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FOREWORD

The Superfund Amendments and Reauthorization Act (SARA) of 1986
(Public Law 99-499) extended and amended the Comprehensive Environmental
Response, Compensation, and Liability Act of 1980 (CERCLA or Superfund).
This public law directed the Agency for Toxic Substances and Disease
Registry (ATSDR) to prepare toxicological profiles for hazardous
substances which are most commonly found at facilities on the CERCLA
National Priorities List and which pose the most significant potential
threat to human health, as determined by ATSDR and the Environmental
Protection Agency (EPA). The lists of the 250 most significant hazardous
substances were published in the Federal Register on April 17, 1987, on
October 20, 1988, on October 26, 1989, and on October 17, 1990.

Section 104(i)(3) of CERCLA, as amended, directs the Administrator of
ATSDR to prepare a toxicological profile for each substance on the list.
Each profile must include the following content:

(A) An examination, summary, and interpretation of available
toxicological information and epidemiological evaluations on the
hazardous substance in order to ascertain the levels of significant
human exposure for the substance and the associated acute, subacute,
and chronic health effects,

(B) A determination of whether adequate information on the health
effects of each substance is available or in the process of
development to determine levels of exposure which present a
significant risk to human health of acute, subacute, and chronic
health effects, and

(C) Where appropriate, an identification of toxicological testing
needed to identify the types or levels of exposure that may present
significant risk of adverse health effects in humans.

This toxicological profile is prepared in accordance with guidelines
developed by ATSDR and EPA. The original guidelines were published in the
Federal Register on April 17, 1987. Each profile will be revised and
republished as necessary, but no less often than every three years, as
required by CERCLA, as amended.

The ATSDR toxicological profile is intended to characterize succinctly
the toxicological and adverse health effects information for the hazardous
substance being described. Each profile identifies and reviews the key
literature (that has been peer-reviewed) that describes a hazardous
substance’s toxicological properties. Other pertinent literature is also
presented but described in less detail than the key studies. The profile
is not intended to be an exhaustive document; however, more comprehensive
sources of specialty information are referenced.
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Foreword

Each toxicological profile begins with a public health statement,
which describes in nontechnical language a substance’s relevant
toxicological properties. Following the public health statement is
information concerning significant health effects associated with exposure
to the substance. The adequacy of information to determine a substance’s
health effects is described. Data needs that are of significance to
protection of public health will be identified by ATSDR, the National
Toxicology Program (NTP) of the Public Health Service, and EPA. The focus
of the profiles is on health and toxicological information; therefore, we
have included this information in the beginning of the document.

The principal audiences for the toxicological profiles are health
professionals at the federal, state, and local levels, interested private
sector organizations and groups, and members of the public.

This profile reflects our assessment of all relevant toxicological
testing and information that has been peer reviewed. It has been reviewed
by scientists from ATSDR, the Centers for Disease Control, the NTP, and
other federal agencies. It has also been reviewed by a panel of
nongovernment peer reviewers and is being made available for public
review. Final responsibility for the contents and views expressed in this
toxicological profile resides with ATSDR.

William L. Roper, .

Administrator

Agency for Toxic Substances and
Disease Registry
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1. PUBLI C HEALTH STATEMENT

This Statenment was prepared to give you infornmation about radon and to
enphasi ze the human health effects that may result from exposure to it. The
Envi ronnental Protection Agency (EPA) has identified 1,177 sites on its
National Priorities List (NPL). Radon has been found above background | evels
at five of these sites. However, we do not know how many of the 1,177 NPL
sites have been evaluated for radon. As EPA eval uates nore sites, the nunber
of sites at which radon is found nay change. The infornmation is inportant for
you because pl utonium may cause harnful health effects and because these sites
are potential or actual sources of human exposure to radon

When a radi oactive chemical is released froma |arge area such as an
i ndustrial plant, or froma container such as a drumor bottle, it enters the
envi ronnent as a radi oactive chemcal. This emission, which is also called a
rel ease, does not always |lead to exposure. You can be exposed to a chem ca
only when you cone into contact with the chemcal. You nmay be exposed to it
in the environment by breathing, eating, or drinking substances containing the
chemical or fromskin contact with it

If you are exposed to a hazardous substance such as radon, severa
factors will determ ne whether harnful health effects will occur and what the
type and severity of those health effects will be. These factors include the
dose (how much), the duration (how long), the route or pathway by which you
are exposed (breathing, eating, drinking, or skin contact), the other
chemicals to which you are exposed, and your individual characteristics such
as age, sex, nutritional status, famly traits, life style, and state of
heal t h.

1.1 WHAT |'S RADON?

Radon is a naturally occurring col orless, odorless, tastel ess radioactive
gas that is forned fromthe normal radioactive decay of uranium Uraniumis
present in small anpbunts in nost rocks and soil. It slowy breaks down to
ot her products such as radium which breaks down to radon. Sone of the radon
noves to the soil surface and enters the air, while sone remains bel ow t he
soi|l surface and enters the groundwater (water that flows and collects
under ground) . Urani um has been around since the earth was fornmed and has a
very long half-life (4.5 billion years), which is the anbunt of tinme required
for one-half of uraniumto break down. Uranium radium and thus radon, wll
continue to exist indefinitely at about the sane | evels as they do now.

Radon al so undergoes radi oactive decay and has a radioactive half-1ife of
about 4 days. This neans that one-half of a given anpbunt of radon will be
changed or decayed to other products every 4 days. Wen radon decays, it
divides into two parts. One part is called radiation, and the second part is
call ed a daughter. The daughter, |ike radon, is not stable; and it also
divides into radiation and anot her daughter. Unlike radon, the daughters are
nmetal and easily attach to dust and other particles in the air. The dividing
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of daughters continues until a stable, nonradi oactive daughter is fornmed.
During the decay process, alpha, beta, and ganma radiations are rel eased.

Al pha particles can travel only a short distance and cannot go through your
skin. Beta particles can penetrate your skin, but they cannot go all the way
t hrough your body. Gama radi ati on, however, can go all the way through your
body. Thus there are several types of decay products that result fromradon
decay. You will find nore information about the physical and chem ca
properties of radon in Chapter 3, about its uses in Chapter 4, and about your
potential for exposure in Chapter 5.

1.2 HOW M GHT | BE EXPOSED TO RADON?

Since radon is a gas and radon daughters are often attached to dust, you
are exposed to themprimarily by breathing themin. They are present in
nearly all air. However, background |evels of radon in outdoor air are
generally quite low, about 0.003 to 2.6 picocuries of radon per liter of air
A picocurie is a very small anount of radioactivity equal to one quintillionth
(1710 of an ounce of radon. In indoor |ocations, such as homes, schools,
or office buildings, levels of radon and daughters are generally higher than
out door levels. Indoor radon levels are generally about 1.5 picocuries radon
per liter of air. Cracks in the foundation or basenent of your hone may all ow
i ncreased amounts of radon to nove into your hone. You may al so be exposed to
radon and daughters by drinking water obtained fromwells that contain radon
Average | evels of radon in groundwater are about 350 picocuries of radon per
liter of water. However, nost radon in water is rapidly released into the air
and can be breathed in. In sonme areas of the country the ampbunt of urani um
and radiumin sone rock types, such as phosphate or granite, is high. In
t hese areas radon levels in outdoor air or in groundwater will generally be
higher. You will find nore information on exposure to radon in Chapter 5.

1.3 HOW CAN RADON ENTER AND LEAVE My BCDY?

Radon and its radi oactive daughters can enter your body when you breathe
themin or swallow them By far, the greater amounts are breathed in. Most
of the radon is breathed out again. However, some radon and nost of the
daughters renmain in your lungs and undergo radioactive decay. The radiation
rel eased during this process passes into lung tissue and is the cause of |ung
damage. Sonme of the radon that you swallow with drinking water passes through
the walls of your stomach and intestine. After radon enters your blood stream
nost (greater than 90% of the radon goes to the |ungs where you breat he npst
of it out. This occurs very shortly after it is taken in. Any remaining
radon under goes decay. Radon that does not go to the |lungs goes to other
organs and fat where it may renmain and undergo decay. There is very limted
i nformati on on whet her radon gas can penetrate the skin, but sone radon may be
abl e to pass through the skin when you bathe in water containing radon. You
will find nmore information on behavior of radon in the body in Chapter 2
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1.4 HOW CAN RADON AFFECT MY HEALTH?

Long-term exposure to radon and radon daughters in air increases your
chances of getting lung cancer. When exposures are hi gh, noncancer di seases
of the lungs may occur, such as thickening of certain lung tissues. Wile
noncancer health effects may occur within days or weeks after exposure to
radon, it will be several years before cancer effects beconme apparent. This
is known from studies of workers exposed to radon in mnes, primarily urani um
mners, and fromtests on |aboratory aninmals. Al though radon is radi oactive,
it gives off little gammua radiation. Therefore, harnful health effects from
external exposure (when the chenical does not come into direct contact with
your body) are not likely to occur. In addition, it is not known if radon
causes health effects other than to the lung. Also, the effects of drinking
wat er or eating food containing radon are not known. You will find nore
information on the health effects of radon in Chapter 2.

1.5 WHAT LEVELS OF EXPOSURE HAVE RESULTED | N HARMFUL HEALTH EFFECTS?

In studies of uraniummners, workers exposed to radon |levels of 50 to
150 picocuries of radon per liter of air for about 10 years have shown an
i ncreased frequency of lung cancer. Although there is some uncertainty as to
how much exposure to radon increases your chances of getting lung cancer, the
greater your exposure to radon, the greater your chance of devel opi ng | ung
cancer. Even snmall exposures may increase your risk of devel oping |ung
cancer, especially if you snoke cigarettes. Tables 1-1 and 1-2 were derived
fromani mal and human data for short-termor |ong-term exposure, as described
in Chapter 2 and in Table 2-1. This information provides a basis for
conparison to radon | evels that you m ght encounter in the air. As seen in
Tables 1-3 and 1-4, there is no information on the effects of radon if you
drink water or eat food containing radon

1.6 1S THERE A MEDI CAL TEST TO DETERM NE WHETHER | HAVE BEEN EXPOSED TO RADON?

Radon in human tissues is not detectable by routine nedical testing.
However, several of its decay products can be detected in urine and in |ung
and bone tissue. These tests, however, are not generally available to the
public and are of |imted value since they cannot be used to accurately
det erm ne how nuch radon you were exposed to, nor can they be used to predict
whet her you will develop harnful health effects. You will find nore
i nformati on on nethods used to investigate levels of radon in Chapters 2 and
6.

1.7 WHAT RECOVMVENDATI ONS HAS THE FEDERAL GOVERNMVENT MADE TO PROTECT
HUVAN HEALTH ?

EPA recommends that all hones should be nmonitored for radon. If testing
shows | evels |l ess than 4 picocuries radon per liter of air, then no action is
necessary. For |evels above this, follow up nmeasurenents should be taken. If



TABLE 1-1.

4

1. PUBLIC HEALTH STATEMENT

Human Health Effects from Breathing Radon¥*

Short-term Exposure

(less than or equal to 14 days)

Levels in Air

Length of Exposure

Description of Effects

The health effects

resulting from short-
term exposure of humans
to air containing
specific levels of
radon are not known.

Long-term Exposure
(greater than 14 days)

Levels in Air (pCi/L)

Length of Exposure

Description of Effects**

100

Occupational Severe lung damage.

(10 years)

*See Section 1.2 for a discussion of exposures encountered in daily life.
**These effects are listed at the lowest level at which they were first
observed. They may also be seen at higher levels.
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Animal Health Effects from Breathing Radon

Short-term Exposure
(less than or equal to 14 days)

Description of Effects*

Length of Exposure
Death in mice

Levels in Air (pCi/L)
2.2x108

1 day

Long-term Exposure
(greater than 14 days)

Length of Exposure Description of Effects*

Levels in Air (pCi/L)
2.6x10°

5.5x103
4. 8x10°

Damage to lung tissue

Life
in hamsters.
50 days Lung damage in dogs.
Life Abnormal growth of cells
in lung in rats.

*These effects are listed at the lowest level at which they were first

observed.

They may also be seen at higher levels.
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Human Health Effects from Eating or Drinking Radon¥*

Short-term Exposure
(less than or equal to 14 days)

Levels in Food

Levels in Water

Length of Exposure Description of Effects
The health effects
resulting from short-
term exposure of humans
to food containing
specific levels of
radon are not known.

The health effects
resulting from short-
term exposure of humans
to water containing
specific levels of
radon are not known.

Long-term Exposure
(greater than 14 days)

Levels in Food

Levels in Water

Length of Exposure Description of Effects
The health effects
resulting from long-
term exposure of humans
to food containing
specific levels of
radon are not known.

The health effects
resulting from long-
term exposure of humans
to water containing
specific levels of
radon are not known.

*See Section 1.2 for a discussion of exposures encountered in daily life.
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Animal Health Effects from Eating or Drinking Radon

Short-term Exposure
(less than or equal to 14 days)

Levels in Food

Levels in Water

Length of Exposure Description of Effects
The health effects
resulting from short-
term exposure of
animals to food con-
taining specific levels
of radon are not known.

The health effects
resulting from short-
term exposure of
animals to water con-
taining specific levels
of radon are not known.

Long-term Exposure
(greater than 14 days)

Levels in Food

Levels in Water

Length of Exposure Description of Effects
The health effects
resulting from
long-term exposure of
animals to food con-
taining specific levels
of radon are not known.

The health effects of
long-term exposure of
animals to water con-
taining specific levels
of radon are not known.
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followup levels are 20 picocuries radon per liter of air or higher, the hone
owner shoul d consider sonme type of procedure to decrease indoor radon |evels.
The M ne Safety and Health Adm nistration (MSHA) uses a standard of 4 Working
Level Months (WM per year for people who work in mnes. (Wrking Leve
Mont hs combi ne the anobunt with |l ength of exposure.) You will find nore

i nformati on on guidelines and standards in Chapter 7.

1.8 WHERE CAN | CGET MORE | NFORNVATI ON?

If you have any nore questions or concerns not covered here, please
contact your State Health or Environmental Department or

Agency for Toxic Substances and Di sease Registry
Di vi sion of Toxi col ogy
1600 difton Road, E-29
Atl anta, Georgia 30333

Thi s agency can al so give you information on the |ocation of the nearest
occupational and environnmental health clinics. Such clinics specialize in
recogni zing, evaluating, and treating illnesses that result from exposure to
hazar dous substances.
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2.1 | NTRODUCTI ON

This chapter contains descriptions and eval uati ons of studies and
interpretation of data on the health effects associated with exposure to
radon. Its purpose is to present |evels of significant exposure for radon
based on toxicol ogi cal studies, epideniological investigations, and
environnental exposure data. This information is presented to provide public
health officials, physicians, toxicologists, and other interested individuals
and groups with (1) an overall perspective of the toxicology of radon and (2)
a depiction of significant exposure | evels associated with various adverse
heal th effects.

Radon is a relatively inert noble gas that does not readily interact
chemcally with other el enents. However, radon is a radi oactive el enent and
eval uation of the adverse health effects due to exposure to radon requires a
slightly different approach than other chem cals. Radioactive elenments are
t hose that undergo spontaneous transformation (decay) in which energy is
rel eased (enmitted) either in the formof particles, such as al pha and beta
particles, or photons, such as gamma or X-ray. This disintegration or decay
results in the fornati on of new el ements, sone of which may thensel ves be
radi oactive, in which case they will also decay. The process continues until
a stable (nonradioactive) state is reached (See Appendix B for nore
i nformation).

The decay rate or activity of radi oactive elenents has traditionally been
specified in curies (C). The activity defines the nunber of radioactive
transformations (disintegrations) of a radionuclide over unit time. The curie
is approximately 37 billion disintegrations (decay events) per second
(3.7 x 10" transformations per second). In discussing radon, a smaller unit,
the picocurie (pCi) is used, where 1 pC is equal to 1x10™ G . In
i nternational usage, the S.I. unit (the International Systemof Units) for
activity is the Becquerel (Bqg), which is equal to one disintegration per
second or about 27 pC . (Information for conversion between units is given in
Chapter 9.) In the text of this profile, units expressed in pG are foll owed
by units in Bg contained in parentheses. The activity concentration of radon
or another radionuclide in air is expressed in G/liter (L) of air (Bg/m).
The activity concentration is a description of the exposure rather than the
dose. In radiation biology the termdose refers specifically to the anpbunt of
radi ant energy absorbed in a particular tissue or organ and is expressed in
rad (or grays).

When radon decays, it and its daughters (decay products) enmit al pha and
beta particles as well as ganmma radi ati on. However, the health hazard from
radon does not cone prinmarily fromradon itself, but rather fromthe
radi oactive products forned in the decay of radon. These products, called
"radon daughters"” or "radon progeny," are also radioactive (See Chapter 3 for
nore informati on on the chemical and physical properties of radon). Unlike
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radon, the radon daughters are heavy netals and readily attach thenselves to
what ever they contact. The main health problens arise when radon daughters or
dust particles carrying radon daughters are inhal ed. Radon daughter particles
attach to lung tissue and decay, resulting in the deposition of radiation (in
the formof al pha particles) in the lung tissue.

Because it was not feasible to routinely neasure the individual radon
daughters, a unit terned the "Wrking Level" (W) was introduced by the U S
Public Health Service. The W. unit is a neasure of the ampbunt of al pha
radiation emtted fromthe short-lived radon daughters (pol oni um 218
pol oni um 214, and | ead-214) and represents any conbi nation of short-Iived
radon progeny in one liter of air that will release 1.3 x 10° million electron
volts (MeV) of al pha energy during decay. One W. is equivalent to 2.08 x 10°
joul es per cubic meter of air (J/ ).

To convert between units of radon-222 radioactivity (C or Bg) and the
potential al pha energy concentration (W. or J/m), the equilibrium between
radon gas and radon daughters must be known (See Chapter 9 for conversion
formula). Wien radon is in equilibriumwith its progeny, that is, when each
of the short-lived radon daughters is present at the sane activity
concentration in air as radon-222, then 1 W equals 100 pC radon-222/L of
air. However, when renoval processes other than radioactive decay are
operative, such as with ventilation, the concentration of short-Ilived
daughters will be less than the equilibriumamunt. In such cases an
equilibriumfactor (F) is applied. For exanple, if the equilibriumfactor is
0.5, then 200 pC radon-222/L of air is equivalent to 1.0 W,; if the
equilibriumfactor is 0.3, then 1 W. corresponds to 333 pC radon-222/L of
air.

An addi tional unit of mneasurenent used to describe hunman exposure to
radon and radon progeny is the Wrking Level Month (WM, which expresses both
the intensity and duration of exposure. One W.Mis defined as the exposure of
a person to radon progeny at a concentration of 1.0 W. for a period of 1
wor ki ng nonth (WM. A working nonth is assunmed to be 170 hours. The S. |
unit for WM is joul e-hour per cubic neter of air (J-h/m); 1 WMis equal to
3.6 x 10°J-h/m.

The W. and the WLM have been used to descri be hunman exposure in
occupational settings for uraniumand other hard rock niners. Since the WM
represents both the intensity and duration of exposure, it al one does not
provi de enough information to deternmine the actual activity concentrations of
radon in the air. For exanple, exposure to radon and radon daughters at 1 W
(100 pC radon-222/L of air) for 100 working nonths (WW) results in a
cunul ative dose of 100 WL.Ms; exposure to 100 W (10,000 pC radon-222/L of
air) for 1 WMalso results in a cunul ati ve dose of 100 W.Ms

For both human and ani mal studi es, exposures expressed in W.s were
converted to pG radon-222/L of air. The unit of activity, the curie (or
Becquerel), is the appropriate unit to describe radon levels in the
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environnent, Unless otherwi se stated by the authors of the studies reviewed,
the equilibriumfactors assuned for the conversion of W.s to pC were 1.0 for
ani mal studies and 0.5 for occupational epidem ol ogical studies. For severa
of the epidem ol ogi cal studies, exposure categories were expressed in WM

wi t hout specific information concerning duration of radon exposure; therefore,
for these studies dose conversions were not made. In this text and in the
Suppl emental Docunent, whenever possible radon | evels are expressed in
activity concentrations of pC/L of air, pC/kg of body weight, or pG/L of
water (along with the corresponding units in Becquerels).

Radon-222 is a direct decay product of radium 226, which is part of the
decay series that begins with uranium 238 (see Chapter 3, Figure 3-1).
Thori um 230 and thorium 234 are also part of this decay series. Uranium
thorium and radium are the subject of other ATSDR Toxi col ogi cal Profiles.
O her isotopes of radon, such as radon-219 and radon-220, are forned in other
radi oactive decay series. However, radon-219 usually is not considered in the
eval uation of radon-induced health effects because it is not abundant in the
envi ronnent (Radon-219 is part of the decay chain of uranium 235, a relatively
rare isotope) and has an extrenely short half-life (4 seconds). Radon-220 is
al so usually not considered when eval uating radon-rel ated health effects.
Wil e the average rate of production of radon-220 is about the sane as radon-
222, the ampunt of radon-220 entering the environnent is much | ess than that
of radon-222 because of the short half-life of radon-220 (56 seconds). Al
di scussions of radon in the text refer to radon-222.

2.2 DI SCUSSI ON OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To hel p public health professionals address the needs of persons living
or wor ki ng near hazardous waste sites, the data in this section are organized
first by route of exposure -- inhalation, oral, and dermal -- and then by
health effect -- death, system c, imunol ogical, neurol ogical, devel opnental,
reproductive, genotoxic, and carcinogenic effects. These data are di scussed
in terns of three exposure periods -- acute, internediate, and chronic.

Level s of significant exposure for each exposure route and duration (for
whi ch data exist) are presented in tables and illustrated in figures. The
points in the figures showi ng no-observed-adverse-effect |evels (NOAELS) or
| owest - observed- adverse-effect |evels (LOAELS) reflect the actual |evels of
exposure used in the studies. LOAELs have been classified into "l ess serious"
or "serious" effects. These distinctions are intended to help the users of
t he docunment identify the levels of exposure at which adverse health effects
start to appear, deternine whether or not the intensity of the effects varies
wi th dose and/or duration, and place into perspective the possible
significance of these effects to hunan health.

The significance of the exposure | evels shown on the tables and figures
may differ depending on the user's perspective. For exanple, physicians
concerned with the interpretation of clinical findings in exposed persons or
with the identification of persons with the potential to devel op such disease
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may be interested in | evels of exposure associated with "serious" effects.
Public health officials and project nanagers concerned with response actions
at Superfund sites may want infornation on | evels of exposure associated with
nore subtle effects in humans or aninmals (LOAEL) or exposure |evels bel ow

whi ch no adverse effects (NOAEL) have been observed.

For certain chem cals, |evels of exposure associated wth carcinogenic
effects may be indicated in the figures. These levels reflect the actua
doses associated with the tunor incidences reported in the studies cited.

2.2.1 I nhal ati on Exposure

Level s of significant exposure for the inhalation route for acute,
i nternedi ate, and chronic exposure duration (for which data exist) are
presented in Table 2-1 and illustrated in Figure 2-1

2.2.1.1 Death

No deaths in hunans have been reported as the result of acute radon
exposure. However, several epidemological studies of individuals exposed
over | ong periods have reported significant increases in early nortality due
to cancer and nonneopl astic (noncancer) di seases (see Section 2.2.1.8 for a
di scussi on on cancer). Descriptions of cancer nortality were presented by
exposure categories, i.e., WM categories; however, deaths due to noncancer
respiratory effects were generally reported for the total cohort. |ncreased
nortality as a result of nonneoplastic respiratory diseases, such as enphysenn
and pul nonary fibrosis, has been reported in United States urani um niners
exposed to radon and radon daughters at concentrations in the range of 100 to
10,000 pG radon-222/L of air (3,700 to 370,000 Bg/ni) (Lundin et al. 1971,
Waxwei |l er et al. 1981). The concentrati on of radon and radon daughters in
mne air was reported to result in cunulative exposures of from50 WMto
| evel s equal to or greater than 3,720 WLM The incidence of nortality from
respiratory diseases other than cancer and tubercul osis has been reported for
uraniummners and related to cumul ati ve exposure expressed in W.Ms (Archer et
al. 1976). As exposure increased, the nunber of cases per 1,000 individuals
exposed al so increased. However, there are a nunber of confounding factors to
consider in all of these studies, including exposure to other agents,
ethnicity, snoking history, and work experience. The cases of nonneopl astic
respiratory diseases reported in these niners cannot be attributed solely to
radon or radon daughters but may be due to exposure to silica, to other mne
pol | utants, to snoking, or to other causes.

In a nore recent study (Roscoe et al. 1989) nortality from nonmali gnant
respiratory disease was reported for a cohort of white nonsnoking uranium
mners. Deaths fromthese di seases were twelve tines higher in uraniummners
than in nonsnmoking United States veterans. Causes of death in the cohort
i ncluded silicosis, chronic obstructive pul nonary di sease, fibrosis, and
enphysena. However, the exposure history of the individuals having these



TABLE 2-1.

Levels of Significant Exposure to Radon - Inhalation

Figure
Key Species

Exposure
Frequency/
Duration Effect

LOAEL (Effect)

Less Serious

(pCi/L)

Serious

(pCi/L)

Reference

ACUTE EXPOSURE

Death

1 Mouse
Systemic

2 Mouse

INTERMEDIATE EXPOSURE

Death

3 Rat

4 Rat

5 Mouse

6 Hamster
Systemic

7 Rat

8 Mouse

1d
5-40hr

1d Hemato
5-40hr

4-6mo
2d/wk
lhr/d

lifespan
2d/wk
90hr/wk

lifespan
150hr/wk

lifespan
2d/wk
90hr/wk

lifespan Resp
2d/wk Other
90hr/vwk

lifespan Resp
150hr/wk Hemato
Other

4.8x108 (dec bw)

4.2x105 (dec bw)

2.2x108 (30 day LD50)2

2.2x108 (anemia)

4.8x106

4.2x105

4.8x10°

4,8x106

(dec lifespan)

(dec lifespan)

(dec lifespan)

(metaplasia)b

4,2x105 (metaplasia)
4.2x10% (dec lymphocytes)

Morken 1955

Morken 1955

Chameaud et al,
1984

Palmer et al.
1973

Morken and Scott

1966

Palmer et al.
1973

Palmer et al.

