30% of the time-integrated
radon concentration in the contents of the stomach. The time-integrated concen-
tration was found to be insensitive to the value assumed for the diffusion coeffi-
cient and to depend somewhat on the depth to which radon was assumed to
diffuse.

Although the diffusion model of the stomach does not permit definitive
conclusions, it does suggest that both radon concentration and its time integral
vary over arather limited range for a wide range in the diffusion coefficient. If the
mucus layer is a barrier to radon diffusion, concentration in the wall could be
substantially reduced. The chemical composition of the layer (95% water, de-
graded mucin, and soluble polymeric mucin secreted by the mucosa) does not
suggest a strong diffusion barrier to inert substances like radon. The concentra-
tion of radon reached in the wall is controlled by the blood flow through the
gastric mucosa, and the depth of microvasculature may be of considerable impor-
tance. The influence of the microvasculature of the small intestine on absorption
of gases has been investigated (Bond and others 1977), but little information is
available on the stomach. Further studies clearly are needed to determine the
influence of the mucus layer and the capillary structures on the concentration of
radon in the stomach wall. It should be noted that because the PBPK model
cannot fully adhere to the microvasculature which removes most radon directly to
the blood before it can diffuse near stem cells, the model is a conservative model.

The calculations of dose and risk reported below assume that the time-
integrated concentration of radon at the depth of the stem cells is 30% of that in
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the lumen. The latter value, derived with the diffusion model of appendix B, is
the basis of the committee’s recommendation regarding the risks posed by radon
dissolved in water. For comparative purposes, dose coefficients were calculated
as bounding cases corresponding to the situations of table 4.4; that is, the assump-
tions that radon does not diffuse into the stomach wall and that concentration in
the wall is the same as that in the stomach contents represent the two limiting
cases.

FATE OF RADON DECAY PRODUCTS IN THE BODY

The members of the decay series through 214Po are referred to as the short-
lived decay products relative to the long-lived series headed by 21°Pb. The half-
life of the “short-lived” decay product 2!4Pb (26.8 min) is not short relative to
physiological processes, inasmuch as, for example, during this half-life, blood
passes through the heart more than 30 times. Thus, it is reasonable to assume that
the 214Pb has its own fate within the body, a fate that is distinct from that of radon.
The calculations performed here include explicit consideration of the fate of each
decay product in the manner of recent ICRP publications (1989; 1988); for fur-
ther details, see appendix A.

Dose Coefficients for Ingestion of Dissolved Radon

The dosimetric analysis presented here is based on the current ICRP method
(ICRP 1989), which is consistent with the schema of the Medical Internal Radia-
tion Dose Committee (MIRD) of the US Society of Nuclear Medicine (Loevinger
and others 1988). Both ICRP and MIRD consider the mean absorbed dose to a
target region as the fundamental dosimetric quantity. The mean absorbed dose in
the target region is relevant to cancer induction to the extent that it is representa-
tive of the dose to the cells at risk. If the cells at risk are not uniformly distributed
within the target region or if the stochastic nature of the energy deposition is such
that mean values are of questionable validity, it might be necessary to address the
stochastic nature of irradiation.

The ICRP method considers two sets of anatomic regions. The set of “source
regions” specifies the location of radionuclides in the body, and the set of “target
regions” consists of organs and tissues for which the radiation doses are to be
calculated. The source regions are those anatomical regions involved in the be-
havior of the radionuclide (and subsequent decay products) within the body. It is
assumed that the radionuclide is uniformly distributed within the volume of the
source region.

The mean energy absorbed in the target region depends on the types of the
radiations (including their energies and intensities) emitted in the source regions,
the spatial relationships between the source and target regions, and the nature of
tissues between the regions. The details of these considerations are embodied in
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a radionuclide-specific coefficient called specific energy, or SE. For any radionu-
clide, source region S, and target region 7, the specific energy at age ¢ is defined as

1
M (1)

SE(T « S;t) = Y YEAF(T  S:1) .1

where Y, is the yield of radiation of type i per nuclear transformation, E, is the
average or unique energy of radiation type i, AF; (T<=S;?) is the fraction of energy
emitted in source region S that is absorbed within target region T at age ¢, and
M (1) is the mass of target region T at age ¢. Age dependence in SE arises from the
changes with age in both the absorbed fraction and the mass of the target region.
The quantity AF; (T<=S;1) is called the absorbed fraction (AF) and, when divided
by the mass of the target region, M, is called the specific absorbed fraction
(SAF). Information on the energies and intensities of the radiation emitted by the
members of the radon series is tabulated in ICRP Publication 38 (1983).

The SE values used here were computed with the SEECAL code of Cristy
and Eckerman (1993). The calculations use files (electronic libraries) of the
nuclear-decay data, SAFs for the emitted radiation, and values for the masses of
the organs in people of various ages. The nuclear-decay data files and SAFs are
those now used by ICRP (Cristy and Eckerman 1993; 1987). Organ masses for
adults are taken from ICRP Publication 23 (1975). For children, age-specific
organ masses are taken from Cristy and Eckerman (1987).

The absorbed-dose rate in target region 7 includes contributions from each
radionuclide in the body and from each region in which radionuclides are present.
The absorbed-dose rate, DT(t, 1,), at age t in region T of a person of age ¢, at the
time of intake, can be expressed as:

Dr(t,1)=¢Y. Y q, ,()SE(T < S;1), (4.2)

where qs,j(t) is the activity of radionuclide j present in source region S at age
Z, SE(TeS;t)j is the specific energy deposited in target region 7T per nuclear
transformation of radionuclide j in source region S at age ¢, and c is any numerical
constant required by the units of g and SE. The absorbed dose is the time integral
of the absorbed-dose rate.

The equivalent dose is the absorbed dose of the various kinds of radiation
weighted by a factor that represents their relative contributions to the biologic
insult. The weighting factor, referred to as the radiation weighting factor (earlier
called the quality factor), represents a judgment of the relative biologic effective-
ness of the different radiations (ICRP 1991). In the context of radon, the equiva-
lent dose, H, is given as

H =Dy, gr +20 DHigh LET 4.3)
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where D, -+ and DHl.gh_LET denote the absorbed doses due to electrons and
photons of low linear energy transfer (LET) and alpha particles of high-LET,
respectively, and 20 is the radiation weighting factor for alpha radiation (ICRP
1991). Equivalent dose is a dosimetric quantity of radiation protection and is of
limited utility in health risk assessments because the radiation weighting factor
embodies consideration of the relative biologic insults of the different kinds of
radiation.

For reference purposes, table 4.5a gives the equivalent dose received by vari-
ous tissues of adults, assuming an intake of a unit activity of 222Rn dissolved in
water. Results are presented for the base case and the bounding cases describing the
extent to which radon is assumed to diffuse into the blood vessels and tissue of the
stomach wall. The dose to the stomach calculated for these cases can be compared
with the values in table 4.4, which were extracted from the literature.

The equivalent doses received by individuals of various ages, assuming an
intake of a unit activity of 2?Rn in water, is given in table 4.5b for the base-case
assumption regarding radon uptake in the stomach wall. These dose values reflect

TABLE 4.5a Committed Equivalent Dose per Unit Activity of ?Rn Ingested
(Sv Bq™") in the Adult as a Function of Diffusion Into the Stomach Wall

Uptake in Stomach Wall

Organ No Diffusion Base Case Saturated Diffusion
Adrenals 7.8E-10 2.0E-10 3.0E-10
Bladder 3.4E-10 9.9E-11 1.4E-10
Endosteal Tissue 7.0E-09 1.8E-09 2.8E-09
Brain 7.7E-10 2.0E-10 3.0E-10
Breast Tissue 2.8E-10 8.5E-11 1.2E-10
Stomach Wall 8.9E-10 2.4E-08 3.1E-07
Small Intestine 1.2E-09 1.6E-10 3.1E-09
Upper Large Intestine 1.5E-09 1.3E-10 5.5E-10
Lower Large Intestine 2.6E-09 1.7E-10 6.5E-10
Kidneys 4.2E-09 1.2E-09 2.0E-09
Liver 1.1E-09 1.7E-09 2.1E-09
Muscle 5.0E-10 1.4E-10 2.0E-10
Ovaries 3.1E-10 8.7E-11 1.3E-10
Pancreas 8.8E-10 9.3E-11 3.4E-10
Red Marrow 7.2E-09 1.8E-09 2.7E-09
Spleen 6.8E-10 1.4E-10 3.0E-10
Testes 5.8E-10 1.5E-10 2.2E-10
Esophagus 2.8E-10 8.4E-11 1.2E-10
Thyroid 7.6E-10 2.0E-10 2.9E-10
Uterus 3.0E-10 8.6E-11 1.3E-10
Lung 4.7E-10 1.36E-10 1.9E-10
Effective? 2.1E-09 3.5E-09 3.8E-08

aSum of weighted equivalent doses (see ICRP 1991).
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TABLE 4.5b Committed Equivalent Dose per Unit Activity of ?>’Rn Ingested
(Sv Bq!) for Various Subjects (Base Case Assumption Regarding Diffusion of
Radon into the Stomach Wall)

Age at Intake (yr)

Organ Infant 1-yr 5-yr 10-yr 15-yr Adults

Adrenals 2.5E-09 1.0E-09 5.1E-10 3.0E-10 2.3E-10 2.0E-10
Bladder 6.3E-10 4.6E-10 2.6E-10 1.4E-10 1.1E-10 9.9E-11
Endosteal Tissue 1.5E-08 1.1E-08 5.0E-09 3.3E-09 2.7E-09 1.8E-09
Brain 1.2E-09 9.9E-10 5.0E-10 2.9E-10 2.2E-10 2.0E-10
Breast S5.9E-10 4.3E-10 2.4E-10 1.3E-10 9.7E-11 8.5E-11
Stomach Wall 3.0E-07 1.6E-07 7.3E-08 4.2E-08 3.1E-08 2.4E-08
Small Intestine 1.2E-09 7.9E-10 4.2E-10 2.5E-10 1.8E-10 1.6E-10
Upper Large Intestine 9.8E-10 6.7E-10 3.8E-10 2.2E-10 1.5E-10 1.3E-10
Lower Large Intestine 1.3E-09 8.7E-10 4.9E-10 2.8E-10 1.9E-10 1.7E-10
Kidneys 6.1E-09 4.1E-09 2.1E-09 1.3E-09 9.3E-10 1.2E-09
Liver 1.5E-08 1.2E-08 3.7E-09 2.4E-09 1.4E-09 1.7E-09
Muscle 8.2E-10 6.6E-10 3.4E-10 1.9E-10 1.5E-10 1.4E-10
Ovaries 6.1E-10 4.4E-10 2.5E-10 14E-10 1.0E-10 8.7E-11
Pancreas 7.0E-10 4.4E-10 2.5E-10 1.5E-10 1.1E-10 9.3E-11
Red Marrow 9.5E-09 8.5E-09 4.2E-09 2.5E-09 2.0E-09 1.8E-09
Spleen 1.3E-09 4.5E-10 2.8E-10 1.8E-09 1.7E-10 1.4E-10
Testes 2.2E-09 7.5E-10 3.9E-10 2.2E-10 1.7E-10 1.5E-10
Thymus 5.9E-10 4.2E-10 2.4E-10 1.3E-10 9.7E-11 8.4E-11
Thyroid 1.5E-09 9.7E-10 5.0E-10 2.9E-10 2.2E-10 2.0E-10
Uterus 6.0E-10 4.3E-10 2.56E-10 1.3E-10 9.9E-11 8.6E-11
Lung 9.1E-10 7.2E-10 3.8E-10 2.1E-10 1.6E-10 1.3E-10
Effective? 4.0E-08 2.3E-08 1.0E-08 5.9E-09 4.2E-09 3.5E-09

aSum of weighted equivalent doses (see ICRP 1991).

the age dependence in both the sizes of body organs and the behavior of radon
and its decay products in the body. A decrease in the dose per unit intake with
increasing age at intake is evident in table 4.5b. The lower consumption of
tapwater during childhood results in an intake of dissolved radon during child-
hood that is a small fraction of the lifetime intake. Thus, despite the higher dose
per unit intake at these ages, relative to that of the adult, the lower consumption
rates result in intakes in the first 10 years that contribute about 30% to the lifetime
risk.

CANCER RISK PER UNIT 222RN CONCENTRATION
IN DRINKING WATER

Estimates of the cancer mortality risk per unit concentration of 222Rn in
drinking water were derived with the method of Federal Guidance Report 13
(EPA 1998). That method yields a risk estimate that applies to an average mem-
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ber of the public, in the sense that the estimate is averaged over the age and sex
distributions of a hypothetical closed “stationary” population whose survival
functions and cancer mortality rates are based on recent data for the United
States. Specifically, the total mortality rates in this population are defined by the
1989-1991 US decennial life tables (1989-91; 1997), and cancer mortality rates
are defined by US cancer mortality data for the same period (NCHS 1993a). The
hypothetical population is referred to as “stationary” because the sex-specific
birth rates and survival functions are assumed to be invariant over time.

A schematic of the method of computation is shown in figure 4.8. The main
steps in the computation are shown in the numbered boxes in the figure and
summarized below.

1. Lifetime risk per unit absorbed dose at each age

For each of 14 cancer sites in the body, radiation-risk models are used to
calculate sex-specific values for the lifetime risk per unit absorbed dose for each

Cancer risk coefficients
from epidemiologic studies;
e.g., A-bomb survivors

Age-specific biokinetic

and dosimetric methods

F

Risk model coefficients U.S. vital statistics
transported to U.S. population and cancer mortality data

2. Absorbed dose rate as a
function of time following a
unit activity intake at each age

1. Lifetime risk per unit
absorbed dose at each age

3. Lifetime risk per unit
activity intake at each age

U.S. age- and gender-
specific usage data for

environmental medium

4. Lifetime cancer risk for a
constant activity concentration
in environmental medium

FIGURE 4.8 Schematic of method to estimate cancer mortality risk per unit concentra-
tion of Rn-222 in drinking water, derived using the methodology of Federal Guidance
Report 13 (EPA 1998).
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type of radiation received at each age. These models provide a method for calcu-
lation of radiogenic-cancer risks based on a critical review of data on the Japa-
nese atomic-bomb survivors and other study groups and methods of applying
radiation risk estimates across populations.

The cancer sites considered are the esophagus, stomach, colon, liver, lung,
bone, skin, breast, ovary, bladder, kidney, thyroid, red marrow (leukemia), and
residual (all remaining cancer sites combined). An absolute-risk model is applied
to bone, skin, and thyroid; that is, it is assumed for these sites that the radiogenic
cancer risk is independent of the baseline cancer mortality rate (cancer mortality
death rate for a given site in an unexposed population). For the other cancer sites,
a relative-risk model is used; it is assumed that the likelihood of a radiogenic
cancer is proportional to its baseline cancer mortality rate. The baseline cancer
mortality rates are calculated from US cancer mortality data for 1989-1991
(NCHS 1993a; 1993b; 1992).

The computation of sex- and site-specific values for the lifetime cancer risk
per unit absorbed dose involves an integration over age, beginning at the age at
which the dose is received, of the product of the age-specific risk-model coeffi-
cient (times the baseline mortality of the cancer in the case of a relative-risk
model) and the survival function. The survival function is used to account for the
possibility that the exposed person will die of a competing cause before a radio-
genic cancer is expressed.

Estimates of the site-specific cancer mortality for a hypothetical low dose,
low dose rate, uniform irradiation of the whole body by low-LET and high-LET
radiations are given in table 4.6. Some organs such as male breast or brain are not
explicitly included as these sites have not shown definitive dose responses (Pierce
and others 1996). To the extent that these sites contribute to the total cancer
response, they are included in the Residual category.

The risk estimates of table 4.6 are based on the risk-model coefficients in
Federal Guidance Report 13 (EPA 1998). The estimates are age-averaged values
for the hypothetical stationary population. For details regarding the method of
computation, see Federal Guidance Report 13.

2. Absorbed-dose rates as a function of time after an acute intake

Age-specific biokinetic models for radon and its decay products are used to
calculate the time-dependent inventories of activity in various regions of the body
after acute intake of a unit activity of 222Rn. This calculation is performed for
each of six “basic” ages at intake: infancy (100 d); 1, 5, 10, and 15 y; and maturity
(20 y). The biokinetic model for radon used in the calculations was described
above (see appendix A for further details). The biokinetic models for the radon
decay products were taken from ICRP’s recent series of documents on age-
specific doses to members of the public from intake of radionuclides (ICRP 1996;
ICRP 1995; ICRP 1993; ICRP 1989).
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TABLE 4.6 Age-averaged Site-Specific Lifetime Cancer Mortality Risk
Estimates (Deaths per Person-Gy) from Low-Dose, Low- and High-LET
Uniform Irradiation of the Body

Low-LET High-LET
Cancer Site Males Females Males Females
Esophagus 7.30 x1074 1.59 x1073 1.46 x1072 3.18 x1072
Stomach 3.25 x1073 4.86 x1073 6.50 x1072 9.72 x1072
Colon 8.38 x1073 1.24 x1072 1.68 x1071 2.48 x107!
Liver 1.84 x1073 1.17 x1073 3.68 x1072 2.34 x1072
Lung 7.71 x1073 1.19 x102 1.54 x1071 2.38 x1071
Bone 9.40 x1075 9.60 X105 1.88 x1073 1.92 x1073
Skin 9.51 x1075 1.05 x1074 1.90 x1073 2.10 x1073
Breast 0.00 9.90 x1073 0.00 9.90 x1072
Ovary 0.00 2.92 x1073 0.00 5.84 x1072
Bladder 3.28 x1073 1.52 x1073 6.56 x1072 3.04 x1072
Kidney 6.43 x1074 3.92 x1074 1.29 x102 7.84 x1073
Thyroid 2.05 x1074 438 x1074 4.10 x1073 8.76 x1073
Leukemia 6.48 x1073 4.71 x1073 6.48 x1073 4.71 x1073
Residual? 1.35 x1072 1.63 x1072 2.70 x10-! 3.26 x107!
Total 4.62 x1072 6.83 x1072 8.01 x107! 1.18

aResidual is a composite of all radiogenic cancers not explicitly identified in the table.

Age-specific dosimetric models are used to convert the calculated time-
dependent regional activities in the body to absorbed dose rates for both the low-
LET (photons and electrons) and high-LET (alpha) radiations to radiosensitive
tissues as a function of age at intake and time after the intake. Absorbed-dose
rates for intake ages intermediate to the six basic ages (infancy; 1, 5, 10, and 15 y;
and maturity) are determined by interpolation.

3. Lifetime cancer risk per unit intake at each age

For each cancer site, the sex-specific values of lifetime risk per unit absorbed
dose received at each age (derived in the first step) are used to convert the
calculated absorbed-dose rates to lifetime cancer risks for the case of an acute
intake of one unit of activity at each age x,. This calculation involves integration
over age of the product of the absorbed-dose rate at age x for a unit intake at age
x;, the lifetime risk per unit absorbed-dose received at age x, and the value of the
survival function at age x divided by the value at age x;. The survival function is
used to account for the probability that a person exposed at age x; is still alive at
age x to receive the absorbed dose. It is assumed that the radiation dose is suffi-
ciently low that the survival function is not seriously affected by the number of
radiogenic-cancer deaths at any age.
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4. Lifetime cancer risk for chronic intakes

For purposes of computing a risk coefficient, it is assumed that the radon
concentration in the drinking water remains constant and that all persons in the
population are exposed to that concentration throughout their lifetimes. It is
assumed that the lifetime average drinking water consumption rate is 0.6 L d-!.

For each cancer site and each sex, the lifetime cancer risk for chronic intakes
is obtained by integration over age x of the product of the lifetime cancer risk per
unit intake at age x and the expected drinking water consumption at age x.

Except for the calculations of the time-dependent organ activities and ab-
sorbed-dose rates, each of the steps described above is performed separately for
each sex and each cancer site. A total-risk coefficient is derived by first adding
the risk estimates for the different cancer sites in each sex and then calculating a
weighted mean of the coefficients for males and females. The weighted mean of
coefficients for males and females involves the presumed sex ratio at birth, the
sex-specific risk per unit intake at each age, and the sex-specific survival function
at each age.

The cancer mortality risks associated with lifetime ingestion of 222Rn dis-
solved in drinking water at a concentration of 1 Bq m=3 are given in table 4.7; the
total average over both sexes is 1.9 x 10-°. The uncertainty in this estimate is
associated largely with the estimated dose to the stomach and with the epidemio-
logic data used to estimate the risk. Cancer of the stomach is a major late effect in

TABLE 4.7 Cancer Mortality Risk Associated with Lifetime Ingestion of
222Rn at a Concentration of 1 Bq m= in Drinking Water®

Cancer Mortality Risk (m3 Bq‘l)

Cancer Site Males Females Both Sexes
Esophagus 1.5E-12 3.3E-12 2.2E-12
Stomach 1.3E-09 2.0E-09 1.6E-09
Colon 4.6E-11 7.7E-11 5.9E-11
Liver 6.8E-11 44E-11 5.8E-11
Lung 2.6E-11 4.5E-11 3.4E-11
Bone 5.4E-12 5.7E-12 5.5E-12
Breast — 1.0E-11 4.5E-12
Ovary — 6.1E-12 2.6E-12
Bladder 7.8E-12 3.7E-12 6.0E-12
Kidney 1.8E-11 1.1E-11 1.5E-11
Thyroid 1.3E-12 3.1E-12 2.1E-12
Leukemia 1.9E-11 1.5E-11 1.7E-11
Residual? 6.9E-11 9.2E-11 7.9E-11
Total 1.5E-09 2.3E-09 1.9E-09

aTo express risk in the conventional units (L pCi~1), multiply the values by 37.
bThe average of the absorbed dose rates to muscle, pancreas, and adrenals is applied to this group of
cancers.
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the survivors of the atomic bombings in Japan, where the high susceptibility
appears to be related to the high baseline rate. The basic data used in the risk
calculations for the present report were derived from the atomic-bomb survivors
and applied to the US population with a relative-risk model in conjunction with
the US stomach-cancer experience. It is noted that the high baseline stomach-
cancer incidence among the Japanese and the declining incidence in the US
contribute to the uncertainty in the risk estimate. An estimate of the uncertainty in
the risk was derived on the basis of judgment that the absorbed dose to the
stomach is probably not greater than three times the base case of table 4.4 (divide
by 20 to obtain absorbed dose) and probably greater that one-fiftieth (2%) the
base case. The asymmetric bounds reflect the judgment that the base case esti-
mate is taken to be conservative; however, at this time sufficient information is
not available to further refine the model and its parameter values. Similarly, it
was judged that the stomach cancer mortality coefficients are probably not greater
than three times the values of table 4.6 while they probably are greater than one-
tenth the tabulated values. On the basis of those judgments, it is concluded that
the risk posed by ingestion of water containing 222Rn at 1 Bq m=3 probably lies
between 3.8 x 1010 and 4.4 x 102, with 1.9 x 10~ as the central value.