1973

Morken and Scott
1966
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TABLE 2-1 (Continued)

Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serious Serious
Key Species Duration Effect (pCi/L) (pCi/L) (pCi/L) Reference
9 Mouse lifespan Resp 4.8x10% (fibrosis) Palmer et al.
2d/wk Other 4.8x10% (dec bw) 1973
90hr/wk
10 Hamster lifespan Resp 4.8x10% (metaplasia) Palmer et al.
2d/wk Other 4.8x10% (dec bw) 1973
90hr/wk
11 Dog 1-50d Resp 5.5%105 (fibrosis)® Morken 1973
5d/wk
20hr/d
Cancer
12 Rat 2.5-8wk 3.0x103 (CEL-1lung) Chameaud et al.
4d/wk 1982
3-6hr/d
13 Rat 25-115 d 7.5%105 (CEL-1lung) Chameaud et al.
4-5hr/d 1974
14 Rat 4-6mo 3.0x103 (CEL-lung) Chameaud et al.
2d/wk 1984
lhr/d
CHRONIC EXPOSURE
Death
15 Hamster lifespan 3.1x105 Pacific
5d/wk Northwest
6hr/d Laboratory 1978
Systemic
16 Human >1mo-18yr Resp >1.0x10% (tuberculosis) Waxweiler et al.
(occup) 1981
17 Hamster lifespan Resp 2.6x105 (hyperplasia)d Pacific
5d/wk Hemato 3.1x103 Northwest
6hr/d Other 2.6x10°% (dec bw) Laboratory 1978

¢
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TABLE 2-1 (Continued)

Exposure LOAEL (Effect)
Figure Frequency/ NOAEL Less Serious Serious
Key Species Duration Effect (pCi/L) (pCi/L) (pCi/L) Reference
Cancer
18 Human 0.5-23yr 3.4x102 (CEL-lung) Gottlieb and
(occup) Husen 1982
19 Human (occup) 2.0x102 (CEL-lung) Morrison et al. 1981
20 Human 0-14yr 1.0x102 (CEL-lung)® Solli et al.
(occup) 1985
21 Human >29yr 6.0x101 (CEL-lung) Edling and N
(occup) Axelson 1983 .
22 Human >1yr->20yr 5.0x10! (CEL-lung) Damber and t:El
(occup) Larsson 1985 >
o
23 Human 48wk /yr 5.0x101 (CEL-lung) Howe et al. 2
48hr/wk 1987
=1
(occup) rr
o]
24 Human >10yr >3.0x10! (CEL-lung) Snihs 1974 Eg
—
(occup) 2
25 Human >2-30yr 1.5x109 (CEL-lung) Svensson et al.
(res) 1987
26 Human (occup) 2.4x102 (CEL-lung) Fox et al. 1981
27 Human >1mo-18yr 1.0x102 (CEL-lung) Waxweiler et al.
(occup) 1981
28 Human >1mo-30yr 4.0x102 (CEL-lung) Roscoe et al.
(occup) 1989

22.2x108 presented in Table 1
b, 8x10% presented in Table 1
©5.5x105 presented in Table 1-
d2.6x105 presented in Table 1
€100 presented in Table 1-1.

NCAEL=no-observed-adverse-effect level; LOAEL=lowest-observed-adverse-effect level; pCi/L=picocurie per liter; d=day; hr=hour; wk=week;
mo=month; CEL=Cancer Effect Level; yr=year; hemato=hematological; resp=respiratory; occup=occupational; dec=decreased; bw=body weight;
res=residential

Gl
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di seases was not reported. Excepting cigarette snoking, this study has all of the
confoundi ng factors nentioned previously.

Mortality due to nonneoplastic respiratory di seases was not significantly
el evated in other uranium mning cohorts including mners in Czechosl ovaki a
(Sevc et al. 1988) or Ontario, Canada (Muller et al. 1985). Although
environnental radon |evels were not reported in either the Czechosl ovaki an or
Canadi an studi es, cunul ative occupational exposure to radon and radon
daughters were estimated at |l evels up to about 600 W.Ms. A statistically
significant excess of nortality due to chronic nephritis and renal sclerosis
was al so reported in the United States uranium miner cohort, although it is
uncl ear whether this was related to exposure to radon, uraniumore, or other
m ning conditions or to nonmning factors (Waxweiler et al. 1981).

The acute lethal effects of radon and radon daughters have been studied
in mce. A 30-day LD,, was estimated based on single exposures via inhalation
to radon and radon daughters at a concentration of 2.2 x 10° pG/L (8.1 x10°
Bg/ m)for 5 to 40 hours (Mrken 1955). After 40 hours of exposure, 100% of
t he exposed mice died within 2 weeks (cause of death was not reported), while
no deaths occurred within 60 days foll owi ng an exposure of 26 hours or |ess.

Significant decreases in the lifespan of |aboratory animals exposed to
hi gh doses of radon and radon daughters were reported by several investigators
(Cross 1987; Morken 1973; Mrken and Scott 1966; Pal ner et al. 1973).
Respiratory systeminsult contributed to the death of treated aninals in these
studi es, although the actual cause of death was not reported. The |ifespan of
mal e and female mce (nmedian |ifespan of controls was 79 and 98 weeks) was
reduced by 55% and 42% respectively, as a result of continuous exposure (150
hour s/ week) to 4.2 x10°pC radon-222/L of air (1.6x10" Bg/m) for up to 47
weeks (Morken and Scott 1966). Enmaci ation, reddening of the ears, and
abnormal grooni ng was observed precedi ng death. Pseudoparal ysis was observed
in mce which died a few days after exposure (Mrken and Scott 1966). A
simlar decrease in |lifespan was observed in rats and hansters foll ow ng
exposure to 4.8 x10°pCG radon-222/L of air (1.8 x 10° Bg/mi) for 90 hours/week
(Palmer et al. 1973). Al animals in the Palner et al. (1973) study died by
the fourth nonth of treatnent, while all treated aninmals in the Mdrken and
Scott (1966) study died by the eleventh nonth. At |ower concentrations (3,000
pC radon-222/L of air [1.1x10° Bg/m] for 2 hours/week, 6 nonths) the
lifespan of rats was not decreased (Chaneaud et al. 1984).

2.2.1.2 Systenic Effects
No studies were | ocated regardi ng cardi ovascul ar, gastrointestinal
nuscul oskel etal, hepatic, dermal, or ocular effects in humans or aninals after

i nhal ati on exposure to radon and radon daughters.

Respiratory Effects. Adverse respiratory effects have been observed in
humans under occupational conditions and in | aboratory aninmals exposed to
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radon and radon daughters. Epi demni ol ogy studies of mner cohorts report an

i ncreased frequency of chronic, nonneoplastic |ung diseases, such as enphysenn
and pul nonary fibrosis, anbng uraniummners in the United States (Lundin et
al. 1971; Roscoe et al. 1989; Waxweiler et al. 1981) and anong Cornish tin
mners (Fox et al. 1981), and chronic interstitial pneunonia anong Canadi an
uraniummners (Muller et al. 1985). Chronic lung di sease was reported to
increase with increasing cumul ati ve exposure to radiation and with cigarette
snoki ng (Archer 1980). In addition, nonsnoking uraniummners were al so
reported to have increased deaths from nonmalignant repiratory di sease
conpared to a nonsmoking United States veteran cohort (Roscoe et al. 1989).

Alterations in respiratory function in United States urani um m ners have
been reported (Archer et al. 1964; Sanet et al. 1984a; Trapp et al. 1970).
Anal yses anpong United States uraniumniners indicated a | oss of pul nmonary
function with increasing cunul ative exposure (Archer et al. 1964) and with the
duration of underground mining (Samet et al. 1984a). Eval uations of these
respiratory end points did not pernit assessnent of the effects of each of the
ot her possible nmine pollutants, such as ore dust, silica, or diesel-engine
exhaust. The individual contributions of these factors to the observed
adverse respiratory effects are not defined.

No studies were | ocated regarding the respiratory effects of radon and
radon daughters in | aboratory animals followi ng acute exposure. Respiratory
toxicity occurred in mce, hansters, dogs, and rats follow ng exposure to
radon and radon daughters for internedi ate exposure durations. Chronic
i nflanmation (radi ati on-i nduced pneunonitis), pneunpnia, and/or fibrosis of
varying degrees in the alveolar region occurred in nost aninmals exposed to
radon and radon daughters (4.2x10° to 4.8x10° pG radon-222/L of air [1.6x10’
to 1.8 x 10° Bg/ni]) for 4 to 150 hours/week for 10 to approximtely 45 weeks
(Chauneaud et al. 1974; Morken 1973; Mrken and Scott 1966; Pal mer et al
1973). In these studies, the relationship of dose, tenporal dosing pattern
and | ength of exposure to onset of effects is unclear since the time of onset
of effects was rarely reported or effects were reported only when ani mals died
or were sacrificed.

In Pal mer et al. (1973), rats, mice, and hansters, were exposed to radon
[4.8x10° pC radon/L of air (1.8x10° Bg/m)] via inhalation for approximtely
90 hours per week, in two continuous 45-hour periods. These aninals were
allowed to die, or were sacrificed when noribund, after which they were
hi st opat hol ogi cal | y exam ned. At four nonths of exposure, only one of the
rodents renmined alive. The radiation effects observed in these aninals,
whi ch included interstitial pneunonitis or septal fibrosis, were found at
post-nortem exam nation. Therefore the onset of respiratory effects could not
be determ ned.

In a study conducted by Morken and Scott (1966), mce were to be exposed
to 4.2x10°pC radon/L of air (1.6x10" Bg/ni) 150 hours/week for life.
However, by week 15 of the experinent the nedian lifetine of the animals had
been decreased by 50% However, the cause of this decreased |ifespan -was not
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reported. The authors then sacrificed the renmaining animals (15 treated mce
and 3 control mce) for purposes of histopathol ogical exam nation. Trachea

ef fects, including thickening of the nucous nenbrane, inflammtion of the
mucous gl ands, and destruction of cells lining the trachea, were observed.
However, the onset of these effects could not be determnined. In Mrken

(1973) 9 mice and dogs were exposed to radon for intermedi ate periods of tine
and then sacrificed at designated tines post-exposure. In mice exposed to
5.5x10° pG radon/L of air (2.0x10"Bg/m) for 10, 15, 20, or 25 weeks,

| esions of the trachea and bronchi were observed i nmedi ately post-exposure,
but by ei ght weeks post-exposure tissues appeared normal. However, with

i ncreasing time post-exposure, the epithelial lining of the term na
bronchi ol e becane flattened or di sappeared. At long intervals after exposure
to radon for 25 weeks, non-specific pulmonary effects, including snmall foci of
interstitial fibrosis, were observed in mce. In dogs exposed to radon for
one to 50 days [5.5x10° pG of radon/L of air (2.0x10" Bg/m®], no significant
effects were observed in treated dogs i medi ately post-exposure conpared to
untreated controls. At one and two years post-exposure, there was a "probable
increasing relation"” to dose of small foci of chronic inflanmation. At three
years post-exposure, this relation had di sappeared in dogs exposed to | ow
doses of radon up to 800 W.M but was still considered "probable" for the

| arger doses. However, a definite tine of onset of respiratory effects in
either mice or dogs could not be determined fromthe results of this study.

Respiratory effects similar to those observed foll owi ng internediate
exposure have al so been observed in | aboratory aninmals follow ng chronic
exposure to radon and radon daughters. Respiratory |esions, mminly squanous
net apl asi a, were observed in the bronchioal veol ar regi on of hansters 8 nonths
following initiation of lifetinme exposure to 2.6x10° pG radon-222/L of air
(9.6x10° Bg/m) for 30 hours/week (Pacific Northwest Laboratory 1978).

Pul monary fibrosis in rats, hamsters, and dogs and enphysena in hansters
and dogs occurred foll owi ng exposure to radon and radon daughters and urani um
ore dust (Cross et al. 1984, 1985, 1986; Pacific Northwest Laboratory 1978).
In hansters enphysema was produced as a result of exposure to uraniumore
al one, diesel exhaust alone, and radon and radon daughters al one; however,
enphysena was not observed in hanmsters at cumul ative doses of radon of Iess
than 7,000 W.M (Pacific Northwest Laboratory 1978). Fibrosis occurred in
hansters foll owi ng exposure to radon and radon daughters at a cumul ati ve dose
of 8,000 WM in conbination with uraniumore and di esel exhaust, but not with
radon and radon daughters al one at cumul ati ve exposure at approxi nately 7,000
W.M However, the incidence of bronchial hyperplasia was significantly
greater in hansters receiving radon and radon daughters alone. In dogs the
conbi nati on of uraniumore dust and radon and radon daughters produced nore
severe enphysena and fibrosis than uranium ore dust al one; however, radon and
radon daughters alone were not tested in dogs (Pacific Northwest Laboratory
1978). Fibrosis, but not enphysemn, was observed in rats exposed to radon and
radon daughters and uraniumore dust (Cross et al. 1984, 1985). These studies
are discussed further in Section 2.6.
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Renal Effects. A statistically significant increase in nortality due to
ki dney di sease, characterized by chronic nephritis and renal sclerosis, was
reported anong United States uraniummners (Waxweiler et al. 1981) and in
Canadi an m ners at the Eldorado mines (Miuller et al. 1985). Kidney toxicity
has been induced experinentally in aninmals exposed to urani um (ATSDR 1990a).

Ki dney di sease was not reported anong other mning cohorts and no studies were
| ocated regarding renal effects in laboratory aninmals follow ng inhalation
exposure to radon. It is not clear whether the kidney effects observed hy
Waxwei | er were due to radon, uraniumore, or other mning and nonm ning
factors.

Hemat ol ogi cal Effects. No studies were |ocated regardi ng hematol ogi ca
effects in humans after inhalation exposure to radon

Hemat ol ogi cal effects have been observed in mice followi ng acute and
chroni c exposure to radon and radon daughters. The extent and severity of the
hemat ol ogi cal effects in mce were exposure related. Effects follow ng acute
exposure, either a single or multiple exposures, were transient. Recovery to
control values occurred within a shorter tine post-exposure after a single
acute exposure than with nultiple exposures. Chronic exposure of mce to
radon-222 resulted in dose-related alterations to the hematol ogi cal system

Foll owi ng a single exposure to mice of 1.76 x 10° pG radon-222/L of air
(6.5x10° Bg/ ni), transient decreases in erythrocytes, reticul ocytes,
platelets, and white blood cells were observed i medi ately post-exposure
(Morken 1961). Platelets and white blood cells returned to control |evels hy
50 days post-exposure, and reticul ocytes increased 50%to 100% over controls
within 2 to 3 weeks, but returned to normal about one year after exposure.
Erythrocyte counts renai ned depressed for one-year post-exposure (Morken
1961). In nmice exposed 2 or 4 times at concentrations of 2.11x10° pG radon-
222/ L of air (7.8x10° Bg/ni), erythrocyte counts remai ned depressed conpared
to controls, while platelets and neutrophils rapidly decreased and then
recovered within 2 weeks (Mrken 1964). After nultiple exposures, |ynphocyte
counts remai ned | ower for |onger periods of tine conpared to single exposures,
i ndi cating that recovery was affected by |arger or repeated doses (Mrken
1964). These effects are based on results observed in snall nunmbers of
ani nal s.

In mice, lifetinme exposure to 4.2x10° pG radon-222/L of air (1.6 x 10’
Bg/ m) , 150 hours/week resulted in mld, progressive anemia in male nice and a
decrease in | ynphocyte count in male and female mce, which was linearly
related to cumul ative dose as expressed in working |evel nmonths (W.M) (Mrken
and Scott 1966). However, no hematol ogical effects were observed in hansters
exposed to 3.1x10°pC radon-222/L of air (1.1x10" Bg/mi) (Pacific Northwest
Laboratory 1978).

QO her Systemic Effects. Exposure to radon and radon daughters at
concentrations ranging from2.6x10° to 4.8x10° pG radon-222/L of air (9.6x10°
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to 1.8x10° Bg/ni), 30 to 150 hours/week, resulted in a significant decrease in
body wei ght in hanmsters (Pacific Northwest Laboratory 1978), nice (Mrken and
Scott 1966; Palner et al. 1973), and rats (Palner et al. 1973). There was no
expl anation given for these weight |osses and food consunption was not
reported in any of the studies.

2.2.1.3 | mmunol ogi cal Effects

No studi es were | ocated regardi ng i munol ogi cal effects in humans and
animal s after inhal ati on exposure to radon.

2.2.1.4 Neurological Effects

No studi es were | ocated regardi ng neurol ogical effects in hunans after
i nhal ati on exposure to radon. Two gui nea pigs exposed to approximtely
4.7x10" to 5.8x10" pC (1.7 x10° to 2.15 x 10° Bg) radon for 1 to 2% hours
becarme drowsy, their respiration increased, and after several hours, they died
(Proescher 1913). Autopsy showed that both animals died fromrespiratory
paral ysis caused by central nervous systemfailure. The study has nmany
[imtations, such as the use of only two aninals and the possibility that
oxygen deprivation contributed to the respiratory failure. A causa
rel ati onshi p between central nervous system failure and radon exposure was not
est abl i shed.

2.2.1.5 Devel opnental Effects

No studies were | ocated regardi ng devel opnental effects in hunmans and
animal s after inhal ati on exposure to radon.

2.2.1.6 Reproductive Effects

No maternal or fetal reproductive effects in humans have been attri buted
to exposure to radon and radon daughters. However, a decrease in the
secondary sex ratio (males:females) of the children of male underground niners
may be related to exposure to radon and radon daughters (Dean 1981; Muiller et
al. 1967, Wese and Ski pper 1986). The secondary sex ratio of the first born
children of uranium nminers was decreased with cumul ati ve exposure to radon and
radon daughters in mners whose nedi an age at the tine of conception was | ess
than 25 years of age but was increased with cunul ati ve exposure to radon and
radon daughters in mners whose nmedi an age at the tine of conception was
greater than 25 years of age (Waxweiler and Roscoe 1981). This age effect was
al so observed when the miners were anal yzed according to race.

No studies were | ocated regardi ng reproductive effects in aninmals
foll owi ng i nhal ati on exposure to radon and radon daughters.
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2.2.1.7 Cenot oxi ¢ Effects

Sone epi dem ol ogi ¢ studi es have indicated that radon and radon daughters
may produce genotoxic effects in persons exposed in occupational and
environnental settings. Brandomet al. (1978) reported a higher incidence of
chronosomal aberrations anbng urani um m ners exposed to radon and radon
daughters at cunul ative exposures ranging from <100 to >3,000 W.M as conpared
to their matched controls. A clear exposure-related increase was observed for
the groups exposed to 770 to 2,890 W.Mwith a sharp decrease at the highest
dose group (>3,000 WM. The cause of the reversal in exposure-response at
t he highest dose is unclear, Increases in chronosomal aberrations were al so
reported anong spa-house personnel and in area residents in Badgastein
Austria, who were chronically exposed to radon and radon decay products
present in the environment (Pohl-Rfiling and Fischer 1979, 1982; Pohl-Rtiling et
al. 1976). A study by Tuschl et al. (1980) indicated a stimulating effect of
repeated | owdose irradiation on DNA-repair in |ynphocytes of persons
occupational |y exposed to radon (3,000 pG /L of air [1.1x10° Bg/m]). The
study further indicated higher DNA-repair rates in juvenile cells than in
fully differentiated cells.

Evi dence of chronpbsonmal aberrations was equivocal in an ani mal study.
Rabbi t s exposed to high natural background |evels of radon-222 (12 WM for
over 28 months displayed an increased frequency of chronobsomal aberrations
(Leonard et al. 1981). However, when a simlar study was conducted under
controlled conditions (10.66 W.M, chronosonal aberrations were not found.
According to the authors, the increased chronmpbsomal aberrations in somatic
cells of rabbits exposed to natural radiation were mainly due to the gama
radi ati on from sources other than radon

Exposure of Sprague-Dawl ey nmale rats to radon at cumul ative doses as | ow
as 100 WM resulted in an increase in sister chromati d exchanges (SCES) in
bone narrow by 600 days post-exposure (Poncy et al. 1980). At 750 days
post exposure, the nunber of SCEs reached 3.21 per cell. The SCEs in the 500 and
3,000 WM groups reached constant values of 3.61 and 4.13 SCEs per cell. In
t he hi gh-dose group (6,000 W.M, SCEs continued to increase from 100 to 200
days after exposure, reaching a mean value of 3.5 SCE per cell. In controls
SCEs were constant with age (2.4 per cell).

2.2.1.8 Cancer

Signi ficant excesses in deaths fromlung cancer have been identified in
epi dem ol ogy studi es of uranium mners and other hard rock m ners.
Statistically significant excesses in |lung cancer deaths have been reported in
uraniummners in the United States (Archer et al. 1973, 1976, 1979; Cottlieb
and Husen 1982; Hornung and Meinhardt 1987; Lundin et al. 1971; Roscoe et al
1989; Sanmet et al. 1984b, 1989; Wagoner et al. 1964; Waxweiler et al. 1981),
Czechosl ovakia (Sevc et al. 1988), and Canada (Howe et al. 1986, 1987; Miller
et al. 1985).
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The results of these studies are consistent and denonstrate that the
frequency of respiratory cancer nortality increased with increasing exposure
to radiation (cunulative W.Ms). Statistically significant excesses in |ung
cancer deaths were present after cunul ative exposures of less than 50 W.Ms in
t he Czechosl ovaki an cohort (Sevc et al. 1988) and at cunul ati ve exposures
greater than 100 WLMs in the cohorts fromthe United States and Ontari o,
Canada (Muller et al. 1985; Sanet et al. 1989; Waxweiler et al. 1981). These
studies indicate that lung cancer nortality was influenced by the tota
cunul ative radi ati on exposure, by the age at first exposure, and by the tinecourse
of the exposure accunul ati on. Mst deaths fromrespiratory cancers
occurred 10 or nore years after the individual began uranium mning (Lundin et
al. 1971). Anmong uranium miners, epidernoid, small cell undifferentiated, and
adenocarci nona were present with increased frequency, while |arge-cel
undi fferenti ated and ot her norphol ogi cal types of |lung cancer were seen | ess
frequently (Archer et al. 1974).

The evi dence for radon daughter-induced |ung cancer is further supported
by epi demi ol ogi cal studies conducted anmong nonurani um hard rock mners. The
lung cancer nortality rate was also statistically higher in iron ore mners in
Sweden (Danber and Larsson 1982; Edling and Axel son 1983; Jorgensen 1984;

Radf ord and Renard 1984; Snihs 1974); netal niners in the United States
(Wagoner et al. 1963); zinc-lead mners in Sweden (Axel son and Sundell 1978);
tin mners in England (Fox et al. 1981); phosphate nminers in Florida
(Checkoway et al. 1985; Stayner et al. 1985); in a niobiummine (Solli et al
1985); and Newfoundl and fluorspar nmners (Mirrison et al. 1985). In sone of
these m nes, the main source of radon and radon daughters was from radon

di ssol ved in groundwater. Based on neasurenments of radon concentrations in
mne air, significant excesses in lung cancer nortality were reported at
concentrations of 30 pC radon-222/L of nmine air (111 Bg/ni) and greater
(Snihs et al. 1974). Since exposure was for at |east 10 years, the cunulative
exposure to workers was approximately 36 WLMs or greater. This excess cancer
nortality occurred at cunul ative exposures as low as 5 W.Ms (Howe et al. 1987)
but generally at cunul ati ve doses greater than 100 W.Ms.

In a subcohort of 516 white nonsnoking uraniumminers (drawn froma
| arger cohort of United States uranium niners), mean exposure was reportedly
720 WM For this cohort the nortality risk for lung cancer was found to be
12-fold greater than that of nonsnoking, nonmning United States veterans. No
| ung cancer deaths were found in nonsnoki ng m ners who had exposure | ess than
465 W.Ms (Roscoe et al. 1989). Unlike the nonm ning cohort, the mners in the
subcohort may have been exposed to other mining pollutants, e.g., diese
exhaust and silica dusts. The contribution of these factors was not
considered in the anal ysis.

Several case-control studies have exam ned the associ ati on between | ung
cancer and housing construction materials, or between |ung cancer and
resi dential radon exposure. The mgjority of these have been conducted in
Sweden (Axel son and Edling 1980, Axelson et al. 1979, 1981; Edling 1984,
Svensson 1987, 1989). The Axel son studies exam ned the associ ati on between
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housi ng type and |lung cancer risk. Residences of cases (having died fromlung
cancer) and controls (having died fromnoncancer causes) were classified into
three categories: having lived in wooden house without basenents; brick
concrete, or granite houses with basenments; and a m xed category (all other
types of houses). No radon neasurenents were taken in these honmes. However,
previous studies in Sweden had shown that, in general, the wooden structures
had | ower radon | evels than brick or concrete structures. Axelson reported a
statistically significant trend for increased |ung cancer deaths associ ated
with residence in mxed category houses or in stone houses wth basenents
(Axel son and Edling 1980, Axelson et al. 1979). These studi es were adjusted
for age and sex, but not for snoking history. An additional study based on

t he sane approach (lung cancer associated with type of residence) did neasure
radon levels in residences of interest (Edling et al. 1984). Woden houses

Wi t hout basements had nean |evels of 1.1 pC /L (42 Bg/ni), wooden houses with
a basenment on radiation producing ground or plaster houses had nean |evels of
4.6 pG /L (170 Bg/m), while all other types of houses had nean levels of 1.5
pCi/L (57 Bg/m). Again, the association of incidence of |ung cancer

adj usted for age and sex, and additionally for smoking, with type of residence
and with radon | evels, showed a significantly increasing trend (Axel son et al
1981, Edling et al. 1984). Al of the above studi es have one or nore

nmet hodol ogical limtations, such as small cohort size and linmted or no
nmeasur enent of radon levels in homes.

Anot her study of a Swedi sh cohort has al so reported significant
correl ati on between incidence of Iung cancer, type of residence, and radon
exposure, although only 10% of residences were nonitored for radon. In
addition, it correlates levels of exposure with particular types of |ung
cancer. Association of exposure with lung cancer, adjusted for snoking, age,
and degree of urbanization, was strongest for small cell carcinoma of the |ung
(Svensson et al. 1989). This particular type of lung tunor has al so been
reported in cohorts of United States uranium mners.

A study of lung cancer in adult white residents in Maryland reported an
associ ation of lung cancer with age, sex, and snoking. Lung cancer rates were
hi ghest in houses which had concrete walls and in houses w t hout basenments but
with concrete slabs, but this association was very slight (S npson and
Const ock 1983).