SPECIAL POPULATIONS AT RISK

No information is available to identify the characteristics of individuals or to
suggest that any population group that might be at increased carcinogenic risk
because of the presence of radon in drinking water. A number of environmental
factors have been associated with stomach cancer, although the incidence of
gastric cancer has been declining during the last 50 y. Stomach cancer is essen-
tially a disease of the poor, not only in developing countries, but also in the West,
where there is an inverse correlation between stomach-cancer risk and socioeco-
nomic status. A strong link appears to exist between the ubiquitous bacterium
Helicobacter pylori and stomach cancer, but there is no known interaction be-
tween H. pylori and radiation or radon (McFarlane and Munro 1997).

Sikov and others (1992) investigated the developmental toxicology of radon
exposures in the rat. They did not find any teratogenic or reproductive effects in
pregnant rats exposed to airborne radon at high concentrations. Radon in the
maternal blood would flow to the placenta and, depending on the relative solu-
bilities of radon in maternal and fetal blood, could be absorbed by the fetus.
However, the regional blood flow to the uteroplacental unit during the period
when most teratogenic effects are possible (1st trimester) is very small (Thaler
and others 1990). The same exchange is possible for either inhaled or ingested
radon. Thus, it appears unlikely that radon in drinking water would have substan-
tial teratologic or reproductive effects.
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5

Dosimetry of Inhaled Radon and its
Associated Risk

INHALATION OF RADON AND ITS SHORT-LIVED
DECAY PRODUCTS

The occurrence of bronchogenic lung cancer after inhalation of 222Rn and its
short-lived decay products is well established from follow-up studies of under-
ground miners (Lubin and others 1995; 1994; UNSCEAR 1993; National Re-
search Council 1988, 1999; NCRP 1984a). There is convincing evidence that
occupational exposure has produced excess lung cancer. The bronchial airways
are the location of most lung tumors (Saccomanno and others 1996). The only
quantitative risk estimates available are those from underground-miner studies.
The evaluation of lung-cancer risk in miners is summarized later in this chapter.

RISK POSED BY INHALATION OF ?22RN DECAY PRODUCTS

The assessment of risk in miners did not rely on internal dosimetry but was
based on the air exposure to decay products in units of potential alpha energy
concentration (PAEC) in the mines. The unit of exposure was the working level
month (WLM) and was an easy measurement to make in mine air by simply
taking a filtered air sample and counting total alpha particles (NCRP 1988). For
domestic (i.e., residential) exposures, 1 WLM is equivalent to an indoor radon
concentration of exposure at 185 Bq m= for a full year with 70% of time spent in
the home (Harley and others 1991). The SI unit of exposure replacing PAEC is
the joule hour per cubic meter (J hr m~3); 1 WLM equals 0.0035 J h m=3. How-
ever, because the original miner studies and all of the subsequent analyses and

82

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/6287

Risk Assessment of Radon in Drinking Water

DOSIMETRY OF INHALED RADON AND ITS ASSOCIATED RISK 83

models refer to exposures in units of WLM, we have preserved that formalism in
this discussion.

Excess lung cancer in underground miners was evident after exposures to
radon decay products of several hundred to several thousand WLM that would
equate to long-term exposure to 222Rn in the home at very high concentrations.
The health effects of average home concentrations are less certain, and current
residential epidemiologic studies are attempting to measure the risk (as discussed
later in this chapter). However, risk estimates based on these studies are not
currently available.

The exposure assessment for miners was related to the potential energy
concentration in air. However, it is the actual bronchial dose that confers the lung
cancer risk. Therefore, it is necessary to know whether the bronchial dose in
miners per unit PAEC in air in mines yields an equivalent bronchial dose per unit
PAEC in homes. If the dose per unit exposure is equal in both situations then the
derived miner risk estimates may be applied directly to home exposure.

The projection of risk from the mines to other environments, particularly for
domestic exposures and for the entire lifetime, also makes 222Rn decay product
bronchial dosimetry a necessity. That requires not only physical models to evalu-
ate the dose per unit exposure in mines relative to that in other exposure situations
but also biological risk models to compare short-term with whole-life exposure.
Occupationally exposed miners were exposed for 2 y to about 20 y. As described
in the BEIR VI report (National Research Council 1999), there are factors that
compensate for differences in exposure conditions between mines and homes,
such as unattached fraction and breathing rate. Therefore, the miner risk esti-
mates were used directly to estimate the risk from radon and its decay product
exposure in domestic environments (National Research Council 1999).

LUNG DOSE FROM ?22RN GAS

The alpha dose delivered to target cells in bronchial epithelium arises mainly
from the short-lived decay products deposited on the bronchial airway surfaces.
The alpha dose from radon gas itself is smaller than that from its decay products
because of the location of radon as it decays in the airway; there is a low probabil-
ity that an alpha particle will interact with a cell. The decay products, however,
are on the airway surfaces within about 20 to 30 um of these target cells, and thus
have a higher probability of hitting a target-cell nucleus.

The annual weighted equivalent dose from radon gas decaying in the lung
has been calculated by the International Commission on Radiological Protection
(ICRP 1981) and the National Council on Radiation Protection and Measure-
ments (NCRP 1987a; 1987b) (see Table 5.1). The gas dose itself is 7 X
103 mSv y~! per Bq m=3 (ICRP 1981) or 5 x 1073 mSv y~! per Bq m~3 (NCRP
1987a). The dose from 222Rn gas is lower by about a factor of 10 compared to the
bronchial dose from the decay products deposited on the airways.
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TABLE 5.1 Annual Weighted Equivalent Dose” to the Lung from ?*’Rn Gas

Exposure
Organ mSv y’1 per Bq m™3 Reference
Whole lung? 7 % 1073 ICRP (1981)
Bronchial surfaces® 5% 1073 NCRP (1975)

aWeighted using ICRP values of W, and W;.
bDose calculated from 222Rn solubility in tissue and radon in airways.
¢Dose calculated to bronchial surfaces from 222Rn decay in airways.

DOSE TO ORGANS OTHER THAN THE LUNG
FROM INHALED ?22RN

Any inhaled gas, including radon, is slightly soluble in body tissues. Radon
in the lung diffuses to blood and is transported to other organs, where the gas and
the decay products that build up in the tissue deliver a radiation dose. Harley and
others (1958) in a study of inhaled radon, determined the solubility of radon in
the body. Two persons were in a controlled, relatively high-radon atmosphere for
about a day. Sequential exhaled-breath samples were used to infer retention times
in the five major body-compartments—Ilung, blood, intracellular and extracellu-
lar fluid, and adipose tissue. The data were used in the metabolic modeling of the
dose to other organs from inhaled radon (Harley and Robbins 1992). The dose to
organs other than the lung had been calculated previously by Jacobi and Eisfeld
(1980). The dose per unit exposure for organs other than the lung are shown in
table 5.2, where it can be seen that the dose to other organs is lower than the dose
to the bronchial epithelium, in most cases by a factor of about 100.

222RN DECAY-PRODUCT DOSE DURING SHOWERING

The most important variables in the alpha dose to cell nuclei in the bronchial
airways are aerosol size distribution, breathing rate, and location of the target-cell
nuclei.

The most extensive activity-weighted size distributions that have been mea-
sured in homes were reported by Hopke and others (1995a). Figure 5.1 shows the
average values of the activity fractions for each of the decay products and for
PAEC for the homes in which no smokers are present; figure 5.2 presents similar
data on homes with smokers.

When a home is supplied by radon-bearing groundwater, the radon that is
released into the air during water use becomes another source of indoor radon
decay products. To evaluate the significance of this contribution to the overall
radon risk, it is necessary to examine each instance of water use (such as in the
kitchen, bathroom, and laundry room) and to look at both the steady-state (long-
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TABLE 5.2 The Weighted Equivalent Dose to Tissues Other Than the Lung
for Continuous Exposure to 1 Bq m~ of 2??Rn in Air

Tissue mSv y’1 per Bq m3  Reference

Liver? 5.1 %1075 Jacobi and Eisfeld (1980)
Kidneys? 5.6 x 1075 Jacobi and Eisfeld (1980)
Spleen? 5.2 x 1075 Jacobi and Eisfeld (1980)
Red Bone Marrow? 9.6 x 1075 Jacobi and Eisfeld (1980)
Bone Surfaces? 2.5 x 1075 Jacobi and Eisfeld (1980)
Soft Tissue? 3.0 x 107 Harley and Robbins (1992)
Adipose Tissue? 9.0 x 107> Harley and Robbins (1992)
Skin? 50 x 1075 Harley and Robbins (1992)
Normal Marrow? 6.3 x 107 Harley and Robbins (1992)
Adipose Tissue Marrow? 16 x 1075 Harley and Robbins (1992)
Bone Surfaces (Normal Marrow)b 1.5 x 1073 Harley and Robbins (1992)
Bone Surfaces (Adipose Tissue Marrow)b 3.0 x 1073 Harley and Robbins (1992)
T Lyrnphocytf;tsb’C 0.01 Harley and Robbins (1992)
Alveolar Capillaries? 20 x 1073 Harley and Robbins (1992)

aWeighted using ICRP (1977) weighting factors.
bWeighted using ICRP (1990) values of W, and W,
¢T lymphocytes located in bronchial epithelium.

term) and the dynamic (short-term) components of the exposure. The potentially
most important source of short-term exposure is the release of radon from water
during showering and the subsequent inhalation of its decay products. The steady-
state component has been studied in considerable detail (Fitzgerald and others
1997; Bernhardt and Hess 1996) and is described in chapter 3. Only recently have
there been studies of the time-varying exposure. The exposure assessment of
waterborne radon includes both its contributions to long-term average indoor
radon concentrations and the short-term, perturbed conditions that exist as a
result of showering.

Showering Conditions

It is necessary to provide the radon-progeny activity size distribution as a
function of time during and after showering. There have been two recent studies
of the increments in exposure and dose that arise from showering with radon-
laden water (Fitzgerald and others 1997; Bernhardt and Hess 1996).

Exposure conditions are quite different during showering because radon is
transferred from water to air with little or no direct release of decay products from
the water. As a result, there might be a high local concentration of 222Rn, but it
takes time for the decay products to grow into equilibrium concentrations. Be-
cause the ingrowth of the activity will occur with an effective half-life of about 30
min, the highest concentrations of decay-product activity occur after the person
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FIGURE 5.1 Average values of the activity fractions for each of the decay products and
for PAEC (no smokers present). The error bars indicate the standard deviations of the 20
distributions that comprise the average.

has left the area. Thus, exposure to the 222Rn decay products is much lower than
would be expected based on radon itself.

The Fitzgerald and others (1997) study used a normally occupied dwelling
that was supplied with water from a well; the water contained radon at 518,000-
555,000 Bq m3. The dwelling was a one-story wooden house of a type common
in northern New York state. Details of the measurement methods for radon and
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FIGURE 5.2 Average values of the activity fractions for each of the decay products and
for PAEC (smokers present). The error bars are as in figure 5.1.

its decay products are provided by Fitzgerald and others (1997). Figure 5.3 shows
the radon concentration as a function of time under several ventilation conditions.
Figure 5.4 shows the evolution of PAEC as a function of time in one experiment.

The growth of the aerosol particles means that any calculations of dose must
allow for the possibility of hygroscopic growth of the particles, such that the
aerosol size spectrum and hence the activity-weighted size spectrum might shift
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FIGURE 5.4 Evolution of PAEC as a function of time in one experiment.
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size before, during, and after a shower. If an aerosol particle can grow, the
increase in size will result in a larger decay-product attachment rate. If the par-
ticles can grow in the high humidities during showering, they can grow in the
respiratory tract (George 1993). However, measurements show that this growth is
minimal (Dua and Hopke 1996).

Changes in particle size will have two effects. First, the changes will affect the
deposition of the particles onto the room surfaces, thereby affecting the amount of
aerosol decay product available for inhalation. Second, the changes will alter where
the aerosol particles deposit in the respiratory tract, and so affect the dose delivered
to the lung (National Research Council 1991a). Furthermore, depending on how
close the bathroom humidity is to 100%, the amount of possible growth when the
particles enter the lungs is reduced, further altering deposition patterns in the lung.
Figure 5.5 presents a series of number-weighted particle size distributions based on
measurements with a scanning electrical mobility spectrometer. From the number-
weighted size distributions, activity-weighted distributions can be calculated by
using the attachment coefficients of Porstendorfer and others (1979). Figure 5.6
shows the estimated activity-weighted size distributions. Tu and Knutson (1991)
have shown that this method provides a reasonable approximation of the directly
measured activity-weighted distributions.

It is possible to make direct activity-weighted size distribution measure-
ments (Ramamurthi and Hopke 1991; Tu and others 1991). However, the system
available for such activity-weighted size distribution measurements draws 90 L
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FIGURE 5.5 A series of number-weighted particle size distributions based on measure-
ments with a scanning electrical mobility spectrometer.
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FIGURE 5.6 Calculated activity-weighted size distributions.

of air per minute and so would substantially alter the aerosol size distribution in
a volume as small as a bathroom. Since it is not feasible to make direct measure-
ments of activity-weighted size distributions, they have to be calculated. For
initial work with the field data, a series of simplifying assumptions were made.
From the measured number-weighted size distributions, the activity-weighted
size distributions could be calculated as follows. Using the equations given by
Porstendorfer and others (1979), the attachment coefficients for 222Rn decay
products to any size of particle can be calculated. With these coefficients and the
experimental particle data, the attachment rates can be calculated; and with the
steady-state equations given by Knutson (1988), the activity-weighted size distri-
bution can be calculated (see figure 5.6). The steady-state approximation gives an
upper bound to the calculated values, whereas a dynamic-model calculation
(Datye and others 1997) gives results that are likely to be more representative of
typical showering conditions.

Figure 5.6 clearly shows how the activity-weighted size distribution shifts
during showering toward larger particles that are less efficient at delivering a
dose to the bronchial tissues. Thus, although the activity suspended in the air
increases because of enhanced attachment of the activity to the larger particles,
the dose does not increase as sharply because the larger particles are less effec-
tively deposited in the lung. The period during which the peak is shifted is
short—around 5 to 10 min—and the particles return to their original size within
about 15 min. The asymmetry in the peaks can in some measure be attributed to
the variable nature of the particle size spectra over the sampling period and to the
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relatively poor counting statistics in the particular experiment. For dosimetric
calculations, the particle size distribution during showering is therefore essen-
tially the same as the normal house particle size distribution. This is not unex-
pected, because as radon gas is released from water droplets and decay products
form, they interact with the normal home aerosol particles.

Integrated Measured ?>’Rn Concentration in the Shower

The 222Rn released to a shower from water was monitored in an ultra-high
energy efficiency home with a private well (N. Harley, private communication).
Integrated measurements spanned two 6-mo periods and indicate the average
shower concentration. Data from this example home is presented.

The home monitored was in northern New Jersey and occupied by two adults
and three children. The duration of all five morning showers was measured to be
60 minutes per day. The 222Rn concentration was measured at the bathroom cold-
water tap and in water at showering temperature that was collected from the
showerhead but near the tub surface to determine 222Rn loss. The long-term
data are shown in table 5.3. The mean concentration in cold tapwater was
60,000 Bq m~3; on the average, 6,000 Bq m=3 remained in the drain water after
spray from the shower head.

The showerhead normally delivers water at 0.0053 m3 min~! with a mean
222Rn concentration of 60,000 Bq m=3. The fraction of 22?Rn lost (table 5.3) by the
water to the air was 90% (the water concentration decreases from 60,000 Bq m to
6,000 Bq m3) as the water fell from the showerhead to the tub floor. Thus, the
shower released to the air at an average of about 290 Bq 2*2Rn min!.

Table 5.4 shows the time-integrated 2*2Rn concentration in the ventilator
duct directly above the shower as measured with a passive, alpha-track detector.
A small exhaust fan in the vent outlet operates during showering to remove water
vapor from the home. The duct concentration approximates the concentration in
the shower. The concentration over the two 6-mo intervals varied somewhat, as
expected, because of different conditions in the shower.

From the preceding description of the aerosol particle size distribution as a
result of showering, it is clear that the aerosol characteristics in showers are not
substantially different from those found in the rest of the house in terms of
particle number or size.

The annual dose to the bronchial airways of a person can be calculated from
three factors:

* A knowledge of the 222Rn concentration in the shower.

* The estimated time spent in the shower per year (about 1% for illustrative
purposes).

* The central value of the 222Rn bronchial dose factor, given the equilibrium
factor in the shower (0.05) is 0.004 mGy yr~! per Bq m=3. This dose factor takes

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/6287

Risk Assessment of Radon in Drinking Water

92 RISK ASSESSMENT OF RADON IN DRINKING WATER

TABLE 5.3 Measured ???Rn Concentration in Cold Water and Water from
Shower at Normal Showering Temperature (Shower Water Collected Near Tub
Splash Surface)

Date Cold Water (222Rn Bqg/L) Shower (222Rn Bq/L) % Loss
Jun 94 67.34 29.60
Mar 95 64.38 9.62
Mar 95 57.72 3.55
Apr 95 63.27 5.07
Apr 95 56.24 1.78
Apr 95 55.13 2.55
May 95 67.34 2.41
May 95 59.57 4.14
May 95 53.28 4.81
Jun 95 59.94 3.40
Aug 95 64.75 10.10
Aug 95 74.74 11.06
Aug 95 66.97 10.58
Aug 95 62.16 6.81
Sept 95 46.99 3.61
Oct 95 5291 1.49
Dec 95 53.65 1.55
Jan 96 55.87 4.07
Feb 96 57.35 4.07
Apr 96 54.58 3.85
Jul 96 47.73 5.14
Average 60.00 6.00 90.00

into account the average particle size distribution observed in indoor air (Harley
1996). This is compared with the normal home equilibrium of 0.40 and a bron-
chial dose factor of 0.032 mGy yr~! per Bq m=3.

For typical home conditions, the annual shower exposure is a few percent of
the whole house exposure attributed to water use. For this reason, the transfer
factor is assumed to include both the whole house and showering exposure when
calculating dose. The detailed factors given above permit the showering dose and
whole house dose to be calculated separately for a specific case.

TABLE 5.4 22Rn Air Concentration Measured in the Shower Using Passive

Alpha Track Detectors
Date 222Ry (Bq m3) in Shower
Mar-Aug 95 4400
Aug 95-Jan 96 3500
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LUNG-CANCER RISK POSED BY INHALATION
OF 222RN DECAY PRODUCTS

There are five models for transporting lung cancer risk from the under-
ground-mining studies to exposure in the environment: the historic NCRP (1984b;
1984a) model, the ICRP (1987) model, the model developed by the fourth Na-
tional Research Council (National Research Council 1988) Committee on Bio-
logical Effects of Ionizing Radiations (BEIR IV), the National Cancer Institute
model (Lubin and others 1994) derived from the pooling of 11 underground
mining studies, and the model developed by the sixth National Research Council
(National Research Council 1999) Committee on Biological Effects of Ionizing
Radiations (BEIR VI). The BEIR VI model is similar to the NCI model, with
updated data from the same 11 underground miner cohorts.

Although the 222Rn decay-product exposure data are universally weak in
all the miner epidemiologic followup studies, they are the only human data
available from which one can derive numerical estimates of occupational and
domestic lung-cancer risk. Some generalizations are possible and necessary to
quantitate this risk.

NCRP Model

NCRP was the first to propose a model for environmental lung-cancer risk
based on the miner data (NCRP 1984a). The model accounted for the fact that
miners exposed for the first time when over 40 y old appeared to have higher
lifetime risk of lung cancer than miners exposed for the first time in their 20s. The
apparent lower lifetime risk for those exposed at young ages was assumed to be
due to a reduction in risk with time since last exposure. Thus, earlier exposure
was assumed to diminish because of cell death or repair of cells transformed by
earlier exposure. The half-life for repair (or loss) was assumed to be 20 y.

One key factor noted by NCRP was that lung cancer is a rare disease
before the age of 40, regardless of the population considered. Miners exposed
when young did not generally appear as lung-cancer cases until the usual
cancer ages were attained (50-70 y). That would account for an apparent
increase in lifetime lung-cancer risk at higher ages because there would be a
shorter time for transformed cells to be lost compared with the situation in
persons exposed at lower ages. Miners were exposed, on the average, for less
than 10 y in the Colorado, Ontario, and Czech cohorts. The total time for
followup was 20 y or more, so the apparent reduction in risk with time after
exposure could be observed.

The NCRP model took the form of an exponential reduction with time after
exposure, with the stipulation that there was a minimal latent period of 5 y. Also,
lung cancer could not appear before the age of 40. This model is known as a
modified absolute-risk model. Risk is expressed after exposure without regard to
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other risks of lung cancer, such as smoking, but risk is modified by time since
exposure.

To express lifetime risk after a single exposure, it is necessary to sum the risk
over the number of years of life after exposure, taken as age of exposure to age
85. The lifetime risk, TR, posed by continuous exposure was expressed as the
sum of lifetime risk for a single year’s exposure over the total exposure interval
considered.

When the model was developed, there was not enough information on the
risk associated with smoking and 222Rn exposure combined to separate an addi-
tional effect from this carcinogen. It was stated that the risk coefficient, C, could
be modified when sufficient data were available.

Numerical values of lifetime risk for different models are shown in table
5.5.

TABLE 5.5 Lung Cancer Risk for Continuous Whole-Life Exposure to 4 pCi/L
(148 Bq m3 or 0.56 WLM/ yr at Indoor Conditions) as Predicted by Various
Models of Domestic Exposure®

Lifetime
Model Risk, % Model Type Comment
NCRP (1984a) 0.50 Modified Absolute Risk. Risk decreases with time
Two parameter model since exposure
ICRP (1987) 0.90 Constant Relative Risk
ICRP (1987) 0.62 Constant Additive Risk
ICRP (1993b) 0.56 Single Value Risk per Adopted Lifetime Risk per
WLM WLM exposure
BEIR IV (National 1.1 Modified Relative Risk. Risk decreases with time
Research Council Two time windows. Two since exposure and
1988) parameter model decreases with very high
exposures
NIH (Lubin and 1.8 Modified Relative Risk. Risk decreases with time
others 1994) 1.8 Three time windows, age since exposure and
and exposure rate. Three decreases with very high
parameter model exposures
BEIR VI (National 2.0 Modified Relative Risk. Risk decreases with time
Research Council Three time windows, age since exposure and
1999) and exposure rate. Three decreases with very high
parameter model. exposures.
Meta-analysis 8 0.7 Observed mortality Linear regression fit to data

domestic case-
control (Lubin and
Boice 1997)

from 8 domestic studies

aExposure assumes a home concentration of 148 Bqm=3 (4 pCi L-1 or 0.56 WLM), calculated with

40% decay product equilibrium, and actual exposure is 70% of the home exposure.
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ICRP Model

ICRP (1987) developed its models for environmental risk on the basis of
both a constant-relative-risk model and a constant-absolute-risk model. ICRP
assumed that the risk expressed over the years that cancer occurs would be
increased if exposure occurred in childhood. It assumed that the risk was 3 times
as great for exposure at ages 0-20 than for exposure at ages over 20. There is little
justification for that assumption, as later information suggests that those exposed
as children might have no different risk than those exposed as adults (Lubin and
others 1995; Xuan and others 1993). This is discussed further later in this chapter.

The constant-absolute-risk or constant-relative-risk model is no longer con-
sidered appropriate for lung cancer. The best models use modifications of the
parameters to account for a risk reduction with time since exposure. Although not
biologically correct, risk estimates calculated with a constant-relative-risk model
are within a factor of 3 of those calculated with other models.

Values of lifetime risk for the ICRP model are shown in table 5.5.

BEIR IV Model

The fourth National Research Council Committee on Biological Effects of
Ionizing Radiations (BEIR IV) prepared a report, Health Risks of Radon and
other Internally Deposited Alpha-Emitters (National Research Council 1988).
The committee was given the raw data or selected parts of the original data from
four mining cohorts: the US (Colorado), Canadian (Ontario and Eldorado), and
Malmberget (Swedish) cohorts. Reanalysis was performed with the AMFIT pro-
gram developed for analysis of the Japanese atomic-bomb survivor data. The
program uses Poisson regression to estimate parameters.

With AMFIT, the data were analyzed with both internal and external cohorts
for a control population. The BEIR IV committee stated that a relative-risk model
fit the observed mortality well. The relative-risk model assumes that radon decay
product exposure increases the age-specific lung-cancer mortality rate in the
population by a constant fraction per WLM of exposure. However, in all cohorts,
there was an obvious reduction in lung-cancer relative risk with time after
exposure. The relative-risk model was modified to reduce risk with time since
exposure. The BEIR IV committee called its modified relative-risk model a time-
since-exposure (TSE) model.

Smoking was examined as a confounder. The only study with complete
smoking history on the miners was the Colorado study. The effect was tested with
a hybrid relative-risk model that incorporated a mixing parameter for smoking. A
parameter value of zero fit an additive effect of smoking and 222Rn interaction; a
value of 1 fit a multiplicative model best. A maximum log-likelihood test was
applied to the data, and it was found that the best parameter fit was between 0 and
1. This indicated that combined risk was more than additive but less than multi-
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plicative. That is, the lifetime risk of lung cancer posed by radon exposure did not
simply add to the lifetime risk of lung cancer associated with smoking, but
neither did the risks multiply. The risk related to radon and smoking appeared to
be between the two extremes.

The exposure data on the Eldorado cohort were not considered carefully by
the BEIR IV committee. A reported Eldorado mining exposure of 1 WLM gave a
50% excess lung-cancer mortality—clearly an erroneous value. It is known that
the miners had prior exposure in other mines, but the additional exposure is not
known (Chambers and others 1990). The exaggerated risk per WLM in this study
for the 1-WLM exposure cohort is important in controlling the overall BEIR IV
model. This exposure category included a large number of person-years. There-
fore, when the four cohorts were combined to yield a “best estimate” of the
relative-risk coefficient, the 1-WLM group carried substantial weight. If this data
point were omitted, the risk coefficient in the model would be less than the 0.025/
WLM used in the final BEIR IV model. That possible effect should be carefully
considered in any future models that use the Eldorado cohort. Thus, considering
that inaccuracies might be incorporated into the BEIR IV model, the calculated
risk estimates for both smokers and nonsmokers at environmental exposures are
likely to be overestimates.

The values of lifetime risk as calculated by the BEIR IV TSE model are also
shown in table 5.5.

NCI Model

The National Cancer Institute coordinated an effort to pool the epidemio-
logic data from 11 underground-mining studies. The authors from the various
countries pooled results, and these were reported by the National Institutes of
Health (Lubin and others 1995; 1994). The report Radon and Lung Cancer Risk:
A Joint Analysis of 11 Underground Miners Studies, is the most complete analy-
sis of the health detriment to underground miners. For the pooled analysis, there
were 2,701 lung cancer deaths among 68,000 miners who accumulated about 1.2
million person-years of exposure.

In all 11 cohorts, the excess relative risk (ERR) of lung cancer (the fractional
increase in lung cancer) was linearly related to the cumulative exposure estimated
in working level months (WLM). Thus, although other carcinogens might be
present in the mine atmosphere, a clear exposure-response relationship was asso-
ciated with 222Rn decay products. Smoking history was complete only in the
Colorado mining cohort. Because of the lack of smoking information the com-
bined risk for smoking and radon could only be inferred qualitatively.

The Colorado uranium-miner data are shown as a typical example of the 11
cohorts in figure 5.7. The ERR/WLM for all 11 studies is shown in figure 5.8.
Parts a and b of figures 5.8 show the ERR for all the cohorts combined, and for all
cohorts with exposure under 600 WLM.
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FIGURE 5.7 Relative risk (RR) of lung cancer in the Colorado Miner Cohort as a
function of cumulative WLM exposure and fitted model. Fitted linear model shown
< 3200 WLM. (NIH 1994).

One important aspect of the data is shown in figure 5.7—that the ERR at
high exposures tends to flatten out. That observation is erroneously called the
inverse-exposure effect. It is usually stated that the increase in lung-cancer risk
per unit exposure is higher for low exposures than for high exposures. The flat-
tening of the response curve is probably the result of cell-killing due to multiple
traversals of cell nuclei. At low exposures, even a single traversal of a cell
nucleus by an alpha particle is rare. Therefore, the effect is actually a reduced
response at high exposure that is due to sterilization, not an increased response at
low exposure.

The terminology has caused considerable confusion because it implies that
domestic exposure can somehow be “more dangerous” than mine exposure. That
is not the case, and it has been demonstrated that no additional risk above the
linearity shown in all the cohorts is posed by domestic exposures.

The main features of the lung-cancer risk model derived from the jointly
analyzed data are as follows:

1. There is a reduction in risk after cessation of working in the mines. It is
called the time-since-exposure effect (the TSE factor).

2. There appears to be no clear age-at-start-of-exposure effect; that is, the
age at the start of mining is not an obvious factor. However, the age attained after
the start of mining is a factor, and risk decreases with age (the AGE factor).

3. Longer duration (the DUR factor) or lower 222Rn concentration (the WL
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FIGURE 5.8 Fitted exposure response model (left side) and relative risk (RR) of lung

cancer (right side) in all 11 cohorts of miners for all exposures, and for exposures < 600
WLM (Lubin and others 1995).

factor) gives rise to larger risk. Because this is how the model parameters are
derived, it gives rise to the reason for the so-called inverse-exposure effect.

4. There is a higher lung-cancer risk per unit of 222Rn exposure for smokers
than for nonsmokers.

The two models derived from the joint analysis are considered equally likely
to fit the observations.

* TSE/AGE/WL model (time since exposure, age, and concentration):
RR =1+ B(ws 14 + 0w 554 + 03w55) Opoe Yipr
where

Ws 12> W54 = exposure in WLM 5-14 years before the end of mining, and
SO on.

¢ TSE/AGE/DUR model (time since exposure, age, and duration):

RR =1+ B(Ws 4 + 0,w504 + 03w55) Do Vg,

The estimated parameter values derived for these two models are given in
table 5.6. The combined effect of smoking and *2*Rn exposure could not be
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determined quantitatively. The pooled analysis showed a linear increase in risk of
about a factor of 3 for smokers over never-smokers. This value is a decrease from
the BEIR IV estimate of 10 to 1 for smokers over never-smokers. A striking
feature of the data is the time-since-exposure effect. With three time windows in
the model, the joint analysis showed a reduced risk with time, compared with two
time windows included in the BEIR IV model, which did not show this effect.

BEIR VI Model

In 1999, the National Research Council published the BEIR VI report (Na-
tional Research Council 1999), a revision and update of the BEIR IV report. The
BEIR VI models to project lung-cancer incidence from 222Rn decay-product
exposure produce equations that are identical with that reported by NIH (Lubin

TABLE 5.6 Parameter Estimates from BEIR VI (National Research Council
1999) Models Based on Original (Lubin and Others 1994) and Updated Pooled
(Lubin and Boice 1997) Miner Data

Exposure-Age-Duration Model? Exposure-Age-Concentration Model4
Original Updated Original Updated
Data Data Data Data
B® x 100 0.39 0.55 B x 100 6.11 7.68
Time-since-exposure windows
05_14 1.00 1.00 05_14 1.00 1.00
61504 0.76 0.72 61504 0.81 0.78
0,5, 0.31 0.44 0,5, 0.40 0.51
Attained age
ds5 1.00 1.00 ds5 1.00 1.00
ds5.64 0.57 0.52 ds5.64 0.65 0.57
0¢5-74 0.34 0.28 05-74 0.38 0.29
d754 0.28 0.13 d754 0.22 0.09
Duration of exposure Exposure rate (WL)
Yes 1.00 1.00 Y05 1.00 1.00
Y5-14 3.17 2.78 %.5-1.0 0.51 0.49
75-24 5.27 4.42 7.0-3.0 0.32 0.37
%534 9.08 6.62 13.0-5.0 0.27 0.32
Y35+ 13.6 10.2 ¥5.0-15.0 0.13 0.17
5.0+ 0.10 0.11

dParameters estimated on the basis of the model RR=1+pw*d,Y, fit using the two-stage method
where w#= ws5_14+015.24w15.24+025,w25, . Here the subscript a denotes categories of attained age
and the subscript z denotes categories of either exposure duration (in years) or radon concentration in
WL.

bUnits are WLM-1.
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and others 1994). The BEIR VI analysis used updated versions of the 11 miner
cohorts, so the model results are quite similar. The parameters estimated by the
BEIR VI committee are also provided in table 5.6.

The NCI report summarized the calculated deaths in the US population from
the assumed average exposure of 46 Bq m3. Its calculated value was 15,000
deaths, consisting of 10,000 deaths in smokers and 5,000 in non-smokers. This
estimate of the attributable risk is derived from the model of lung cancer risk, a
distribution of radon exposures, and the lung cancer and overall mortality rates
(National Research Council 1999; NIH 1994).

EPIDEMIOLOGY OF CHILDHOOD EXPOSURE
AND LUNG-CANCER RISK

It is apparent that leukemia and breast cancer are more frequent in people
exposed to radiation in childhood than in those exposed as adults (National
Research Council 1990a). Concern has been expressed that the same might be
true for lung cancer that results from exposure to radon and its decay products at
early ages.

Some data are available on occupational exposure to high radon concentra-
tions in childhood. Lubin and others (1990) analyzed data on Chinese tin miners
in the Yunnan province. Of exposed workers, 37% started employment under the
age of 13; in this group, the risk coefficient for lung cancer was 1.2% WLM1,
For those first employed over the age of 18, the risk coefficient was 2.9% WLM-.
Later and more complete information on the entire cohort (Xuan and others 1993)
showed heterogenous results with no pattern that would support the notion that
children are at higher risk. It appears that children are not a particularly sensitive
population.

Tentatively, the lower risk coefficient for children than for adults reported by
Lubin and others (1990) suggests that the reduction in lung-cancer risk with time
after exposure might be effective in children. The fact that lung cancer does not
appear at a substantial rate in any population before the age of 40, permits a
substantial interval for risk reduction for exposure in childhood.

ENVIRONMENTAL AND DOMESTIC EPIDEMIOLOGY

Lung-cancer excess (above that expected from smoking) in the underground-
miner populations has been demonstrated conclusively. Combining that and the
knowledge that some homes have radon and daughter concentrations near or
above those found in historical mines, it seems virtually certain that environmen-
tal radon is responsible for some lung cancer in the general population.

There are more than 20 environmental epidemiologic studies of radon expo-
sure to determine whether health effects can be documented directly (National
Research Council 1999; Neuberger and others 1996; Neuberger 1989; DOE/CEC
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1989; Borak 1988). Most domestic studies show either a slight positive or slight
negative correlation between measured radon in the home and lung-cancer
mortality.

Many studies are ecologic exercises that relate lung-cancer mortality in a
region with indoor radon concentration (Cohen 1992; 1990). In some cases the
radon is not measured, but rather is estimated as high or low, depending on the
type of house. The ecologic studies are ambiguous because no attempt is made to
determine actual exposure to individuals in the area of study and no correction
can be made for smoking, the strongest confounder for lung cancer (Stidley and
Samet 1994; Cohen 1989). The ecologic study of Cohen (1995) is the most
comprehensive. It encompasses about 300,000 radon measurements in 1,601
counties in the U.S. The trend of county lung cancer mortality with increasing
home radon concentration is strikingly negative, even when attempts are made to
adjust for smoking prevalence, and 54 socioeconomic factors. The measured
average county radon concentrations do not exceed 300 Bq m3, thus the typical
low home exposure region is studied. This finding contradicts the existing risk
estimates at low exposure, and a sound reason for the significant negative trend
should be sought.

To date, there are 8 published case-control studies that compare the relative
risk of lung cancer between high- and low-exposed groups. An attempt is made to
measure the 222Rn exposure in the home. The largest case-control study to date
was performed in Sweden (Pershagen and others 1994). There were 1,360 cases
and 2,847 controls, and exposure was assessed with 3-mo measurements during
the heating season, retrospectively for homes lived in for more than 2 y after 1947
up to 3 y before diagnosis of cancer. The lung-cancer excess was not statistically
significant even for smokers or nonsmokers with over 400 Bq m~3 in the home for
over 32 y.

A meta-analysis was performed with results of the eight published domes-
tic studies. The lung-cancer excess is not statistically significant, but the trend
with increasing concentration in the homes is significant (Lubin and Boice
1997). The graph of the eight studies from Lubin and Boice (1997) is shown in
figure 5.9.

All that can be said about domestic risk is that it is low and difficult, if not
impossible, to detect given the high background lung-cancer mortality in the
populations studied. Although a pooling of data from the largest current and past
case-control studies from all countries will be performed at NCI by the year 2000,
it is unlikely to provide quantitative domestic risk estimates. Because of the poor
precision of the individual studies. Lung cancer from environmental exposure
might eventually be documented, but it is most likely that numerical risk esti-
mates for lung cancer from 222Rn and decay-product exposure will rely on projec-
tion models from the underground-miner experience.

The difficulty in pooling the domestic studies is described by Neuberger and
others (1996).
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FIGURE 5.9 Relative risks (RR) from eight lung cancer case-control studies of indoor
radon levels. Dashed line is extrapolation of risk from miners for a 25 y exposure.
Dotted line is a relative risk of 1 (Lubin and Boice 1997).

EPIDEMIOLOGY OF CANCER OF ORGANS OTHER THAN LUNG

Two followup studies of the cancer risk in organs other than the lung were
performed. One cohort was uranium miners in West Bohemia, and the other was
iron miners in Sweden. In the West Bohemia study of 4,320 uranium miners, 28
sites of cancer mortality were evaluated. No statistically significant cancers other
than lung cancer occurred. The authors state that the possible exception is cancer
of the gall bladder/extrahepatic ducts, with 12 deaths (ratio of observed to ex-
pected (O/E), 2.26; and confidence interval (CI), 1.16-3.94), but they state that
such cancers would have to be studied further to prove that radon was causal
(Tomasek and others 1993).

In the Swedish study, the mortality of 1,415 iron miners was studied, and 27
sites of cancer were evaluated Darby (1995). There were no statistically signifi-
cant increases in gallbladder or extrahepatic duct cancers, but a marginal excess
of stomach cancers was found (O/E=1.45; CI=1.04-1.98). The authors state that
the stomach cancer was probably due to the considerable number of Finns in the
workforce; stomach cancer in males, especially in northern Finland, is consider-
ably higher than in Sweden, the population used for reference.
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Stomach cancer in the United States has been qualitatively linked to smoking
habits in some studies though no analytic study has yet been mounted to attempt
to derive risk estimates. Data in the United States (NIH 1996) generally show an
increasing mortality risk ratio for stomach cancer with increasing smoking rates,
but the data are inconclusive. The two studies of other cancers provide reasonable
support for the conclusion that the dosimetric significance of inhaled 222Rn and
decay products for the induction of cancer in other organs is absent or minimal.

EVALUATION OF RISK PER UNIT EXPOSURE
FROM INHALED ?22RN IN AIR

The lifetime risk of lung cancer associated with indoor radon concentration
of 150 Bq m3, calculated from the various models, is summarized in table 5.5.
The most recent estimate of risk of lung cancer in the United States due to
inhalation of radon decay products is from the model published in the BEIR VI
report.

The BEIR VI calculated estimates of lung cancers per year in the United
States from the two models are 15,000 and 21,000. These result from an average
exposure of the population to 46 Bq m=3; the exposure distribution was docu-
mented from the national residential radon survey by the Environmental Protec-
tion Agency (Marcinowski and others 1994).

The lifetime risk can be calculated per unit Bq m™ directly from the relative
risk tables given in BEIR IV, NCI and BEIR VI for smoking and nonsmoking
males and females. The fractional values used by the BEIR VI committee for
ever-smoking males and females are 0.58 and 0.42, respectively. The values for
the lifetime base risk of lung cancer in ever-smoking males, never-smoking males,
ever-smoking females, and never-smoking females are 0.116, 0.0091, 0.068, and
0.0059, respectively (J. Lubin, personal communication).

The lifetime inhalation risks per unit of exposure to 222Rn in air and in air
from water use are shown in table 5.7. The risk is estimated for ever-smokers and
never-smokers and men and for women with the average of the two BEIR VI
preferred risk models. The lifetime risks are derived as a product of the BEIR VI
preferred relative risk estimates and the baseline lung cancer risks given above.
The lifetime risk per unit of exposure to 222Rn in air derived from water use is the
risk in air multiplied by the average water transfer coefficient.

All the risk computations described above are based on up to 11 cohorts of
underground miners. The atmospheric characteristics in the various mines have a
wide array of values with regard to unattached fraction, decay product equilib-
rium, etc. The absorbed dose delivered to the target cells in bronchial epithelium
differs somewhat among mines and among different homes. The various factors
such as higher unattached fraction in homes versus mines and lower breathing
rates in homes versus mines compensate, in such a way that the application of the
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TABLE 5.7 Lifetime Risk of Lung Cancer for Lifetime Exposure to 1 Bq m™
Calculated from the BEIR IV, NCI, and BEIR VI Lifetime Relative Risk

Tables

Lifetime Lung Cancer Risk per Bq m™3 in Air (in Water)
Model Men Women Population
BEIR IV (National 1.0x 1074
Research Council (1.0x 10-8)
1988)
Lubin and others 1.2x 1074
(1994) (1.2x 1078)

BEIR VI (National
Research Council

1999)
Ever-smokers 3.1 x 1074 2.0 x 1074
(3.1 x107%) (2.0 x10°8)
Never-smokers 0.59 x 1074 0.40 x 104
(0.59 x 1078) (0.40 x 1078)
Population weighted average 1.6x 1074
of ever-smokers (1.6 x 1078)

and never-smokers

models for exposure in homes derived directly from the mines is considered valid
for predictive purposes (National Research Council 1999).

The population estimate, 1.6 X 10, for the lifetime risk of lung cancer for
lifetime exposure in the home to 1 Bq 222Rn m™3 in air, as derived from BEIR
VI, is the value adopted by this committee. It can be seen that the BEIR VI
estimate of lifetime risk is higher than that for the domestic studies (see table
5.5) which support a lower risk estimate for 222Rn (table 5.7).
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Molecular and Cellular Mechanisms of
Radon-Induced Carcinogenesis

The exposure of cells to densely ionizing radiation, such as radon alpha
particles, can initiate a series of molecular and cellular events that culminates in
the development of lung and other cancers (Hall 1994). That flow can now be
described in outline, starting with the deposition of clusters of ionizations and
ending in the development of cancer (Cox 1994). Ionization leads to cellular
damage, DNA breakage, accurate or inaccurate repair, apoptosis, gene mutations,
chromosomal change, and genetic instability (Kronenberg 1994; Ward and others
1990; Ward 1988). Radiation-induced molecular changes result in the gain and
loss of functions in critical regulatory genes, which permit cells to escape from
normal controls and become invasive unregulated malignancies. The process of
malignant transformation involves a series of changes that follow, at least roughly,
a functional and temporal sequence by which cells gradually and progressively
escape from normal tissue control and acquire independence, diversity, and inva-
sive properties (figure 6.1). Molecular changes associated with radiation carcino-
genesis have mainly been investigated after higher doses and dose rates than
those experienced from background levels of radon exposure. Therefore these
changes are described qualitatively and the extent to which any or all occur in
tissues in which a small proportion of cells have experienced a single alpha
particle track remains to be determined.

CELLS AT RISK

Inhalation of radon results in exposure of lung cells to alpha irradiation from
radon progeny, which are deposited in the mucus layer and can result in exposure

105
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FIGURE 6.1 Flow chart showing development of malignant cells from initial o-particle
damage to cells. DNA strand breaks are repaired by homologous or nonhomologous
(illegitimate) double strand break rejoining, and damaged bases by base excision repair.
Activation of p53 protein, initiates pathways leading to cell cycle delays and apoptosis,
and surviving cells may contain gene deletions, rearrangements, amplifications, and per-
sistant genomic instability. Mutations in oncogenes, loss of function in tumor suppres-
sors, and loss of heterozygosity produces a heterogeneous population of cells which es-
capes from normal cell and tissue homeostasis to become malignant.
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of epithelial cells from unilateral sources on the surface. Ingestion of waterborne
radon might, on first impression, similarly expose the cells of the stomach lining.
After ingestion, however, radon travels as gas molecules with high mobility
through cell membranes, and cells may receive a more uniform exposure. Stem
cells and other proliferating cells of the stomach are found in bands at the bases of
the necks of narrow invaginations of the stomach wall that constitute the secre-
tory glands of the stomach wall (Nomura 1996). Stem cells and other prolifera-
tive cells of the stomach are major targets of radon alpha particles, but cells of the
small intestine are also potential targets. After ingestion of water, radon passes
into the small intestine with a half-time of about 15-20 minutes. Radon can
therefore be absorbed into the bloodstream from both the stomach wall and the
small intestine. The resulting exposures to most cells of the body will then be
through bloodborne radon. From that point of view, the stomach might be at
greatest risk of exposure from ingested, aqueous radon. The transfer of dissolved
radon from water to air and its later inhalation constitute another route by which
the lungs can be at risk.