Identification of specific cancer effect levels, i.e., the environnenta
concentration of radon and radon daughters, was not feasible for all of the
epi dem ol ogi cal studies because of the quality of the exposure information
provi ded. Environmental |evels of radon and radon daughters, expressed in pG
radon-222/L of air, present in mnes were neasured at various tinmes; however,
actual neasurenents of radon and radon daughter |evels were not available for
every mine and for every year of exposure. Rather, actual measurenents al ong
with estimtes of radon daughter |evels based on extrapol ations from act ual
nmeasurenents were then conmbi ned with individual work histories to derive
estimates of cunul ative radon daughter exposure for each individual, reported
in W.Ms. Workers were then classified into cunul ati ve W.M exposure
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categories. For exanmple, in the United States urani um nm ning cohort radon and
radon daughter levels in mnes were neasured from 1950 to 1968 and ranged from
>100 to >10,000 pCG radon-222/L of air (>3.7x10° to >3.7x10° Bg/m) (>0.5 to
>50 W.s) across various mines and years. Mners were enployed in the m nes

for 4 to 28 years with an average | ength of enploynent of 15 years (Saccomanno
et al. 1988). The resulting exposure categories ranged from>120 W.Mto

>3,720 WLMs. Only a few of the epidem ol ogi cal studies provided enough
exposure information to express exposures in pC radon-222/L of air. However,
the quality of the exposure neasurenents does not alter the conclusion that,
based on the epidenm ol ogy studies, exposures to radon and radon daughters at
cunul ati ve doses greater than 100 W.Ms resulted in excesses in lung cancer
nortality, with the exception of the nonsnoking cohort reported by Roscoe et
al . (1989), which reported excesses in lung cancer at higher doses.

No studies were | ocated regarding cancer in |aboratory animals foll ow ng
acute exposure to radon and radon daughters. Lung tunors have been observed
inrats follow ng internediate exposure at concentrations as |ow as 3,000 pGCi
radon-222/L of air (1.1x10° Bg/ni) 2 hours/week for 4 nonths (Chameaud et al.
1984) and up to 3x10°pC radon-222/L of air (1.1x10°Bg/m) 12 hours/week for
2 weeks (Chaneaud et al. 1974, 1982a, 1982b). The nean tine to death with
tunor in the Chaneaud et al. (1984) study was approxi nately 112 weeks, which
is close to the normal |ifespan for a rat (104 weeks). In Chaneaud et al
(1980)s lung cancers were not observed in rats until the 24th nonth of the
study. These studies would indicate that the |atency period for radon-induced
lung tunors is long. No treatnent-related cancers were observed in dogs,
mce, or rats follow ng exposure to radon and radon progeny alone [5.5x105 to
1x10° pG radon-222/L of air (2.0x10" to 3.7x10" Bg/m)], 25 to 150 hours/ week
(Morken 1973). In this study, dogs were exposed for 1 to 50 days, mice (three
separate experinments) for 8 weeks to life, and rats for 24 weeks. However,
the dog study was terminated at 3 years; the rat study only reported results
through the twelfth nmonth of the study; and two of the nmouse studi es had
i fespan shortening. Sone of the changes observed may have been
preneopl asti c. However, based on the results fromthe Chaneaud et al. (1980,
1984) studies, lifespan shortening or the early termnation of experinments my
have precluded the devel opment of tunors. In the remaini ng nouse study
reported by Morken (1973), mice were sacrificed beginning at 60 weeks of age,
foll owi ng exposure to radon for 10, 15, 20, or 25 weeks, at 10 week intervals
until all of the mce were killed (110 weeks). No treatnent-rel ated cancers
were reported. However, reviewers of this study (Cross 1987) report that
| aboratory roomair containing dusts and oil and water droplets may be a
confoundi ng factor in this study. The influence of these confounding factors
is uncertain, but nay have led to a nore rapid solubilization of radon progeny
causi ng a decrease in observed lung effects.

In other studies in which a significant increase in the incidence of |ung
cancer was not reported, the respiratory lesions that were observed foll ow ng
exposure to radon and radon daughters al one were considered by the authors to
be "precancerous" (Mrken and Scott 1966; Pacific Northwest Laboratory 1978;

Pal mer et al. 1973). In the Mdirken and Scott (1966) study, destructive
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hyperpl astic and nmetaplastic | esions were observed in the trachea and
bronchi ol es of nmice follow ng exposure to 4.2x10° pG radon-222/L of air
(1.6x10" Bg/ni) 150 hours/week for life, but no carcinomas were observed.
However, there was a significant shortening of lifespan in the study, wth
many of the aninals dead at 35 weeks of age. Because of this |ifespan
shortening, the animals may not have lived | ong enough to develop tunors. In
a study reported by Palmer et al. (1973), no treatnment-rel ated cancers were
observed in mice, rats, or hansters exposed to 4.8x10° pG radon-222/L of air
(1.8x10° Bg/ m), but precancerous respiratory effects were observed in mce
and rats, such as hyperplasia. The |lack of cancer may be attributed to the
fact that all of the aninmals but one were dead by the fourth nonth of the
study. However, the cause of death was not reported. In a separate study,
"precancerous" respiratory effects (fibrosis) were observed in dogs exposed to
1.1x10° pC radon-222/L of air (4.1x10° Bg/m) (Pacific Northwest Laboratory
1978). The | ack of cancer observed in dogs may be due to |ifespan shortening
(4 years in treated versus 7 years in the normal dog), although the Iifespan
of untreated controls in this study was conparabl e.

Fol | owi ng chronic exposure to radon and radon daughters al one, no
statistically significant increase in the incidence of any type of tunor was
observed in hansters exposed to 3.1x10° pC radon-222/L of air (1.1x10’

W8> , 30 hours/week for life, although pul monary fibrosis and bronchia
hyper pl asi a were observed (Pacific Northwest Laboratory 1978). Hansters may
be resistent to al pha radiation-induced |ung cancer since no lung tunors were
produced in hansters exposed to another al pha-emtter, plutonium (ATSDR
1990b).

Lung cancer was reported in | aboratory animals by Chaneaud et al. (1974),
Cross et al. (1982a, 1982b, 1984), and Stuart et al. (1970) followi ng chronic
admi ni stration of radon and radon daughters in conjunction with air
pol | utants, such as cigarette snoke, uraniumore dusts, or diesel exhaust (see
Section 2.6).

2.2.2 Oral Exposure

No studies were | ocated regarding the followi ng health effects in humans
or animals after oral exposure to radon and radon daughters.

2.2.2.1 Deat h

2.2.2.2 System c Effects
2.2.2.3 | mmunol ogi cal Effects
2.2.2.4 Neur ol ogi cal Effects
2.2.2.5 Devel opnental Effects
2.2.2.6 Repr oductive Effects

2.2.2.7 CGenot oxi ¢ Effects

An increase in chronbsomal aberrations in | ynphocytes was observed in 18
Fi nni sh people of different ages chronically exposed to radon in househol d
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wat er at concentrations of 2.9x10'to 1.2x10° pG radon-222/L of water
(1.1x10° to 4.4x10* Bg/L) conpared with people who did not have a history of
exposure to high radon levels (Stenstrand et al. 1979). This study al so

i ndi cated that the frequenci es of chronmposomal aberrations and nmultiple
chromosomal breaks were nmore conmon in ol der people than in younger people
exposed to radon. Although the radon was in household water, it is probable
that nuch of this radon volatilized and was avail able to be inhal ed.
Therefore, this route of exposure includes both oral and inhal ation routes.

2.2.2.8 Cancer

Limted informati on was | ocated regardi ng cancer in hunans after exposure
to radon and radon daughters in water. Radon |evels were neasured in 2,000
public and private wells in 14 counties in Maine (Hess et al. 1983). The
county averages were conpared to cancer rate by county to determ ne any degree
of correlation. Significant correlation was reported for all |lung cancer and
all cancers conbi ned, when both sexes were conbined, and for lung tunors in
femal es. The authors note that correlati on does not denonstrate causation and
that confounding factors (e.g., snoking) exist. In addition, exposure from
radon in these water supplies could have been by the inhalation route as well
as the oral route.

No studies were | ocated regarding cancer in aninals after oral exposure
to radon and radon daughters.

2.2.3 Der mal Exposure

No studies were | ocated regarding the follow ng health effects in humans
or animals after dernmal exposure to radon and radon daughters.

2.2.3.1 Deat h

2.2.3.2 System c Effects
2.2.3.3 | mmunol ogi cal Effects
2.2.3.4 Neur ol ogi cal Effects
2.2.3.5 Devel opnental Effects
2.2.3.6 Reproductive Effects
2.2.3.7 Genotoxic Effects

2.2.3.8 Cancer

A statistically significant increase in the incidence of basal cell skin
cancers (103.8 observed vs. 13.0 expected) was observed in uranium m ners
exposed occupationally for 10 years or nore to approxinately 3.08 pC /L of air
(1.74x10* Bg/ m) resulting in 6.22 pC (0.23 Bg) radon-222/cnf skin surface
area (Sevcova et al. 1978). The authors believe that the causal agent may be
exposure to radon and radon daughters. However, they acknow edge t hat
exposure to other agents in the uranium m ning environnent, as well as mnor
traumas of the skin, may also play a role in the incidence of skin cancer.

I ncreased incidences of skin cancer have not been reported in other uranium
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m ner cohorts or for workers in other types of nining, such as netal or coa
m nes.

No studies were | ocated regarding cancer in animals after dermal exposure
to radon and radon daughters.

2.2. 4 O her Routes of Exposure
2.2.4.1 Deat h

A single intravenous injection of 1.6x10" pCG (6.0x10° Bg) radon-222/kg
body weight in equilibriumwith its decay products resulted in a 56% decrease
in the average |lifespan of mice (Hollcroft et al. 1955). This decrease was
believed to be due to radi ation-induced renal failure as indicated by
inflanmatory | esions and atrophy of the renal cortex as seen in nost of the
radon treated animals. The study by Hollcroft et al. (1955) has
nmet hodol ogi cal deficiencies including an erratic schedule for sacrifice of
animal s and the failure to exam ne aninals that died fromacute radiation
i njury. Many other causes of such renal effects are known and the rel evance
of these effects is questionable follow ng near |ethal doses of radon

2.2.4.2 Systemic Effects

No studies were | ocated regarding respiratory, cardi ovascul ar
gastroi ntestinal, muscul oskel etal, hepatic, or dermal/ocular effects in hunmans
or animals after exposure to radon and radon daughters by other routes of
exposure.

Hermat ol ogi cal Effects. No studies were |ocated regarding
hemat ol ogi cal effects in humans after exposure to radon and radon daughters by
ot her routes.

A single intravenous injection of 1.6x10° pG (6.0x10° Bq) radon-222/kg
body weight in equilibriumwith its decay products in mce resulted in a
decrease in red blood cell count within 2 weeks, which renained depressed
until death of the mice at about 150 to 180 days (Hollcroft et al. 1955). The
aneni a observed was associated with the observed renal failure in these
animals. Wiite blood cell counts were decreased i nmredi ately post-exposure,
but soon returned to normal levels. (See Section 2.2.4.1 for limtations of
Hol I croft et al. 1955.)

Renal Effects. No studies were |ocated regarding renal effects in humans
after exposure to radon and radon daughters by other routes.

A decrease in kidney weight, extrene shrinkage of the cortex, and
infiltration of fat into the Iining of the renal tubules and eventual rena
failure occurred in mce given a single intravenous injection of 1.6x10" pG
(6.0x10° Bg) radon-222/kg body weight in equilibriumwith its decay products
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(Hol lcroft et al. 1955). Renal failure nay have caused t he observed anem a
(see Hematol ogi cal Effects), weight |oss (see Oher Effects), and decrease in
|ifespan observed in these mce. (See Section 2.2.4.1 for limtations of
Hol I croft et al. 1955.)

O her Effects. A single intravenous injection of radon at a
concentration of 1.6x10" pG (6.0x10° Bq) radon-222/kg body wei ght in
equilibriumw th its decay products resulted in a decrease in body weight in
m ce, possibly due to renal failure (Hollcroft et al. 1955). (See Section
2.2.4.1 for limtations of Hollcroft et al. 1955.)

No studies were | ocated regarding the follow ng effects in humans or
animal s after exposure to radon and radon daughters by other routes.

2.2.4.3 | mmunol ogi cal Effects
2.2.4.4 Neur ol ogi cal Effects
2.2.4.5 Devel opnental Effects
2.2.4.6 Reproductive Effects
2.2.4.7 Genotoxic Effects
2.2.4.8 Cancer

2.3 TOXI COKI NETI CS

In radi ation biology the termdose has a specific nmeaning. Dose refers
to the ambunt of radiation absorbed by the organ or tissue of interest and is
expressed in rad (grays). Estimation of this radiation dose to lung tissue or
specific cells in the lung froma given exposure to radon and radon daughters
i s acconplished by nodeling the sequence of events involved in the inhalation
deposition, clearance, and decay of radon daughters within the lung. Wile
based on the current understanding of |ung norphonetry and experinental data
on radon and radon daughter toxicokinetics, different nodels make different
assunpti ons about these processes, thereby resulting in different estimates of
dose and risk. These nodels are described in nunerous reports including Bair
(1985), BEIR IV (1988), EPA (1988a), |CRP (1978), Janes (1987), NEA (1983),
and NCRP (1984).

In this section the toxicokinetics of radon is described based on the
avai | abl e experinental data rather than descriptions derived fromnodels. The
t oxi coki netics of radon, as it relates to the devel opnent of adverse health
effects in exposed popul ations, is further conplicated by the transformation
of radon to radon daughters. These progeny nay be present with radon in the
envi ronnent and inhaled or ingested along with radon and/or they may be forned
in situ fromthe transformati on of the radon absorbed in the body.
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2.3.1 Absor ption
2.3.1.1 I nhal ati on Exposure

The primary route of exposure to radon and its progeny is inhalation
The degree of deposition and the subsequent absorption of inhaled radon and
progeny is determ ned by physiol ogi cal parameters, such as respiration rate
and tidal volune; and physical properties, such as the particle size
distribution of the carrier aerosols and of the unattached fraction, the
equilibriumstate, and solubility coefficients (Crawford-Brown 1987; Holl eman
et al. 1969; Jacobi 1964).

Since radon is an inert gas, its novenent across nenbranes is driven by
solubility coefficients (Crawford-Brown 1987) and it nay be readily absorbed
by crossing the alveol ar menbrane. Mst inhaled radon will be exhal ed before
it can decay and deposit a significant radiation dose to the lung tissue, due
to the relatively long half-life of radon gas (MPherson 1980).

The radi oactive decay of radon results in the formation of |ong- and
short-lived daughter products which may attach to the surface of aeroso
particles and, when inhal ed, deposit on the nucus lining of the respiratory
tract through inpaction, sedinentation, or diffusion (Altshuler et/al. 1964).
It is assunmed that the short-Iived daughters, polonium 218, |ead-214, and
bi smut h-214, remain in the nmucus |ayer (Janmes 1987); however, absorption of
deposi ted radon daughters fromthe lung into the bl ood streamal so nay occur
(Jacobi 1964; Morken and Scott 1966). The deposited radon daughters appear to
act as sol ubl e substances and are released fromthe dust particles after they
undergo solvation (I CRP 1966). The long-lived radon daughter products (Il ead-
210, bismuth-210, and pol onium 210) contribute [ittle to the radi ation dose to
lung tissue because they have a greater |ikelihood of being physically renmoved
by ciliary action or absorbed by macrophages before they can decay and deliver
a significant radiation dose (MPherson 1980). The absorption characteristics
and rates of nucus clearance in various parts of the respiratory tract are
uncertain (Janes 1987).

The total respiratory deposition of radon daughters in human subjects has
been deternm ned experinmentally by George and Breslin (1967, 1969), Hollenman et
al. (1969), and Shapiro (1956) to range from18%to 51% of the inhal ed anpbunt
and to be dependent on tidal volune, particle size, and breathing rate. In
general , deposition increases with increasing tidal volune, with smaller
particle size, and with changes in normal breathing rates. Respiratory
deposition has al so been neasured in casts of the human | arynx and trachea by
Chanber | ain and Dyson (1956) who deternined an average deposition of about 22%
of the inhaled, unconbined radon activity at a breathing rate of 20 L/ m nute.
The inmportant sites for deposition of aerosols were determ ned by the use of
casts of the human tracheobronchial tree to be at or near the first
bi furcations of the bronchi (Cohen 1987; Martin and Jacobi 1972). According
to Cohen (1987), the nonuniform deposition for bifurcations as conpar,ed with
ai rway | engths suggests that the dose fromradon daughter deposition will be
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about 20% greater than estimted for uni form deposition. Estinmation of dose
to the respiratory tract has been extensively studied using nodels (BEIR IV,
1988; EPA 1989a; Harl ey and Pasternak 1982). Both the studi es of human |ung
casts and the information derived from nodel s indicate that nost deposition
occurs in the tracheobronchial region of the lung; other regions
(nasopharyngeal and pul nonary) receive nuch smaller doses (BEIR IV 1988).

Froma study in rats, Cohn et al. (1953) were able to conclude that the
radi ati on exposure per unit area is greater for the bronchi than for any other
lung tissue and, that the radiation dose to the respiratory tract fromthe
progeny was 125 tines greater than fromradon al one.

2.3.1.2 Oral Exposure

Exposure to radon by the oral route occurs fromdissolution of radon in
drinki ng water and, of the total radon dissolved in water, 30%to 70% may be
| ost by aeration and would be available for inhalation (Dundulis et al. 1984,
Hol oway and Turner 1981). Another study reported a loss of 15%to 25%  radon
to the air fromdrinking (Suonela and Kahl os 1972). Based on the tinme-course
of radon elinmnation in expired air, it appears that the mgjority of radon
absorption follow ng ingestion in water occurs in the stomach and snal
intestine, and only 1% to 3% of the ingested radon remains to enter the |arge
intestine to be available for absorption (Dundulis et al. 1984). Studies with
other inert gases indicated that the small intestine plays a major role in
gastroi ntestinal uptake of these inert gases (Tobias et al. 1949).

The rate of absorption of radon fromthe gastrointestinal tract depends
on the stomach contents and the vehicle in which it is dissolved.
Experinmental data from humans who i ngested radon dissolved in water indicate
that radon is rapidly absorbed fromthe stomach and small intestines, and that
greater than 90% of the absorbed dose is elimnated by exhalation in | ess than
1 hour (Hursh et al. 1965). Absorption of radon also may occur in the |arge
intestine. This is based on experinental data where exhal ation of radon
continues at |ower concentrations for a longer tinme after admi nistration when
radon di ssolved in drinking water is ingested on a full stomach as conpared to
i ngestion of radon on an enpty stonmach (Meyer 1937). The absorption of radon
followi ng ingestion of a nmeal high in fat is delayed (Vaternahm 1922). Radon
is present in exhaled air at higher concentrations and at later tines after
i ngestion of oil or fat emrulsions containing radon than with water containing
radon (Vaternahm 1922).

| ngest ed radon progeny may not contribute significantly to the radiation
dose to the stonmach as they nay not penetrate the mucus lining to a great
extent (Von Dobeln and Lindell 1964). Production of daughter products in
situ, follow ng absorption of radon in the gastrointestinal tract, wll
primarily result in a radiation dose to the gastrointestinal wall (Von Dobeln
and Lindell 1964). The ingestion of radon may al so result in exposure to |ung
ti ssue due to absorption fromthe gastrointestinal tract with transport by way
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of the systemic circulation to the lung with subsequent decay to daughter
products occurring in the lung (Crawford-Brown 1987).

2.3.1.3 Dernmal Exposure

Data regarding the absorption of radon follow ng dermal exposure are very
limted. Dermal absorption of radon has been neasured in subjects after
bathing in a radon-water spa (Furuno 1979; Pohl 1965) or after application of
a radon-containing ointment to the intact skin (Lange and Evans 1947). After
bathing for 5 to 15 m nutes, radon-222 concentrations in expired air reached
approximately 0.9% of that in the water and ranged from17.9 to 49.1 pG
radon-222/L of air (662 to 1817 Bqg/m) conpared to pre-bath | evels of |ess
than 1 pC radon-222/L of air (37 Bg/m). Radon concentrations in the water
were reported by the authors as 5,800 pC (215 Bg) radon-222/kg. However, the
relative contributions of the dermal and inhal ation routes cannot be
determ ned (Furuno 1979). Radon concentrations in blood reached 0.85%to 1%
of the radon concentration in the bath water, which was 1.8x10° pG (4.9x106
Bg) radon-222/L of water, after 30 to 40 mi nutes of bathing while breathing
conpressed air (Pohl 1965). Approximtely 4.5% of the radon applied in
ointnent to intact skin was neasured in expired air within 24 hours foll ow ng
application (Lange and Evans 1947).

2.3.1.4 O her Routes of Exposure

No studi es were | ocated regardi ng absorption of radon or its progeny in
humans and | aboratory animals after exposure by other routes.

2.3.2 Distribution
2.3.2.1 I nhal ati on Exposure

The distribution of radon once it is absorbed or deposited in the lung is
a function of its physical properties. Radon progeny, especially the |longlived
daughters, that have been deposited in the lungs are partially removed
by the nucociliary blanket, which then carries the particles to the trachea
and the gastrointestinal tract. Follow ng chronic exposure in hunans, |ead-
210, a stable daughter product, has been found in bone (Black et al. 1968;
Bl anchard et al. 1969; Cohen et al. 1973; Fry et al. 1983) and in teeth
(Cemente et al. 1982, 1984). After prolonged exposure, radon concentrations
i n body organs can reach 30%to 40% of inhaled concentrations (Pohl 1964).

Fat appears to be the main storage conmpartnment in rats follow ng

i nhal ati on exposure. In rats followi ng an acute exposure to radon
concentrations of radon and radon daughters were nuch higher in the onenta
fat than in any of the other tissues exan ned, followed by the venous bl ood,
brain, liver, kidney, heart, muscle tissues, and testes (Nussbaum and Hursh
1957). Radon reached equilibriumin the fat in about 6 hours conpared to 1
hour in all other tissues. This may be due to the nonuniformty of blood
perfusion within this tissue.
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2.3.2.2 Oral Exposure

After radon enters the gastrointestinal tract, it is absorbed into the
bl ood stream and then distributes to different organs and tissues (Crawford-
Brown 1987). This transfer fromthe gastrointestinal tract to the bl ood was
dependent upon the enptying patterns of the stomach into the upper intestine,
stomach content, fat content of nmeals, and tinme of meal in relation to radon
i ngestion (Hursh et al. 1965; Suonela and Kahl os 1972; Vaternahm 1922; Von
Dobel n and Lindell 1964). No age-dependent differences in radon distribution
fromthe gastrointestinal tract should be evident due to rapid equilibration
in the body (Crawford-Brown 1983). However, changes in the mass of fatty
ti ssue woul d be expected to affect distribution processes since radon is nore
soluble in fat than in other tissues (Crawf ord-Brown 1987).

According to Hursh et al. (1965), in humans greater than 90% of ingested
radon is distributed to the lung where it is rapidly exhaled. O the
remai ni ng adm ni stered dose of radon, 5%is distributed to the liver, 1.6%to
t he kidneys, and 2% to lung tissue (Hol oway and Turner 1981). Acute exposure
of human subjects to 1.3x10° to 2.83x10° pC (4.9x10° to 1.05x10” Bg) radon-
222/ L of water resulted in a whol e body accunul ation of 1.9x10° to 1.22x10°
pC (70 to 450 Bqg) bismuth-214, a radon decay product. The biological halflife
of radon in these individuals ranged from30 to 50 m nutes (Suonela and
Kahl os 1972).

Froma chronic study in | aboratory animals where 3.6 pG (0.13 Bqg) of
radon was adm nistered daily for 1 year, a body accunulation of 5 pG (0.19
Bg) | ead-210/g of tissue, 0.08 pC (3.0x10° Bg) pol onium 210/ g of tissue, and
0.003 pC (1.1x10* Bg) bisnuth-210/g of tissue was reported (Fernau and
Smereker 1933). Radon is very soluble in fat with its distribution
coefficient in fat greater than in any other organ or tissue (Nussbaum and
Hursh 1957). This storage of radon in body fat is a constant source of |ead-
210, polonium 210, and other progeny (Duric et al. 1964). The presence of
| ead- 210 and pol oni um 210 are not uni que to radon exposure and are also found
in cigarette snoke and food (NCRP 1984b).

In addition to the available data on distribution in humans and
| aboratory aninmals, many different nodels exist which estimate distribution in
humans (EPA 1988a; | CRP 1978).
2.3.2.3 Der mal Exposure

No studies were | ocated regarding distribution in hunmans or |aboratory
animal s after dernal exposure to radon or its progeny.

2.3.2.4 O her Routes of Exposure

No studies were located regarding distribution of radon or its progeny in
humans or | aboratory animals after exposure by other routes.
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2.3.3 Met abol i sm

Radon is an inert noble gas that does not readily interact chemcally
with cellular macronol ecul es. Radon does not undergo netabolismin biologica
syst ens.

2.3.4 Excretion
2.3.4.1 I nhal ati on Exposure

Most of the inhaled radon will be elimnated by exhal ati on before it can
decay and deposit a significant radiation dose to the lung tissue. The longlived
radon progeny are, to sonme extent, physically renoved before they can
decay and deposit a radiation dose (McPherson 1980). The biol ogical half-tine
for radon daughters in the pul nonary region has been reported to range from®6
to 60 hours and in the tracheobronchial region to range from 10 mnutes to 4.8
hours (Altshuler et al. 1964; Jacobi 1964, 1972). The biological half-time in
fat tissue has two conponents, a fast conponent of 21 minutes and a sl ow
conponent of 130 m nutes (Nussbaum and Hursh 1957).

Long-lived radon progeny (I|ead-210) have been reported to be excreted in
the urine of uraniummners at 1 to 18 years foll owi ng exposure. This
excretion of |ead-210 results froma slow rel ease of the daughters from bone.
Concentration of |ead-210 in bone has been shown to correlate with cunul ative
exposure to radon and radon daughters in W.M (Bl ack et al. 1968).

Experinents in rats and nmice indicated that polonium 214 nay be retained

in the lung follow ng inhal ati on exposure. The retention efficiency of

pol oni um 214, a stable daughter product, in the lung was 2% and 2. 2% of the
admini stered activity in rats and mice, respectively, inmediately follow ng
acute inhal ati on exposure (Doke et al. 1973).