Implicit in these scenarios is the idea that the cells most likely to become
malignant are the stem cells and proliferative cells that retain the capacity for
continued division and can fix and express permanent genetic change. Malignant
cells often retain characteristic enzymatic and cellular features of their tissue of
origin, so the differentiation and specialization programs of cells might be altered
but not completely abrogated by the malignant-transformation process. Alpha-
particle damage to genetic material becomes fixed as permanent alterations to
gene structure and expression as a result of processes that involve DNA repair,
replication, and cell division. The stem cells of epithelial tissues are embedded in
crypts; this renders them relatively inaccessible to direct contact with ingested or
inhaled radon. Stem cells will, however, still be exposed to alpha irradiation from
the lumen or blood stream, from intercellular and intracellular water, and after
inhalation from decay products that plate out and act as additional sources of
radiation damage. An additional factor to be considered is the potential role of
chronic stomach infections. A large fraction of the normal human population
carry Helicobacter pylori infections in the stomach that can cause gastritis and, in
severe cases, ulcers. The inflammation and proliferation associated with these
infections can be a factor in the induction and progression of stomach cancer and
have been regarded as risk factors (McFarlane and Munro 1997).

CELLULAR DAMAGE INDUCED BY RADON ALPHA PARTICLES

Alpha particles create dense ionization that leaves tracks of ion-pair clusters
across cells and tissues. Cells that suffer an alpha-particle track through the
nucleus are severely injured. At the low exposure conditions under consideration
from waterborne and airborne radon in the home, however, less than 1% of the
cells in the bronchial epithelium would experience an alpha-particle track per
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year. For comparison, it requires an exposure of 100 WLM to reach the level at
which the average exposure to stem cells reaches one alpha particle per nucleus
(Harley and others 1996). Therefore, complex considerations of dose rates and
total doses that are important for miners or other people with high occupational
exposure are unimportant in consideration of domestic exposure (Brenner and
others 1995; Brenner 1992) (see also BEIR VI report National Research Council
1999).

Alpha particles traverse a cell in less than 1012 seconds and deposit energy
corresponding to about 10-50 cGy (Jostes 1996). As the particles slow down,
they deposit increasing amounts of energy (linear energy transfer, or LET) per
unit length of track, reaching a maximum at the end of their track at what is
known as the Bragg peak. The relative biologic effectiveness (RBE) of an alpha
particle is therefore variable along its track according to whether the LET reaches
a maximum at the Bragg peak (Brenner and others 1995). The average track
through a spherical cell nucleus can cross many individual strands of DNA,
depositing energy in the form of clusters of ionizations, and produce correspond-
ing numbers of double-strand breaks. These breaks have a complex chemistry
and have been described as multiply locally damaged sites (MLDSs) (Ward
1990). Because of the track structure and the tightly coiled nature of DNA in the
nucleus, there is likely to be a nonuniform distribution of DNA breaks with an
excess of small fragments which might get lost or incorrectly positioned in the
process of rejoining (Ritter and others 1977).

Ion clusters can also produce reactive oxygen intermediates which can dam-
age individual DNA bases, and at high doses, alter intracellular signal transduc-
tion, reduce macromolecular synthesis, and trigger processes that resemble those
from inflammatory cytokines involved in other kinds of tissue injury. A series of
early experiments in the 1950 and 1960s used collimated beams of alpha particles
and other kinds of radiation and demonstrated the relative importance of nuclear,
cytoplasmic, and extracellular irradiation (Munro 1970b; 1970a; Smith 1964).
Those experiments showed that nuclear damage was potentially lethal; nonnuclear
damage could also produce detectable effects, such as reduced DNA synthesis,
but it was not lethal. Extracellular damage involved reactive oxygen intermedi-
ates that could be prevented by catalase (which degrades hydrogen peroxide)
(Dendy and others 1967). More recent and technically sophisticated experiments
in which the effects of single alpha particles can be estimated or observed have
resulted in essentially similar conclusions (Hei and others 1997; Hickman and
others 1994).

Lethality of Alpha-Particle Tracks Through Cells and Tissues

The dose required to produce an average of one lethal hit to a cell (the D5,)
corresponds to about 1.2-1.5 alpha particles per spherical nucleus (Jostes 1996).
Flattened cells can withstand more tracks (up to 15 or even more), each of
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which crosses shorter distances through the nucleus. Lethality can be related to
the net absorption of a particular amount of total energy per cell, measured
along a total path length through the nucleus—either a single track through a
spherical nucleus or several shorter tracks through a flat nucleus. Calculations
indicate a constant probability of 0.03-0.08 for a lethal event per micrometer of
track (Jostes 1996). All radon alpha-particle effects at the low doses associated
with environmental exposure from water occur from the passage of single
particles through a small proportion of the cells in a tissue, so the dose-effect
relationship will be a linear function of dose, with no dose-rate effects. This is
true because variations in exposure change the number of cells hit by an alpha
particle, rather than the amount of damage per cell. To calculate cancer risk it is
then necessary to know the probability that a hit cell will undergo transforma-
tion, and the latent period and its age distribution before transformation to
malignancy is complete. The latent period for single cells exposed to single
tracks of alpha particles is unknown, but if it were long compared to the lifespan
of the individual, the cancer risk would be correspondingly reduced, as sug-
gested by Raabe (1987).

The important cellular subpopulation for carcinogenesis is not that of the
rare cells killed by alpha-particle damage, but that of the cells that survive either
with direct damage to their genetic material or with altered genomic stability.
Because the calculated D5, is more than one alpha particle per cell in very low
exposures, such as to ambient air or water, most exposed cells should survive,
because it is extremely rare for any cell to be hit more than once. That might also
account for the strong synergism displayed between radon exposure and ciga-
rette-smoking: initial radon exposure leaves a viable, damaged cell, which is then
stimulated further by the carcinogens found in cigarette smoke (Moolgavkar and
others 1993; Brenner and Ward 1992).

Low-dose exposure also raises the question of whether radon alpha particles
can give rise to radiation hormesis—the phenomenon whereby very low radiation
doses are stimulatory and beneficial (Ueno and others 1996). If hormesis occurs
through a stimulation of some kind of repair, the low stimulating dose must
induce an excess repair capacity that can mend not only the damage caused by the
initial dose, but also pre-existing endogenous cellular damage. That has been
observed for repair of mitochondrial oxidative damage (Driggers and others 1996)
but, evidence generally is indirect and difficult to obtain. Evidence of radiation
hormesis is consequently controversial and will not be further considered here.
Although extranuclear damage and extracellular ionization might play a role in
some biologic effects (known as bystander effects), they are unlikely to play an
important role in cell-killing (Hickman and others 1994; Dendy and others 1967).
The flow of events that follow the production of DNA damage and other forms
of cellular damage is therefore critical in understanding the development of
malignancies.
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TRANSFORMATION OF CELLS BY ALPHA PARTICLES IN VITRO

Low doses of alpha particles which simulate radon exposure have been used
to achieve malignant transformation of cultured cells in studies aimed at measur-
ing their biological effectiveness and estimating carcinogenic hazards. In general,
normal diploid cells, with the exception of some hamster embryo cells, have
extremely low transformation rates after irradiation. Studies of transformation
therefore often use cells such as mouse 3T3 in which genetic changes have
already occurred that increase their overall genetic instability and hence their
transformability. Although many of these studies generated linear dose-response
curves over the dose ranges used (Miller and others 1996; 1995; Brenner and
others 1995; Ling and others 1994), some indicated a nonlinear response with
greater effectiveness at the lowest doses (Martin and others 1995; Bettega and
others 1992). Considerable uncertainty, therefore, still exists about the precise
shape of the dose-response relationship for transformation of cells in culture, and
by implication, also for carcinogenesis. The results in general do not permit a
definitive answer to be obtained for the shape of the dose-response curve at the
lowest doses and dose rates, but at the same time there is no compelling evidence
to adopt any one particular non-linear dose-effect relationship. The many and
varied biological changes over long time periods that are involved in carcinogen-
esis, which are discussed in the following sections, indicate that many factors can
be expected to influence the shape of the dose-response relationship.

DNA DAMAGE AND ITS REPAIR—THE CARETAKER GENES

The gene products responsible for sensing damaged DNA and carrying out
repair, euphemistically called the cellular caretakers (Kinzler and Vogelstein
1997), involve a number of enzymatic systems capable of mending single- and
double-strand breaks in DNA and excising damaged and mismatched bases.
Double-strand breaks are the most important kinds of damage resulting from
radon alpha particles. They can be repaired through at least two pathways: ho-
mologous recombination (figure 6.2) or nonhomologous recombination (figure
6.3) (Sargent and others 1997). Repair through homologous or nonhomologous
recombination involves complex sets of enzymes, which share components with
enzymes and gene products associated with the generation of immunoglobulin
diversity, such as RAG1 and RAG2 (Melek and others 1998) and with mitotic
and meiotic recombination (Jeggo and others 1995; Jeggo 1990).

Most mammalian somatic cells are in the prereplicative, G, phase of the cell
cycle and double-strand break repair appears to involve the nonhomologous, or
illegitimate, end-joining reactions (Jeggo and others 1995). In large part, that is
because the homologous chromosomes in a diploid G, nucleus are widely sepa-
rated, so nonhomologous recombination can occur at about 10* times the effi-
ciency of homologous recombination (Godwin and others 1994; Benjamin and
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FIGURE 6.2 Mechanism of double strand break repair by homologous recombination
through hybridization of the broken DNA strands sequences on the undamaged homolog.
A DNA terminus is paired with the intact DNA by the action of pairing proteins including
Rad51 and many other associated proteins that modulate its functions and carry out the
numerous steps of pairing, elongation of DNA termini, and migration of hybridizing
junction regions. Conformation changes produce a Holliday junction (a + form, 4-stranded
junction) which is a strong binding site for p53, and which is resolved into separate DNA
double helices containing regions of exchange, by junction-specific nucleases. The extent
of sequence overlap can be very long, up to kilobases in length, and requires exact match-
ing of DNA along most of the length of the hybrid molecules. Rad51-dependent DNA
pairing is suppressed by p53-rad51 interaction, which is also a route for initiating intra-
cellular p53-dependent signal transduction pathways. Broken double stranded DNA indi-
cated by a,b; recipient intact strands by c,d; strands created by strand extension ¢’, d. De
novo synthesis indicated by — — — —. Repair of a double strand break will require two of
these homologous exchange events, one for each terminus. Some resolved DNA products
may be visualized at the chromosomal level in mitotic cells as a sister chromatid exchange.

Little 1992). The relative importance of those pathways can vary with cell-cycle
stage, tissue type, developmental stage and species. Direct measurement of DNA
breakage and repair indicates that double-strand breaks can be rejoined rapidly—
within a few hours. There is, however, a residuum of unrepaired damage that is
greater for densely ionizing radiation, such as alpha particles, than for x rays
(Ager and others 1991; Iliakis 1991; Iliakis and others 1990; Ward 1990). Al-
though it is unknown if high levels of alpha-particle damage saturate DNA-repair
systems, such potential saturation would not be relevant at low-dose ambient
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Repair of DNA breaks by nonhomologous rejoining
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FIGURE 6.3 Mechanism of nonhomologous (illegitimate) recombination at sites of dou-
ble strand breakage in DNA. The ends are sites of association of end-binding proteins,
Ku70, Ku86, and p450 DNA-dependent kinase. After limited exonucleolytic degradation,
short single stranded DNA termini (that may not necessarily be from either side of the
original break) with a few nucleotides that can form base-pairs will hybridize and local
regions can then be patched by DNA polymerase [ and ligase. The extent of sequence
overlap is very short, usually less than 10 nucleotides (more often 1 to about 5). The p450
kinase interacts with p53 and initiates intracellular signal transduction pathways.

radon exposure in which all damaged cells receive single alpha-particle tracks
and the maximal track length through the nucleus is still below the D, dose
required for cell-killing. More important, even at low doses, is whether any kinds
of damage are completely irreparable and whether repair is always accurate.
Persistent genetic changes caused by radiation must then be caused by repair that
misassembles broken termini from distant regions of the genome and triggers a
lasting genetic instability.

Homologous rejoining involves matching of a broken fragment with the corre-
sponding region on the undamaged homologous chromosome followed by strand
invasion and reconstruction of the damaged region by replication of the sequence
information in the intact homologue (figure 6.2). It requires that the two homo-
logues are within range of each other; consequently, it might be more important for
replicating cells in late S and G, phases of the cell cycle when sister chromatids are
in close apposition (Takata and others in press; Sonoda and others 1998; Thompson
1996) and contributes to increased radio-resistance in these phases of the cell cycle
(Cheong and others 1994). This form of double-strand repair is likely to be highly
accurate because of the use of sequence information from the intact chromosomal
homologue (chromatid) in reconstructing the broken DNA. The Rad51 protein
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plays a major role in carrying out the initial pairing reaction during homologous
recombination, and dense complexes can be detected in the nuclei of irradiated cells
(Haaf and others 1995), which are thought to be part of the homologous rejoining
complexes (Scully and others 1997b; Scully and others 1997a). Rad51 is inhibited
by association with the tumor suppressor pS3 (Buchhop and others 1997) and
interacts with the breast-cancer-specific gene products Brcal and Brca2 (Scully
and others 1997b; Scully 1997a). Knockout of the Rad51 and the Brcal and Brca2
genes result in early embryo death (Lim and Hasty 1996; Tsuzuki and others 1996);
this suggests a complex regulatory scheme for homologous recombination during
development and carcinogenesis.

The nonhomologous recombination pathway for repair of radiation-induced
DNA breakage in somatic cells involves an end-to-end rejoining reaction in
which broken ends of DNA are braced by a set of supporting proteins. The gap
between DNA ends is bridged by overlapping single-strand termini that are usu-
ally less than 10 nucleotides long (more commonly one to five long) and a set of
proteins, including Ku70, and Ku86, p450 kinase, and DNA ligase IV (Kirch-
gessner and others 1995; Lees-Miller and others 1995; Getts and Stamato 1994;
Rathmell and Chu 1994; Smider and others 1994; Taccioli and others 1994;
Anderson 1993) (figure 6.3). The p450 kinase interacts with p53, the major
signaling protein that regulates cell-cycle control, apoptosis, and the transcription
of many downstream genes (Elledge and Lee 1995; Kastan and others 1995; Lane
1993). Defects in p450 have been associated with the systemic combined immu-
nodeficiency (scid) phenotype in mice (Kirchgessner and others 1995). Knockout
of the Ku70 and Ku86 genes renders cells more sensitive to ionizing radiation
but, unlike the genes involved in homologous recombination, does not result in
embryo death.

The rejoining reaction results in a junction made by an overlap of a few bases
at each terminus with additional possibilities of single-base or larger insertions,
deletions, or mismatches. No consistent DN A-sequence motifs have been found
in these short regions of sequence overlaps, despite direct investigation of micro-
satellite repeats and telomere and triplet repeat sequences. Insertions can be many
kilobases long and can come from locally produced fragments or from single-
strand invasion into proximal regions of DNA. The ends involved in rejoining
reactions are not necessarily those from either side of the initial break but can be
from other breaks made by the same alpha track. The intervening stretch of DNA
can then be lost, with consequent chromosomal rearrangement. These losses and
rearrangements can involve many kilobases of DNA, producing the losses, dele-
tions, and rearrangements of genetic material which are hallmarks of genetic
effects caused by densely ionizing radiation (Zhu and others 1996; Kronenberg
and others 1995; Nelson and others 1994; Phillips and Morgan 1994). The pro-
cess of DNA breakage and rejoining therefore initiates a major change in signal
transduction and cellular regulation that can persist over many cell generations
(see discussion of genetic instability below).
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The ion pairs that do not directly damage DNA can produce reactive oxygen
intermediates. These intermediates influence the stability of p53 with down-
stream effects on cell regulation and can activate many cellular systems that are
sensitive to the redox state of the cell, such as the fos/jun transcriptional regula-
tors (Xanthoudakis and others 1996). Reactive oxygen intermediates can produce
oxidative damage, of which 8-oxy-guanine is a major product. Oxidations are
produced in DNA and in both deoxyribose and ribose triphosphates. Oxidized
nucleotides can be incorporated into DNA and RNA, and lead to either DNA
mutations or transcription and translation errors. Oxidized nucleotides can be
eliminated from the nucleotide pool by MutT, which hydrolyzes 8-0xo-dGTP and
8-0x0-rGTP to monophosphates, thereby removing the oxidized bases from the
pool of DNA and RNA precursors (Taddei and others 1997). MutT activity
reduces mutations from naturally occurring oxidative reactions by a factor of
about 104

Oxidative damage involves production of damaged individual bases, such as
8-0xy-G, and many other products in DNA that cause point mutations by mis-
pairing during DNA replication (Singer 1996) and that are repaired by the base-
excision repair system. Base excision involves a set of glycosylases with limited
ranges of substrate specificity (uracil, 3-methyladenine, formamidopyrimidine,
glycosylases and others). The glycosylases remove damaged bases (Cunningham
1997; Singer and Hang 1997), leaving apurinic sites that are later cleaved by
apurinic endonuclease (Hang and others 1996), and the gaps are replaced by
polymerase B and completed by ligase I or III (Sancar and Sancar 1988). Several
base-excision repair enzymes have multiple additional functions: the AP endonu-
clease is also known as Ref-1 and reduces the oxidized transcriptional regulators
fos/jun (Xanthoudakis and others 1996); and pol 3 and ligase III are linked by
structural protein XRCC1, which interacts with poly (ADP-ribose) polymerase
(PARP) (Caldecott and others 1994). PARP is a major chromatin protein that is
activated by DNA strand breaks and can exhaust the cellular NAD content by
polymerization and hydrolysis (Cleaver and Morgan 1991).

DNA breaks and other base damage therefore are the assembly points for
complex, multifunctional, multipurpose structures that signal their presence to
many other cellular processes and within which repair and genetic changes occur.
The combined actions of these cellular caretakers produces surviving cells that
bear the permanent marks of alpha particle exposure, including deletions, inser-
tions, amplifications, point mutations, and altered cellular regulation (Kronenberg
and others 1995; Kronenberg 1994).

DELETION MUTAGENESIS AND CHROMOSOMAL CHANGES
CAUSED BY DENSELY IONIZING RADIATION

The end result of DNA breakage and rejoining is the deletion, insertion or
rearrangement of various amounts of genetic material, from a few base pairs
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through many kilobases to cytogenetically visible chromosomal changes
(Sankaranarayanan 1991). Chromosomal fragments that are not rejoined can be
excluded from interphase nuclei and can form micronuclei. These micronuclei,
which encapsulate p53 (Unger and others 1994) can be scored as a quantitative
measure of chromosomal damage in somatic and cultured cells. The size of
deletions that persist in surviving cells is determined by the initial spacing of
DNA double-strand breaks and by the presence of vital genes in the intervening
sequences. Deletion sizes associated with loss of function of the adenine phos-
phoribosyl transferase (APRT) gene, for example, are generally smaller than
those associated with loss of function of the hypoxanthine phosphoribosyl trans-
ferase (HPRT) gene because of the presence of vital genes closer to APRT than
HPRT (Park and others 1995; Nelson and others 1994; Fuscoe and others 1992;
Morgan and others 1990; Thompson and Fong 1980). Deletion sizes and junction
positions are markedly nonrandom in both the chromosomal HPRT gene and in
episomal vectors that carry reporter genes. The positions of DNA breaks and the
efficiency and precision of their repair are therefore strongly influenced by chro-
matin structure and attachment of DNA to nucleosomal and matrix proteins and
the functions of flanking genes. In an experimental cell-culture system in which
a single human chromosome bearing a marker gene is carried in a hamster cell
line (the A cell line), very few of the human genes are required for cell survival,
and alpha-particle damage can produce very large deletions that involve most of
the chromosome (Hei and others 1997; Ueno and others 1996). This situation
cannot apply to most chromosomes in a normal cell, in which deletion sizes
consistent with survival will be limited by the presence of important genes dis-
tributed throughout the genome.

CONTROL OF CELLULAR RESPONSES TO DAMAGE—
THE ARBITRATOR GENE

One gene product, the pS3 protein (figure 6.1), plays a critical role in regulat-
ing the multitude of responses that are elicited in damaged cells, especially those
involving cell-cycle arrest and apoptosis, and interacts with numerous other regu-
latory and repair proteins (Elledge and Lee 1995; Kastan and others 1995; Lane
1993; 1992). The p53 protein is a rapidly synthesized, but short-lived, multifunc-
tional protein which interacts with a wide array of other cellular and viral proteins
and binds to DNA in both sequence-specific and sequence-independent fashions.
In the presence of damage (either DNA breaks or reactive oxygen intermediates)
the lifetime of p53 increases, it is phosphorylated at specific sites that depend on
the particular signal, and it acts as a transcriptional activator with downstream
effects on many other genes, especially stimulating transcription of p21, which
then inhibits cell-cycle progression. Alpha-particle irradiation at low exposures
has been shown to result in p53 stabilization in more cells than could have
experienced alpha-particle tracks: this suggests that reactive oxygen intermedi-
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ates generated outside the nucleus could result in substantial changes of cell
regulation (Hickman and others 1994).

The level of damage and of consequent p53 function plays a major role either
in causing cell-cycle delays (through activation of the p21 gene, which blocks
cells in the G, phase) or in initiating apoptosis. Several of the protein complexes
involved in DNA breakage and repair interact with p53, including the homolo-
gous and nonhomologous recombination complexes, and the transcription-factor
component of nucleotide-excision repair, so the action of repair systems leads
into the signal-transduction pathways regulated by p53. Mutations in p53 are
important events that occur frequently at some stage in tumor progression and are
found in over 50% of all human tumors (Greenblatt and others 1994; Hollstein
and others 1991). The consequent functional changes alter many facets of cellular
and gene regulation. These mutational changes in p53 do not necessarily consti-
tute the first genetic event in carcinogenesis; for example, they can occur early in
sunlight-induced skin tumors (Brash and others 1991) but late in colon cancers
(Kinzler and Vogelstein 1996). The p53 protein might, in fact, play a multitude of
roles in cancer, from the initial response to DNA damage, through tumor initia-
tion and progression, to final malignancy.

APOPTOSIS—THE UNDERTAKER GENES

Cells die by several routes depending on cell and tissue type and on the
particular endogenous and exogenous signals experienced. Unrepaired chromo-
somal damage can cause “mitotic death” when cells attempt to divide; massive
damage can cause necrosis, with rapid collapse of the nucleus and permea-
bilization of the membranes; and a regulated cell-suicide process, apoptosis, that
involves activation of proteases (caspases) and nucleases that degrade the cell
components in a controlled fashion can occur (figure 6.4) (Cohen 1997). Apop-
tosis is activated by a wide variety of complex interrelated regulatory and signal-
transduction pathways initiated by specific cellular signals, by external irradia-
tion, and by endogenous generation of oxidative products. Some of these
processes may be markedly nonlinear functions of dose, since apoptosis is a
tissue response which eliminates cells that have suffered more than a critical
amount of damage.

Apoptosis is an important feature of normal cell and tissue function, espe-
cially when tissue remodeling is involved during embryo development, during
wound healing, and after exposure to radiation or chemicals. Apoptosis involves
a family of specific proteolytic enzymes (caspases) and a specific nuclease that
cleaves DNA at internucleosomal sites and produces characteristic DNA frag-
mentation (Enari and others 1998). Apoptosis is a complex, regulated process
that involves both activators and inhibitors. These molecules fine-tune a cell’s
response to endogenous damage, modify its redox state, and respond to its imme-
diate environment (Enoch and Norbury 1995; Guillouf and others 1995; Kastan
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FIGURE 6.4 Mechanism of apoptosis, initiated by damage to cellular molecules or
cellular signals during tissue remodeling or wound healing, resulting in cytochrome C
release from mitochondria. This release is regulated by Bax/Bcl2 on the outer mitochon-
drial membranes, and results in activation of caspases and an apoptotic-specific nuclease.
These degradative enzymes normally are associated with specific caspase-sensitive inhib-
itors, so that once apoptosis is set in train an autocatalytic process results with positive
feedback to produce irreversible cellular degradation.

and others 1995; Kumar 1995; Leonard and others 1995; Caelles and others
1994; Canman and others 1994; Jacobson and Evan 1994; Meyn and others 1994;
Lowe and others 1993; Waddick and others 1993; Uckun and others 1992).
Fluctuating oxygen levels leading to oxidative bursts and the production of reac-
tive oxygen intermediates can trigger apoptosis through their activation of p53.
The mitochondria play an important role in the initial events leading to apoptosis,
and one of the first signals is the release of cytochrome C into the cytoplasm
(Reed 1997), which, with dATP activates a caspase cascade involving especially
caspase-3 (Li and others 1997). The gene product Bcl-2 is on the outer mitochon-
drial membrane, where it regulates ion flow and, under conditions of normal
expression, suppresses apoptosis. Its expression is induced by p53 (Pourzand and
others 1997; Chen and others 1995). Two other proteins, Bax and Ced-4, bind to
Bcl-2 and are inactive in bound form, but on release they further stimulate the
release of apoptosis-initiating factors, which eventually activate the caspase class
of proteases (Kumar 1995). One pathway to apoptosis is thus determined by the
ratio of Bax/Bcl-2 expression. Many other proteins are involved in apoptosis,
including many members of the caspase family of proteases and caspase inhibi-
tors which regulate the process in different tissues and under various stresses.
Other pathways by which apoptosis is activated involve the cytokines, such as
TNF1-alpha, and the signal transducer and activator protein STAT1 (Kumar and
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others 1997) and c-myc, which interacts with Bcl-2 (Bissonnette and others 1992;
Evan and others 1992; Fanidi and others 1992). The level of ATP also influences
apoptosis (Eguchi and others 1997), and one of the early targets for caspases,
PARP, can drain the cell of NAD and ATP in the presence of excess DNA
breakage (Shah and others 1996).

Apoptosis is a normal process of cell elimination that can clear abnormal
cells from the population. If apoptosis is no longer functional, abnormal cells can
persist and expand in the population. The loss of apoptosis can therefore play an
important role in clonal expansion during carcinogenesis. Additional genetic
changes can then occur, moving a cell population through multiple stages re-
quired for the emergence of a fully malignant phenotype. Along the way, irradi-
ated cell populations and tumor cells develop instabilities and mutator pheno-
types that favor further diversity.

INITIAL GENETIC CHANGES IN CARCINOGENESIS—
THE GATEKEEPER GENES

Investigation of rare cancers with strong hereditary factors—such as subsets
of colon, breast, retina, and skin cancers—has suggested that genetic alterations
are involved in carcinogenesis (Fearon 1997). In general, tissue-specific alter-
ations in a small number of genes act as critical rate-limiting steps that allow cells
to escape from normal controls on growth and function and to develop into
autonomous populations. The genes that normally exercise these tissue-specific
controls have been figuratively called gatekeepers (Kinzler and Vogelstein 1997).
The autonomous cell populations acquire functions that include the suppression
of apoptosis, independence from extracellular matrix signals, invasive behavior,
genomic instability, the activation of oncogenes, and the inactivation of tumor
suppressors. Oncogenes, such as ras, are genes that are activated by mutation or
translocation and act as dominantly acting genes that induce malignant proper-
ties. Tumor suppressors, such as Rb, are genes that maintain normal cell and
tissue homeostasis and whose loss permits unregulated cell proliferation to begin.

The ordered progression of genetic changes involved in carcinogenesis is
most clearly understood in colon carcinogenesis (Kinzler and Vogelstein 1996).
One of the earliest genes to be affected is the APC gene; it is followed by changes
in DCC, p53, ras, and others. Error generation in this process is enhanced by
mutations in mismatch-repair genes (Arnheim and Shibata 1997). In colon car-
cinogenesis, APC mutation seems to be required early, before ras mutation; when
ras mutations are observed first in colon polyps, the growths are usually benign
and regress; when APC mutations occur before ras mutations the tissue usually
progresses to other changes that result in malignancy (Jen and others 1994). It is
unlikely that such an ordered sequence of mutations or gene loss will be as clear
and precise in most tissues, but the principle of an approximate sequential order
to the earlier genetic changes involved in carcinogenesis seems reasonable.
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The APC gene can therefore be regarded as an example of a rate-limiting
gatekeeper gene that presents an initial barrier to be overcome in the initiation
and progression of colon cancer (Kinzler and Vogelstein 1997). In the retina, the
Rb cell-cycle regulatory gene appears to play the gatekeeper role (Newsham and
others 1998); in sunlight-induced nonmelanoma squamous carcinoma of the skin,
p53 plays this role (Brash and others 1991); in breast cancer it might be the Brcal
and 2 genes (Couch and Weber 1998); in basal cell cancers it might be the signal-
transduction pathway involving genes called “hedgehog” and “smoothened” (Xie
and others 1998; Epstein Jr 1996; Johnson 1996). In the progression of stomach
cancer, p53 mutations occur earlier than in the small intestine, and tumors with
mutations in EGFR-1 are more aggressive than those with p21 (WAFI) muta-
tions. Amplification of c-erbB-2 and of some specific chromosomal regions and
loss of heterozygosity in a region containing thymine glycosylase have been
reported in stomach cancers.

When a gatekeeper gene can be clearly identified, it should contain muta-
tions or rearrangements that are characteristic of the initiating damage, in that
these changes represent some of the earliest genetic events in carcinogenesis.
Tissue-specific genes might be similarly involved in the initiation of cancers of
lung, stomach, and other tissues by exposure to radon and radon progeny alpha
particles. Some of the initial genetic changes resulting from alpha-particle irra-
diation, such as deletions and rearrangements, are distinctive and might leave
characteristic genetic changes, or “fingerprints,” on gatekeeper genes and on
others activated early by exposures, thus aiding in their identification. But dele-
tions and rearrangements are also common events during tumor progression be-
cause of their inherent genomic instability, so alpha-particle fingerprints might be
obscured in advanced tumors.

TUMOR GROWTH AND NUTRITION—THE CATERERS

Tumors rapidly outgrow the capacity of diffusion from pre-existing blood
supplies to provide the oxygen, nutrients, and growth factors required to sustain
their growth and expansion. Anoxic regions of tumors that develop far from
blood vessels have been shown to contain elevated amounts of p53 indicative of
their abnormal state (Graeber and others 1994). Consequently, a critical factor in
tumor growth is the capacity to stimulate new blood vessel growth—angiogen-
esis. Angiogenesis is achieved by a combination of mechanisms. Tumors secrete
stimulators of new blood vessel formation (vascular endothelial growth factors)
and reduce the presence of inhibitors (Boehm and others 1997; Folkman 1996).
Because the growth of new blood vessels involves the proliferation of essentially
diploid, normal endothelial cells, these do not exhibit the genomic plasticity of
tumor cells and are subject to normal cell regulation. Proliferative endothelial
cells exhibit characteristics and gene-expression profiles different from those of
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mature established blood vessels and so might even constitute a unique target for
cancer therapy (Boehm and others 1997).

GENETIC INSTABILITY IN IRRADIATED CELL POPULATIONS—
THE DIVERSIFIERS

Damage caused by high- and low-LET radiation exposure appears to create a
genetically unstable state in which further chromosomal and genetic changes can
be observed many generations after the exposure. That was first observed for
alpha particles by Kadhim and others (1994; 1992) who detected chromatid and
chromosomal type aberrations in clonal descendants and nonclonal cultures of
both mouse and human hematopoietic stem cells. The instability is not confined
to high-LET radiation, and it can even be induced by ionization produced outside
the nucleus. Abnormal karyotypes were observed several passages after irradia-
tion; this indicated that heritable changes were transmitted to progeny cells and
resulted in new chromosomal rearrangements during later cell cycles. There is
evidence that those changes can involve a wide variety of genetic events, includ-
ing rearrangements, gene amplification, and mutation. DNA sequence rearrange-
ments can lead to mutations, the production of new fusion genes, or changes in
gene regulation by position effects that are known to be involved in chromosomal
activation of oncogenes in several human and rodent malignancies (Rabbitts
1994). The mechanism of instability might involve rearrangements that result in
inappropriate gene expression that then triggers later genetic events. Alterna-
tively, it could involve persistent changes in gene expression through p53 and
other gene products that act as altered transcriptional regulators.

The high frequency of chromosomal abnormalities and mutations in human
cancers indicates that a “mutator” phenotype is often involved in multistep car-
cinogenesis (Loeb 1994; 1991). The spontaneous-mutation rate in normal diploid
cells is insufficient to account for the high frequency of mutations in cancer cells.
Rather, the genomes of cancer cells are unstable, and this results in a cascade of
mutations that cumulatively enable cancer cells to bypass the host regulatory
processes (Loeb 1994). The development of genetic instability, especially the
capacity for gene amplification, is acquired in stages through preneoplastic to
fully neoplastic cells, and this capacity appears to depend on the progressive loss
of p53 function (Tlsty 1996; Tlsty and others 1995).

DNA damage of various kinds is particularly effective in inducing genomic
instability, whether produced by o-particles or x rays or endogenously. For ex-
ample, an anoxia-inducible endonuclease activity has been reported that cleaves
DNA without specificity for sequence (Stoler and others 1992). That activity
could account for the induction of gene amplification in anoxic cells and could be
associated with break-related genomic instability. Repeat sequences, such as in-
terstitial telomere-like repeats might also be hot spots for recombination, break-
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age, and chromosome fusion (Alvarez and others 1993; Ashley and Ward 1993;
Bouffler and others 1993; Day and others 1993; Hastie and others 1990). Even
chromosomal rearrangements that appear stable, such as balanced translocations,
are not as secure as normal chromosomes and show declines in frequency with
time after radiation exposure in vivo (Tucker and others 1997). A frequent result
of chromosomal instability in tumor progression is the loss of a chromosome and
the reduplication of the homologue; the chromosome number is maintained with
the loss of heterozygosity (LOH). That can result in the loss of a normal gene and
the duplication of mutant genes. Recent analysis of a large number of tumors
indicates that LOH can involve an exceedingly large variety of genome-wide
alterations even for a single tumor type (Kerangueven and others 1997).

The processes of mutation, insertion, deletion, rearrangement, loss of het-
erozygosity, reduced apoptosis, radiation-induced genomic instability, and the con-
tinued replication and proliferation of stem cells lead to a number of critical changes
in genes along the paths that result in malignancies. Each tissue might require
changes in specific genes, possibly in a particular sequential progression, for com-
plete malignancy to emerge. The need for an ordered set of changes leads to the
concept of fingerprints: characteristic mutations in tissue-specific rate-limiting
genes that need to be altered early to allow tumor progression (Dogliotti 1996).

MUTATIONS IN o-PARTICLE-INDUCED TUMORS—
THE FINGERPRINTS

It would be expected on the basis of in vitro work, that radon alpha-particle-
induced cancers of the lung and other tissues would contain characteristic muta-
tions, fingerprints, in critical gatekeeper genes that initiate carcinogenesis (Dog-
liotti 1996). Genetic changes that occur during tumor progression are likely to
involve many genes but would lack characteristic fingerprints. The strongest
example of a carcinogenic fingerprint is the detection of C to T mutations at the
3’ C in dipyrimidine sites in nonmelanoma skin cancers, representing mispairing
at sites of sunlight-induced photoproducts in DNA (Brash and others 1991).
Carcinogenesis, however, is a highly selective process in which many genetic
changes are pruned by selective constraints before the fully malignant cell types
with genetic variability, unregulated growth, and invasive properties emerge.
Many large o-particle-induced deletions might therefore be inconsistent with
emergence of these properties and be lost from such a population. Deletions with
arange of sizes up to complete gene loss, however, have been observed in the Rb
and p53 genes in murine tumors induced by ionizing radiation (Zhang and
Woloschak 1997). The mutations observed in o-particle-induced tumors will
therefore be a subset of the full spectrum of genetic changes that are produced
initially. But with the prevalence of genomic instability in tumors, specific dele-
tions and rearrangements might easily become obscured; this would make a
search for o-particle-induced fingerprints difficult.
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A potential fingerprint of ¢-particle damage at the whole-chromosome level
has been suggested. Because of the physical distribution of o-particle tracks,
there might be a much lower ratio of interchromosomal exchange aberrations to
intrachromosomal exchanges compared to the ratio of these exchanges induced
by either low-LET radiation or chemically induced damage (Brenner and Sachs
1994). Again, after the scrambling of the genotype associated with tumor pro-
gression, this ratio would be extremely difficult to assess in advanced tumors.

There have been only a few analyses of tumors known to be induced by
radon or other o-particle exposure. One set of results is from miners who experi-
enced high radiation doses and dose rates—doses that might not correspond to
the exposures expected from domestic situations. The evidence of signature mu-
tations is not strong. A report described point mutations in codon-249 and 250 of
the p53 gene, but these could have been spontaneous events or induced by the
molds or cigarette-smoking associated with miners’ working conditions (Vaha-
kangas and others 1992). The presence of signature mutations in the p53 gene
therefore remains to be established. Alternatively, if p53 is not the critical, rate-
limiting gatekeeper gene for lung carcinogenesis, signature mutations might yet
be identified when the appropriate genes are known and investigated.

EPIDEMIOLOGIC, BIOPHYSICAL, AND CELL-BASED MODELS OF
RADON-INDUCED CARCINOGENESIS

To obtain estimates of risk posed by exposure to radon in air or drinking
water, it would be ideal to trace the complete process from o-particle exposure to
cancer, on a quantitative, biologic, and molecular basis and to incorporate such
difficult issues as individual and subpopulation variations in susceptibilities (see
BEIR VI, National Research Council 1999). Unfortunately that is not yet fea-
sible. Instead, the problem of risk estimation has been approached from a variety
of avenues. One is through strict epidemiologic relationships between numbers of
cancers and exposure and the use of the linear no-threshold dose-response curves
used commonly in radiation risk estimates. Another approach introduces bio-
physical models of radiation action based on radiation tracks, total doses and dose
rates, damaged sites in DNA, and breaks and their rejoining and, from these
considerations, reaches interpretations of risk versus dose. Most often, this ap-
proach has been used to explain such phenomena as the inverse dose-rate effects
relevant at doses higher than those that would arise from domestic exposures
(Brenner 1994; Elkind 1994). The approach still does not pay specific attention to
the particular genetic changes involved in cancers, and a more detailed attempt to
interpret carcinogenesis on a quantitative basis has incorporated changes in cell
cycles, proliferation kinetics, cell-killing (Luebeck and others 1994), and other
biological processes alluded to in this chapter (Luebeck and others 1994). Be-
cause of the large numbers of variables involved, these approaches are still too
difficult, computationally, to incorporate into a completely predictive model.
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Instead, the biologic approach gives a mechanistic underpinning to the epidemi-
ology and biophysical interpretations of risk. Together, they lead to a more com-
prehensive understanding of cancer risks posed by low ambient radiation expo-
sures and provide a rational basis for quantitative exposure risk assessment and
mitigation by multimedia approaches to risk reduction.
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Defining Key Variabilities and Uncertainties

Estimating potential human exposures to and health effects of radon in drink-
ing water involves the use of large amounts of data and models for projecting
relationships outside the range of the observed data. Because the data and models
must be used to characterize population behaviors, engineered system perfor-
mance, contaminant transport, human contact and dose-response relationships
among different populations in different geographic areas, large uncertainties and
variabilities are associated with the resulting risk characterization. In this chapter,
the committee evaluates the importance of and methods for addressing uncer-
tainty and variability that arise in the process of assessing multiple-route expo-
sures to and health risks associated with radon. The data, scenarios, and models
used to represent human exposures to radon in drinking water include at least five
important relationships:

® The magnitude of the source-medium concentration, that is, the concen-
tration of radon in the water supply or in ambient air.

* The contaminant concentration ratio, which defines how much a source-
medium concentration changes as a result of transfers, transformation, partition-
ing, dilution, and so on before human contact.

* The extent of human contact, which describes (often on a body-weight
basis) the frequency (in days per year) and magnitude (in liters per day) of human
contact with a potentially contaminated exposure medium.

® The duration of potential contact of the population of interest as related to
the fraction of lifetime during which an individual is potentially exposed.

* The averaging time for the type of health effects under consideration; for
example, the appropriate averaging time could be a cumulative duration of expo-
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sure (as is typical for cancer and other chronic diseases) or it could be a relatively
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short exposure period (as is the case for acute effects).

On the basis of those five relationships, figure 7.1 illustrates the steps of the
risk-assessment process for multimedia human exposure to radon. The emphasis
in the figure is on the outcome calculated at each step and the types of data

needed to calculate the outcomes.

FIGURE 7.1 Steps of risk-assessment process for multimedia human exposure to radon,
with emphasis on outcome calculated at each step and types of data needed to calculate

outcomes.
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This chapter begins with an overview discussion about factors that determine
the reliability of a risk assessment and a discussion of methods for characterizing
and evaluating the uncertainties in a risk assessment. Next is a summary review
and evaluation of the uncertainty analysis for drinking-water radon that was
carried out by the Environmental Protection Agency. That is followed by the
committee’s consideration of the steps of the risk-assessment process described
in earlier chapters and of how uncertainty and variability apply to the assessment
and the extent to which they can be quantified. Particular attention is given to the
importance of uncertainty across the entire process of characterizing the unmiti-
gated risk associated with radon in drinking water and the risk reduction achieved
by various technologies used to reduce radon levels in water supplies.

RELIABILITY OF A HEALTH-RISK ASSESSMENT

To identify factors that affect the reliability of radon risk assessment, the
committee reviewed the scientific literature, recommendations from other Na-
tional Research Council studies, and findings reported by such organizations as
the International Atomic Energy Agency (IAEA), the National Council on Radia-
tion Protection and Measurements (NCRP), and the Presidential/Congressional
Commission on Risk Assessment and Risk Management. According to IAEA
(19809), five factors determine the precision and accuracy, that is, the reliability,
of a risk characterization: specification of the problem (scenario development),
formulation of the conceptual model (the influence diagram), formulation of the
computational model, measurement or estimation of parameter values, and calcu-
lation and documentation of results, including uncertainties. In such a frame-
work, there are many sources of uncertainty and variability—including lack of
data, natural-process variation, incomplete or inaccurate data, model error, and
ignorance of the relevant data or model structure.

The magnitude of human exposure to toxic agents, such as radon, often must
be estimated with models that range in complexity from simple heuristic extrapo-
lations from measured trends to large-scale simulations carried out on large com-
puters. Regardless of its complexity, any model can be thought of as a tool that
produces an output, Y, such as exposure or risk, that is a function of several
variables, X, and time,

Y= £ (X, X, X5, o X, 0). (7-1)

The variables, X, represent the various inputs to the model, such as radon concen-
tration in water, and the transfer factors between water and air. Uncertainty
analysis involves the determination of the variation or range in the output-func-
tion values—that is, risk values—on the basis of the collective variation of the
model inputs. In contrast, a sensitivity analysis involves the determination of the
changes in model response as a result of changes in individual parameters. An
approach to express the combined impact of uncertainty and variability more
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fully is to perform a two-dimensional Monte Carlo simulation consisting of an
inner set of calculations embedded within an outer set. That was first described
by Bogen and Spear (1987).

One of the issues that must be confronted in uncertainty analysis is how to
distinguish between the relative contributions of variability (heterogeneity) and
true uncertainty (measurement precision) to the characterization of predicted
outcome. Variability refers to quantities that are distributed empirically—such
factors as rainfall, soil characteristics, weather patterns, and human characteris-
tics that come about through processes that we expect to be stochastic because
they reflect actual variations in nature. These quantities are inherently random or
variable and cannot be represented by a single value, so we can determine only
their characteristics (mean, variance, skewness, and so on) with precision. In
contrast, true uncertainty, or model-specification error (such as statistical estima-
tion error), refers to an input that, in theory, has a single value, which cannot be
known with precision because of measurement or estimation error.