2.3.4.2 Oral Exposure

Fol | owi ng i ngestion of radon dissolved in water, greater than 90% of the
absorbed radon was elimnated by exhalation within 100 minutes. By 600
m nutes, only 1% of the absorbed anount remained in the body (Hursh et al
1965). The biological half-time for renmoval of radon fromthe body ranges
from30 to 70 mi nutes dependi ng on whether the stomach is enpty or full and on
fat content in the diet (Hursh et al. 1965; Suonela and Kahl os 1972; Vater nahm
1922). The presence of food in the stomach may result in a marked delay in
the renoval of radon fromthe body due to an increased enptying time of the
stomach during which tinme a portion of the radon nmay decay (Hursh et al
1965). The biological half-life in the blood of humans has been reported to
be 18 minutes for 95% of the adm nistered dose and 180 mnutes for the
remai ning 5% (Hursh et al. 1965). The longer half-life for the remaining 5%
may be due to storage and subsequent renoval fromtissues. The effective
half-1ife for removal of radon was reported as 30 minutes (Andersson and Nil sson
1964).
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The transfer rate of radon fromthe gastrointestinal tract and subsequent
elimnation fromthe respiratory tract was found to be dependent on the
pattern of enptying of the stomach into the small intestines (i.e., with or
wi thout a neal), and the acconpanying vehicle (i.e., water or fat). After
i ngestion of radon dissolved in drinking water on an enpty stonmach, radon in
exhal ed air rapidly increased reaching a naxi mum concentration in exhaled air
5to 10 minutes after ingestion (Meyer 1937). Wth ingestion of radon in
drinking water with or after a neal, radon elinination in expired air is
del ayed and varies in concentration with tine, reflecting absorption fromthe
small intestines as it receives a portion of the stomach contents (i.e., with
stomach enptying patterns) (Meyer 1937). After ingestion of radon dissol ved
in olive oil on an enpty stonmach, elimnation in expired air reached a maxi mum
concentrati on 50 m nutes post-ingestion, then declined; however, when
admnistered in olive oil after a neal, radon in expired air renmi ned constant
from10 minutes to 5 hours after ingestion (Vaternahn 1922). These data
suggest that radon is elimnated in expired air nore rapidly froma water
vehicle than a fat or oil vehicle and this elimination occurs over a |onger
period of tine when ingested with a neal than on an enpty stomach

When radon dissolved in water was ingested on a full stomach, the
exhal ati on of radon reached a maximumat 5 to 15 minutes then declined. This
was then followed by a second peak about 20 minutes after ingestion. Wen
i ngestion of radon occurred “sonme tinme”after a nmeal, the second radon peak in
exhal ed air was del ayed and was followed by further peaks (Meyer 1937). These
subsequent peaks were expl ai ned by the absorption of radon fromthe intestine
after it has received portions of the stomach content (Meyer 1937).

2.3.4.3 Der mal Exposure

Informati on on the excretion of radon and its progeny follow ng derma
exposure is very limted. Wthin 24 hours, 4.5% of the radon, which was
applied as a salve to intact human skin, was elimnated by exhal ation, while
10% was exhal ed after application of the radon to an open wound (Lange and
Evans 1947). Bathers breathing conpressed air while i mMmersed in radoncontai ni ng
wat er had exhal ed approxi mately one-third of radon nmeasured in
bl ood i medi ately after bathing (Pohl 1965). By 6 to 8 ninutes after bathing,
t hese persons were exhaling one-half of the anpbunts exhal ed i nmedi ately after
bat hi ng. The author stated that the remai ning radon which distributed to
fatty tissue was excreted nore slowy.

2.3.4.4 O her Routes of Exposure

Experinments in aninals have reported the retention of radon after
exposure by the intraperitoneal and intravenous routes. After intravenous
admnistration, 1.6%to 5.0% of the adm nistered activity was retained in the
animal s after 120 m nutes (Hollcroft and Lorenz 1949). Retention was greatest
after intraperitoneal administration at 120 minutes, but by 240 minutes it was
nearly the same for both routes of administration. These authors al so
reported that the anount of radon retained in tissues was greater in obese
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mce than in normal mce, especially after intraperitoneal admnistration
(Hol I croft and Lorenz 1949). Radon retention has al so been studied in dogs
after intravenous adm nistration of radium 226. The amount of radon in bone
was found to increase with increasing tinme after injection (Mays et al. 1975).

2.4 RELEVANCE TO PUBLI C HEALTH

Growing concern in the late 1940s that the inhalation of radon and radon
daughters was contributing to the adverse health effects observed in
underground mners stimul ated the conduct of epidem ol ogi cal investigations
and initiated animal studies with radon and radon daughters. Earlier
i nhal ati on studi es had been conducted with radon only, but evidence fromradon
dosinetry studi es indicated the invol venent of radon daughters rather than
just radon (Bale 1951). Epidem ol ogi cal studies further suggested that the
maj or health effects observed in mners mght be attributed to radon
daughters. Both human and ani mal studies indicate that the [ung and
respiratory systemare the primary targets of radon daughter-induced toxicity.
The evidence indicates that inhalation of radon decay products results in
radi ati on damage to tissues in which these products are deposited.

Nonneopl astic respiratory di sease and | ung cancer have been reported in humans
and ani nal s exposed to radon and radon daughters by inhal ation

Deat h. No deaths in humans foll owi ng acute exposure to radon have been
reported. Followi ng |ong-term exposure, significant increases in early
nortality due to nonneopl astic respiratory di seases have been reported anong
urani um m ners. Because nortality due to nonneopl astic di seases i s not
general ly reported by exposure categories (i.e., W.Mcategories), it is not
cl ear what exposure concentration or duration of exposure in these m ning
cohorts is associated with this increased nortality. In addition, these
nonneopl asti c respiratory deaths cannot be attributed solely to radon but may
result fromexposure to other mine air pollutants. Reduction in |ifespan due
to respiratory disease as a result of exposure to high levels of radon or
radon daughters has been reported in various animal studies. Based on the
evidence in animals, it is apparent that death due to respiratory disease may
result after exposure to radon at very high levels. However, it is unclear to
what extent |owlevel environnental exposure to radon and radon daughters may
i ncrease the risk of death due to nonneoplastic respiratory disease.

Respiratory Effects. Respiratory di sease characterized as enphysens,
fibrosis, or pneunpnia has been reported in both humans and animals with
i nhal ati on exposure to high levels of radon and radon daughters. In addition
to deaths due to nonneoplastic respiratory di sease, sonme studies have reported
reductions in respiratory function. In all of the occupational cohorts,
m ners were concomtantly exposed to other mine pollutants, such as ore dust,
other mnerals, or diesel-engine exhaust. The contribution of these
pol lutants, as well as cigarette snoking, to the induction of nonneoplastic
respiratory disease is unclear. As reported in Section 2.6, Interactions Wth
O her Chenicals, the conbination of radon and radon daughters along with ore
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dust or other pollutants enhanced the incidence and severity of adverse
respiratory effects in |aboratory aninmals as conpared to either toxicant

al one. Induction of this type of respiratory disease may occur primarily at
doses that exceed those commonly found in the environmental setting; however,
the radi ati on dose that would result in either pul nonary dysfunction or

pul nonary di sease is not known. The adverse respiratory effects observed
appear to be consistent with al pha radiati on danmage that may occur at high
doses in slower regenerating tissues such as the lung (see Appendi x B). That
bei ng the case, production of respiratory tissue damage in the |ungs nmay not
be i medi ately apparent, especially at |ow environmental exposures.

Hermat ol ogi cal Effects. No information on the hematol ogical effects of
radon in humans was located in the available literature. Alterations in
hemat ol ogi cal paraneters followi ng exposure to radon have been reported in
animal s. The extent and severity of the hematol ogical effects were related to
the | evel of exposure and the exposure duration, and red bl ood cells appear to
be nore sensitive to the effects of radon than white blood cells. Foll ow ng
acute exposure by the inhalation or intravenous routes, decreases in the
nunber of red blood cells and white bl ood cells occurred i nmedi ately postexposure.
Red bl ood cells renai ned depressed for the remaining life of the
treated animals, while white blood cells returned to nornal |evels postexposure.
Fol | owi ng repeat ed exposures, white bl ood cell counts remai ned
depressed for |longer periods of time and, with chronic exposure, depression in
white blood cell counts was linearly related to the cumrul ati ve exposure. The
ani mal studies indicate chronic exposure of hunmans to radon may result in
simlar alterations in the hematopoietic system

Renal Effects. Evidence of kidney di sease has been reported in United
States uraniummners (Waxweiler et al. 1981). In that survey, chronic and
unspecified nephritis was elevated after a | o-year |atency. The
nephrotoxicity of soluble uraniumin aninmals has been docunented (ATSDR
1990a). Due to their relatively short half-lives, the al pha-emtting radon
daughters present in the |ung undergo radioactive decay before they nove to
other organs, in contrast to other al pha-enmitting radi onuclides, such as
urani um or pl utoni um (ATSDR 1990a, 1990b), which nay translocate fromthe |ung
to irradiate other tissues. Neverthel ess, direct evidence of rena
dysfunction or inpairnment resulting frominhalation or oral exposure to radon
and radon daughters al one is |acking.

Neur ol ogi cal Effects. No information on neurol ogical effects in humans
exposed to radon was located in the available literature. Only one anina
study attributed the toxic effects observed to the action of radon on the
central nervous system This study reported respiratory paralysis due to
central nervous system depression; however, the study has nunerous flaws (see
Section 2.2.1.4) that limt its usefulness and render the reported results
guest i onabl e.
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Reproductive Effects. Recent epidem ol ogical studies have raised
specul ation that inhalation exposure to radon and radon daughters during
uranium mning may be associated with effects on reproductive outcone. A
decrease in the secondary sex ratio (the ratio of male to femal e children) of
children of underground miners follow ng enpl oynment in uranium m nes was
reported (Dean 1981; Muller et al. 1967). Waxweil er and Roscoe (1981),
however, found the secondary sex ratio to increase in older nen but to
decrease in younger nen. If the father is exposed to radiation, an increase
in the nunmber of male children nmight be expected due to the relative
resi stance of the Y chronmpsone as conpared to the X chronosone (Waxweil er and
Roscoe 1981). In a prelimnary study, Wese and Skipper (1986) reported a
decrease in the secondary sex ratio, although not statistically significant,
in children born to underground urani um and potash workers. No ot her
i nfornmati on exists on reproductive effects in other epidem ol ogi ca
i nvestigations or animal studies. Therefore, these observations of
alterations in secondary sex ratios are suggestive of possible effects but are
not concl usive evidence that radon can produce reproductive toxicity in
persons environnentally exposed to radon

Genotoxic Effects. |Increases in chronosonal aberrati ons have been
reported anobng urani um m ners and anong personnel enployed at a radon spa in
Austria followi ng inhalation exposure. Increases in chronosonal aberrations
were also reported in a snmall group of people living in an area with high
radon concentrations in their water supply. As stated in Section 2.3 on
t oxi coki netics, radon rapidly escapes fromwater; therefore, the probable
maj or route of exposure in this cohort also was inhalation. In addition
i ncreased DNA-repair rates in |ynphocytes were observed in anot her
occupational cohort. The increased DNA repair rates may reflect increases in
DNA darmage. DNA repair enzymes nay be induced in response to DNA damage. The
implications of this information for environnental exposures are unclear. In
the case of the mner occupational cohorts, cunul ative exposures were greater
than 100 WLM and ranged up to 6,000 WLM Al so, the aninmal data are
i nconclusive and do not clearly establish a |ink between genotoxicity and
radon exposure. A summary of the genotoxicity studies is given in Table 2-2.

Cancer. Nunerous epidenmi ol ogi cal studies have denonstrated a causa
associ ati on between |ung cancer nortality and exposure to radon in conbination
wi th radon daughters. The majority of these epidem ol ogi cal data have been
col l ected from occupati onal cohorts exposed to radon and radon daughters
during mning operations. Despite the variety of conditions reported for the
m nes (including dust concentrations, type of ore mined, and ventilation
rates) and differences in the cohorts (including |levels of exposure, |ength of
foll owup, snmoking habits, and ages of exposure), exposure to radon in mning
operations is clearly directly associated with lung cancer nortality.

Sone of these studies indicate that |ung cancer nortality was influenced
by the total cunulative radiation exposure, by the age at first exposure, and
by the time-course of the exposure accunul ation. The |length of the induction
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TABLE 2-2. Genotoxicity of Radon-222 In Vivo

End Point Species (Test System) Result Reference
MAMMALIAN SYSTEMS
Chromosomal Human (peripheral + Pohl-Riiling et al.
aberrations lymphocytes) 1976, 1987; Pohl-
Riling and Fischer
1979, 1982, 1983;
Brandom et al. 1972,
1978
Human (whole body + Stenstrand et al.
lymphocytes) 1979
Rabbit (somatic cells) - Leonard et al. 1981
DNA repair Human (lymphocytes) + Tuschl et al. 1980
Sister Rat (bone marrow cells + Poncy et al. 1980
chromatid
exchanges

INVERTEBRATE SYSTEMS

Dominant lethal Drosophila
melanogaster

(+)

Sperlich et al. 1967

+
[

= positive result
negative result
(+) = positive or marginal result
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| atency, that is, the tinme fromthe start of mning to the devel opnent of
cancer, is strongly dependent on the age at which a man starts mning (Archer
1981). The data indicate that the older a man is when he starts mning, the
shorter his induction-latency period will be. The Czechosl ovaki an data

i ndi cate that the frequency of attributable [ung cancer nortality rises
steeply with increasing age at the start of mining, corresponding to
decreasi ng i nduction-latency periods (Sevc et al. 1988). There is evidence
that the induction-latency period is al so dependent on the exposure rate and
total radiation exposure, that is, the |ower the exposure rate, the longer a
group must be followed to evaluate the lung cancer risk (Archer et al. 1979).
According to Sevc et al. (1988) lung cancer nortality for the same cumul ative
W.Ms was greater in the subcohort w th higher exposures early in their work
hi story, conpared to those with nearly equal yearly exposure or the subcohort
with lower initial exposure which increased to higher levels in |ater years.
Addi tional support for the role of radon as a causative agent in |lung cancer
is provided by the results of the studies of nonuranium hard rock mners,

whi ch al so showed an increased nortality rate fromlung cancer

Sone of these studies also indicated that underground niners who were
cigarette snmokers had a higher incidence of radiation-induced | ung cancer
nortality than did mners who were nonsnokers, and that the induction-I|atency
peri od was substantially shorter for snmokers than for nonsnmokers (Archer
1981). A study of a nonsnoki ng cohort of uraniummners clearly indicated an
increased nortality risk for lung cancer for the cohort (Roscoe et al. 1989).
In addition, increases in |lung cancer anong Anerican |ndian urani um m ners,
who had a | ow frequency of lung cancer in the nonexposed general popul ation
conpared to rates in the white United States population and a | ow frequency of
cigarette snoking, support the conclusion that radiation is the prinmary cause
of lung cancer anmong uraniumminers (Cottlieb and Husen 1982; Sanet et al
1984b; Sevc et al. 1988). A conprehensive evaluation of risk estinates from
various mning cohorts can be found in BEIR IV (1988).

Several studies of residential exposure to radon and radon daughters al so
i ndi cate an increased risk of lung cancer (Axelson and Edling 1980; Axel son et
al. 1971, 1981; Edling et al. 1984; Svennson et al. 1987, 1989). These
studies are primarily case-control studies that involve a small nunber of
subj ects and have exposure estimates that are linited or based on surrogates.
A nmore recent study has reported on a nmuch |larger cohort and has provi ded sone
exposure information (Svennson et al. 1989). These studi es support the
evi dence obtai ned fromthe occupational cohorts. Radon concentrations in
environnental settings are not expected to be at levels as high as those
encountered in mning operations nor woul d they be expected to be conbi ned
with dusty conditions or diesel exhaust exposure, two features of the exposure
of several of the exam ned cohorts. However, the BEIR IV (1988) Committee
indicated that the risk fromoccupational or residential exposure to radon is
the sane per unit dose.

Studies in animals confirmand support the conclusions drawn fromthe
epi dem ol ogi cal data. When all aninmal data are conbined and revi ewed, four
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vari abl es surface which appear to influence the efficiency of radon daughters
to produce lung cancer in laboratory aninals (Cross et al. 1984). These

vari abl es include: cunul ative exposure to radon and radon daughters, exposure
rate to radon and radon daughters, unattached fraction of radon daughters, and
di sequi i brium of radon daughters. Another factor which may influence the
tunorigenic potential of radon and radon daughters is exposure in conjunction
with other pollutants, such as uraniumore dust or cigarette snoke (see
Section 2.6 for a discussion of interactions of radon with other chemcals).
The ability of radon daughters, alone or in conjunction with uraniumore
dusts, to produce lung tunors in |aboratory aninmals appears to increase with
an increase in exposure until |ifespan shortening reverses the trend, with a
decrease from hi gh exposure rate to | ow exposure rate, and with increasing
unattached fraction and di sequilibrium

In general, the pattern of results fromthe epidem ol ogical studies and
ani mal experiments clearly indicates a risk due to radon and radon daughter
exposure. Although individual studies have particular shortcom ngs that nay
nmake that conclusion | ess supportable for the individual study, the pattern
over all the studies is convincing. Positive associations between exposure to
radon daughters and | ung cancer have been found in occupational settings for
various types of mining operations, in various ethnic groups around the world,
and under various concomtant exposure conditions. In sone of these
occupational settings, conconitant exposure to other pollutants, such as ore
dust, diesel engine exhaust, or other ninerals, such as silica, may have
occurred. The possible inmpact of these other pollutants on radon daughteri nduced
| ung cancer is unclear (see Section 2.6).

2.5 Bl OMARKERS OF EXPOSURE AND EFFECT

Bi omar kers are broadly defined as indicators signaling events in biologic
systens or sanples. They have been classified as narkers of exposure, narkers
of effect, and markers of susceptibility (NAS/ NRC 1989).

A bi omarker of exposure is a xenobiotic substance or its netabolite(s) or
t he product of an interaction between a xenobiotic agent and sone target
nol ecul e or cell that is measured within a conmpartment of an organi sm ( NAS/ NRC
1989). The preferred bi omarkers of exposure are generally the substance
itself or substance-specific nmetabolites in readily obtainable body fluid or
excreta. However, several factors can confound the use and interpretation of
bi omar kers of exposure. The body burden of a substance may be the result of
exposures from nore than one source. The substance bei ng neasured may be a
net abolite of another xenobiotic (e.g., high urinary |evels of phenol can
result fromexposure to several different aromatic conpounds). Dependi ng on
the properties of the substance (e.g., biologic half-life) and environnenta
conditions (e.g., duration and route of exposure), the substance and all of
its metabolites may have left the body by the tinme biol ogic sanples can be
taken. It may be difficult to identify individuals exposed to hazardous
substances that are conmonly found in body tissues and fluids (e.g., essential
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m neral nutrients such as copper, zinc and sel eniun). Bionarkers of exposure
to radon are discussed in Section 2.5.1.

Bi omar kers of effect are defined as any measurabl e bi ochem cal
physi ol ogic, or other alteration within an organi smthat, depending on
magni t ude, can be recogni zed as an established or potential health inpairnent
or disease (NAS/NRC 1989). This definition enconpasses biochem cal or
cellular signals of tissue dysfunction (e.g., increased liver enzynme activity
or pathologic changes in female genital epitheliumcells), as well as
physi ol ogi ¢ signs of dysfunction such as increased blood pressure or decreased
lung capacity. Note that these narkers are often not substance specific.

They al so may not be directly adverse, but can indicate potential health
i mpai rment (e.g., DNA adducts). Biomarkers of effects caused by radon are
di scussed in Section 2.5.2.

A bi omarker of susceptibility is an indicator of an inherent or acquired
l[imtation of an organism s ability to respond to the chall enge of exposure to
a specific xenobiotic. It can be an intrinsic genetic or other characteristic
or a preexisting disease that results in an increase in absorbed dose,
bi ol ogically effective dose, or target tissue response. |f bionarkers of
susceptibility exist, they are discussed in Section 2.7, "POPULATI ONS THAT ARE
UNUSUALLY SUSCEPTI BLE. "

2.5.1 Bi omarkers Used to ldentify or Quantify Exposure to Radon

Bi omar kers of exposure to radon and its progeny include the presence of
radon progeny in several human tissues and fluids, including bone, teeth,
bl ood, hair, and whi skers, and can be measured by nethods which are both
specific and reliable (Blanchard et al. 1969; Cenente et al. 1984; CGotchy and
Schi ager 1969). Al though the presence of radon progeny in these tissues and
fluids indicate exposure to radon, exposure to uraniumor radiumnmay al so
result in the presence of these decay products. Pol onium 210 nmay al so be
found in tissues after exposure to cigarette snoke. Levels of |ead-210 in
teeth have been associated with levels of radon in the environment in an area
with high natural background I evels of radon and radon daughters (C enente et
al. 1984). In addition, Black et al. (1968) reported correlation of radiation
exposure and | ead-210 | evels in bone fromuranium m ners. However, cunul ative
exposure to these individuals was estimted. Biomarkers of radon or radon
progeny exposure may be present after any exposure duration (e.g., acute,
i nternedi ate, chronic). Because of the relatively short half-lives of nost
radon progeny, with respect to a human lifetinme, the tinme at which the
bi ol ogi cal sanple is taken related to tinme of exposure may be inportant.
However, for the longer lived progeny the tine factor is less critical

Model s are avail abl e which estinate exposure to radon-222 fromlevels of
stabl e radon daughter products, |ead-210 and pol oni um 210, in bone, teeth, and
bl ood (Bl anchard et al. 1969; Cenmente et al. 1982, 1984; Ei senbud et al
1969; Cotchy and Schi ager 1969; Wi ssbuch et al. 1980). However, these nodels
nmake nunerous assunptions, and uncertainties inherent in all nodels are
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i nvolved in these estimates. Therefore, at present, these estimted | evels of
bi omar kers of exposure are not useful for quantifying exposure to radon and
progeny. Quantification of exposure to radon is further conplicated by the
fact that radon is an ubiquitous substance and background | evel s of radon and
radon progeny are needed to quantify higher than "average" exposures.

2.5.2 Bi omar kers Used to Characterize Effects Caused by Radon

The principal target organ identified in both hunan and ani mal studies
foll owi ng exposure to radon and progeny is the lung. Alterations in sputum
cytol ogy have been eval uated as an early indicator of radiation damage to |ung
ti ssue. The frequency of abnormalities in sputumcytol ogy, which may indicate
potential |ung cancer devel opnent, increased with increasing cunulative
exposures to radon and radon daughters (Band et al. 1980; Saccomanno et al
1974). Al though abnornmal sputum cytol ogy may be observed fol |l owi ng radon
exposure, this effect is also seen foll owi ng exposure to other xenobiotics
such as cigarette snmoke. In addition, even though increases in the frequency
of abnormal sputum cytol ogy can be neasured, they may not provide a reliable
correlation between levels in human tissues or fluids with health effects in
exposed indi vi dual s.

A dose-response rel ati onshi p between chronmosone aberrations and i ncreased
environnental |evels of radon has been reported (Pohl-Rtiling and Fischer 1983;
Pohl -Riiling et al. 1976, 1987). Al though the presence of chronosone
aberrations is a bionarker of effect, the potential range of chem cals which
could cause this effect is so great that it would not necessarily be
consi dered radon-specific.

Addi ti onal biomarkers of effect for radon and radon progeny exposure may
exi st; however, these were not located in the reviewed literature. For nore
i nfornmati on on bi onarkers for effects of the i mmune, renal, and hepatic
systens see ATSDR, CDC Subcommittee Report on Biological Indicators of O gan
Damage (1990c) and for bionmarkers of effect for the neurol ogical system see
OTA (1990). For nore information on health effects foll owi ng exposure to
radon and radon daughters see Section 2.2.

2.6 | NTERACTI ONS W TH OTHER CHEM CALS

The interaction of cigarette snoke with radon and the possible effect on
radon-i nduced toxicity is a conplex one and is still an issue under
consi deration. Cigarette snoke appears to interact with radon and radon
daughters to potentiate their effects. In general, epidem ological studies
have reported synergistic, multiplicative, or additive effects of cigarette
snoke in lung cancer induction anbng m ners exposed to radon and radon
daughters (US DHHS 1985). Studies by Lundin et al. (1969, 1971) reported 10
times nore |lung cancer anong United States uranium m ners who snoked. In a
case-control study of United States uraniumminers, Archer (1985) reported
that snoking miners with Iung cancer had significantly reduced | atencyi nduction
peri ods than nonsnmokers. Cigarette snoking al so appeared to shorten
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the | atency period for |lung cancer anong Swedi sh | ead-zinc mners (Axel son and
Sundel | 1978), and Swedi sh iron mners (Danber and Larsson 1982). M ners who
snoke cigarettes may be at higher risk because of the possible synergistic or
additive effect between radon and radon daughters and ci garette snoking
(Klassen et al. 1986). However, an antagonistic relationship between

cigarette snoking and |ung cancer in hunans may exist according to Sterling
(1983). His hypothesis is that snokers nay have a | ower potential retention

of deposited radon daughter particles due to enhanced nucociliary clearance.

O her investigators have reported that nonsnoking mners exhibited a higher

i nci dence of lung cancer than snokers, although the I atency of cancer

i nduction was shorter in nonsnmokers than for snokers (Axel son 1980; Axel son
and Sundel|l 1978). Again, the theories put forth to explain this phenonenon

i ncl ude increased nucus production and alterations in nucociliary clearance in
snokers resulting in the increased nucus thickness.

Sonme ani mal studies support the theory that cigarette snoke potentiates
the effects of radon and radon daughters alone or in conjunction with uranium
ore dust. A study by Chanmeaud et al. (1982b) reported an increase in the
i nci dence of lung cancer, as well as a decrease in the cancer |atency period
in rats exposed to radon and then to cigarette snoke, conpared to rats exposed
to radon and radon daughters alone. This study did not include untreated
controls. Alterations in normal blood paraneters, including carboxyhenogl obin
| evel s and | eukocyte counts, were observed in dogs exposed to cigarette snoke
foll owed by exposure to radon daughters plus uraniumore dust, conpared to
ani mal s exposed to only radon daughters plus uraniumore (Filipy et al. 1974).
In contrast, some studies suggest an antagonistic interaction between snoking
and radon daughter-induced |ung cancer. Dogs exposed daily to cigarette snoke
foll owed i medi ately by exposure to radon and radon daughters and urani um ore
dust exhibited a decrease in the incidence of lung tunors, conpared to dogs
exposed to radon and radon daughters plus uraniumore dust (Cross et al
1982b). Cross (1988) reported that this was possibly due to a thickening of
the mucus layer as a result of snpbking and, to a |l esser extent, a stinulatory
effect of cigarette snoke on mucociliary clearance, although no enpirica
evi dence was col |l ected during the experiment to test these possibilities.