Uncertainty in model predictions arises from a number of sources, including
specification of the problem, formulation of the conceptual model, estimation of
input values, and calculation, interpretation and documentation of the results. Of
the factors that determine precision and accuracy, only uncertainties due to esti-
mation of input values can be quantified in a straightforward manner on the basis
of variance propagation techniques. Uncertainties that arise from mis-specifica-
tion of the problem and model-formulation errors can be assessed using less
straightforward processes, such as decision trees and event trees based on expert
opinions. In some cases, using such methods as meta-analysis, model-specifica-
tion errors can be handled with simple variance-propagation methods.

ENVIRONMENTAL PROTECTION AGENCY PROCESS FOR
ASSESSING AND EVALUATING UNCERTAINTIES IN RADON RISK

In support of its proposed rule for radionuclides in drinking water, EPA has
developed estimates of the cancer risk associated with radon in drinking water.
The risk arises from multiple exposure pathways, including the direct ingestion
of water that contains radon, the inhalation of indoor air that contains radon some
of which has volatilized from water used in the home, and the inhalation of radon
progeny that are introduced into indoor air as a result of radon decay. Because
exposure and dosimetry are different for each pathway, EPA has estimated the
risks associated with radon in drinking water by calculating the risk for each
pathway separately and then combining risk to obtain the total risk related to all
pathways. In an earlier risk assessment (EPA 1995), EPA estimated the total (all-
pathways) average lifetime risk to the US population posed by radon in drinking
water as 6.6 X 10~7 per picocurie per liter of radon in water.

After the risk estimates were performed, EPA obtained new data on radiation
dosimetry that required revision of the estimates for radon in drinking water. The
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new data included a National Research Council re-evaluation of the relative
dosimetry of radon decay products in mines and homes (National Research Coun-
cil 1991b). On the basis of the new data, the total (all-pathways) lifetime risk
estimate for radon was changed to 7 x 10~7 per picocurie per liter. Although the
total risk by pathway did not change substantially, the allocation of risk contrib-
uted by each pathway did. However, perhaps a more important component of the
revised risk numbers was the inclusion of a detailed uncertainty analysis (EPA
1995). Appendix F provides the committee’s summary and evaluation of the EPA
uncertainty analysis. Our focus is on how the explicit analysis of uncertainty and
variability can influence the process for setting standards and for setting priorities
for intervention and future research.

In reviewing the EPA uncertainty and variability analysis, the committee
found that the EPA approach demonstrated innovative methods and consistency
with emerging policies, and provided an adequate characterization of the uncer-
tainty in cancer risk factors. However, our analysis of and proposed revision in
the risk models will result in changes in both the magnitude and the uncertainty
ranges of some of the parameters in the EPA model. In particular, the magnitude
of the risk associated with radon ingestion has been lowered in the committee’s
analysis, but the resulting uncertainty range is contained within the uncertainty
range used by EPA (1995).

Although the EPA analysis was an important initial effort at uncertainty
assessment, results of that analysis can be misleading. In particular, because the
variability in the risk-per-dose factors cannot be specified, the variability in risk
derived from this analysis includes only variability in exposure and not the actual
variability in cancer risk among the population. Moreover, in reviewing the EPA
models and uncertainty analysis, the committee observed that implicit in the
development of this model is the assumption that the risk factor is independent of
variability in the unit dose factor. That assumption requires that the radon-gas
dosimetry be independent of the breathing rate—an assumption that is not consis-
tent with the key issues of inhalation dosimetry described in chapter 5 of this
report.

The committee had a particular interest in the radon-ingestion risk model
because the ratio of ingestion risk to inhalation risk is an important component of
the multimedia approach to radon risk management. The committee observed
that the EPA risk assessment used an appropriate approach to obtain the uncer-
tainty factor for the population cancer risk associated with ingestion of radon in
water. EPA assigned a geometric standard deviation of 2.4 to the risk factor for
ingestion-cancer risk. That implies that there is a 68% likelihood that the actual
risk factor is within a range of roughly 2.4 times lower to 2.4 times higher than
the estimated risk and a 95% likelihood that the actual risk factor is within a range
of roughly 6 times lower to 6 times higher than the estimated risk factor. That
uncertainty range reflects parameter uncertainty associated with the risk model
used by EPA. However, the model is constrained by the assumption that radon is
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instantaneously and uniformly distributed in the stomach after ingestion. The
uncertainty range in the EPA results does not appear to reflect the bias and
uncertainty associated with this assumption. Nevertheless, the 95% confidence
interval of the uncertainty range developed by the committee for this report (in
chapter 4) is essentially contained within the 99% confidence interval suggested
by the EPA results. This reveals that the EPA did not underestimate their confi-
dence interval. However, this committee’s uncertainty range is at the lower bound
of the EPA range, suggesting the likely upward bias of the EPA risk estimate.

The EPA risk assessment made no effort to assess the contribution of soil
relative to that of water to indoor radon levels. Therefore, the study affords little
input to the analysis of how any standard or policies can affect the risk associated
with all radon exposures. Uncertainty of the ingestion:inhalation risk ratio is an
important factor that was not addressed in the EPA analysis.

ISSUES IN UNCERTAINTY ANALYSIS FOR RADON

For an agent like radon, which is ubiquitous, total exposure might reflect
concurrent contacts with multiple media instead of continuous or multiple con-
tacts with a single medium. Multimedia pollutants give rise to the need to address
many types of “multiples” in the quantification or measurement of exposure and
dose, such as the multiple media themselves (air, water, soil): multiple exposure
pathways (or scenarios), multiple routes (inhalation, ingestion, and dermal), and
multiple exposure target tissues for dose and effect.

There are many sources of uncertainty and variability in the process of
exposure and human-health assessment. The variability and many of the uncer-
tainties cannot be reduced. One common approach to addressing uncertainty in
exposure and risk assessments is contrary to the accepted principles of decision-
making in the presence of uncertainty. This is the practice of compounding
upper-bound estimates as a means of basing decisions on a highly conservative
estimate of exposure. Such compounding of upper-bound estimates leaves a
decision-maker with no flexibility to address margins of error, to consider re-
ducible versus irreducible uncertainty, to separate individual variability from
true scientific uncertainty or to consider benefits, costs, and comparable risks in
the decision-making process. Because the compounding of conservative esti-
mates does not serve the exposure-assessment process well, there is a growing
effort to include uncertainty analyses in the risk assessment process. EPA has
taken the latter uncertainty-analysis approach in its risk assessment for radon,
and the committee believes that it is important to continue this precedent.

For human populations, total-exposure assessments that include time and
activity patterns and microenvironmental data reveal that an exposure assessment
is most valuable when it provides a comprehensive view of exposure pathways
and identifies major sources of uncertainty. In any issue involving uncertainty, it
is important to consider a variety of plausible hypotheses about the world, to
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consider a variety of possible strategies for meeting goals, to favor actions that
are robust to uncertainties, to favor actions that are informative, to probe and
experiment, to monitor results, to update assessments, and to modify policy ac-
cordingly and favor actions that are reversible (Ludwig and others 1993).

To make an exposure assessment consistent with such an approach, both
sensitivity and uncertainty analyses should be incorporated directly into an itera-
tive process in which premises lead to measurements, measurements lead to
models, models lead to better premises, better premises lead to additional but
better-informed measurements, and so on. In 1996, the EPA Risk Assessment
Forum held a workshop on Monte Carlo analysis. Among the many useful discus-
sions at the meeting was a call for a “tiered” approach to probabilistic analysis,
which is iterative and progressively more complex. The need for formal uncer-
tainty analysis and a tiered approach will require the development by the expo-
sure-assessment community of new methods and will put greater demands on the
number and types of exposure measurements that must be made. At least three
tiers are needed, as follows:

* First, the variances of all input values should be clearly stated, and their
effect on the final estimates of risk assessed. At a minimum, that can be done by
listing the estimation error or the experimental variance associated with the pa-
rameters when these values or their estimation equations are defined. It would
help to define and reduce uncertainties if a clear summary and justification of the
assumptions used for each aspect of a model were provided. In addition, it should
be stated whether the assumptions are likely to result in representative values or
conservative (upper-bound) estimates.

® Second, a sensitivity analysis should be used to assess how model predic-
tions are affected by model reliability and data precision. The goal of a sensitivity
analysis is to rank input parameters on the basis of their contributions to variance
in the output.

® Third, variance-propagation methods (including but not limited to Monte
Carlo methods) should be used to map how the overall precision of risk estimates
is tied to the variability and uncertainty associated with the models, inputs, and
scenarios.

THE COMMITTEE’S EVALUATION OF UNCERTAINTIES IN RISK
ASSESSMENT OF RADON IN DRINKING WATER

Uncertainties in Molecular Biology of Cancer Induction by Radiation

As discussed in chapter 6, the exposure of human cells to the high-LET
radiation from the decay of radon and its progeny initiates a series of events that
can lead to lung and other cancers. This series of events is now thought to be well
outlined, but the quantitative link between radon concentration in tissues and
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cancer risk cannot yet be derived from a quantitative analysis of these processes.
Before estimates of cancer risk posed by radon in air and drinking water can be
based on quantitative models of biologic and molecular processes, these models
must incorporate such difficult issues as individual and subpopulation variations
in susceptibility. However, because of the large number of variables involved in
such models, and the lack of detailed understanding of each step in the process,
the models are still far too difficult computationally to be used for radiation risk
assessment. For the near future, risk estimates must be based on current quantita-
tive epidemiologic relationships between numbers of cancers and exposure in
selected high-exposure populations. Neither this committee nor the BEIR VI
committee has made risk estimates based directly on the emerging biophysical
and cellular models.

However, the study of molecular and cellular mechanisms of radiation-
induced cancer brings to the risk assessment process important insights about the
nature and magnitude of the uncertainties associated with the dose-response mod-
els discussed in this report. In particular, the introduction of biophysical cellular
models to the risk assessment process reveals both the limited reliability and
potential bias of the existing risk assessment models. Biophysical models relate
the amount and persistence of biological damage to factors such as radiation
tracks, total doses and dose rates, damaged sites in DNA, and DNA breaks and
their rejoining. These models can be used to explore inverse dose-rate effects and
some of the age-variation in effects. Cellular models focus on changes in cell
cycles, proliferation kinetics, cell killing, cell regulation, and other processes that
alter the path from radiation deposition to cancer incidence. Although still in the
early phase of development, these models may eventually be used to explore
variations in susceptibility associated with age, gender, and other genetic charac-
teristics. Nevertheless, these emerging models and the mechanisms of action
being studied by radiation biophysicists have provided this committee and others
guidance for estimating the uncertainties associated with dose-response func-
tions. Perhaps the most important insight is the recognition of the uncertainty
regarding the relevance of the population used to develop a dose-response model.
Radon risk derived from a particular population, such as survivors of the atomic
bombings of Hiroshima and Nagasaki or miners, cannot necessarily be used
directly to estimate risk for a different population such as the US population
exposed to radon. This inability to transfer the risk estimates occurs because
radiation-induced cancer risk is a function of the underlying spontaneous-cancer
incidence (see for example National Research Council 1990a). Average risk
estimates are obtained from epidemiology studies that can detect radiation-
induced effects in large groups. The problem of extrapolating from one popula-
tion to another is often dealt with by assigning an appropriate uncertainty interval
to the risk estimates. To assign appropriate uncertainties, however, there is a need
for more detailed data for which the distribution of risks among individuals can
be determined.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/6287

Risk Assessment of Radon in Drinking Water

132 RISK ASSESSMENT OF RADON IN DRINKING WATER

Uncertainty in Ambient Radon Levels

With regard to uncertainty and variability about radon levels in ambient air
and groundwater, there are several key questions, including:

® What is the variation of radon levels in soil, groundwater, and drinking
water in the United States? Not only must consideration be given to variation but
also to how reliably it can be characterized on the basis of the number and
geographic extent of the available measurements.

* What is the distribution in the US population of radon levels in water
supplies and in the soil adjacent to residences? The issue here is to develop
population-weighted distributions of radon levels in soil, indoor air, and in water
supplies. Of particular importance is the joint distribution of radon levels in soil
and water at the high end of their respective distributions. Because such joint
probability distributions are not well characterized, constructing them involves
judgment, assumptions, and approximations that will introduce uncertainty.

National data on indoor radon, radon in water, and geologic radon potential
indicate systematic differences in the distribution of radon across the United
States. From geologic-radon potential maps and from statistical modeling of
indoor radon exposures, it is clear that the northern United States, the Appala-
chian and Rocky Mountain states, and states in the glaciated portions of the Great
Plains tend to have higher than average indoor radon (see chapter 2).

Available data on radon in water from public water supplies indicate that
higher concentrations of radon in water occur in the New England, Appalachian,
and Rocky Mountain states and in small areas of the Southwest and Great Plains.
Available data also indicate that small water supplies have higher average radon
concentrations than large ones. The reasonable agreement of water concentration
variation among the various studies suggests that the Longtin (1990) data used
by EPA (1995) are adequate for representing variations in water-supply radon
concentrations.

The ambient concentration of radon outdoors varies with distance and height
from its principal source in the ground (rocks and soil) and from other sources
that can locally or regionally affect it, such as bodies of water, mine or mill
tailings, vegetation, and fossil-fuel combustion. However, diurnal changes due to
air stability and meteorologic events account for most of the variability. As
reported in chapter 2 of this report, the committee does not believe that the
available data are sufficiently representative to provide a population-weighted
annual average ambient radon concentration. From the available data, the com-
mittee has obtained an unweighted average of 15 Bq m= with a standard error of
0.3 Bq m3. The committee recommends this value as the best available national
average ambient concentration. In reviewing all the other ambient-radon concen-
tration data that are available for other specific sites, the committee concluded
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that the average ambient radon concentration would most likely be 14-16 Bq m=.
Thus, it is the committee’s recommendation to treat the value of the average
ambient radon concentration as being represented as a uniform distribution of
range 14-16 Bq m~3 with a most probable value of 15 Bq m=3.

Variability and Uncertainty in Transfer Factors

The committee considered and re-evaluated the variability in the transfer of
radon gas from water to indoor air. Assessing the increment of airborne radon in
a home that arises from the use of water that contains dissolved radon is a
problem that involves both uncertainty and variability. It involves the solubility
of radon in water, the amount of water used in the home, the volume of the home,
and the home ventilation rate. The amount of radon from the water is not constant
throughout a home, but is higher in areas of active water use, such as bathrooms
and kitchens. Table 7.1 summarizes the recommended values of the transfer
factor and the parameters used to construct it.

The resulting geometric mean value is 5.5 X 107 or 3.9 x 105 with a geomet-
ric standard deviation (GSD) of 3.5. These values can be compared with those of
Nazaroff and others (1987) who reported a geometric mean of 6.5 X 107 and a
GSD of 2.8, and EPA (1995), which reported a geometric mean of 6.5 x 107 and
a GSD of 2.9. There was reasonable agreement between the geometric mean of
the transfer coefficient estimated by the model and the estimated value calculated
from the measured data. The average of the measurements was 8.7 X 10~ with a
standard error of 1.0 X 10->. With the modeled geometric mean ventilation of 1.07
air changes per hour, the calculated transfer coefficient is the same value as the
measurements. However, if we use the estimate of the geometric mean of the
ventilation rate of 0.77, the resulting estimate of the transfer coefficient is 1.2 X
10, The committee feels that there are problems with both the measurements of
the transfer coefficient and the measurements that are the input values into the
model. The committee recommends that EPA continue to use 1.0 X 10~ as the

TABLE 7.1 Parameters of the Lognormal Distributions for the Parameters in
the Transfer-Factor Calculation

Committee’s Values

Parameter Geometric Mean Geometric Standard Deviation

House volume per occupant,

m3 person~! 115 2.0
Ventilation rate 0.77 or 1.07 2.3
Transfer efficiency 0.52 1.3
Water use per capita,

m3 person~! hr~! 9.4 1073 1.8
Transfer coefficient 55x100r3.9%x10° 35
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best central estimate of the transfer coefficient that can now be obtained. Further,
because of the uncertainty in the value of the ventilation rate and its distributional
characteristics, the committee recommends that the transfer coefficient be as-
sumed to be in the range 0.9-1.2 X 10~*. The committee is not assigning a specific
uncertainty to the central estimate, but rather suggesting that it has the highest
likelihood of lying within this range.

Those are not particularly large changes, suggesting that because the param-
eters have remained stable even as the amount of data relating to the transfer
factor has increased, the uncertainty might now be lower than that suggested by
the EPA analysis (EPA 1995). Further studies on transfer factors will not reduce
the uncertainty substantially. The committee did not find a compelling need to go
to a three-compartment model; it is not particularly more effective in characteriz-
ing either the uncertainty or the variability of the transfer-factor calculation.

An important issue is the integration of the dosimetry model with the model
of radon-progeny buildup in the bathroom and in the rest of house volume after
water uses. More studies on the buildup and distribution of radon progeny will
have much more importance with regard to the overall uncertainty in the link
between the concentration of radon in water and inhalation dose. These issues
have been discussed in more detail in chapter 5.

One important issue regarding the transfer factor is the question of whether
there is a correlation of the distribution of variability and uncertainty in the
transfer factor with the distribution of ambient radon levels. For example, there is
a need to consider further whether there is a joint occurrence of high radon-in-
water levels with geographical regions with high temperature so that both in-
creased tapwater intake and higher radon-in-water concentrations might corre-
spond. Similarly, there is the question of whether high radon-in-water levels
occur in regions with low annual temperatures and more tightly sealed homes so
that the high radon levels in water would yield to the higher water-to-indoor-air
transfer factors.

Inhalation Risk per Unit of Radon-in-Water Concentration for Inhalation

The committee did not conduct its own detailed uncertainty analysis for the
risk model used for radon inhalation. Instead it reviewed the uncertainty analyses
that have been carried out previously by EPA (1995) and by the BEIR VI com-
mittee (National Research Council 1999) to estimate the uncertainties associated
with inhalation exposures.

As has been noted by the BEIR VI committee, it is not feasible to conduct a
complete quantitative analysis of all potential sources of uncertainty and variabil-
ity in the estimate of the lung-cancer risk associated with the inhalation of radon
and its progeny. A key limitation of such an analysis is the difficulty in enumer-
ating all factors that could influence the lung-cancer risk associated with indoor
exposures to radon. An additional limitation is that existing information does not
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support a fully quantitative characterization of the uncertainty and variability in
some of these factors.

The BEIR VI committee focused its quantitative uncertainty analysis on the
population attributable risk (AR) associated with radon. Because the AR is a
measure of population risk rather than of individual risk, the variability among
individuals was not quantified in the BEIR VI analysis. The uncertainty analysis
was applied in BEIR VI to the BEIR VI committee’s two preferred models—the
exposure-age-concentration model and the exposure-age-duration model. BEIR
VI uncertainty factors reflecting only uncertainty in the parameters of the BEIR
VI risk models provide the geometric range of uncertainty associated with the
BEIR VI model. For males, the ratio of the high to low values in the 95%
confidence interval of AR is 2.7 for the exposure-age-concentration model and
2.3 for the exposure-age-duration model. The ratios are similar for females. On
the assumption that those uncertainty ranges can be represented by log normal
distributions, the BEIR VI committee derived from these ratios a GSD of
approximately 1.3 for the exposure-age-concentration model and 1.2 for the
exposure-age-duration model. From those results, we select an uncertainty factor
of 1.3 to be applied to the inhalation risk factor for situations when the equilib-
rium factor used by BEIR VI applies.

There remains inadequate information to measure and characterize inter-
individual variability in the inhalation-risk models that are available for this
study. As aresult, the cancer-risk models for inhalation described in the BEIR VI
report are characterized only in terms of uncertainty, not of variability. However,
when the AR is used as a measure of population rather than individual or sub-
population risk, the inter-individual variability in cancer risk is effectively aver-
aged out in the analysis. A problem arises when population-based risk factors are
applied to small populations or individual households (such as a small number of
houses with high radon). In such cases, the failure to know the appropriate risk
factors for this small population—where interindividual, variability may not av-
erage out—constitutes an important uncertainty.

Ingestion Risk per Unit of Water Concentration for Ingestion

One of the important uncertainties in our analysis involved the issue of radon
gas behavior in the stomach. During the information-gathering phase of our
analysis, the committee heard conflicting information about the potential of inert
gases, such as radon, to be transferred from the contents of the stomach through
the mucus layer and to the stem cells surrounding the stomach. The extent to
which radon is transferred into and through the stomach wall has a large effect on
the predicted radiation dose associated with water ingestion. Previous efforts
were based on assumptions that either there was no diffusion through the stomach
wall or that the entire stomach wall contains radon at the same concentration as
the stomach contents (see chapter 4 for more discussion). These bounding as-
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sumptions lead to disparate results regarding the estimated risk. To confront this
issue of uncertainty better, the committee elected to develop a stomach model
that allowed exploration of a range of diffusion conditions in the stomach and a
model characterizing the behavior of radon dissolved in blood and body tissues.
Once the radon has entered the blood, through either the stomach or the small
intestine, it is distributed among the organs of the body according to the blood
flow to the organs and the relative solubility of radon in the organs and in blood.
Radon dissolved in blood that enters the lung will equilibrate with air in the gas-
exchange region and is removed from the body; this model is described in detail
in chapter 4 and in Appendixes A and B. The dosimetry model indicates that any
radon absorbed in the stomach results in a higher risk per Bq than in the intes-
tines. The need for the new models also arose from the lack of directly applicable
experimental observations and from limitations in the extent to which one can
interpret results of existing studies. Risk relevant to ingestion of radon in water
depends heavily on the extent to which radon penetrates the stomach wall. With
the new model, the committee was able to conduct a broader set of sensitivity and
uncertainty analyses. The committee notes that limitations in the model structure
with regard to the relative locations of the microvasculature structure (and its
fractional capture of the diffusing radon) and stem cells are the major sources of
uncertainty. The diffusion of radon within the stomach wall was modeled to
determine the expected time-integrated concentration of radon at the depth of the
cells of risk in the stomach wall. The committee’s baseline (or median) estimate
is based on a radon diffusion coefficient of 5 x 10 cm?/s. Using this value
yielded an integrated radon concentration in the wall that is about 30% of the
concentration in the contents of the stomach. Sensitivity and uncertainty analyses
with this model helped the committee to bracket the range of risks that could
plausibly be associated with ingestion of radon in water. The committee esti-
mated that the diffusion coefficient in the stomach could have a plausible lower
bound of 107 cm?/s and a plausible upper bound of 1075 cm?/s (the diffusion
coefficient of radon in water). That range of diffusion coefficients results in a
median estimate of risk of 2.0 x 102 per becquerel per m3. However, the “no
diffusion” and “saturated diffusion” limits in the calculations which were carried
out were not intended as realistic limits and thus should not be interpreted as
representing the range of uncertainty in the ingestion risk. This range was se-
lected to reflect the current literature, in which some authors believe that diffu-
sion is not a viable mechanism, others avoided the whole issue, and still others
endorsed it with the intent of being conservative when setting a radiation-protec-
tion quantity. The committee’s calculations in the extremes were largely for the
purpose of illustrating the significance of this mechanism; that is, they were
bounding calculations.