In rats adm nistration of chemicals present in cigarette snoke after
exposure to radon and radon daughters resulted in a decrease in the |ung
cancer |atency period when conpared to the tinme-to-tunor induction in animals
treated with radon alone. This effect was seen with 5, 6-benzoflavon (Queval
et al. 1979) and with cerium hydroxi de (Chaneaud et al. 1974).

QO her airborne irritants, as well as ore dust and diesel exhaust, may act
synergistically with radon and radon daughters to increase the incidence of
adverse health effects. Epidem ol ogical studies report the presence of other
airborne irritants in mning environnments, including arsenic, hexaval ent
chrom um nickel, cobalt (Sevc et al. 1984), serpentine (Radford and Renard
1984), iron ore dust (Danber and Larsson 1982; Edling and Axel son 1983;

Radf ord and Renard 1984), and di esel exhaust (Danber and Larsson 1982; Sevc et
al . 1984).
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Cross and col | eagues at Pacific Northwest Laboratory have conducted
ext ensi ve experinents involving exposure of dogs, mce, rats, and hansters to
radon and its progeny in conjunction with uraniumore dust and/or diese
exhaust (Cross 1988; Cross et al. 1981, 1982b, 1984; Pacific Northwest
Laboratory 1978; Palner et al. 1973). Studies in hansters, mice, and rats
have shown that exposure to uranium ore dust and/or diesel exhaust increases
the pul nonary effects of radon. Radon and conbi nati ons of urani um ore dust
and/ or di esel exhaust produced greater incidences of pul nobnary enphysema and
fibrosis in hansters than radon and radon daughters al one (Cross 1988).
Exposure to uranium ore dust or diesel exhaust alone caused significant
bronchi al hyperpl asia, but not as great an effect as conbining either of these
wi th radon and radon daughters. The incidence of severe |esions of the upper
respiratory tract (nasal passages and trachea) of mice and rats was increased
foll owi ng exposure to radon and urani um ore dust, conpared to ani mal s exposed
to radon and radon daughters alone (Palnmer et al. 1973). An increased
i nci dence of thoracic cancer (40% was observed in rats treated with asbestos
(mneral dust) after inhalation of radon and radon daughters, conpared with
ani mal s exposed to radon al one (Bignhon et al. 1983). However, these tunors
may have been due to asbestos rather than to an interaction between agents.
This experinent did not include a group exposed only to mneral dusts.
I nhal ati on exposure to radon and radon daughters in conjunction with silicon
di oxi de i ncreased the incidence of nodular fibrosis of the lungs in rats
(Kushneva 1959).

2.7 POPULATI ONS THAT ARE UNUSUALLY SUSCEPTI BLE

Children may be nore susceptible to the effects of radon and radon
daughters. Differences in lung norphonmetry and breathing rates in children
result in higher estinmated doses that may make chil dren nore susceptible to
the effects of radon than adults (Sanet et al. 1989). In calculating the
i nhal ed dose of radon, Hof mann et al. (1979) reported that dose was strongly
dependent on age, with a naxi mum val ue reached at about the age of 6 years.
Ri sk of cancer from exposure to |low | evels of ionizing radiation during
chil dhood are estimated to be twice that of adults (BEIR V 1990). Ri sk of
l ung cancer in children resulting fromexposure to radon nay be al nost twice
as high as the risk to adults exposed to the same anount of radon (NCRP
1984a) .

Popul ati ons that may be nore susceptible to the respiratory effects of
radon and radon daughters are people who have chronic respiratory di sease,
such as asthma, enphysema, or fibrosis. People with chronic respiratory
di sease often have reduced expiration efficiency and increased residua
vol une; i.e., greater than nornmal anounts of air left in the lungs after
normal expiration (Quyton 1977). Therefore, radon and its progeny would be
resident in the lungs for longer periods of tine, increasing the risk of
damage to the lung tissue. In addition, persons who have existing |ung
| esions may be nore susceptible to the tunor-causing effects of radon (Morken
1973).
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2.8 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA directs the Admi nistrator of ATSDR (in
consultation with the Adm ni strator of EPA and agenci es and prograns of the
Public Health Service) to assess whether adequate information on the health
effects of radon is available. Were adequate information is not avail abl e,
ATSDR, in conjunction with the National Toxicology Program (NTP), is required
to assure the initiation of a program of research designed to determ ne the
health effects (and techni ques for devel opi ng methods to determ ne such health
ef fects) of radon

The foll owi ng categories of possible data needs have been identified by a
joint teamof scientists fromATSDR, NTP, and EPA. They are defined as
subst ance-specific informational needs that, if net, would reduce or elimnate
the uncertainties of human health assessment. In the future, the identified
data needs will be evaluated and prioritized, and a substance-specific
research agenda will be proposed.

2.8.1 Existing Information on Health Effects of Radon

The existing data on health effects of inhalation, oral, and dernal
exposure of humans and animals to radon and radon daughters are sumari zed in
Figure 2-2. The purpose of this figure is to illustrate the existing
i nformation concerning the health effects of radon. Each dot in the figure
i ndicates that one or nore studies provide information associated with that
particul ar effect. The dot does not inply anything about the quality of the
study or studies. Gaps in this figure should not be interpreted as "data
needs" information

Fi gure 2-2 graphically describes whether a particular health effect end
poi nt has been studied for a specific route and durati on of exposure. Mst of
the information on health effects in humans caused by exposure to radon and
radon progeny was obtai ned from epi dem ol ogi cal studies of uranium and ot her
hard rock m ners. These studies of chronic occupational exposure to radon via
i nhal ati on provide informati on on cancer and lethality, and limted insight
into reproductive and genetic effects. Limted information is al so avail able
regardi ng cancer follow ng dermal exposure to radon and radon daughters. No
information on the health effects of radon and radon daughters in humans was
avai l abl e following acute or internedi ate exposure by any route. No
i nformati on on the health effects of radon and radon daughters in aninmals
foll owi ng acute, internediate, or chronic oral or dernmal exposure was |ocated.
The only information available from ani mal studies was by the inhalation route
of exposure which provides data on system c and genetic effects, as well as
cancer.



48

2. HEALTH EFFECTS

/ SYSTEMIC /&o &/ e
O AF
/o /&S &S S
F/ P és 6§D §§ §§> 39 §9 §§ é§
FSE/ L)) PE PSS
Inhalation ® ® o 0|0
Oral
Dermal
HUMAN
/ SYSTEMIC /063" YR
> N 8/ &/ &/ ¢
&/ F q}@g «069 &‘\'Qo o‘o\o & Q“Ob & o@
/L)) /) FE) F) P
Inhalation o 6o o e O
Oral
Dermal

ANIMAL

@ Existing Studies

FIGURE 2-2. Existing Information on Health Effects of Radon



49

2. HEALTH EFFECTS

2.8.2 Identification of Data Needs

Acut e-Duration Exposure. No information exists regarding the health
effects to humans following their acute exposure to radon and radon daughters
by any route. Single dose studies are available for |aboratory aninmals that
have been exposed by the inhalation and parenteral routes. No information is
avai | abl e on acute oral exposure in laboratory aninmals. Information is
available on lethality foll owi ng acute inhal ation exposure to hi gh doses.
However, this study did not provide information on target organs, sensitive
ti ssues, or cause of death. No information is available on effects in humans
or animals follow ng acute exposure to | ower levels of radon. This
information is needed in order to assess the toxicity of radon

I nt ernmedi at e-Durati on Exposure. No information regarding health effects
foll owi ng i nternedi ate-durati on exposure to humans by any route was clearly
identified in the available literature. Epidem ol ogical studies in genera
focused on cohorts exposed to radon and radon daughters for durations |onger
t han one year. Aninal studies denonstrate that internedi ate exposure to high
| evel s of radon and radon daughters resulted in chronic respiratory toxicity
and lung cancers. This is an indication of the potential for such effects in
exposed human popul ati ons. The rel ati onship between the nature and severity
of the respiratory toxicity and the amount of radon exposure is not clearly
defined; nor is there any information on toxicity to other organs, other than
the respiratory tract foll ow ng internediate-durati on exposure. Additiona
research on the dose-duration-response rel ationship between radon exposure and
the type and pernmanence of resulting toxicity would provide pertinent
information. Carefully designed studies in which |aboratory aninmals are
exposed to levels that are simlar to high environmental |evels for partia
lifetime and observed for life could provide inportant information. These
studies woul d facilitate the estinmation of cancer risk to persons living in an
area with high natural levels for only a portion of their life. These ani nal
studi es shoul d address both the effect of total dose and dose-rate on
devel opnent of adverse health effects. This informati on may al so be useful in
situations in which the time | apse between identifying the presence of radon
and any renediation effort is of an internediate duration

Chroni c-Durati on Exposure and Cancer. Know edge of the adverse health
effects in humans foll owi ng chronic radon and radon daughter exposure is based
primarily on studies in adult mal e underground niners. These studies describe
predomi nantly respiratory end points, such as enphysema, fibrosis, and cancer
To a large extent other health effects have not been studied. Epideni ol ogica
studies in general report only the cause of death for each nmenber of the
cohort; therefore, there is insufficient information on whether other adverse
effects were identified other than the ones |isted as cause of death. Little
or no information exists on cardi ovascul ar, gastrointestinal, renal
muscul oskel etal, inmunol ogical, or dermal/ocular effects in humans or ani nal s.
In addition, these niners also may have been sinultaneously exposed to other
pollutants (e.g., long-lived radi oactive dusts (uranium, diesel-engine
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exhaust, cigarette snoke, and external ganma radi ation). Several of these
factors have been inplicated i ndependently as causative agents of |ung cancer
and respiratory di seases and the excess lung cancers in cigarette snokers have
been wel |l docunented. Thus, the data currently used to characterize a human
health hazard with regard to respiratory toxicity represent a conposite
response to other factors as well as to radon daughters.

Chroni c exposure to radon and radon daughters in |aboratory aninals al so
results in respiratory lesions. In |laboratory aninals exposed to radon and
radon daughters in conbination with uranium ore dust, pul nonary fibrosis and
enphysena have resulted. Further research of the interaction of radon and
radon daughters with other environnmental pollutants, especially cigarette
snoke, is needed. This information could be used to clarify uncertainties in
the extrapolation of the data in mners to describe the potential hazard to
human health from environmental radon daughter exposures. \Well-defined
studi es that exam ne both pathol ogi cal and functional changes in other organ
systens are necessary to clarify these issues.

Radon di ssolved in drinking water is a source of human exposure. Studies
are needed whi ch describe the absorption and transl ocation of radon gas and
the effects of alpha radiation emtted by radon daughters at the site of
entry, the gastrointestinal tract. Wiile translocation of radon daughters
fromthe portal of entry to other sites in the body may be linited (due
primarily to the short half-life of nbst al pha emitting radon daughters),
radon gas nay distribute to other organs and, thereby, provide an interna
source of radon daughter al pha radiation

Epi denmi ol ogi cal studi es have denonstrated a causal association between
exposure to radon and radon daughters and lung cancer nortality. The nunber
of lung cancer nortality cases in these cohorts was influenced by the tota
cunul ative radi ati on exposure, by the age at first exposure, and by the tine
course of the exposure duration. Significant increases in lung cancer that
were denmonstrated in chronic studies in mce, rats, and dogs resulted from
exposure of these animals to radon and radon daughters in combination with one
or nore other pollutants, such as uranium ore dust, diesel-engi ne exhaust, or
cigarette snoke. Chronic studies in hansters (Pacific Northwest Laboratories
1978) in which aninals were exposed to radon and radon daughters al one did not
denonstrate a significant carcinogenic response; however, the hanster may be
resistant to radiation-induced | ung cancer. Hansters did not devel op | ung
tunmors when exposed to anot her al pha-emtter, plutonium (ATSDR 1990b).
Evi dence from ani mal studies indicates that factors such as the unattached
fraction and disequilibriumof radon daughters influence |ung cancer
production. Qher air pollutants may interact synergistically with radon
daughters in lung tunor induction. Long-term studies designed to evaluate the
potential interaction of radon daughters with other pollutants woul d provide
i nformati on necessary to determine the toxicity of radon and radon daughters.
Factorial studies, i.e., studies that test radon and radon daughters al one and
radon and radon daughters with only one other confounding factor are needed
because nuch of the cancer information to date is fromstudies with severa
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confoundi ng factors. These studies could help elucidate the extent of
i nteracti on between radon and each confoundi ng factor

Genotoxicity. Studies of mners and other popul ati ons exposed to radon
and radon daughters showed an increased occurrence of chronosona
abnormalities. However, because exposure-effect relationshi ps have not yet
been establi shed and the biological significance of these chronpsonal effects
is uncertain, further studies should be perforned. In vitro studies using
human cell lines could help determ ne a dose-response for exposure to radon
and radon daughters and increased chronosomal abnormalities. Such
relationships may be difficult to establish because of possible interactions
wi th other substances, i.e., uraniumore dust. There are no in vivo ani nal
data to support the observed increase in chronmosonmal abnormalities in hunan
popul ati ons. Further observations in |aboratory animals are needed to explain
t hese effects.

Reproductive Toxicity. Recent epidem ol ogi cal studies have suggested
t hat exposure to radon and radon daughters during uraniumm ning may be
associ ated with adverse reproductive outcones (Dean 1981; Miller et al. 1967;
W ese and Ski pper 1986). Wiile the evidence of the possible reproductive
effects of uraniummning is largely descriptive, reports of alterations in
t he secondary sex ratio among of fspring of uraniummners nerits further
study. Currently there are no experinmental data that evaluate the
reproductive toxicity of radon and radon progeny exposure by any route.
Control | ed experinents that are designed to eval uate reproductive toxicity and
that attenpt to correlate the amount of al pha radiation to germcells could
provi de an explanation of the effects that have been observed in the
epi dem ol ogy studi es.

Devel opnental Toxicity. Recent data indicate that nental retardati on may
result fromlowlevel exposure of children to radiation during their
devel opnent in utero (Gake and Schull 1984). Wile this effect may have
resulted fromexternal radiation rather than internally delivered radiation
dose, the potential of ionizing radiation to induce devel opnental toxicity is
general ly accepted. No experinmental data currently exist that evaluate the
devel opnental toxicity of radon and radon progeny by any route. Controlled
experinments that are designed to eval uate devel opnmental toxicity and that
attenpt to correlate the anount of al pha radiation available to the fetus
coul d show whet her the effects observed foll owi ng exposure to other forms of
radi ati on al so may occur follow ng exposure to radon and progeny.

I mmunotoxicity. No information currently exists on humans or |aboratory
ani mal s regardi ng adverse effects on the i mune system foll owi ng exposure by
any route to radon or radon progeny. However, data indicate that acute
exposure to radon in laboratory animals results in a transient decrease in
| ynphocytes. Although these effects were transient, it is possible that the
i mune system nmay be conpronmised during this tine. In addition, some
epi demi ol ogi cal studi es have reported increased chronmosomal abnormalities
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foll owi ng exposure to radon and radon daughters. Dependi ng upon the target
cells in which these chronbsonmal changes occurred, adverse effects on the

i mmune systemcould result. A battery of inmmunological tests admnistered to
menbers of a nonm ner cohort, such as radon spa workers or people exposed to
hi gh background levels, is needed to clarify whether imunol ogical effects
occur follow ng exposure to radon or radon progeny. Aninmal studies designed
to eval uate i mune conpetence al so are necessary to provide information on
subtle alterations in imune function. In addition, |ynphocytes and |ynphatic
tissues are sensitive to the radiation-induced danmage caused by ot her

al phaem tting radionuclides (ATSDR 1990b). Although |ynphocytopeni a observed in
dogs exposed to plutoniumis not seen follow ng exposure to radon and radon
daughters or uraniumore dust, other tests for i munoconpetence have not been
conduct ed (ATSDR 1990a, 1990b).

Neurotoxicity. Cells and tissues in the nervous system may be | ess
radi osensitive, due to a lack of cell turnover or cellular regeneration, than
faster regenerating cells of the gastrointestinal tract or pul nonary
epithelium Consequently, neuronal inpairnment as a result of radon al pha
em ssions is not expected. Therefore, studies which specifically or directly
neasure either pathol ogical or functional danage to the nervous system
foll owi ng exposure to radon do not appear to be necessary at this tine.

Epi deni ol ogi cal and Hurman Dosinmetry Studi es. Epidem ol ogi cal studies of
urani um and hardrock miner cohorts in the United States, Czechoslovakia, and
Canada have denobnstrated an increase in |lung cancer deaths. A sinilar
increase in lung cancer deaths al so has been reported in epi dem ol ogi ca
studies of iron ore, zinc-lead, tin, phosphate, niobium and fluorspar mners.
Many of the persons included in the various m ning cohorts began work in
underground mnes prior to 1969 when reconmendations for the maxi num radon
daughter levels were established in United States mines or prior to 1972 when
yearly exposure levels (4 WM for United States mners were proposed (MSHA
1989). (The WM represents a cunul ati ve exposure; see Section 2.1,

I ntroduction or Appendix B.) Since institution of these guidelines, radon
daughter levels in United States m nes have decreased. For exanple, the
average radon and radon daughter levels in United States urani ummnes were as
high as 10,000 pG /L of air (3.7x10°Bg/mi) in the early 1950s but dropped to

| ess than 100 pG radon-222/L of air (3.7x10° Bg/m) by 1968 (Lundin et al
1971). Anong the Col orado urani um niner study group, only a relatively smal
nunber of persons who have been exposed to low | evels of radiation have had a
long foll owup (Archer 1980). A continuation of the followup on this group

is needed to contribute to the evaluation of health hazards at |evels at or
bel ow t he current exposure standard for radon daughters or at the levels
present in the environnment. Continuation of the follow up of epidemn ol ogica
studi es of New Mexico uraniumniners is al so necessary because snoking is | ess
frequent in this group than in other groups studied. Continuation of studies
of underground nminers exposed to radon daughters to cover the full lifetines
of the cohort nenbers woul d generate useful information. Additiona

i nformati on on the snoking habits of these cohorts is required to provide sone
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i nsights on the conplex interaction between radon daughters and cigarette
snoking with regard to the induction of lung cancer. |f exposure warrants,
new popul ati on studies could be initiated or additional information could be
gat hered on previously defined popul ati ons.

The exact duration and |evel of exposure in human studies involving
underground mners are not adequately characterized. CGenerally, approxinmate
exposure is used based on environnental measurenents of radon and radon
daughters in the mnes and individual work histories. The relationship
bet ween W.M and dose to the respiratory tract can differ in the occupationa
and environmental settings prinmarily due to differences in type and quantity
of dust levels or ventilation rates. Additional evaluation of radon daughter
dosinetry in various settings is needed to provide a better basis for
estimating adverse health effects and correlating these effects with
envi ronnent al exposures.

As with sonme of the chronic animal studies, exposures in nost of the
occupational miner cohorts consist of exposure to radon and radon progeny in
t he presence of other contam nants such as urani um ore dust, diesel-engine
exhaust, or other mne pollutants. Only a few studi es of |ung cancer
associ ated with environnental exposures to radon and radon daughters have been
reported. These studies are prinmarily case-control or case-referent studies
that involve a small nunber of subjects and have exposure estinmates that are
based on either surrogates for neasurements or |imted neasurenents.

Addi tional studies of the extent of the hazard associated with environmental
radon daught er exposures woul d provide useful information since radon is an
ubi qui t ous substance, especially as they conpare to estimtes of the hunman
heal th hazard based on the occupational setting.

Bi omar kers of Exposure and Effect. Potenti al bi onmarkers of exposure may
i nclude the presence of radon progeny in urine, blood, bone, teeth, or hair
Al t hough the detection of radon progeny in these nedia is not a direct
nmeasur enent of an exposure |level, estimates nmay be derived from nmathenatica
nodel s. Quantification of exposure to radon is further conplicated by the
fact that radon is an ubiquitous substance and background | evels of radon and
radon progeny are needed to quantify higher than "average" exposures. It has
been reported (Brandomet al. 1978; Pohl Ruling et al. 1976) that chronosone
aberrations in the peripheral blood | ynphocytes may be a biol ogi cal doseresponse
i ndi cator of radiation exposure. In addition, the frequency of
abnormalities in sputumcytol ogy has been utilized as an early indicator of
radi ati on damage to lung tissue (Band et al. 1980). However, nore extensive
research is needed in order to correlate these effects with radon exposure
| evel s and subsequent devel opnent of |ung cancer or other adverse effects.

Absorption, Distribution, Metabolism and Excretion. Sone quantitative
information is available on the absorption, distribution, and excretion of
radon and radon daughters followi ng inhalation and oral exposure, but
information followi ng dermal exposure is inadequate. Additional information
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on the deposition patterns in airways for radon daughters and the relationship
of these deposition patterns to the onset of respiratory disease is needed to
enhance understandi ng of the disease process and delineate health protective
nmeasures to reduce deposition. In particular, further study of the role of
ultra fine particles on lung doses is needed. Mrre information on chronic
exposure to low levels of radon in air and water is also necessary since this
is the nost common type of exposure for the najority of people who are exposed
environnental ly. Al though absorption of radon via the oral route is known to
occur, dosimetry of the gastrointestinal tract wall and the radi osensitivity
of the wall is poorly understood. This information would be inmportant in
assessing the inpact of oral exposure. Information on the storage of radon

and radon daughters in fat tissue, especially follow ng chronic exposure, is
necessary to deternm ne whet her steady-state conditions can be achi eved and the
possi bility of |ong-term bioaccunul ati on of radon daughters in body tissues.
No information is available on the rate or extent of bioaccunulation of the

| ong-1ived radon daughter products such as |ead-210 or pol onium 210. This
informati on i s needed so that past exposures to radon nay be quantifi ed.

Conpar ative Toxicokinetics. Very little infornmation is known about the
conpar ative toxicokinetics of radon and radon daughters anong ani nal s and
humans. However, sinmilar target organs have been identified in both humans
and | aboratory ani mal s exposed to radon and radon progeny. Mre information
on respiratory physiology, target cells, lung deposition, and absorption of
radon and radon daughters in different aninmal species is needed to clarify
observed differences in species-sensitivity and tunor types. For exanple,
rats generally develop lung tunors in the bronchioal veolar region of the |ung
whi | e hunans devel op |ung tunors in higher regions (tracheobronchial area).
These studies could identify the appropriate ani mal nodel for further study of
radon-i nduced adverse effects, although differences in anatony and physi ol ogy
of the respiratory system between ani mals and humans require carefu
consi deration. Mdst of the information available on the toxicokinetics of
radon and progeny has been obtained from studi es of inhalation exposure.
Studies on the transport of radon and progeny followi ng oral and dernal
exposures are needed to conpare different routes of exposure.

2.8.3 On-goi ng Studi es

In recent years, concern over exposure to radon in both occupational and
residential settings has increased. Consequently, nunerous institutions have
becorme involved in radon-related activities, partly to investigate the adverse
health effects of radon. The follow ng discussion is intended to be a
representative sanple of on-going research and is not an exhaustive |ist of
the work in this area.

Several epiden ol ogical studies pertaining to radon in honmes and | ung
cancer incidence are underway. Conprehensive case-control studies of |ung
cancer anmong nonsnoki ng wonen are under investigation by M Alavanja (NC) in
M ssouri, Z. Hrubec (NCI) in Stockholm Sweden, and New Jersey, J. Boice (NC)
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i n Shenyang, China, J.H Stebbings (Argonne National Laboratory), and G W
Col Il man (National Institute of Environnental Health Sciences). Al studies

i nvol ve residential exposure to radon. Epidem ol ogi cal studies of New Mexico
uraniummners and tin mners are being conducted by J.M Sanet (University of
New Mexi co School of Medicine) and J.H Lubin (NC), respectively. C Eheman
(Centers for Disease Control) has been working with the National Park Service
i n assessing past and current radon exposure of enployees who work in caves
for the possibility of an epidem ol ogy study of park service enpl oyees exposed
to radon at hone and in caves.

F.T. Cross (Pacific Northwest Laboratories) is studying the exposure-rate
ef fect in radon daughter-induced carcinogenesis, and the role of oncogenes and
the invol venent of growth factors and receptors in radon-induced
carcinogenesis. Simlar studies on the influence of dose and dose-rate on
car ci nogenesi s and ot her biological effects are being conducted by M
Ter zaghi - Howe (Oak Ri dge National Laboratories). F.T. Cross (Pacific
Nort hwest Laboratories) is also continuing a series of animal experinents, in
particular studies in rats with exposure to | ow cumul ati ve doses of radon
(more than 20 WM. R S. Caswell (National Institute for Standards and
Technol ogy) is devel oping a nechani stic nodel of the interaction of the al pha
particles of radon and its daughters with the cells at risk in the |ung.

L. A. Braby (Pacific Northwest Laboratories) is studying the nalignant
transformati on of mammalian cells exposed to al pha particles that pass through
the cell nuclei in an attenpt to elucidate the nmechanisns of action of
radi ati on. The nechanisns of cell killing by al pha particles (M Raju, Los
Al anps Laboratories), cell neoplastic transformation from al pha particles
(S.B. Curtis, Lawence Berkeley Laboratory), and pul nobnary tissue injury from
radon/ radon daughter exposure (T.M Seed, Argonne National Laboratory) are
al so under investigation.