The committee has not carried out a detailed uncertainty analysis for the
ingestion-risk model described in chapter 4. However, it has made some subjec-
tive judgments regarding uncertainties on the basis of what has been done and

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/6287

Risk Assessment of Radon in Drinking Water

DEFINING KEY VARIABILITIES AND UNCERTAINTIES 137

what is now known about this problem. From this review, the committee makes
the following observations:

® The literature on inert gases in the stomach clearly supports an assump-
tion that movement into the stomach wall occurs, and diffusion is the probable
mechanism.

* Physiologic processes and histologic structures prevent gastric acids from
digesting the stomach, and it is reasonable to assume that they restrict to some
degree the movement of gases into the wall.

® The basic input data for the calculations of stomach-cancer risk are based
on risk factors derived from the Japanese atomic-bomb survivors, and a high
background of stomach cancer among the Japanese population is well estab-
lished. Thus, the Japanese data are transported to the US population with a
relative-risk projection model that considers the background rate of stomach
cancer in the United States. The incidence of stomach cancer in the US popula-
tion involves a number of cofactors and has been declining in recent years.

It is the judgment of the committee that the risk of cancer posed by an
absorbed dose in the stomach is probably not greater than 2.3 times the best
estimate of 1.6 x 10~ per Bq m~3 and it is probably greater than this value divided
by 5; that is, it is probably between 3.8 x 10-1%to 4.4 x 10~ per becquerel per m3.
Assuming that these bounding values represent the 80% confidence interval—
that is, a 3.3 standard-deviation range of risk, the committee estimates that the
uncertainty in this risk factor has a GSD of 2.1, which is lower than the EPA-
estimated GSD of 2.4. Thus, the proposed committee model gives an estimate of
risk that is about a factor of 3 lower than the EPA median risk estimate and has a
lower GSD that reflects uncertainty. Variations in ingestion are incorporated into
this estimate of risk, but uncertainties in the nature and magnitude of diffusion
processes in the stomach are dominant contributors to overall uncertainty.

Uncertainty and Variability with Regard to Mitigation

A key issue of uncertainty is quantification of the reduction in the level of
radiation dose achieved by various mitigation technologies and how this reduc-
tion is distributed among the populations at risk. The actual performance of these
technologies, compared with what it is assumed to be, is probably an important
uncertainty. Variations in performance and reliability might be large and difficult
to quantify.

COMMUNICATION OF UNCERTAIN RISK INFORMATION

The decision to expend societal resources to identify, estimate, and manage
risk implies a valuation of the risk being controlled. Because of the inherent
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uncertainty in risk characterization and risk management, it is important to con-
sider how individuals and societies value uncertain adverse consequences. The
committee expects such valuations to be expressed in terms of relative prefer-
ences, economic preferences, or ethical constraints. One issue that must be con-
sidered when there are large uncertainties in risk estimates is how to communi-
cate this information to the affected public. The committee has found that it is
often difficult to find the appropriate language for communicating and discussing
uncertainties among ourselves. Thus, it is concerned that this difficulty will be
amplified significantly when there is a need to communicate information about
uncertainties to the less technically oriented community groups that must make
decisions based on relative-risk estimates.

Another National Research Council report, Improving Risk Communication
(National Research Council 1989), has reviewed a number of issues related to
risk communication. That report provides some discussion regarding the prob-
lems of uncertainty and variability in risk communications. It is suggested that it
is dangerous to quantitatively describe the uncertainties in risk messages. It is
generally not possible to describe the complexity of the uncertainty analysis.
However, it should be made available in ancillary documents. A key goal of their
recommendations is to help audiences distinguish areas of scientific agreement
amid what may appear as vast areas of policy disagreement. Careful delineation
of existing scientific uncertainty is that it gives audiences a sense of the degree of
scientific consensus and allows them to distinguish minor from major uncertain-
ties. Thus, the description of uncertainties is both an essential and difficult part of
the communication of risk to the public.

Communicating successfully with the public and with water utilities con-
cerning the uncertainty of the risks of radon in air and in water, as well as the
uncertainties regarding the likely benefits of risk-reduction strategies will require
involving those parties in the process much earlier than was done previously.
Risk managers have previously viewed risk communication as a one-way, tempo-
ral educational process in which experts pronounced and the audience listened
and learned. An unsuccessful risk communication effort was blamed on audience
failure to assimilate the information and act appropriately.

That unilateral approach is being replaced by a multilateral one as agencies
with a communication mission work to involve the audience in planning and
execution. Serving as an important catalyst for this change was the previously
mentioned National Research Council (1989) report which declared “risk com-
munication should be a two-way street,” between experts and various groups, that
should exhibit a spirit of open exchange in a common undertaking rather than a
series of “canned” briefings restricted to technical “nonemotional” issues and
an “early and sustained interchange that includes the media and other message
intermediaries.”

Though involvement of the public is understood to enhance communication
with those directly involved, relatively little understanding exists on how to best
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express risk information and its related uncertainties to broad, non-technical
audiences who may have little contact time with the subject. For the various
reasons discussed, communication about the uncertainty of the risks calculated
here will remain as one of the most challenging of endeavors.

DISCUSSION AND RECOMMENDATIONS

The committee identified the issues of uncertainty and variability as likely to
have important scientific and policy implications for the health effects attribut-
able to radon in drinking water. One overarching issue is how uncertainty and
variability can affect the reliability of estimated health effects of a given standard
and the health benefits of alternative standards and control strategies.

The approach used in the EPA uncertainty analysis, which is summarized in
Appendix F, was fully consistent with emerging EPA guidelines and protocols
for uncertainty analysis. Moreover, the EPA document, which transmitted these
results, has defined the state of the art for uncertainty analysis within EPA. The
explicit separation of uncertainty and variability and the resulting two-dimen-
sional Monte Carlo analysis express uncertainty and variability separately on the
same graph. Those methods are innovative and useful for understanding the
distribution of risk among populations and the impact of various mitigation
strategies.

In reviewing the EPA effort, the committee observed that the EPA risk
assessment used an appropriate approach to obtain the uncertainty factor for the
population cancer risk associated with ingestion of radon in water. The uncer-
tainty range used by EPA reflects parameter uncertainty associated with the EPA
risk model. However, this model is constrained by the assumption that radon is
instantaneously and uniformly distributed in the stomach after ingestion. The
uncertainty range in the EPA results does not appear to have been set up to reflect
the bias and uncertainty associated with this assumption. Nevertheless, the 95%
confidence interval of the uncertainty range developed by the committee for this
report is essentially contained within the 99% confidence interval suggested by
the EPA results. That suggests that the EPA did not underestimate its confidence
interval. However, the committee’s uncertainty range is at the lower bound of the
EPA range, and this suggests the likely upward bias of the EPA risk estimate.

Because current risk models must rely on epidemiologic relationships, it is
difficult to accurately represent individual and subpopulation variations in sus-
ceptibility. However, the study of molecular and cellular mechanisms of radia-
tion-induced cancer brings to the risk-assessment process important insight about
the nature and magnitude of the uncertainties associated with the dose-response
models discussed in this report. In particular, the introduction of biophysical
cellular models to the risk-assessment process reveals both the limited reliability
and the potential bias of the existing models.

One critical issue in defining the potential risk associated with waterborne
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radon is the rate of diffusion of radon through the stomach wall toward the stem
cells surrounding it. This rate is critical in defining the relative importance of the
risks associated with waterborne radon compared with the risks associated with
indoor airborne radon.

There remains insufficient information to quantify interindividual variability
in the cancer-risk models that are available. As a result, the cancer-risk models
for inhalation described in this report are characterized only in terms of uncer-
tainty, not variability. In contrast, radon exposure data—including concentrations
in water and in indoor air, transfer factors, and equilibrium factors—have been
collected with sufficient resolution to explicitly represent population variability
within the United States. However, uncertainties in the parameters—that is, dis-
tributional moments—describing this variability are not yet known with preci-
sion. The uncertainty in the parameters describing exposure variability can be
measured with methods used by EPA (1995) and Rai and Krewski (1998), which
use combined uncertainty and variability analysis to characterize the relative
importance of the two sources of variance in risk estimate.
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MITIGATION OF RADON IN INDOOR AIR

Radon Entry into Buildings: A Brief Review

Radon is a ubiquitous constituent of soil gas as its radioactive parent, 2*°Ra,
is widely distributed in the earth’s crust. Typical soil-gas radon concentrations
are around 30,000-300,000 Bq m3, and values ranging from about 5,000 Bq m=3 to
about 5,000,000 Bq m=3 have been reported. The principal mechanisms of radon
transport in porous media (e.g., soil) are advection and diffusion; both are sources
of radon entry into buildings, and they are described briefly in this section. More
complete discussions of radon transport in soils and entry into buildings can be
found in the literature (Sextro 1994; Nazaroff 1992; Nazaroff and others 1988).

Advection

Bulk flow of soil gas that contains radon is the main mechanism of radon entry
into buildings. This flow occurs in response to pressure differences between the air
in buildings and the air in the adjacent soil. These differences are established by the
natural interaction between the building and the surrounding environment and in
some cases by the operation of mechanical systems within the building.

The temperature difference between the air in a building and the air outside
creates a pressure gradient across the building shell that varies with height along
the shell. When the indoor air temperature is higher than the outdoor, the indoor
air pressure in the lower parts of the building (e.g., in the basement or the region
of the ground-contact floor) is slightly lower than the air pressure in the adjacent
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soil; conversely, at the top of the building, the pressure gradient across the build-
ing shell is reversed, so air flows out of the building. This thermal-stack effect is
one of two principal mechanisms responsible for the natural ventilation of build-
ings; it is sometimes referred to as infiltration.

Wind also creates pressure differences between the inside and the outside of
a building. The pressure fields can be complex and depend on the size and shape
of the building and the wind direction. The pressure fields also extend into the
surrounding soil, increasing the pressure of the soil air on the upwind side and
decreasing it on the downwind side of the building (Riley and others 1996). The
net effect is usually an airflow out of the top of the building caused by the
Bernoulli effect of the wind over the roof or by the reduction in air pressure on the
leeward side of the building. In response to the slightly lower air pressure in the
building, “makeup” air flows in through openings in the building shell, some of
which might provide direct contact with soil air.

The effects of the thermal stack and the wind can independently result in
indoor-outdoor pressure differences of about the same size at the lower portions
of the building shell. For example, an indoor-outdoor temperature difference of
20 °C (a common wintertime temperature difference in many parts of the United
States) results in an indoor-outdoor pressure difference of about -3 Pa at the
bottom of the thermal stack (the basement or other ground-contact floor). Simi-
larly, a wind speed of 4 m s~! results in an indoor-outdoor pressure difference of
about -2 Pa for a typical house (the relationship between the indoor-outdoor
pressure difference and wind speed is quadratic, so doubling the wind speed
increases the pressure difference by a factor of 4). Those are “steady-state” val-
ues. Temperature differences usually do not change very rapidly, but in the
course of a day outdoor temperatures can change by 20 °C or more as part of the
diurnal cycle. Wind speeds and directions are highly changeable, and this leads to
substantial variation in “instantaneous” pressures. A more detailed discussion of
the pressure gradients developed in buildings can be found in Liddament (1986).

The operation of mechanical systems in a building can lower the pressure in
a building, especially when the flows induced by these systems are unbalanced.
Operation of an exhaust fan—such as a bathroom or kitchen fan, whole-house
fan, or, in some cases, an attic fan—will result in lower indoor pressures. Just as
in the case of infiltration, the “makeup” air flows into the house through leaks in
the building shell, some of which provide a pathway for soil-air entry. Operation
of a forced-air heating and cooling system can also lead to unbalanced flows and
result in lower indoor pressures, depending on the locations of the supply and
return ducts and their leakage characteristics.

Diffusion

Molecular diffusion, driven by the concentration difference between low-
concentration regions, such as the interior of a building, and the higher-concen-
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tration soil is another mechanism for radon entry into buildings. A key control-
ling variable—in addition to the radon concentration gradient—is the diffusivity
of any material that separates the soil from the building interior, such as a con-
crete floor. In the case of an open soil floor, and in the absence of pressure
differences, the radon flux density is the highest across this interface and is about
the same as would be observed outdoors (soil moisture differences can have an
effect on the diffusivity of soil). For soils with typical radium content, the radon
flux density is 1-2 X102 Bq m=2 s71.

The presence of a concrete floor can increase the concentration gradient over
that found in open soil, but radon diffusivities are typically smaller in concrete
than for soil. The concrete floor acts as a diffusion barrier; diffusive radon entry
though such a floor is likely to be somewhat lower than that for open soil. For
nominal values of the diffusivity of concrete and typical radon concentrations in
soil gas adjacent to a building, the radon entry rate due to diffusion through a
concrete floor is about 1 X102 Bq m~2 s~!, which is about half the open-soil
value. Most of this radon is from the soil itself, as opposed to the radon arising
from radium in the concrete (Sextro 1994). This estimate is consistent with
measurements of flux density conducted as part of extensive field experiments,
where the average flux density was 1.3 X102 Bq m~2 s~! (Turk and others 1990).

Building materials themselves—especially those with soil-based constitu-
ents, such as concrete, brick, and natural stone—contain radium and will thus be
a source of radon diffusion into indoor air. In most cases, however, the amount of
radium in such materials is small enough that, in combination with the diffusivity
of the material and typical infiltration and ventilation rates of buildings, their
overall contribution to indoor radon concentrations is modest.

Other Sources

Three other sources of radon are worth noting. The first is advective
transport of soil gas driven by changes in atmospheric pressure. Although
large changes in atmospheric pressure can result from changes in weather,
they are relatively infrequent compared with the smaller diurnal and semi-
diurnal atmospheric pressure changes (Robinson and Sextro 1997). Overall,
these effects are estimated to be small and to yield overall radon entry rates
roughly the same as that due to the second source, infiltrating outdoor air. The
latter, considered in more detail in chapter 2, provides an irreducible “baseline”
indoor radon concentration.

The third source is the topic of this report: indoor use of water that contains
dissolved radon, which is the subject of detailed discussions elsewhere. In the
context of other sources, the average contribution made by water to indoor-air
radon concentrations is very modest, given that the average transfer coefficient is
10
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Radon Entry in Context

Several sources of indoor radon have been described; from all but outdoor
air, the resulting indoor concentrations (and hence exposures) depend on the
combination of the source strength and the ventilation rate of the building. As
noted earlier, the stack and wind effects are primarily responsible for the natural
ventilation of buildings, in addition to providing a driving force for radon trans-
port into buildings. It is useful to provide a context for these flows.

The steady-state solution to the first-order differential equation that describes
indoor radon concentrations illustrates the key variables:

S
C=C)+— 8.1
i 0 VR ( )

Where,

C, is the indoor concentration (Bq m),

C, is the outdoor concentration (Bq m=),

S is the radon entry or production rate (Bq per unit time, t),
V is the house volume (m?),

R is the removal rate (t™)).

Here R can account for any method of removal and is just the sum of the
individual removal terms. In this case, R is the air-exchange rate (AER). A typical
single-story house has a “footprint” of 120 m? and a corresponding volume of
about 300 m3. Annual average natural ventilation rates are about 0.9 h-!. Using
those values for V and AER, the air flow rate (the product of V and AER) through
this house is 270 m3 h™1,

The radon entry rate corresponding to the Environmental Protection Agency
(EPA) guideline concentration of 150 Bq m=3 can be estimated from equation 8.1.
Neglecting any contribution from outdoor air and using the ventilation rate de-
scribed above, the radon entry rate, S, is about 40,000 Bq h™! (about 11 Bq s1).
That can be compared with the estimates of diffusive radon entry. Assuming a
floor area of 120 m?, the entry rate due to diffusion is about 1 Bq s!, a small
fraction of what is needed to produce an indoor air concentration of 150 Bq m.

Similarly, the soil-gas flow to produce this indoor concentration can be
estimated. Assuming a typical value of about 40,000 Bq m3 for the concentration
of radon in soil gas, the soil-gas entry rate is about 1 m3h-!, which is about 0.4%
of the overall air flow rate into the house.

Mitigation Methods for Existing Houses

Conceptually, there are two approaches for mitigating indoor radon concen-
trations (or most other indoor pollutants, for that matter): source control and
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concentration reduction. One can use equation 8.1 to provide some insight into
the relative efficacy of the two approaches. Indoor radon concentration is directly
proportional to the source term and (again neglecting outdoor air as a source)
inversely proportional to the removal terms. Considering the latter first, removal
can mean either increased ventilation or some other method of removing radon or
radon decay products from indoor air. In any case, for the previous example, to
decrease the radon concentration by a factor of 2 by ventilation alone, the AER
will need to be increased to 1.8 h~!. Although that is not an excessive ventilation
rate and is often achieved naturally when doors and windows are open, AER
values of 2 h™! commonly have comfort and energy penalties during colder
seasons. Thus, this means of reducing radon concentration has some practical
upper limits. In addition, forced ventilation can result in additional depressuriza-
tion of a building and potentially increase the radon entry rate.

Other nonventilation removal methods are possible, and two are described in
more detail below. As with ventilation, substantial removal means processing
indoor air at rates that are comparable with or greater than the ventilation rate
(about 270 m3 h~! in the example above). It also means that essentially the entire
living space will need to be treated; this could require multiple single-room
reduction devices (such as air cleaning, described below) or whole-house devices
used in conjunction with a forced-air system. In the following sections, source-
control methods are described first and then concentration-reduction methods.

Source Control

When high indoor radon concentrations in houses were found in various
locations in North America in the middle 1970s, initial research on reduction
methods was based on two key assumptions: that the source term was high
concentrations of radium in soil materials derived from uranium mining and that
the principal means of radon transport and entry was diffusion. Thus, initial
attempts at source control focused on removal of the materials, typically uranium
mill tailings used as back fill under floor slabs or adjacent to basement walls. In
addition, several projects investigated the use of coatings and other sealants that
would serve as an additional barrier to radon diffusion (see, for example, Culot
and others 1978). Although removal of some of the high-radium-concentration
materials had an effect, indoor radon concentrations in some cases were not
reduced commensurately. As additional measurements of indoor radon concen-
tration were conducted, houses were found with high indoor radon concentrations
that had no known anthropogenically enhanced radon source (Sachs and others
1982). At the same time, mass-balance considerations (similar to equation 8.1
above) showed that diffusion alone had only a slight potential to produce the high
indoor concentrations that were being observed (Bruno 1983).

Although removal of high-radium-concentration source materials can be part
of an overall radon-control method, it generally is not part of current practice,
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because it is not necessary (except in rare cases). The vast majority of radon-
mitigation systems now installed in existing houses rely on mechanically driven,
or active, subslab depressurization (ASD) techniques (Henschel 1994). These
methods seek to reverse the pressure gradient across the part of the building shell
that is in contact with the soil. As noted earlier, this pressure difference drives the
advective flow of radon-bearing soil gas into a building. The systems are some-
times referred to as subslab ventilation systems, but as a general rule that is a
misnomer. When operated in a depressurized mode, the system does draw some
outdoor air from the surface into the soil near the building. It also draws air into
this region from the basement (reversing the flow of gas in the cracks and open-
ings in the building shell). The flow of air may dilute the soil-gas radon concen-
tration in the vicinity of the building somewhat, but the extent depends on the
permeability of the soil. The key operating principle is still reversal of the indoor-
outdoor pressure gradient.

Operationally, a subslab system consists of one or more pipes that penetrate
the floor slab. The pipes, typically 7-15 cm in diameter, run vertically through the
house and terminate above the roof. A mechanical fan, usually an in-line axial fan
designed specifically for this application, is installed in the pipe system where it
passes through the attic or some other location outside the conditioned living
space of the house. The fan operates at about 100-400 m3 h~! at a pressure of up
to a few hundred pascals (Henschel 1993).

In an ASD system, the fan creates a low-pressure zone in the soil outside the
building shell. A successful system will reverse—or at least reduce—the pressure
gradient at all major building-shell penetrations that are in contact with the soil.
An important entry pathway for soil gas in many basement structures is the
expansion-contraction joint at the edge of the concrete floor slab where it abuts
the wall. In some cases, there will also be openings or utility penetrations through
the basement walls or, as in the case of walls constructed of hollow-core “cinder”
or concrete block, the wall itself is permeable to air flow. To eliminate or reduce
soil gas entry in these areas, the low-pressure zone must extend beyond the region
of the floor and up the walls. Almost all the retrofitted ASD systems are success-
ful in reducing indoor radon concentrations to less than 150 Bq m™3 and often
concentrations are reduced to about 75 Bq m~3. In some cases when the basement
walls are constructed of blocks, depressurization pipes are inserted into the hol-
low cores of the blocks themselves. Because these cores are typically intercon-
nected, directly or through thin permeable concrete “webs,” there is in effect a
depressurized plenum within the walls themselves, thus largely eliminating any
flow of soil gas across the wall and into the building interior.

Over the last decade, a considerable amount of research and practical expe-
rience on the installation of these systems has been accumulated (Henschel 1993).
Two elements aid the successful implementation of an ASD system. One is the
presence of a high-permeability gravel layer below the floor slab. This layer
essentially establishes a low-flow-resistance pressure plenum that enhances the
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lateral extension of the pressure field, as described earlier. In some cases, the
presence or continuity of the gravel layer cannot be easily determined. In these
cases, a ~1 m diameter sump or pit is dug into the soil below the slab at the point
where the ASD pipe extends below the slab. The pit helps to ensure that the
pressure field created by the ASD extends as far as possible throughout the region
of the soil-building interface.

The second practical element in the implementation of an ASD system is
sealing as many of the potential radon-entry locations as possible. Although
sealing by itself is usually not effective in eliminating radon entry, sealing does
enhance the effectiveness of an ASD system because it helps to reduce any short-
circuiting of air flow from the building interior into the depressurized region
below the floor slab. By reducing this air leakage, the low-pressure field created
by the ASD system can be further extended laterally along the soil-building
interface.