Radon-i nduced genotoxicity is another subject of interest under
i nvestigation. D.J. Chen (Los Al anps National Laboratories) is investigating
t he nmechani stic basis for gene nmutation induced by ionizing radiation in
normal hurman fibroblasts. J.E. Turner (Cak Ri dge National Laboratories) is
exam ning the early physical and cheni cal changes produced by energetic al pha
particles to elucidate the nechani snms involved in DNA damage. F.T. Cross
(Pacific Northwest Laboratories) is studying the effects of exposure to radon
on DNA and DNA-repair processes. MN Cornforth (Los Al anpbs Nationa
Laboratory) is attenpting to provide quantitative data concerning both
doseresponse and repairability of cytogenetic damage to human cells caused by
ultra | ow doses of ionizing radiation. The types and yields of danage
produced in mamual i an-cell DNA by radon (J.F. Ward, University of California,
La Jolla); radon-induced nutation in manmalian cells, utilizing a reconbi nant
shuttle plasm d containing a target gene (S. Mtra, QOak Ridge Nationa
Laboratories); and cytotoxic, mutagenic, and nol ecul ar | esions induced in
manmmal i an cells differing in DNA repair capabilities by low rates of radon and
radon daughters (H H Evans, Case Western Reserve University) are under
i nvestigation. The direct effect of radon progeny and ot her high-LET al pha
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radi ati on on DNA danage in respiratory epithelial cells (D.G Thonmassen,

Lovel ace | nhal ati on Toxi col ogy Research Institute) and the biol ogica
consequences of high-LET al phas fromradon on chronosonal and epi sonal DNA in
human cells (J.E. Ceaver, University of California, San Franci sco) are under
i nvestigation. Alteration in the DNA content of critical cells in the
respiratory tract foll owi ng exposure to radon and ot her aspects of

radi ati oni nduced danmage to DNA is the current topic of study by many ot her

i nvestigators, such as N. F. Johnson (Lovel ace I nhal ati on Toxi col ogy Research
Institute) and J.L. Schwarz (University of Chicago Medical Center).

Interaction of radon and radon progeny with other pollutants is another
area of investigation. J.M Daisey (University of California, Berkeley) and
Y-S. Cheng (Los Al anpbs National Laboratories) are independently studying the
conpl ex interactions between radon and its progeny with other gaseous i ndoor
pol lutants. Further, F.J. Burns (New York University Medical Center) also is
conducting experinents on rats to study |lung cancer risk frominhal ation of
radon al one or in conbination with other pollutants comonly found in the hone
environnent. Interaction of radon and cigarette snoke in causing |lung tunors
inrats is being studied by S.H Mol gavkar (Fred Hutchi nson Cancer Research
Center). The induction/pronotion relationships associated with radon and
cigarette snmoke mixtures also are being studied by F.T. Cross (Pacific
Nort hwest Laboratories).

Anot her factor that influences radon toxicity is the toxicokinetics of
radon and radon progeny. Target regions of the lung for inhaled radon and
radon progeny are being studied i ndependently by R R Mrcer (Duke University)
and R G Cuddi hy (Lovel ace Inhal ati on Toxicol ogy Institute) to determne the
sensitivity of cell types located in the target regions. HC Yeh (Lovel ace
I nhal ati on Toxi col ogy Research Institute) is quantifying radon deposition in
the respiratory tract of humans, based on the node of breathing, body size,
and aerosol characteristics. B.S. Cohen (New York University Medical Center)
is also conducting a simlar study on humans and | aboratory aninmals. A
conpar ative norphonetric study between dogs and humans is bei ng conducted by
E. S. Robbins (New York University Medical Center). W Castleman, Jr
(Pennsyl vania State University) is investigating the chenical and physica
processes associated with radon distribution and effects. This would aid in
assessi ng the nechani sns governing distribution, fate, and pathways of entry
into biological systens. Mre studies related to the above topics are in
progress by R G Cuddi hy (Lovel ace I nhal ati on Toxi col ogy Research Institute),
D.R Fisher (Pacific Northwest Laboratory), N.H Harley (New York University
Medi cal Center), and D.L. Swift (Johns Hopki ns University).
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3.1 CHEM CAL | DENTITY

The chemical formula and identification nunbers for radon are listed in
Tabl e 3-1.

3.2 PHYSI CAL AND CHEM CAL PROPERTI ES

| mportant physical and chem cal properties of radon are listed in
Tabl e 3-2. The radi oactive properties of the inportant, short-lived daughters
of radon-222 are listed in Table 3-3. The radon-222 decay series is depicted
in Figure 3-1.
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TABLE 3-1. Chemical Identity of Radon

Value Reference
Chemical name Radon Windholz 1983
Isotopes Radon-222 (Radon) Cothern 1987a

Radon-220 (Thoron)
Radon-219 (Actinon)

Trade name No data
Chemical formula Rn
Chemical structure Not applicable

Identification numbers:

CAS Registry 14859-67-7 (radon-222) EPA 1989
22481-48-7 (radon-220)
14835-02-0 (radon-219)

NIOSH RTECS No data
EPA Hazardous Waste No data
OHM/TADS No data
DOT/UN/NA/IMCO Shipping No data
HSDB No data
NCI No data

CAS = Chemical Abstract Service; NIOSH = National Institute for Occupational
Safety and Health; EPA = Environmental Protection Agency; OHM/TADS = 0il and
Hazardous Materials/Technical Assistance Data System; DOT/UN/NA/IMCO =
Department of Transportation/United Nations/North America/International
Maritime Dangerous Goods Code; HSDB = Hazardous Substance Data Base; NCI =
National Cancer Institute
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TABLE 3-2.

Chemical and Physical Properties of Radon

Property Value Reference
Molecular weight 222(radon), 220(thoron), Cothern 1987a
219(actinon)
Color Colorless Cothern 1987a
Physical state Gas Cothern 1987a
Melting point -71°C Cothern 1987a
Boiling point -61.8°C Cothern 1987a
Density at 20°C 9.96%x107% gm/cm? Cothern 1987a
Odor Odorless Cothern 1987a
Odor threshold No data
Solubility:
Water at 20°C 230 cm®/L NCRP 1988
Organic solvents Organic liquid, slightly Weast 1980
soluble in alcohol
Partition coefficients:
Log octanol/water No data
Log K. No data
Vapor pressure at -71°C 395.2 mmHg Cothern 1987a
Henry's Law constant No data
Autoignition temperature No data
Flash point No data
Flammability limits No data
Half-1life
Radon-222 3.823 days Cothern 1987a
Radon-220 55 seconds Cothern 1987a
Radon-219 4 seconds Cothern 1987a
Decay modes and energy, MeV
Radon-222 o, 5.4897 US DHEW 1970
v, 0.512
Radon-220 a, 6.29 US DHEW 1970
Radon-219 o, 6.42 US DHEW 1970
a, 6.55
a, 6.82
Specific activity (Ci/gm)
Radon-222 3.6x104 US DHEW 1970
Radon-220 9.3x108 US DHEW 1970
Radon-219 1.3x10%0 US DHEW 1970
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TABLE 3-2 (Continued)

Property Value Reference

Decay products
Radon-222 Polonium-218 Cothern 1987a
Lead-214
Bismuth-214
Polonium-214
Lead-210
Bismuth-210
Polonium-210
Lead-206

Radon-220 Polonium-216 Cothern 1987a
Lead-212
Bismuth-212
Polonium-212
Thallium-208
Lead-208

Radon-219 Polonium-215 Cothern 1987a
Lead-211
Bismuth-211
Thallium-207
Lead-207

MeV = Million electron volts
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TABLE 3-3. Radioactive Properties of Radon-222
and Its Short-lived Progeny?

Decay Specific

Historical Principal Energies Activity

Element Symbol Radiation(s) (MeV) Half-Life (Ci/gm)
Radon-222 Rn « 5.5 3.82 days 3.6x10%
Polonium-218P RaA o 6.0 3.05 min 2.8x108
Lead-214 RaB Yy, B 1.0 26.8 min 3.3x107
Bismuth-214 RaC v, B 3.3 19.7 min 4.5%x107
Polonium-214P RaGC! o 7.7 164 psec 3.2x1014

38Source: BEIR IV 1988; US DHEW 1970.
PIsotopes of primary radiological interest due to the potential for retention
in the lung and subsequent alpha decay.

MeV million electron volts
min minutes

max = maximum

psec = microseconds

f
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FIGURE 3-1. Uranium and Thorium Isotope Decay Series Showing the Sources

and Decay Products of the Three Naturally-Occurring Isotopes of Uranium

Adapted from Aieta et al. 1987
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4.1 PRCDUCTI ON

Radon is a naturally occurring radionuclide. The |argest source of radon
in the environment is due to the anbient |evels produced by the wi despread

di stribution of uraniumand its decay products in the soil. Radon is a decay
product of radium and part of the uranium decay chain (see Figure 3-1). Every
square nmile of surface soil, to a depth of 6 inches, contains approxinmately 1

gram of radium which releases radon in snall ampbunts to the at nosphere (Wast
1980). The anbi ent outdoor radon | evel goes through a daily cycle of
concentrations ranging fromo0.03 to 3.50 pC radon-222/L (1.11 to 130 Bg/ m)

of air with the average level in the United States being about 0.3 pC radon-
222/L (11.1 Bg/mi) of outdoor air (Martin and MIls 1973)

The amount of naturally occurring radon rel eased to the atnosphere is
increased in areas with uraniumand thoriumore deposits and granite
formati ons, which have a high concentration of natural uranium It is the
presence of granite formations that has greatly increased radon concentrations
in eastern Pennsylvania and parts of New York and New Jersey. Sources of
radon in the gl obal atnosphere include natural enmanation fromradiumin soi
and water, uraniumtailings, phosphate residues, coal, and building materials
(NCRP 1984a). In a few |locations, tailings have been used for landfills and
wer e subsequently built on, resulting in possible increased exposure to radon
(Ei chhol z 1987). There is also an increased radon concentration in spring
wat er due to the deposition of radiumisotopes in the sinter areas about hot
springs, where it is coprecipitated with cal cium carbonate or silica (NCRP
1975).

Radon has been produced commercially for use in radiation therapy but for
the nost part has been replaced by radionuclides nmade in accelerators and
nucl ear reactors. Radi opharmaceutical conpanies and a few hospitals punp the
radon froma radi um source into tubes called "seeds" or "needl es" which may be
implanted in patients (Cohen 1979). Research | aboratories and universities
produce radon for experinental studies.

4,2 | MPORT

Radon is not inported into the United States.
4.3 USE

Medi cal uses of radon in the United States began as early as 1914.
Treatments were prinmarily for malignant tunors. The radon was encapsul ated in
gold seeds and then inplanted into the site of nmalignancy. During the period

of 1930 to 1950, radon seeds were used for dernatol ogical disorders, including
acne.
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Radon therapy is still being studied and applied (Mrken 1980). In many
places in the world, water or air containing naturally high | evels of radon-
222 is used for therapeutic treatnent of various di seases (Pohl- Ruling et al
1982). These diseases include obliterative arteritis and atherosclerosis of
lower extrenmities. |In a few places, “radon mnes” (caves with a high radon
concentration in the air ) are used as a health treatnent . By law, these
facilities cannot advertise; therefore , the nunber of people involved is quite
snmal | (Cohen 1979). A few of these caves are |located in old Mntana m nes.
Thousands of people seek nmedical cures through exposure to radon gas for
ailments ranging fromarthritis, asthma, and allergies to diabetes, ulcers,
and cancer (Dobbin 1987). Radon “spas” are used in Europe for the treatnent
of hypertension and a nunber of other disorders. In the US S R , about
25,000 radon baths are prescribed daily by the National Health System and in
Badgastein, Austria, every year 1 nmillion radon thernal baths are taken
(Usunov et al. 1981).

The prediction of earthquakes is fairly new technol ogy that uses radon
(Cothern 1987b). The enmnation of radon fromsoil and the concention
nmeasured in groundwat er appear to be good indicators of crustal activity.

O her uses of radon include the study of atnospheric transport, and the
exploration for petroleumor uranium (Cothern 1987b).

4.4 DI SPOSAL

Di sposal of radon would only be applicable to those facilities producing
and/or using it for nedical or experinential purposes where its release nmay bhe
controlled. Regulations regarding the | and di sposal of radionuclides are set
forth in 10 CFR 61 (NRC 1988); however, there appear to be no regul ations
specific to radon. See Chapter 7 for a listing of regul ati ons concerning
radon. Radioactive effluents fromfacilities operating under a Nucl ear
Regul atory Conmmi ssion (NRC) license are regulated by 10 CFR 20 (NRC 1988).
The NRC effluent regul ations and al so di sposal regul ati ons regardi ng urani um
tailings are listed in Table 7-1. Since radon is relatively short lived, it
may be conpressed and stored in tanks until it decays or, if the quantity is
small , it may be absorbed on activated charcoal (Cenmber 1983). Particulate
matter may be renmoved fromthe gas by a variety of different devices including
det enti on chanbers, adsorbent beds, and |iquefaction colums. After
filtration, the remaining radioactive particulates are discharged into the
at nosphere for dispersion of the nonfilterable Iow levels of activity (Cenber
1983).

Low | evel radi oactive waste produced as a result of using radon nedically
or experinental include paper towels, protective clothing, rags, aninal
excreta, and ani mal carcasses. This waste is often accunul ated in containers.
Conbustible waste is incinerated and the activity is concentrated by burning
away the substrate in which activity is held. The ashes are then either
di spersed to the atnosphere or packaged for disposal into the sea or into the
ground.



65

5. POTENTI AL FOR HUMAN EXPOSURE

5.1 OVERVI EW

Radon is a product of the natural radioactive decay of uranium which
occurs naturally in the earth's crust, to radiumand then to radon. As radi um
decays, radon is formed and is released into small air or water-containing
pores between soil and rock particles. If this occurs near the soil surface,
the radon may be rel eased to anbient air. Radon nay al so be rel eased into
groundwater. If this groundwater reaches the surface, nobst of the radon gas
will quickly be released to anbient air, but snmall anmobunts nmay remain in the
water, By far, the major source of radon is its formation in and rel ease from
soil and groundwater, with soil contributing the greater anount. Snaller
amounts of radon are released fromthe near surface water of oceans, tailings
frommnes (particularly uraniumand phosphate mnes), coal residues and
conbustion products, natural gas, and building products, such as concrete and
bri ck.

The ultimate fate of radon is transformati on through radioactive decay.
Radon decays only by normal radioactive processes, that is, an atom of radon
emts an al pha particle resulting in an atom of polonium which itself
under goes radi oactive decay to other radon progeny. There are no sinks for
radon; therefore, small ambunts of radon are |l ost to the stratosphere.

In soil, radon is transported primarily by al pha recoil and nechani ca
flow of air and water in the soil. Alpha recoil is the process by which
radon, when it is formed by radiumenitting an al pha particle, actually
recoils in the opposite direction fromthe path of particle ejection. After
radon is released into the pore spaces, its ultimate release to anbient air
a function of the soil porosity and neteorol ogical factors, such as
preci pitation and atnospheric pressure. Once radon is rel eased to anbient
air, its dispersion is primarily determ ned by atnospheric stability,

i ncluding vertical tenperature gradients and effects of wi nd.

Transport of radon in indoor air is alnpbst entirely controlled by the
ventilation rate in the enclosure. Generally, the indoor radon concentrations
i ncrease as ventilation rates decrease

I n groundwat er, radon nmoves by diffusion and, primarily, by the
nmechani cal flow of the water. Radon solubility in water is relatively | ow
and, with its short radioactive half-life of 3.8 days, nmuch of it will decay
before it can be rel eased from groundwat er

Radon levels in anmbient air vary with the type of soil and underlying
bedrock of the area. Avail able neasurenents indicate that the nean val ue for
at nospheric radon in the contiguous United States is approximately 0.25 pC
radon-222/L of air (9 Bg/ni). However, neasurenents of air fromthe Col orado
Pl at eau show radon levels up to 0.75 pG radon-222/L of air (30 Bg/m).

St udi es of indoor radon levels indicate an average concentration of from1.5
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to 4.2 pC radon-222/L of air (55 to 157 Bg/nm) (Alter and Oswal d 1987; Nero
et al 1986).

Groundwat er supplies in the United States have been surveyed for radon
levels. In larger aquifers, average radon concentrations were reported to be
240 pG (8.8 Bg) radon-222/L of water, while in smaller aquifers and wells
average | evels were considerably higher (780 pC radon-222/L of water; 28.9
Bg/L) (Cothern et al. 1986). These differences in radon |evels between |arge
and smal |l groundwater supplies are a reflection of the type of rock which
surrounds them

Measurenents of radon in soil are expressed in ternms of levels in soilgas.
However, these neasurements do not directly relate to rates of radon
rel eased to the atnobsphere. Factors which affect radon soil-gas |evels
i ncl ude radi umcontent, soil porosity, nbisture content, and density.
Techni cal |y, measurement of soil-gas is difficult and there are few studies
whi ch report such data

Del i vered dose of radon and its progeny can only be estimated by conpl ex
mat henati cal nodels. Therefore, exposure, both occupational and
environnental, will be discussed, primarily in terms of radon levels in the
air. However, sone estimates of daily intake have been nmade. Daily intake of
radon originating outdoors is estinmated to be 970 pG (36 Bg) radon-222/day
(Cothern et al. 1986). Exposure fromindoor radon is higher due to
concentration of levels fromlack of ventilation and other factors. Tota
daily intake of radon originating indoors is estinmated as 8,100 pC (300 Bq)
radon- 222/ day, assuming a breathing rate of 20 ni/day. However, daily intake
i s dependent on tine spent in and outdoors and on breathing rate (Cothern et
al. 1986).

Radon rel eases to the environnment (primarily indoor |evels) from
groundwat er al so contribute to environnental exposures. The daily intake of
radon originating fromdrinking water only is estimated at 100 to 600 pC (3.7
to 22.2 Bq) radon-222/day both fromingestion of drinking water and inhal ation
of radon rel eased fromdrinking water (Cothern et al. 1986). Radon rel eases
frombuilding naterials contribute little to potential exposure.

Cccupati onal exposure to radon results from enpl oynent in urani um and
other hard rock mning, or in phosphate m ning. Persons engaged in urani um
mning are believed to receive the | argest exposures, although the nunmber of
persons enpl oyed in uranium mning has steadily decreased in the past 9 years.
Measur enents of radon progeny in these nmines from 1976 to 1985 showed annua
mean concentrations of 0.11 to 0.36 W. (22 to 72 pC radon-222/L of air; 800
to 2,664 Bg/m) (N OSH 1987). However, levels in phosphate nines neasured
during the sane period showed a | arger range of nean levels (0.12 to 1.20 W,
24 to 240 pC radon-222/L of air; 888 to 8,880 Bg/m). Radon exposure in
underground nmines is continually being reduced due to inproved engi neering
controls (NI OSH 1987).
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5.2 RELEASES TO THE ENVI RONMENT
5.2.1 Arr

Because of the extended half-lives of uraniumand radiumand their
abundance in the earth's surface, radon is continually being formed in soi
and released to air. This normal enanation of radon fromradium 226 in soils
is the largest single source of radon in the global atnosphere (NCRP 1984a).
Usi ng average enmnation rates from avail abl e neasurenents, Harley (1973)
estimated soil emanation of radon to be on the order of 2x10°G (7.4x10" Bq)
radon-222/year. This estimation is equivalent to 1,600 pG (60 Bg/cnmi)
radon/cnfsoil/year (Harley 1973). The emmnation rate at a particul ar
location is highly variable and is affected by nany factors, including
barometric pressure, conposition of soil, and soil npisture and tenperature.
Usual ly, less than 10% of radon in upper soil layers is released to the
at nosphere (Vilenskiy 1969). Some radon is rel eased by plants through
evapot ranspi ration. However, the anount rel eased has not been estinated
(Taskayev et al. 1986).

Groundwater that is in contact with radi umcontaining rock and soil wll
be a receptor of radon emmnating fromthe surroundi ngs. Wien the groundwater

reaches the surface by natural or man-made forces, this radon will be rel eased
to air. Although nost of the radon present in groundwater will decay before
reachi ng the surface, groundwater is still considered to be the second | argest

source of environnental radon and is estimated to contribute 5x10° Ci
(1.85x10" Bqg) radon-222/year to the gl obal atnosphere (NCRP 1984a). Radon is
al so rel eased fromoceans, but only fromthe near surface water, and in
amounts that are an order of magnitude | ess than that from groundwater

Radi umin oceans is largely restricted to the sedinments where it cannot affect
atnospheric | evels of radon (Harley 1973).

Tailings from urani um nines and residues from phosphate nines both
contribute to global radon in the approximate anount of 2 to 3 x 10° G
(7.4 x 10" to 1.11 x 10" Bg) radon-222/year. Although these sites are not
nunerous (in 1984 there were 50 sites containing uraniumtailings), emanation
rates to air nay be substantial. It is estimated that 20% of the radon fornec
intailings is released and that enanation rates can be as high as 1,000 pC
(37 Bg) radon/ nf/ second (NCRP 1984a).

Coal residues and conbustion products, as well as natural gas, each
contribute to atnospheric radon levels to a mnor extent (NCRP 1984a). Coa
and natural gas, at the time of conbustion, release radon to air. Coa
resi dues, such as fly ash, contribute very snmall ampunts to atnospheric radon

Sone building materials rel ease very snall anmpbunts of radon. However,
the maj or source of radon in single famly dwellings is the soil directly
under the buil ding (NCRP 1984D).
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According to the VIEWdat abase, 14 NPL sites reportedly contain radon
above background levels (VIEW 1989). The frequency of these sites within the
United States can be seen in Figure 5-1. Quantification of the |evels found
is not avail able. However, the majority of the radon rel eased would be to
air.

5.2.2 Water

The amount of radon released to groundwater is a function of the chem ca
concentration of radium 226 in the surrounding soil or rock and in the water
itself. H gh radon activity is associated w th groundwat er surrounded by
granitic rock. The physical characteristics of the rock matrix are inportant
also since it is believed that much of the radon rel eased diffuses al ong
m crocrystalline inperfections in the rock matrix (Hess et al. 1985). Radon
is rarely found in surface water due to the fact that it is rapidly rel eased
to the air when the water reaches surface levels (Mchel 1987).

In a reanal ysis of published data, Hess et al. (1985) reported a
geonetric popul ation average of 187 pC (6.9 Bqg) radon-222/L of water in over
6, 000 sanpl es of groundwater supplies for public use. In contrast, sanples of
surface water supplies indicated that the average | evel of radon was 1 pC
(0.037 Bqg) radon-222/L of water

5.2.3 Soi

As stated in Section 5.2.1, soil is the primary source of radon. As
such, radon is not released to soil but is the result of radioactive decay of
radi um 226 within the soil. The radon concentration in the soil is a function

of the radium concentration, the soil noisture content, the soil particle
size, and the rate of exchange of air with the atnosphere (Hopke 1987). Hopke
(1987) states that normal soil-gas radon neasurenents are in the range of 270
to 675 pC radon-222/L of air (10,000 to 25,000 Bg/ni). However, |evels
exceedi ng 10,000 pC radon-222/L of air (370,000 Bg/ni) have been docunent ed.

5.3 ENVI RONMVENTAL FATE
5.3.1 Transport and Partitioning

Emanation is the process by which radon is transported froma solid to a
gas or liquid nedium At the soil particle level, radon gas is transferred
fromsoil particles into pore spaces (gas- or liquid-filled spaces between
soi|l particles) primarily by al pha recoil. Al pha recoil occurs after radi um
decays by emitting an al pha particle. After the particle is ejected, the
resulting radon atomactually recoils in the opposite direction. Al pha recoi
results in breaking of chem cal bonds in the solid, physically noving the atom
to a different position, and damagi ng the crystal structure. The radon atom
may recoil to a position fromwhich it will not be rel eased (enbedded in the
same particle or in another particle) or may recoil into the pore space from
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which it may nove by diffusion or convection toward the soil surface. |If the

pore space is filled with Iiquid, any radon atons which recoil into it wll
travel slower than those that recoil into air-filled spaces (M chel 1987).
Al t hough al pha recoil is believed to be the major process of radon rel ease

fromsolids, diffusion fromvery small pores near the particle surfaces and
along inperfections of the crystalline structure of the particle also occurs.

Once radon enters the pore space, it is transported by diffusion
convection, and flow of rain and groundwater. The diffusion constant for
radon is approximately 10°cnf per second in air and 10° cnf per second in
wat er (WHO 1983). These constants indicate that diffusion of radon is a
relatively slow process and that its nmovenment is, therefore, prinmarily
acconpl i shed by nechani cal transport of air and water in the pore space.

The actual release of radon fromthe pore space or soil-gas to anbient
air is called exhalation. The rate of this process is a function of many
variabl es including the concentration of radon in the soil-gas, the soi
porosity, and neteorol ogical factors such as precipitation and variations in
at nospheric pressure (WHO 1983).

Behavi or of radon at the interface between soil and anbient air is not
wel | under st ood. However, once radon reaches a height of approximately 1
net er above the soil surface, its dispersion is predominantly determ ned by
at nospheric stability (Cohen 1979). This stability is a function of vertica
tenperature gradient, direction and force of the wind, and turbul ence.
Tenperature inversions in the early norning act to produce a stable atnosphere
whi ch keeps radon concentrations near the ground. Sol ar radi ation breaks up
the inversion, |leading to upward di spersion of radon which reverses with
radi ant cooling in late afternoon (Gesell 1983). In addition, general trends
in air turbulence lead to nmaximumlevels in air in the early autumm and early
wi nter (when turbulence is generally less) and |lower levels in air in the
spring due to increased turbulence (Mchel 1987). In the absence of these
factors, radon levels in air decrease exponentially with altitude (Cohen
1979). Thi s phenonmenon has been studied by sanmpling and many nodel s have been
derived to fit the data (WHO 1983).

Sources of indoor radon include entry of anmpunts rel eased beneath the
structure? entry in utilities such as water and natural gas, and rel ease from
building materials. The greatest contribution is that fromradon rel eased
fromsoil or rock (Nero 1987). Entry occurs primarily by bulk flow of soilgas
driven by small pressure differences between the |ower part of the house
interior and the outdoors. The pressure differences are primarily due to
di fferences in indoor/outdoor tenperature and the effects of wind (Nero 1987).

Transport of radon in indoor air is primarily a function of the
ventilation rate of the encl osure. Under nost conditions, the indoor radon
concentration increases in direct proportion to the decrease in ventilation
rates (WHO 1983). However, in some indoor radon studies, radon concentrations
showed greater variability than could be accounted for by ventilation rates.
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This was said to suggest that the strength of the radon source was the main
cause of the wi de range in observed indoor radon |evels (Nero 1987). Behavi or
of radon in enclosed areas has al so been extensively studied and predicted by
nodel i ng (Ei chhol z 1987; Jonassen 1975).

Transport of radon daughters indoors has al so been extensively nodel ed.
Transport is primarily a function of the rate of attachment of radon daughters
to particles, the concentration and size of the particles, and the rate of
deposition. A major conplication of nodeling both radon and radon daughter
transport indoors is that the ventilation rate acts both to increase flow of
radon into the structure and to renove radon and radon daughters fromthe
structure (Nero 1987). Ventilation rate also acts on the novenent of air
i ndoors causing variations in radon concentrations fromroomto room as well
as within a room

Mechani sms for transport of radon in groundwater are much | ess conpl ex
than those for other nmedia. In fact, transport of radon in groundwater is
acconpl i shed by diffusion and, primarily, by the mechanical flow of
groundwat er. As previously stated, the diffusion coefficient of radon in
water is sufficiently low so that diffusion is only inportant for novenent in
very small spaces (such as pore spaces). The solubility of radon in water is
relatively low (230 cni radon-222/L of water at 20°C) and, due to radon's
relatively short half-life, nuch of it will have decayed before the
groundwat er reaches the surface. However, that remaining in solution will be
qui ckly released to anbient air once it is encountered. In areas where
groundwat er has high | evels of radon, release from groundwater nmay
significantly affect anbient air |evels.

5.3.2 Transformati on and Degradation
5.3.2.1 Air

Regardl ess of the surrounding nmedia, radon is transforned or degrades
only by radi oactive decay. There are no sinks for radon, and it is estimated
that only negligible anbunts escape to the stratosphere (Harley 1973).
Theref ore, degradati on proceeds by al pha-emi ssion to form pol oni um 218. As
stated in Table 3-2, the half-life of radon is 3.82 days. The half-lives of
t he progeny are nuch shorter, ranging from approxi mately 0.0002 seconds for
pol oni um 214 to 30 minutes for |ead-214.
5.3.2.2 Wt er

See Section 5.3.2.1.
5.3.2.3 Soi

See Section 5.3.2.1.
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5.4 LEVELS MONITORED OR ESTIMATED |IN THE ENVI RONVENT
5.4.1 Arr

The nost conprehensive conpilation of data on radon levels in outdoor air
was reported by Gesell (1983). Measurenents were taken over the continenta
United States, Hawaii, and Al aska. The hi ghest concentrations were found in
the Col orado Pl ateau, which is a region containing high | evels of uranium as
well as mnes and uraniumtailings. Measurenents in this region ranged from
0.5 to 0.75 pG radon-222/L of air (18.5 to 30 Bg/ni). Average val ues from
the continental United States ranged fromO0.12 to 0.3 pC radon-222/L of air
(4.4 to 11 Bg/ni). Based on these and other data, Mchel (1987) states that
t he nmean val ue for atnospheric radon in nornmal geol ogical areas of the
contiguous United States is approximtely 0.25 pC radon-222/L of air (9
Bg/m) with a range of 0.1 to 0.4 pCG radon-222/L of air (4 to 15 Bg/ m).

Data reported by Fisenne (1987) indicate variability of radon levels with
time. In continuous data (9 years of hourly measurenents), both diurnal and
seasonal patterns were observed. Diurnal variations showed an early norning
peak and a drop in the afternoon. Seasonally, |evels were highest in early
autumm and lowest in early spring.

Radon concentrations in air decrease with height fromthe soil surface.
Several investigators have nmeasured radon levels in the troposphere. Mchta
and Lucas (1962) neasured 0.007 pC radon-222/L of air (0.26 Bg/ni) at 25, 000
feet. Conparabl e neasurenents have been taken over Al aska and the
sout hwestern United States (Harley 1973).

Al t hough there are many studi es which undertake to quantify radon in
i ndoor air, the work of Nero et al. (1986) is the npbst conprehensive and the
nost often cited. This study reanalyzed up to 38 small data sets, of which 22
wer e consi dered unbi ased. Biased data were those collected from areas where
hi gh radon concentrati ons were expected. On the basis of the unbiased data,
the geometric nean of indoor radon |evels was reported to be approximtely 0.9
pC radon-222/L of air (33 Bg/mi). These data inplied an arithnmetic average
concentration of 1.5 pG radon-222/L of air (56 Bg/ni). Distribution studies
of household levels indicated that from1%to 3% of single-famly houses may
exceed 8 pC radon-222/L of air (296 Bg/ni). In this study many of the
neasurenents were nade in nain-floor living roons or average living areas
(Nero et al. 1986).

I ndoor radon levels were neasured in homes |ocated in the Readi ng Prong
area of Pennsyl vania. This area has an unusual abundance of homes with high
radon concentrations that is presuned to be from geol ogically produced
emanation of radon. Indoor levels of radon in this area ranged from4 to 20
pCi/L (150 to 740 Bg/m) in 29% of the homes to >80 pCi/L (3,000 Bg/m) in 1%
of the honmes (Fleischer 1986).
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Q her studies of indoor radon | evels were summarized in NCRP (1987). The
medi an | evel s ranged up to 18.9 pG radon-222/L of air (700 Bg/ni) in honmes in
Butte, Montana (lsraeli 1985). A study by Cohen (1986) reported results from
453 indoor sites in 42 states and showed a nean of 1.62 pC radon-222/L of air
(60 Bg/ni) with a median of 1.08 pC radon-222/L of air (40 Bg/m).

5.4.2 Water

In a nationw de survey by the EPA, alnbst 2,500 public drinking water
supplies were sanpled (nonrandom) with nost of these serving greater than
1,000 people. Results of this survey were used to estinmate the nean
popul ati on-wei ghted radon levels in public groundwater systens by state
(Cothern et al. 1986). Average concentrations for United States groundwater
were estimated to be 240 pCG radon-222/L of water (8.8 Bg/L) for |arger
systenms (>1,000 persons served), and for smaller systens 780 pC radon-222/L
of water (28.9 Bg/L). The nationw de average for all groundwater sanples
tested was 351 pCG radon-222/L of water (13 Bg/L). Wen surface water
supplies were taken into consideration, due to the fact that their radon
| evel s are essentially zero, the average radon concentration in all community
wat er supplies was estimated to range from54 to 270 pC radon-222/L of water
(2 to 10 Bg/L) (Mchel 1987). The highest |evels reported were in snaller
groundwat er systens in Maine which averaged 10,000 pC radon-222/L of water
(370 Bg/L); lowest average |levels were found in larger systens in Tennessee
with levels of 24 pG radon-222/L (8.9 Bg/lL).

This sanme relationship, i.e., radon concentrations in groundwater
i ncreasing with decreasing systemsize, was previously reported by Hess et al
(1985). This correlation is believed to reflect a relationship between system
size and aqui fer conposition. Those rock types that are associated with high
radon levels (granitic rock) do not formaquifers |arge enough to support
| arge systens. However, smaller systens nmay tap into such aquifers.

Crystalline aquifers of igneous and netanorphic rocks generally have
hi gher radon | evels than other aquifer types with granites consistently
showi ng the highest |evels. Average radon levels in water fromgranite
aquifers are usually 2,703 pG radon-222/L of water (100 Bg/L) or greater
(Mchel 1987). This is indicated in the data of Cothern et al. (1986) which
report the following trends in groundwater radon |evels: in New England and
t he Pi ednmont and Appal achi an Mountai n Provi nces, where igneous and net anorphic
rocks formthe aquifers, concentrations are in the range of 1,000 to 10, 000
pC radon-222/L of water (37 to 370 Bg/L); in the sandstone and sand aquifers
whi ch extend fromthe Appal achi an Mountains west to the Plains, concentrations
are generally less than 1,000 pC radon-222/L of water (37 Bg/lL).

5.4.3 Soi
Because radon is a gas, its occurrence in soil is nost appropriately

referred to as its occurrence in “soil-gas”, which is in the gas or waterfilled
space between individual particles of soil. Factors that affect radon
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soi |l -gas levels include radiumcontent and distribution, soil porosity,

noi sture, and density. However, soil as a source of radon is sel dom
characterized by radon levels in soil-gas, but is usually characterized
directly by emanati on neasurenents or indirectly by measurenents of menbers of
t he urani um 238 series (National Research Council 1981). Radon content is not
a direct function of the radium concentration of the soil, but radium
concentration is an inportant indicator of the potential for radon production
in soils and bedrock. However, M chel (1987) states that average radi um
content cannot be used to estinmate radon soil-gas levels, primarily due to
differences in soil porosity.

Despite such caveats, theoretical rates of radon formation in soil have
been estimated as denonstrated by the foll ow ng:

"Consider a cube which is 1 neter in each dinension. Using rounded

nunbers, if the average density of the soil is 2.0 grans per cubiccentineter
and the average radi um 226 concentration is 1.0 pC/g

(0.037 Mg), the cube will contain 2 nmillion granms of soil and

2x10° G (7.4x10" Bq) of radium226. This corresponds to the

production of 7.4x10° radon atons per cubic-meter per second and the

escape of 7,400 atons per square neter per second, in rough

correspondence to the average neasured val ue." (Nevissi and Bodansky

1987).

For a discussion of uranium 238 and radi um 226 levels in soil, see the
ATSDR Toxi col ogical Profiles for Uranium and Radi um (ATSDR 1990a, 1990d).

Only two soil-gas neasurenents for United States | ocations were found in
the literature: one from Spokane, Washington, with soil-gas radon from 189 to
1,000 pC radon-222/L of air (7,000 to 37,000 Bg/nm) in soils formed from
coarse glacial outwash deposits with 2.3 ppmuranium and the other from
Readi ng Prong, New Jersey, with soil-gas radon levels from1,081 to 27,027 pC
radon-222/L of air (40,000 to 1,000,000 Bg/ni) (M chel 1987). Hopke (1987)
states that normal soil-gas radon nmeasurenments are in the range of 270 to 675
pC radon-222/L of air (10,000 to 25,000 Bg/m). It is reported that radon-

222 levels increase with soil depth, reaching a probable maxi num at about 800
cm bel ow ground | evel (Jaki and Hess 1958).

5.4. 4 O her Media

Limted informati on exists to indicate that plants absorb both radi um 226
and radon-222 fromthe soil layer and that these conpounds are translocated to
above ground plant parts (Taskayev et al. 1986). However, there is little
infornmati on on the quantitative contribution of this process to exposure from
i ngestion of plant crops or of emmnation rates fromthese plants. One
nmeasur enent of emanation rates fromfield corn was located in the literature.
Radon-222 rel ease from|eaves was reported to be 2.47 x 10“pC (9.15x10°
Bg)/ cnf/ sec. This emanation rate was 1.8 tines greater than the emanation rate
fromlocal soil (Pearson 1967).
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5.5 GENERAL PCPULATI ON AND OCCUPATI ONAL EXPOSURE

In the follow ng section, exposure to radon is discussed in terns of
environnental levels not in ternms of actual or estinated dose. The estimation
of whol e body or target tissue dose of radionuclides is extrenmely conmpl ex and
nmust be acconplished by mat hemati cal nodels for the specific radionuclide.

Al t hough such nodel s are available to estinate whol e body and target tissue
dose for radon, discussion of these |lies outside the scope of this docunent.
For a discussion of these nodels the reader is referred to NCRP (1984a) or
BEIR IV (1988).

The general population is exposed to radon by inhal ati on both outdoors
and indoors. Qutdoor levels, also referred to as anmbi ent or background |levels, are
the result of radon emanating fromsoil. These levels vary widely with
geogr aphi cal | ocation, depending on factors such as the radiumcontent of soil and
soi|l porosity and noisture content. However, a reasonable average for near ground
| evel is suggested by Eichholz (1987) to be on the order of 0.150 pCG radon-222/L
of air (5.55 Bg/n). Mchel (1987) states that the mean val ue for atnospheric radon
in the contiguous United States is approximately 0.24 pC radon-222/L of air (8.88
Bg/m) with a range of 0.11 to 0.41 pG radon-222/L of air (4.07 to 15.2 Bg/m).
Cothern et al. (1986) report a daily intake of radon originating outdoors of
approximately 1,000 pC (36 Bg) radon-222/day based on data derived fromthe
United Nations Scientific Conmittee on the Effects of Atomic Radiation (1982) and
assuming an inhalation rate of 20 ni/day of air containing 0.05 pG /L (1.8 Bg/m)
radon-222. Because of the gaseous nature of radon, radon levels will decrease with
i ncreasing height fromthe soil surface. Studies of this vertical gradient
indicate that a child who is 0.5 mtall would be exposed to 16% nore radon than an
adul t who
is 1.5 mtall (Mchel 1987).

In contrast to the average anbient |evels of radon, which are usually
quite low, levels indoors are found to be greater than anbi ent outdoor |evels.
This is due to enhancenent and it is believed to be a function of the
foll owi ng: novenment of radon fromunderlying soil and rock through the
foundati on of the building, release of radon fromwater and utility use, radon
emanation fromradi umcontaining structural materials, and rate of ventilation
(NCRP 1984b). The contribution of each of these to the overall indoor radon
level is difficult to assess, except qualitatively. It has been determ ned
that el evated indoor radon levels are prinmarily due to radon emanati on from
underlying soil (Eichholz 1987). The actual indoor levels are greatly
af fected by other paraneters such as conposition of the foundation naterials
and the ventilation rate of the enclosed area. Two of the |argest indoor
nonitoring efforts in the United States reported arithnetic nean |evels
ranging from1.5 to 4.2 pG radon-222/L of air (55 to 157 Bg/m) (A ter and
Cswal d 1987; Nero et al. 1986). The data fromAlter and OGswal d (1987) are
l[limted in that the dwellings do not represent a random sanpl e and indivi dua
neasur enent val ues were reported rather than average concentrations froma
resi dence. Cothern et al. (1986) report daily intake of radon originating
i ndoors of 8,100 pC (300 Bg) radon-222/day based on data derived fromthe
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United Nations Scientific Conmttee on the Effects of Atonic Radiation (1982)
and assuning indoor radon |evels of 0.4 pC radon-222/L of air (15 Bg/ ).

Al t hough the primary source of indoor radon is emanation from soil
rel ease of radon fromthe water supply nay contribute to indoor |evels.
Nazaroff et al. (1987) performed an anal ysis whi ch conbi ned i nfornmation on
wat er use, efficiency of radon release fromwater, house vol unes, and
ventilation rates to determ ne the inpact on indoor radon |evels. Their
anal ysis estimated that use of groundwater contributes an average of 2% to the
nmean i ndoor radon concentration in houses. As with levels in other nedia,
| evel s of radon in groundwater vary greatly. In areas with high groundwater
levels, the relative contribution to indoor radon levels will increase
accordingly. Cothern et al. (1986) report a daily intake of radon originating
fromdrinking water of 100 to 600 pC (3.7 to 22.2 Bqg) radon-222/day assum ng
t hat consunption was 2 L/day of groundwater

Radon i ngestion fromdrinking water has been of |ess concern relative to
t he dose received frominhalation. Due to the short residence tine in the
stomach, ingested radon contributes a small dose to the stomach when conpared
to that delivered to the lungs frominhal ation of radon rel eased from wat er
Al t hough the dose to the stomach is small, it is not significant (Ei chholz
1987).

The contribution of building materials to indoor radon is estinated to be
low in comparison with amobunts which emanate directly fromsoil and rock. In
general, anmong conmmon building materials, concrete rel eases nore radon than
other materials. The potential of radon release frombuilding materials is
expressed by the radi umcontent and the radon emanation rate, which is a
function of pressure, tenperature, porosity, and radon concentration. The
radon emanation rate of concrete utilized in the United States is estimated to
be in the range of 1.2 to 3.4x10" pCG (4.3 to 12.6x10° Bg) radon-

222/ kg/ second (M chel 1987).

Per sons who are occupationally exposed to radon are those enployed in
mning, primarily mining of uraniumand hard rock (NIOSH 1987). N OSH reports
that in 1986, 22,499 workers were enployed in nmetal and nonnmetal mines in the
United States. However, the number of underground urani um m nes has steadily
decreased from 300 in 1980 to 16 in 1984. In turn, the nunber of enployees in
under ground urani um m nes has decreased from 9,000 in 1979 (3,400 of whom
wor ked under ground 1,500 hours or nore) to 448 in 1986 (N OSH 1987).

Measur enents of radon progeny concentrations in these mnes from 1976 to 1985
showed annual geonetric nean concentrations in uraniummnes of 0.11 to 0.36
W. (equivalent to 22 to 72 pG radon-222/L of air [800 to 2,664 Bg/ni]

assum ng an equilibriumfactor of 0.5), with 95th percentile |evels ranging up
to 2.73 W. (546 pG radon-222/L of air; 20,202 Bg/ni). Annual geonetric mean

| evel s in phosphate mnes for the sane period were 0.12 to 1.20 W (24 to 240
pCi radon-222/L of air [888 to 8,880 Bg/m]) with 95th percentile |levels as
high as 1.69 W (338 pC radon-222/L of air; 12,506 Bg/ni). Measurenments in
urani unf vanadi um m nes showed annual geonetric nean concentrations simlar to
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those in uranium nines. However, 95th percentile |levels ranged up to 4.80 W
(960 pC radon-222/L of air [3.6x10°Bg/m]), which was the highest annua
concentration reported anong the different types of mnes (N OSH 1987).

Esti mates of annual cumul ative radon progeny exposures indicated that of the
1, 405 underground urani um niners working in 1984, 28% had exposures greater
than 1.0 W. (200 pG radon-222/L of air; 7,400 Bg/m).

Radon exposure in underground m nes has been vastly reduced by
installation of inmproved engineering controls. In New Mexico mines the nmedi an
annual exposure in 1967 of 5.4 W.M was reduced to 0.5 WM by 1980 due to this
techni que (Ei chhol z 1987).

Several researchers have attenpted to correlate |evels of |lead-210 in
bone with cumul ative radon daughter exposure. Eisenbud et al. (1969) enployed
in vivo techniques to neasure |ead-210 in the skull of nonoccupationally
exposed and occupationally exposed individuals. Exposure for m ners was
derived from mi ne records and conpared to that estinated froma nodel. Their
results showed that the amount of |ead-210 deposited, regardl ess of tenpora
considerations, will be within a factor of two of that deposited if exposure
is assuned to be uniformover tine. In addition, they reported that a burden
of 2,000 pC (74 Bg) is equivalent to a calculated cunul ati ve exposure of
approxi mately 800 W.M

Bl anchard et al. (1969) reported a positive correlation between the |og
of | ead-210 concentration in post-nortem derived bone and the | og of estinmated
m ners' cunul ative exposure. However, nore |ead-210 was observed in bone than
was predicted by the nodel utilized. Furthernore, a |inear correlation was
observed between | ead-210 | evels in blood and that in bone; however, for both
of these anal yses sanple nunbers were small (n=11 to 22). Another study
(A emente et al. 1984) has anal yzed the correl ati on between | ead-210 in human
teeth and environnental radon levels in various countries. This analysis
reported that for the increnental increase in |lead-210 in teeth, a val ue of
3.24x10° pCG (1.2x10° Bg) radon-222/gm of tissue has been associated with a
lifetime exposure to 1 WM Al of these studies are limted by the
difficulty in estimati ng exposure to individuals on the basis of nmine |evels
and worker histories (often related by next of kin). Such estinmates, although
unavoi dabl e, introduce considerable uncertainty into these analyses. |In
addi tion, |ead-210 can be introduced in cigarette snoke, food, and anbi ent
air, thus confounding results of studies (NCRP 1984b).

5.6 POPULATIONS W TH POTENTI ALLY H GH EXPOSURES

Popul ations with potentially high exposures include those occupationally
exposed as previously described (see Section 5.5). In addition, certain
popul ati ons are exposed to el evated environnmental |evels, such as those
resulting fromemanation fromsoil in the Reading Prong area of Pennsylvania
(soil-gas of up to 27,000 pC [1.0 x 10°Bg] radon-222/L soil-gas) and from
rel ease fromgroundwater in certain areas in Maine (levels up to 180,000 pC
[6.7x10° Bg] radon-222/L of water) (Hess et al. 1983). Comunities that are
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very near uranium or phosphate mll tailing piles nay have increased
environnental radon levels. In addition, in sone areas mll tailings have
been used for landfills and were subsequently devel oped (for exanple, G and
Junction, Colorado). Persons in these conmunities could be exposed to |evels
of radon exceedi ng nornal background | evels.

5.7 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA directs the Admi nistrator of ATSDR (in
consultation with the Adm ni strator of EPA and agenci es and prograns of the
Public Health Service) to assess whether adequate information on the health
effects of radon is available. Were adequate information is not avail abl e,
ATSDR, in conjunction with the NTP, is required to assure the initiation of a
program of research designed to deternmine the health effects (and techni ques
for devel oping nethods to determ ne such health effects) of radon

The foll owi ng categories of possible data needs have been identified by a
joint teamof scientists fromATSDR, NTP, and EPA. They are defined as
subst ance-specific informational needs that, if net would reduce or elimnate
the uncertainties of human health assessnment. In the future, the identified
data needs will be evaluated and prioritized, and a substance-specific
research agenda will be proposed.

5. 7.1 Identification of Data Needs

Physi cal and Chemical Properties. Information is available on the
physi cal and chem cal properties of radon, and paraneters that influence the
behavi or of radon in the environment have been deternined. Therefore, no data
needs are identified concerning physical and chemical properties of radon

Producti on, Use, Rel ease, and Disposal. The production of radon occurs
directly froma radiumsource either in the environnent or in a |aboratory
environnent. The di sposal of gaseous radi oactive effluents has been
docunent ed. Increased radon concentrations have been detected in waste
generated by uranium and phosphate nining; therefore, these sites should be
nonitored on a continual basis. Although there are regulations for disposa
of radionuclides in general, there are none that specifically address di sposa
of radon contam nated materials. Further research on the disposal of radon
attached to charcoal, which is used in radon nonitoring indoors, would be
benefici al .

Environnental Fate. Information is available on the environnental fate
of radon in air and water and on the transport of radon in environnental
nedi a. Factors which affect the partitioning of radon fromsoil or water to
air have been identified. However, rates of flux fromone nedia to another
are rarely reported. The emanation rate of radon fromsoil is uncertain
Addi tional information on the behavior of radon at the soil-air interface, as
wel | as soil-gas neasurenents, would facilitate a better understandi ng of the



79

5. POTENTI AL FOR HUMAN EXPOSURE

emanation rate of radon fromsoil. Myvenent of radon into and wi thin homes
and the influence of neteorological conditions on this novenent shoul d be

i nvestigated. Study of radon novenent woul d enhance understandi ng of
potential indoor exposures. Transformation of radon has been adequately
characterized. There is linmted informati on on the uptake of radon by plants.
Addi ti onal research of this phenonenon is needed in order to deternine the

ef fects of exposures which mght be incurred fromingestion of food.

Bi oavailability from Environnental Media. Radon and radon progeny are
known to be absorbed fromair and water and infornation is avail able which
characterizes the relative contribution of various nedia to |levels of radon in
air and water. Further studies of bioavailability are not necessary at this
tinme.

Food Chain Bioaccurul ation. |Information on bi oaccunul ati on of radon and
radon daughters in the food chain is not avail able. Therefore, the potentia
for bioconcentration in plants, aquatic organisnms or aninals, or for
bi omagni fication in the food chain is unknown, However, due to the short
half-1ife of radon, it would not tend to bioaccunul ate. Studies of the
bi oaccunmul ati on of radon in the food chain are not necessary at this tine.

Exposure Levels in Environnental Media. Some information is available on
exposure levels in environmental nedia, however, nost of this information is
fromareas with higher than average |evels of radon. Although levels in
groundwater, primarily for public water supplies, have been nore
conprehensively reported than levels in anbient air, on-going nonitoring
efforts for both nedia are necessary for quantification of human exposure.

Conpr ehensi ve data on |levels of radon in anbient air are needed in order to
assess potential human exposure.

Exposure Levels in Hunmans. There is a |ack of conprehensive information
associ ati ng radon and radon progeny |levels nonitored in the environnent and
exposure of the general population. Although |evels of radon may be neasured
in exhaled air, the relationship of that amount exhaled to the exposure |evel
can be estimated only by use of mathematical nodels. Concentrations of radon
progeny are neasurable in urine, blood, bone, teeth, and hair; however, these
| evel s are not direct nmeasurenments of |evels of exposure. These estinates
al so may be derived through use of mathematical nodels. Studies are needed to
characterize the utility of these biomarkers of exposure.

Exposure Registries. No exposure registries for radon were |ocated.
This compound is not currently one of the compounds for which a subregistry
has been established in the National Exposure Registry. The conpound will be
considered in the future when chenical selection is nade for subregistries to
be established. The information that is amassed in the National Exposure
Registry facilitates the epi dem ol ogi cal research needed to assess adverse
heal th outcones that may be related to the exposure to this conpound. The
Hanf ord Environnental Foundation in Richland, Washington, maintains a registry
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of United States uraniummners and nillers. The data in the registry are
derived fromautopsy material and include exposure information

Si nce urani um decays to radon, this exposure registry on mners and mllers
may provide information on radon exposure.

5.7.2 On-going Studies

S.D. Schery (New Mexico Institute of Mning and Technol ogy) is studying
t he fundanental processes influencing release of radon isotopes from porous
nmedi a and the physical properties of radon isotopes which affect their
behavi or in encl osed environnents. The hypothesis that plant functions
i ncrease soil-radon flow to the atnosphere, thus neasurably reducing the flow
into subsurface areas is under investigation by F.W Wicker (Colorado State
University). A B. Tanner (U. S. Departnent of Interior) is conpleting a
gualitative study on the range and variability of diffusive and
advective/ convective transport of radon and its controlling factors at
sel ected areas. Further, a study designed to provide information on the
transport pathway of radon and radon progeny, their charge state, and the
ef fect of clustering on decay products is being conducted by MG Payne (Qak
Ri dge National Laboratories). Conputer nobdels are al so being developed in an
attenpt to sinplify studies on radon transport within and fromsoils into the
at nosphere and structures (P.C. Oaczarski, Pacific Northwest Laboratories) and
to unify theories of radon emanation and transport in the soil (K K Nielson
Rogers and Associ ates Engi neering Corporation).

I nvestigations of factors which influence transport or nobility of radon
and its progeny fromrocks/soils to the environnent or homes are underway by
K. K. Turekian (Yale University), D. Thomas (University of Hawaii at Manoa),

R H. Socol ow (Center for Energy and Environnental Studies, Princeton
University), and C.S. Dudney (Cak Ri dge National Laboratories), The study by
Dudney included New Jersey and the Tennessee Valley areas w th high background
| evel s. The influence of season, heating fuel, tobacco snoking, and buil ding
characteristics on indoor air pollutant levels is being studied by R H Rainey
(O fice of Power, Tennessee Valley Authority). Research Triangle Institute
(Research Triangle Park, North Carolina) is presently studying both nodeling
and measurenent of radon in houses.

One aspect of radon nobility, in relation to groundwater, is being
studied by O S. Zepecza (U.S. Geol ogical Survey). He is deternining the
factors which control radionuclide transport and fate in groundwater in the
Newar k basin and sout hern coastal plains of New Jersey, and the nechani sm of
rel ease of radionuclides to groundwater or retention in aquifer solids.