One variant of the subslab system uses a fan to pressurize the region below
the floor slab. In this case, the system is providing ventilation of soil gas, thus
reducing the radon concentration in the soil region adjacent to the building.
Rather than reducing or reversing the pressure gradient across the building shell,
this method actually increases the interior-to-exterior pressure difference and so
increases the flow of gas from the soil into the building. When successfully
implemented, the reduction in radon concentration in the soil gas more than
compensates for the increased flow. Careful studies have shown, however, that
high soil permeability is key to the successful use of this technique, because it
permits a larger dilution effect (Gadgil and others 1994; Turk and others 1991a;
1991b).

Basement pressurization has also been used to control radon entry. This
method uses the same principle for control as does an ASD system, but it pressur-
izes the entire basement volume to reverse the indoor-outdoor pressure gradient.
Successful use of the technique in a research-house study provided strong empiri-
cal evidence that radon entry into buildings is dominated by advective transport.
However, as a practical matter, use of the technique has been limited to base-
ments that can be made very tight with respect to air leakage, particularly the
membrane between the basement and first floor. Pressurization is done with
conditioned air, usually drawn from the first floor. If flow rates are too large, a
substantial energy (and in some cases comfort) penalty is associated with heating
or cooling the extra “make-up” air as it infiltrates into the house. This method can
also create backdrafting problems for fireplaces or other combustion appliances
on the first floor (Turk and others 1991a; 1991b).

The source-control methods described thus far for use in existing houses are
all mechanically driven (that is, fan-powered), so-called “active” methods. Two
other techniques—both passive—have been used. The first technique, sealing,
has been noted earlier. Empirically, this method has not been found to reliably
produce substantial reductions in radon entry, largely because it is often difficult

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/6287

Risk Assessment of Radon in Drinking Water

148 RISK ASSESSMENT OF RADON IN DRINKING WATER

to find or satisfactorily seal all the leakage pathways. The problem is acute when
part of the soil-structure interface has a low resistance to flow, as when there is a
gravel layer below the floor or when the basement walls are constructed of
hollow-core block. The second passive (nonmechanical) technique that has been
used as a retrofit mitigation system with some (but not uniform) success is the
passive thermal stack. Similar in some respects to ASD systems, it consists of a
pipe system that is inserted through the floor, and passes through the house and
out through the roof. It is important that the pipe pass through the heated portion
of the house, because it relies on heat transfer from this conditioned space to heat
the air column inside the stack, thus creating the thermal stack effect. There is a
small amount of pressure loss at each bend in the pipe, so it is also important to
minimize the number of bends in the pipe system as it passes through the house.

For this system to be effective, the pressure field developed by the stack
below the floor slab needs to be sufficient to reverse or at least substantially
reduce, the pressure gradient between the soil and the building interior, which
drives advective flow of gas from the soil into the building. The soil-to-building-
interior pressure difference will be greatest when the inside-the-stack-to-outdoor
temperature difference is the largest, for example, during the winter in cold or
moderate climates. This is the same period when the advective transport of soil
gas into the building is potentially the greatest. The influence of wind can compli-
cate the behavior of a passive stack system. As described earlier, wind can de-
pressurize the building interior, in addition to the depressurization caused by the
stack effect. Wind can also affect the flows and pressures at the stack opening,
depending on the wind direction with respect to the orientation of the roof.

It is important to have a high-permeability zone below the floor to ensure
that the pressure field created by the passive stack extends along the soil-building
interface, especially inasmuch as the pressure field generated by the stack is
typically 1-10 Pa less than the air pressure inside the building, compared with the
100- to 400-Pa pressure difference generated by an ASD system (Gilroy and
Kaschak 1990). In an existing house, the presence of such a layer and the extent
to which it is present throughout can be difficult to determine.

Concentration Reduction

Unlike source-control methods, which seek to limit radon entry, concentra-
tion-control methods are designed to reduce radon or radon decay-product con-
centrations in indoor air. Three concentration-control techniques will be described
in this section.

As mentioned earlier, increased ventilation can reduce both radon and radon
decay-product concentrations, as long as it does not enhance the indoor-outdoor
pressure difference. In one set of experiments conducted in a house, basement
radon concentrations were observed to be lower when the basement windows
were open. Measurements conducted with a tracer gas showed that basement

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/6287

Risk Assessment of Radon in Drinking Water

MITIGATION 149

ventilation increased somewhat with the windows open but that the largest effect
was due to reducing the indoor-outdoor pressure difference across the basement
wall (Cavallo and others 1996).

One method of increasing ventilation while avoiding some of the energy and
comfort penalties noted earlier is to use an air-to-air heat-exchanger system, often
referred to as a heat-recovery ventilation (HRV) system. In this approach, de-
signed around commercially available HRV units, ventilation air is exhausted
through a heat exchanger through which incoming unheated air also passes. The
heat-exchange process is about 40-80% efficient thermally and substantially re-
duces the energy cost of increased ventilation (Turk and others 1991a; Fisk and
Turiel 1983). Such systems have been used successfully for radon control, espe-
cially in houses with basements. Because most radon entry occurs through the
basement floor and walls, basement radon concentrations are often higher than
elsewhere in a house. Use of an HRV to reduce radon concentration in this space,
as opposed to the whole house, means that the effective ventilation rate of the
space is higher (which affords more control); by controlling basement concentra-
tions, it also reduces radon levels throughout the house. One important ancillary
benefit is that the HRV can be used to alter the basement pressure somewhat and
will thus provide some additional radon-concentration reduction via source con-
trol (Turk and others 1991a).

Another method that has had very limited use is based on the sorption of
radon gas by activated carbon (Bocanegra and Hopke 1989; Brisk and Turk
1984). A commercially available device based on this approach consisted of two
carbon beds; one removed radon from indoor air flowing through it while the
other was being purged of accumulated radon by having outdoor air passed
through it and exhausted to the outdoors. The two beds were switched periodi-
cally so that the freshly purged bed was used to accumulate radon and the bed
used for sorption began to be purged (Wasiolek and others 1993). Overall per-
formance of this method is limited by the rate of air flow through the device,
which in turn helps to determine the charcoal bed thickness. Like the HRV
system, this approach appears to have the greatest applicability in radon control
for a basement.

The third concentration-reduction approach is the use of air-cleaning to re-
duce radon decay-product concentrations. Unlike their chemically inert parent,
the decay products 2!8Po, 214Pb, and 2!“Bi are metals and easily attach to the
surfaces of any aerosols that are present (the “attached” mode). Some decay-
product atoms, particularly 2!8Po, can also remain as ultrafine aerosols (the “un-
attached” mode, a few nanometers in diameter). Indoor air concentrations of both
modes can be reduced by using an air cleaner designed to remove particles.

There have been a number of evaluations of air-cleaning systems undertaken
in test chambers or actual indoor environments (reviewed in Hopke and others
1990). Some of these systems can effectively remove radon decay products from
indoor air. However, the reduction of 2!8Po is not as large as that of 214Pb and
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214Bi, At the same time, the particles are removed from the air. As a result, the
unattached fraction of airborne activity increases, especially of 218Po. Because
the unattached fractions of the radon progeny have been considered to be far
more effective in depositing their radiation dose to lung tissue, concerns have
been raised regarding the efficacy of air-cleaning as a means of mitigating the
hazards arising from indoor radon.

A major problem in the previous studies was that the systems used to mea-
sure radon progeny were not able to determine the full size distribution, espe-
cially in the size range below 10 nm. Estimates of the unattached fractions were
made with systems that provide a poorly defined size segregation (Ramamurthi
and Hopke 1989). In many cases, the size-measurement methods and results were
not clearly stated.

In 1990-1992, a research program supported initially by the New Jersey
Department of Environmental Protection and then also by EPA undertook field
studies to investigate the effects of room-air cleaners on radon progeny concentra-
tions and activity-weighted size distributions (Hopke and others 1993; Wasiolek
and others 1993; Li and Hopke 1992; 1991b) A unique, semicontinuous graded
screen-array sampling system (Ramamurthi and Hopke 1991) was used to mea-
sure the radioactivity associated with indoor aerosol particles in the size range of
0.5-500 nm.

In an early set of studies, particles were produced by a variety of activities,
such as cooking, smoldering of a cigarette, burning a candle, and operating a
vacuum cleaner. Aerosol behavior in the absence of an air cleaner was deter-
mined for each condition (Li and Hopke 1991a). The experiments were then
repeated with a high-efficiency filter system operating (Li and Hopke 1992). It
was found that the filtration unit reduced the airborne activity concentrations by
removing particles, but the reductions in estimated dose were much smaller than
the decrease in PAEC.

Other experiments in normally occupied houses have involved the measure-
ment of the effectiveness of the filtration unit and an electrostatic precipitator by
comparing the cumulative frequency distributions of measurements made during
a week while a particular cleaner was operating and measurements made during
a background week in which no cleaner was being used (Li and Hopke 1991b). A
similar experimental design was used to study the two cleaners and an ionization
system in an occupied home (Hopke and others 1993). The results of the 1992
measurements in Parishville, NY, in which two ionizing units were measured
along with two filtration units were described by (Hopke and others 1994). More
detailed studies of the NO-RAD ionizer system under the controlled conditions of
a room-sized chamber at the Lawrence Berkeley National Laboratory were per-
formed, and there are several other ionizer-based cleaners for which there have
not yet been field studies (Hopke 1997; Hopke and others 1995b).

From the more recent studies on air cleaners and their effects on exposure to
and dose from airborne radon decay products, several important conclusions can
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be drawn. With the new dosimetric models that more accurately reflect nasal and
oral deposition of ultrafine particles, it is extremely unlikely that an air cleaner
can reduce exposure and increase dose as suggested by Maher and others (1987),
Sextro and others (1986), and Rudnick and others (1983). Thus, there is no
reasonable likelihood that the use of an air cleaner will increase the hazards posed
by indoor radon.

In studies of different types of air-cleaning devices, reductions in exposure
have always exceeded reductions in dose. However, cases have been observed in
which there has effectively been no reduction in dose. Thus, for many air cleaners,
the clean-air delivery rate is insufficient to provide substantial protection from
the radon decay-product hazard. The air cleaner might be effective in removing
other contaminants—including cigarette smoke, dust, pollen, and spores—and
thus provide a considerable benefit to an occupant without lowering the radon-
progeny risk substantially and, more important, without raising that risk
at all.

The experiments with the newest systems suggest that the combination of
substantial air movement and ionization could provide sufficient reduction in
exposure and dose to be effective in reducing the radon-progeny risk at radon
concentrations up to around 400 Bq m=3. If it is desirable to reduce the risk to that
equivalent to the average dwelling in the United States, then such units would be
useful only for lower 222Rn concentrations. There would also need to be multiple
units in a home to provide complete room-to-room reduction.

Mitigation Methods for New Construction

Radon-mitigation methods for new buildings can be incorporated directly
into the construction process and both enhance the performance of the system and
reduce the cost of installation, compared with the cost of retrofit mitigation
methods. Systems for controlling radon concentrations described earlier have
essentially the same applicability whether their use is in existing or new build-
ings, and they will not be discussed further in this section. Some cost savings
might be associated with installation of systems like an HRV during the construc-
tion process or with integrating such a system into the space-conditioning system
of the building.

In the following sections, the application of “existing-house” techniques for
radon-entry control is discussed briefly and then a more systemic approach for
making buildings radon-resistant as part of the construction process is discussed.

Application of Existing-House Radon-Entry Control Methods

As described earlier, one of the most widely used radon-mitigation tech-
niques is ASD. Key to the successful implementation of these systems is reversal
of the pressure gradient at all the major soil-gas entry points. Typically, this
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requires a high-permeability zone (such as gravel) below the floor and, in some
cases, around the foundation footings so that the pressure field extends up the
basement walls. Sealing major openings, such as at the joint of the basement floor
and the wall usually is also necessary to ensure that there are few flow “short-
circuits” that will degrade the pressure field. Achieving these in existing build-
ings can sometimes be problematic because the extent of the high permeability
zone might not be known, although flow and pressure can be measured to provide
a coarse assessment. In addition, it can be difficult to identify all the major soil-
gas flow pathways through the building shell.

In new construction, both those problems are more readily addressed. The
extent and quality of a gravel bed, for example, can be specified as part of the
building design and as part of the construction-inspection process. Many of the
leakage paths can be eliminated through design (for example, minimizing utility
penetrations of ground-contact floors or walls), materials use (for example, use of
low-shrinkage concrete for floors), and construction practices (for example, ad-
equate sealing of utility penetrations).

One of the important benefits of these methods is that passive-stack methods
might become more applicable. In some cases where wind or other effects might
increase the depressurization of a house, thus potentially overriding the reverse
pressure gradient established by the passive stack, the use of low-power fans for
mechanical stack depressurization is attractive. Such systems have been tested in
a limited number of homes and show promise (Fisk and others 1995; Saum 1991).

Radon-Resistant Buildings

Most of the elements required for making a building radon-resistant have
already been described. In principle, if all entry routes through which soil gas can
flow are eliminated or the pressure gradient that drives air flow through such
openings is reversed, advective transport will not contribute to indoor radon
concentrations. If successfully implemented, this approach can be achieved with-
out the use of mechanical systems—it will constitute a so-called passive radon-
resistance system. Such an approach has two important advantages over active
radon-control systems: there are no mechanical or electric components to fail (for
which the building occupants must maintain an awareness), and there is no con-
comitant energy use. On the other hand, the operation of mechanical systems can
be easily monitored, for example, with a pressure gauge. Failure of a fan would,
in principle, be easily detected by a change in pressure in the radon-mitigation
pipe. The potential system-failure modes in a passive system are likely to be more
subtle, such as those induced by the differential settling, cracking, and aging of
building components, particularly foundation walls, footings, and floors.

Radon-resistant features, including those designed to reduce or eliminate
radon-transport pathways and those in some cases, designed to reverse or de-
crease the differential driving pressure, have been proposed or incorporated into
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codes and guidelines for new buildings. In addition, some builders in various
parts of the United States have voluntarily adopted construction practices that
they believe will limit radon entry into new homes (Spears and Nowak 1988). In
1991, Washington state adopted a radon provision as part of the Washington
State Ventilation and Indoor Air Quality Code (WSBCC 1991). It provides
specific details for houses built with crawlspaces for the entire state and specifies
radon-resistance features for eight counties thought to have potential for high
indoor radon concentrations. The specifics include use of aggregate and a mem-
brane below the floor slab, sealing of all floor penetrations and joints, and the use
of a passive stack extending from the subslab through the heated portion of the
house and exhausting through the roof. At the time of its inception, the code also
required provision of a long-term radon monitor in each new home; this part of
the code is no longer in force.

In March 1994, EPA published a set of standards and techniques for con-
struction of radon-resistant residential buildings (EPA 1994a). These provisions,
along with EPA’s county-by-county radon zone map of the United States, were
incorporated as a recommendation in the Council of American Building Officials
residential building code and have been adopted, with modifications in some
cases, by various local building-code authorities around the country.

In 1989, Florida initiated the Florida Radon Research Program (FRRP),
which was designed to be a comprehensive program of research to examine many
of the details involved in typical residential construction practice and how they
might be modified to provide resistance to radon entry (Sanchez and others
1990). Many of the features are directed toward reducing radon entry in the
elevated slab-on-grade construction method used widely in that state. Particular
attention has been paid to attempting to ensure the integrity of the floor slab and
to provide a subslab membrane that is sealed at all floor penetrations (for ex-
ample, plumbing pipes) and at the edge of the slab.

The FRRP, conducted in cooperation with EPA, has produced the most
extensive research on radon-resistant new construction to date. Most of the fea-
tures in the proposed code have been evaluated, but in only a small number of
houses (see, for example Fowler and others 1994; Hintenlang and others 1994;
Najafi and others 1993; Najafi and others 1995). One part of the FRRP was the
development of a radon-potential map of the state, delineating regions where no
special radon controls are needed, regions where only passive (radon-resistance)
features are required, and regions where both radon resistance and ASD are
needed (Rogers and Nielson 1994).

Results of several house-evaluation studies conducted as part of the FRRP
have shown that most of the houses built in conformity with the proposed stan-
dard appear to have short-term indoor radon concentrations below 150 Bq m=3.
However, there are a number of important limitations regarding these results, the
most important of which might be the timing and duration of the indoor radon
testing. With few exceptions, the indoor radon was measured after construction
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was completed but before occupancy—usually within a period of a week or two.
As a result, house ventilation rates might not be similar to those during occu-
pancy, nor will the short-term measurements of radon concentration be represen-
tative of a longer-term average indoor radon concentration.

A more generic evaluation of the effects of the different elements of the
passive mitigation system proposed by the FRRP was conducted through the use
of a radon-transport model with some “calibration” against data obtained in sev-
eral house-evaluation projects (Nielson and others 1994). The model could not,
of course, simulate failures, only the presence or absence of specified resistive
features, openings through the floor, and so on. However, the results do provide
insight into the relative importance of some features as applied to typical Florida
residential construction. Most important was use of a vapor barrier below the
floor slab, including particular attention to the details of treatment at all slab
penetrations and at the slab edge, avoidance of floating slab construction, limiting
concrete slump, and sealing all slab penetrations, openings, and large cracks.
Interestingly, in this analysis, the presence of a passive stack to depressurize the
subslab region was rated less effective than the other features of the radon-
resistance system (Nielson and others 1994; Rogers and Nielson 1994). That is
due in part to the assumed effectiveness of the features thought to block radon
entry by reducing or eliminating air pathways between the subslab region and the
house interior. In addition, the differential pressures generated across the slab by
passive stacks in the houses are limited by the relatively small driving forces
established by the passive stack. These occur for two main reasons: there is a
narrow range of temperature differences between indoors and outdoors for most
of the year, and many of the buildings are single-story (with no basement). Both
limit the influence of the thermal-stack effect.

Data on the effectiveness of radon-resistance systems in other parts of the
country are very sparse, and decidedly mixed. In several studies, totaling about
80 houses, measurements were made in radon-resistant houses with the passive
stack closed and then after the stack was open (uncapped). Such studies appear to
be based on the premise that radon-entry rates when the passive stack is closed
would be similar to those observed in houses not built with radon-resistance
features. However, because the passive stack is only one element in the radon-
resistance system, negating its effect with a cap should not substantially affect the
behavior of other parts of the radon-resistance system. More importantly, it is not
clear how the radon-entry potential is affected by the use of high-permeability
materials.

In one study, 46 homes were investigated in eight states (Dewey and others
1994; NAHB 1994); 41 in counties designated by EPA as having high radon
potential. However, soil-gas concentrations were measured at 38 homesites (33
of them in counties designated as having high radon potential), and only 16 had
soil-gas concentrations above 37,000 Bq m (in one case the measurement was
made at an adjacent site). Several researchers have suggested that soil-gas radon
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concentrations of at least 37,000 Bq m=3 (which is close to the US average soil-
gas radon concentration) are needed to provide an adequate test of radon resis-
tance in houses. This concentration was used as the selection criterion for many
of the houses evaluated as part of the FRRP because it was felt that lower soil-gas
radon concentrations would not test the system (Fowler and others 1994).

Of the 16 homes, four had basement radon concentrations greater than
150 Bq m3, and one of these also had radon concentrations measured on the first
floor greater than 150 Bq m=3 (all these values were measured with the passive
system fully operational, that is, with the passive stack open). In each case, these
were single sets of measurements, conducted with the passive stack first closed,
then open. In four of the 16 cases, the stack-open measurements were conducted
in the summertime, when driving forces for both radon entry and passive-stack
operation are minimal.

Other studies of radon-resistant construction have had similar results and
limitations (Saum 1991; Brennan and others 1990; Saum and Osborne 1990).
None of these studies had a non-radon-resistant baseline against which to evalu-
ate the overall effect of the techniques. In many cases, soil-gas concentrations
were not measured, so it is difficult to determine the radon-entry potential for the
specific houses. Most of the studies conducted stack-open versus stack-closed
evaluations.

Overall, the inclusion of the passive stack had the largest effect in houses
with basements. In some cases, the short-term measurements suggest reductions
as great as 90%, compared with stack-closed basement radon concentrations. On
the average, reductions of about 40% are more typical. For slab-on-grade houses,
the effect of the passive stack is considerably reduced. Comparing the stack-open
and stack-closed measurements from the few houses for which there are data
reveals no discernible effect. In part, that is due to the low soil-gas radon concen-
trations in one study. Thus, with one exception, all the initial stack-closed indoor
radon concentrations are low. In the FRRP studies, soil-gas radon concentrations
were often high (this was one criterion in the choice of study houses), but, as
noted earlier, the passive stack was thought to be a less integral part of the radon-
resistance system.

Three key questions remain unanswered:

* How well do houses built to be radon-resistant perform when compared
with those built without radon-resistance features?

With one exception, no side-by-side comparisons address this question. A
study of 89 homes in two areas near Colorado Springs was conducted in which 54
new homes were built within two subdivisions; 35 homes built without any
radon-resistance features served as “control” homes. Of the 54 homes, 12 were
tested as radon-resistant (the remaining 42 used active, mechanical systems for
radon control). Radon was measured in the basements with 2-d open-face char-
coal canisters, all on the same 2 days in December to remove weather effects

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/6287

Risk Assessment of Radon in Drinking Water

156 RISK ASSESSMENT OF RADON IN DRINKING WATER

(Burkhart and Kladder 1991). In the original paper, the average indoor radon
concentration of the 12 homes was not statistically different from that of the
control homes, as analyzed either by area or in combination. Further analysis of
11 of the 12 homes examined the radon-resistance features of each home. Only
five had passive stacks in addition to sealing and other techniques used to limit
entry of radon; of these, only three had stacks passing through
the heated portion of the homes. The three passive-stack homes averaged
130 Bq m3 over the 2 days when radon was measured; one home had slightly
over 150 Bq m=3. The control homes averaged 450 Bq m=3 over the same period
(Kladder and others 1991).

The only other study that has attempted to estimate the average indoor radon
concentration with and without radon-resistance construction features was done
as part of EPA’s new-house evaluation program (Murane 1998). Measurements
were made in 148 houses that were built with various radon-resistance features.
All but five of the houses were built near Denver and Colorado Springs, CO and
did not include a passive stack as part of radon control. The other five, built near
Detroit, MI, did include a passive stack. Radon measurements were made in these
houses—usually in the basement and in some cases on the first floor as well—
with open-face charcoal canisters with a 2-d sampling period. The results were
tabulated by ZIP code and compared with measurements in the same ZIP code
done as part of the Colorado and Michigan 