G Harbottle (Brookhaven National Laboratories) is studying the nobility
and chenical behavior of radiumin the soil and the processes involved in the
emanati on of radon. The dynanic behavi or of radon and radon daughters will be
studied in controlled [aboratory environnments (J.S. Johnson, Law ence
Li vernore National Laboratory).
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The purpose of this chapter is to describe the anal ytical nethods that
are available for detecting and/or neasuring and nonitoring radon in
environnental nedia and in biological sanples. The intent is not to provide
an exhaustive list of analytical nethods that could be used to detect and
guantify radon. Rather, the intention is to identify well-established nethods
that are used as the standard nethods of analysis. Many of the anal yti cal
net hods used to detect radon in environnental sanples are the nethods approved
by federal agencies such as EPA and the National Institute for Qccupationa
Safety and Health (NICSH). O her nethods presented in this chapter are those
that are approved by a trade association such as the Association of Oficia
Anal ytical Chemists (AQAC) and the Anmerican Public Health Association (APHA)
Addi tionally, analytical nethods are included that refine previously used
net hods to obtain |ower detection linits and/or to i nprove accuracy and
pr eci si on.

6.1 Bl OLOG CAL MATERI ALS

Urine anal ysis and whol e body counting are nost frequently perforned to
noni t or exposure to radon. Tooth enanel and bone are al so used as indicators
of radon exposure. The |l onger-1lived radi oactive isotopes, |ead-210 and
pol oni um 210, are generally used as a neans of estimating exposure to the
short-lived radon-222 decay products. It is generally known that |ead-210 is
deposited primarily in bone with a relatively long biological half-lIife, which
enables it to reach transient radioactive equilibriumconditions with its
descendant, pol onium 210 (Clenente et al. 1984). The short half-lives of
radon and t he daughters, polonium 218 through pol oni um 214, preclude their
detection through nornal bioassay techni ques which typically require a day or
nore after the sanple has been collected before counting can comrence (Gotchy
and Schi ager 1969).

Direct neasurenents of energing ganma rays typically use the gamma rays
fromlead-210 and rely on decays occurring in lung or bone tissues. This
nmethod utilizes a system of either sodiumiodi de or germani um detectors pl aced
over the body in a well-shielded room (Crawf ord-Brown and M chel 1987). For
past exposures, the |ead-210 and pol oni um 210 concentrations in the urine are
determ ned by counting the nunber of decays on a sodiumiodi de systemor by
use of liquid scintillation

Appl ying these concentrations to estinate the exposure an individual

m ght have received introduces |arge uncertainties. Pharmacokinetic netabolic
nodel s are used to detail the novenent of the radi onuclides within the organs
and tissues of the body (EPA 1988a; |CRP 1978). Several additional nodels are
described in BEIR IV (1988). The uncertainties involved make it unlikely that
t hese approaches can yield estimtes of exposure to within better than a
factor of four to five, particularly when values specific to individuals
(rather than popul ations) are required (Crawford-Brown and M chel 1987).

Anal ytical nethods for determ ning radon in biological sanples are given in
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Table 6-1. These nethods provide indirect neasurenments of radon; i.e., the
activity emtted fromradon and radon progeny is detected and quantified.

6.2 ENVI RONVENTAL SAMPLES

Radon has been recogni zed as a health hazard for many years, prinmarily
for uraniumm ners. Recently, unusually high radon concentrati ons have been
found in several areas of the country, particularly Northeast Pennsyl vania.
This has pronpted nationwi de concern and interest in the nmeasurenment of radon

To aid in the effort in standardizing procedures for naking accurate and
reproduci bl e measurenents and to ensure consistency, the EPA has issued two
reports recomendi ng neasurenent techni ques and strategies. The 1986 report,
"Interi m Radon and Radon Decay Product Measurenent Protocols," provides
procedures for neasuring radon-222 concentrations with continuous nonitors,
charcoal canisters, alpha-track detectors and grab techni ques (EPA 1986). The
second report, "InterimProtocols for Screening and Fol | owup Radon and Radon
Decay Product Measurenents" (EPA 1987a), outlines the recommendati ons for
maki ng reliable, cost effective radon neasurenents in honmes (Ronca-Battista et
al. 1988).

There are several generalizations about the nmeasurenment of radon which
apply regardl ess of the specific neasurenment techni que used. Radon
concentrations in the same location may differ by a factor of two over a
period of 1 hour. Also, the concentration in one roomof a building may be
significantly different than the concentration in an adjoi ning room
Therefore, the absolute accuracy of a single neasurenent is not critical, but
i mprovenents in sanpling nethodol ogy woul d be hel pful. Since radon
concentrations vary substantially fromday to day, single grab-type
neasurenents are generally not very useful, except as a neans of identifying a
potential problemarea, and indicating a need for nore sophisticated testing.

An initial screening for radon can be nade with activated charcoal
After a potential problemis identified, nore accurate neasurenments can be
nmade using additional techniques.

There are three main nethods of determining the air concentration of
radon: an instantaneous neasurenent, or grab sanple, a continuous readout
noni tor which continually registers the concentration, and a tine averaged
concentrati on where the sanple is obtained over a relatively |ong period of
tinme and yields a single, average concentration for an extended tinme period
froma few days to a week or nore.

Several techniques to neasure air concentrations are outlined by Breslin
(1980). Most of the techniques for measuring radon use the fact that both
radon-222 and the short-lived daughters are al pha-emitting nuclides. The
sanple is collected and taken back to the [aboratory for "al pha-counting" or
an al pha-detector is taken to the field for on-site nmeasurenent. There are
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ANALYTICAL METHODS

Radon in Biological Materials

Analytical Methods for Determining

Sample
Sample Sample Analytical Detection
Matrix Preparation Method Limit  Accuracy Reference
Tooth  Clean and dry tooth; PIXE for No 0.5 Anttila
dry overnight and PB-210 data ppm 1987
grind to fine powder; content
separate enamel from
dentin and compress
into pellets; coat
with titinium nitride
Urine Wet ash in HNO;-NC10,, Alpha 0.1 pCi 85% Gotchy and
electrostatic spectometry (3.7x1073 Schiager
precipitation Bq) 1969
Blood Wet ash Alpha 0.1 pCi 85% Gotchy and
spectrometry (3.7x1073 Schiager
Bq) 1969
Blood Wet ash and plate Autoradio- No No Weissbuch
on disk graphy of data data et al.
tracks, using 1980
nuclear
emulsion
Bone Extract fat with Scintillation No No Blanchard
anhydrous benzene; counter data data et al.
wet ash 1969
Bone In vivo Whole body No No Eisenbud
counting gamma data data et al.
spectroscopy 1969
Tissue Place in tared test Scintillation No No Nussbaum
tube counter data data  and Hursh
1957

PIXE = proton induced X-ray emission analysis
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several ways to neasure al pha decay. A scintillation flask is one of the

ol dest and nmobst commonly used nethods. The flask is equi pped with val ves
which are lined with a phosphor (silver-activated zinc sulfide) and emt |ight
fl ashes when bonbarded with al pha particles. Qther nmethods draw the air
through a filter (or filters) for a variety of tine intervals and then count

t he nunber of al pha-decays occurring on the filter. EPA (1986) and NCRP

(1988) reports provide nore in-depth discussions of these nethods.

EPA (1986) outlines the nbst conmon procedures for making neasurenents
and describes conditions that should exist at the time of the measurenent.
The sinplest, |east expensive nethod of radon nmeasurenent is with
charcoal adsorption. One side of the container is fitted with a screen to keep the
charcoal in and allow the radon to diffuse into the charcoal. The adsorbed
radon subsequently decays, depositing decay products in the charcoal. After
exposure for 3 to 7 days the canister is sealed and sent to the |aboratory
where the charcoal is placed directly into a ganma det ect or

For continuous nonitoring of an indoor environnent, a comon nmethod is
the scintillation cell nethod. The nonitor punps air into a scintillation
cell after passing it through a particulate filter that renoves dust and radon
decay products. As the radon in the cell decays, the decay products plate out
on the interior surface of the scintillation cell. The al pha particles
em tted by radon and radon daughters strike the coating on the inside of the
cell causing scintillations to occur. These scintillations are detected by a
photonul tiplier tube in the detector and an el ectrical signal is generated.

Anot her wi dely used nmethod is solid state nuclear track detection. In
t he case of radon, an al pha track detector is used. It consists of a smal
pi ece of plastic enclosed in a container with a filter-covered opening. Al pha
particles in the air strike the plastic and produce subm croscopi ¢ damage
tracks. At the end of the nmeasurenment period the plastic is placed in a
caustic solution that accentuates the damage tracks. The tracks are then
counted using a mcroscope or autonmated counting system

Radon daughter aerosols may al so be neasured by using electrets. These
are uni formy charged surfaces which provide a collection mediumwith a builtin
el ectrostatic force to attract the aerosols, therefore avoiding use of a
punp (Khan and Phillips 1984). Deposition is quantified with an al pha
counter.

There are two primary nethods for measuring radon in aqueous sanples, the
radon bubbl er/al pha scintillation cell method and the liquid scintillation
counting nethod. There are probl ens associated with sanple collection for the
radon bubbl er/al pha scintillation nmethod. One problemis that the sanple in
the field nust be collected in a glass bubbler flask that nust then be
transported to the |lab. Due to transport and handling probl enms, sanple
results nay be compromi sed. Therefore, the liquid scintillation counting
nmethod is nore comonly used. A description of the liquid scintillation
counting nethod is given in Table 6-2. The greatest analytical uncertainty of
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Analytical Methods for Determining
Radon in Environmental Samples

Sample

Sample Sample Analytical Detection

Matrix Preparation Method Limit Accuracy Reference

Alr

Radon
Adsorb onto Gamma 1.3 pCi/m? No data Cohen and
activated charcoal, spectro- (0.048 Bq/m%) Nason 1986
2 to 7 days scopy
Adsorb onto activated Liquid 0.21-0.37 0.094 of Prichard and
charcoal; extract with scintil- pCi/m? true con- Marlen 1983
toluene; gently shake lation (0.007- centration
0.014 Bg/m?)

Scintillation Cell
Allow air to enter ZnS (Ag) 0.1 pCi/m® No data Crawford-
detection chamber scintil- (0.004 Bg/m?) Brown and
through millipore lation/ Michel 1987
filter until equili- photomulti-
brated, or collect plier tube
sample in bag (Mylar
or Tedlar), transfer
to chamber ASAP
Diffuse through filter TLD chip 89 pCi/ 0.95-1.08 Maiello and
into detector housing; m® (3.30 of true  Harley 1987
collections with Bq/m®) concen-
electret tration
Two-Filter Method
Draw air into fixed ZnS(Ag) 0.011 pCi/  90% Schery
length tube with scintil- m® (<0.001 et al.
entry and exit filters; lation/ Bq/m3) 1980
monitor exit filter photomulti-

activity

plier tube
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TABLE 6-2 (Continued)
Sample

Sample Sample Analytical Detection

Matrix Preparation Method Limit Accuracy  Reference
Solid State Nuclear
Track Detector
Diffuse through a fil- Micro- 14 pCi/m® No data NCRP 1988
ter into a cup con- scopic (0.519
taining alpha track examina-  Bq/m®)
material (cellulose tion of
nitrate film) for up damaged
to 1 year; etch in material
acidic or basic solu-
tion operated upon by
an alternating electric
field

Radon progeny

Draw air through Gross 1.1 pCi/m®* No data NCRP 1988
filter for a sampling alpha (0.041
time of 5 to 10 counting  Bq/m®)
minutes
Draw air through Alpha 1.1 pCi/m®  70% NCRP 1988
filter at a known spectro- (0.041
flow rate for metry Bq/m?)
specified time
(10 m to 1 hr)
Charge surface electro- Alpha 1.1pCi/m3 70% NCRP 1988
statically to attract spectro- (0.041
aerosols metry Bq/m?)

Soil
Dry in 55°C oven for Scintil- No data No data  Rangarajan
24 hours; place 5 grams lation and Eapen
in 20 ml borosilicate counter 1987; Wadach

glass scintillation.
Cover with 10 ml dis-
tilled water;
to become wet;

allow soil
add 5 ml
high-efficiency mineral

oil; allow to age 30 days

and Hess
1985
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TABLE 6-2 (Continued)
Sample
Sample Sample Analytical Detection
Matrix Preparation Method Limit Accuracy  Reference
None Track No data No data  Rangarajan
etch detec- and Eapen
tor buried 1987
30 cm deep
Water
Radon
Pass carrier gas Scintil- 1.4 pCi/L 907% Crawford-
through samples in a lation (52 Bq/m®) Brown and
bubbler flask to purge counter Michel 1987
out dissolved radon;
transfer radon to eva-
cuated scintillation cell
Inject into glass vial Liquid 10 pCi/L No data Crawford-
containing liquid scintil- (370 Bgq/m3) Brown and
scintillation solution; lation Michel 1987
shake vigorously counter
Direct measurement Gamma 10 pCi/L No data  Yang 1987
ray for 1 L
spectro- sample
scopy (370 Bq/m®)

TLD = Thermoluminescent Dosimeter
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these nethods is due to sanpling. Since radon is a gas, care nust be taken to
prevent its escape fromthe sanmple (Crawford-Brown and M chel 1987). A

di scussi on of neasurenent techniques in water nay be found in the report by
Crawf ord- Brown and M chel (1987).

There has been little attenpt to standardi ze a method for neasuring radon
in soil. However, a nethod which utilizes liquid scintillation counting for
determ ning concentration is given by Wadach and Hess (1985). A description
of this nmethod may be found in Table 6-2.

The accuracy of any neasurenent will depend upon the calibration of the
i nstrument used. The calibration of an instrunment deternmines its response to
a known anount or concentration of radioactivity. This allows a correlation
to be nade between the instrunment reading and the actual anopunt or concentration
present. A range of activities of radium 226 standard reference materials (SRM is
available fromthe U S. Departnent of Comerce, National Bureau of Standards (NBS)
as solutions for calibrating detection systens. Also, an elevated radon
at nosphere may be produced in a chanber, and sanples drawn and neasured in systens
previously calibrated by radon enmanati on froman NBS radi um 226 SRM O her radon
detectors may then be filled fromor exposed in the chanber and standardi zed based
on this “secondary” standard (NCRP 1988). Anal ytical methods for neasuring radon
in environnental sanples are given in Table 6-2. These net hods provide indirect
neasurenents of radon; i.e., the activity emitted fromradon and radon progeny is
detected and quantiti ed.

6.3 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA directs the Administrator of ATSDR (in
consultation with the Adm nistrator of EPA and agenci es and prograns of the
Public Health Service) to assess whether adequate information on the health
effects of radon is avail able. Were adequate infornmation is not avail abl e,
ATSDR, in conjunction with the NTP, is required to assure the initiation of a
program of research designed to deternmine the health effects (and techni ques
for devel opi ng met hods to determine such health effects) of radon

The foll owi ng categories of possible data needs have been identified by a
joint teamof scientists fromATSDR, NTP, and EPA. They are defined as
subst ance-specific informational needs that, if net would reduce or elimnate
the uncertainties of human health assessnment. In the future, the identified
data needs will be evaluated and prioritized, and a substance-specific
research agenda will be proposed.

6.3.1 Identification of Data Needs
Met hods for Determ ning Bi omarkers of Exposure and Effect. Methods are

avai l abl e to nmeasure the presence of radon progeny in urine, blood, bone,
teeth, and hair. However, the accilracy and the sanple detection linmts for
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the majority of these nethods are unknown and shoul d be deternined so that
exposure to radon may be quantified. In addition, nmeasurenment of radon gas in
expired air should be possible by nethods such as gas chromat ography.

However, descriptions of any such nethods have not been found in the
literature.

The frequency of abnornalities in sputumcytol ogy has been utilized as a
possi ble early indicator of radiation danage to lung tissue (Band et al. 1980;
Brandom et al. 1978; Sacconanno et al. 1974). The accuracy and precision of
this measurenment i s not known.

Met hods for Determ ning Parent Conpounds and Degradati on Products in
Envi ronnental Media. Analytical nethods are avail able which allow for the
qguantification of radon in air, water, and soil. However, nethods for the
neasur enent of radon concentrations in soil-gas are limted. The ability to
accurately measure soil-gas is needed to provide a better understandi ng of the
emanation rate of radon gas from soil

6.3.2 On-goi ng Studies

Al t hough several anal ytical nmethods for neasuring and determ ning radon
and radon progeny from environnental mnedia or biological tissues exist,
several on-going studies have been identified in the Federal Radon Activities
Inventory. There are a nunber of animal studies underway. Occupationally
exposed individuals are continually nonitored in order to obtain nore accurate
nodel s and better neasurenent techniques.

R Cole (National Institute for Standards and Technology (NI ST)) is
currently upgradi ng the prinmary radon neasurenment system which constitutes the
nati onal radon neasurenment standard. D.R Fisher (Pacific Northwest
Laboratories) is attenpting to devel op anal ytical nethods which will aid in
calculating mcrodosinetry within the tracheobronchial epitheliumafter
i nhal ati on of radon and radon progeny. Also, R S. Caswell (N ST) is working
on a related investigation but with cells at risk in other parts of the |ung
and adj acent areas.

J.R Duray (Chem Nucl ear Geotech, fornerly United Nucl ear Corporation
Geotech) is testing instrunents and devices in order to devel op accurate and
reliable measurenents of annual indoor and outdoor |evels of radon and radon
daughters. |. Ponmerantz (EPA) is investigating analytical techniques to
neasure certain radionuclides, which would aid in nonitoring radon levels in
drinki ng water; whereas K Fox (EPA) is working on radon renoval techniques
for conmmunity water supplies in New Hanpshire. Another area of concern is the
devel opnent of anal ytical nethods for neasuring radon in buildings.

C. Arnolts (Department of Housing and Urban Devel opnent) is investigating
techni ques builders can use to identify the presence of radon in a given
buil ding, and T. Peake (EPA) is working on nethodol ogy which would identify
areas with a high potential for radon exposure. M Ronca-Battista (EPA)
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6. ANALYTI CAL METHODS
reports the steps that are being taken to revise EPA radon neasurenent

protocols and i ncludes a new nethod for neasuring indoor radon and radon
progeny concentrations.
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7. REGULATI ONS AND ADVI SORI ES

I nternational and national regulations and gui delines pertinent to hunman
exposure to radon are sumuari zed in Table 7-1. Reconmendations for radiation
protection for people in the general population as a result of exposure to
radiation in the environment are found in the Federal Radiation Guidance (FRC
1960) and ICRP No. 26 (ICRP 1977). National guidelines for occupationa
radi ation protection are found in the "Federal Radiation Protection Guidance
for QOccupational Exposure" (EPA 1987b). This guidance for occupationa
exposure supersedes recomendati ons of the Federal Radiation Council for
occupati onal exposure (FRC 1960). The new gui dance presents general
principles for the radiation protection of workers and specifies the nunerica
primary guides for limting occupational exposure. These recomrendations are
consistent with the I CRP (I CRP 1977).

The basic phil osophy of radiation protection is the concept of Al ARA (As
Low As Reasonably Achievable). As a rule, all exposure should be kept as | ow
as reasonably achi evabl e and the regul ati ons and gui delines are neant to give
an upper limt to exposure. Based on the primary guides, guides for Annua
Limts on Intake (ALIs) have been cal cul ated (EPA 1988a; | CRP 1979). The ALI
is defined as "that activity of a radi onuclide which, if inhaled or ingested
by Reference Man (I CRP 1975), will result in a dose equal to the nost limting
primary guide for commtted dose" (EPA 1988a) (see Appendi x B)
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7. REGULATIONS AND ADVISORIES

TABLE 7-1. Regulations and Guidelines Applicable to Radon-222

Agency Description Value Reference
International
Guidelines
WHO Remedial action should be con- 2,700 pCi/L Suess 1988
sidered if exceeded in building (99,900 Bq/m®)
EER
WHO Remedial action should be con- 10,800 pCi/L Suess 1988
sidered without long delay if (399,600 Bq/m?)
exceeded in building EER
WHO Should not be exceeded before 5.4x10% pCi Suess 1988
remedial action yr/L (2.00x10°¢
Bq yr/m®) EER
ICRP Maximum cumulative occupational 4.8 WIM/yr Bodansky
exposure et al. 1987
ICRP Annual limit for intake by 0.02 Joules/yr ICRP 1977
inhalation
National

Regulations

a. Air

Environmental and indoor

EPA Average annual atmospheric 20 pCi/m?/sec EPA 1988b
release rate from residual radio- (0.74 Bq/m?/ (40 CFR 190
active material from inactive sec) 192.02)

uranium processing sites

EPA Annual average concentration 0.5 pCi/L EPA 1988b
should not be increased by more (18.5 Bq/m?) (40 CFR 190
than this due to inactive 192.02)

uranium processing sites
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7. REGULATIONS AND ADVISORIES

TABLE 7-1 (Continued)

Agency Description Value Reference
EPA Maximum average annual radon 0.02 WL EPA 1988b
decay product concentration (40 CFR 190
(including background) as a 192.12)
result of inactive uranium
processing sites, in any
occupied or habitable building
EPA Maximum radon decay product 0.03 WL EPA 1988b
concentration (including back- (40 CFR 190
ground) as a result of inactive 192.12)
uranium processing sites, in any
occupied or habitable building
NRC Maximum permissible concentration  3x107%° pCi/ NRC 19882
in air released to unrestricted em® (1.1x1074 (10 CFR 20)
areas Bq/cm?®)
Mine and cave
OSHA Individual exposure limit 4.0 WiM/yr OSHA 1988
(41 CFR
57.5038)
OSHA Monitor workspace at least 0.1 WL OSHA 1988
once yearly (41 CFR
57.5087)
OSHA Monitor workspace quarterly 0.1 - 0.3 WL OSHA 1988
(41 CFR
57.5037)
OSHA Monitor workspace weekly and > 3.0 WL OSHA 1988
maintain exposure records on (41 CFR
all exposed employees 57.5037)
OSHA Immediate corrective action to 1.0 WL OSHA 1988
lower the concentration (41 CFR
57.5041)
MSHA Maximal cumulative dose 4.0 WIM/yr MSHA 1989

(30 CFR 57)
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7. REGULATIONS AND ADVISORIES

TABLE 7-1 (Continued)

Agency Description Value Reference
MSHA Instantaneous maximum 1.0 WL MSHA 1989
(30 CFR 57)
b. Drinking water
NRC Maximum permissible concentration No data
in water released to unrestricted
areas
c. Food No data
d. Nonspecific media
EPA Reportable quantity Ci (Bq) EPA 1989b
Radon-220 0.1 (3.7x109%) 40 CFR 302
Radon-222 0.1 (3.7x10°%)
Guidelines
a. Air
ANSI/ Annual average concentration of 0.01 WL Natl. Res.

ASHRAE indoor radon

EPA Upper level of exposure in home

EPA Desired target concentration in
the home

EPA Action within several months

EPA Remedial action must be under-
taken

EPA Occupational ALI for inhalation®

NCRP Remedial action level

NIOSH Recommended exposure limit

4 pCi radon-
222/L of air
(148 Bq/m®)

0.02 WL

0.1 WL

8 pCi radon-
222/L of air
(300 Bq/m?)
4 WLM

2 WLM/yr

1.0 WIM/yr

Council 1981
Deluca and
Castronovo

1988

Bodansky
et al. 1987

Bodansky
et al. 1987

Deluca and
Castronovo
1988

EPA 1988a
NCRP 1984b

NIOSH 1987
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7. REGULATIONS AND ADVISORIES

TABLE 7-1 (Continued)

Agency Description Value Reference
NIOSH Average work shift concentration 0.083 WL NIOSH 1987
limit
b. Drinking water No data
c. Food No data
State
Regulations and Guidelines
a. Air
Alaska Regulated hazardous substance No data Alaska 1988
New Immediate corrective action or 1.0 - 1.4 WL New Mexico
Mexico withdraw workers 1981
(NMMSC 11)
New Withdraw workers until corrective > 1.4 WL New Mexico
Mexico action is taken or until reduced 1981
to 1.0 WL or less (NMMSC 11)
New Maximal cumulative exposure 4.0 WIM/yr New Mexico
Mexico to workers 1981 (SIM
Rule 76-1)
New Instantaneous maximum to 1.0 WL New Mexico
Mexico workers 1981 (SIM
Rule 76-1)
New Exposure records should be kept 0.3 WL New Mexico
Mexico for employees entering areas 1981 (SIM
with this concentration Rule 71-2)
New Respiratory devices to prevent 1.0 WL New Mexico
Mexico inhalation of radon daughters 1981 (SIM
should be worn by workers Rule 78-1(2a)
New Respiratory devices to prevent 10 WL New Mexico
Mexico inhalation of radon gas and 1981 (SIM

daughters should be worn by
workers

Rule 78-1(2a)
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TABLE 7-1 (Continued)

Agency Description Value Reference

b. Water/Drinking water

Maine 10,000 pCi/L  FSTRAC 1988
(3.7x10° Bq/m®)

Rhode 10,000 pCi/L  FSTRAC 1988
Island (3.7x10° Bq/m?)

&The Nuclear Regulatory Commission limits in 10 CFR 20 are in the process of
revision.

PThe ALI recommended by the EPA is numerically identical to that recommended
by the ICRP Publication 30 (ICRP 1979).

ALT = Annual Limit of Intake

ANST/ASHRAE = American National Standards Institute/American Society of
Heating, Refrigerating and Air Conditioning

EER = Equilibrium Equivalent Radon

EPA = Environmental Protection Agency

FSTRAC = Federal-State Toxicology and Regulatory Alliance Committee

ICRP = International Commission on Radiological Protection

MSHA = Mine Safety and Health Adminstration

NCRP = National Council for Radiation Protection and Measurements

NRC = Nuclear Regulatory Commission

NIOSH = National Institute for Occupational Safety and Health

NMMSC = New Mexico Mine Safety Code

OSHA = Occupational Safety and Health Administration

SIM State Inspector of Mines, New Mexico

WHO = World Health Organization

WL = Working Level

WILM = Working Level Month
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Absorbed Dose -- The nean energy inparted to the irradi ated nedium per unit
mass, by ionizing radiation. Units: gray (GY), rad.

Absorbed Fraction -- Atermused in internal dosimetry. It is that fraction
of the photon energy (enmitted within a specified volume of material) which is
absorbed by the volune. The absorbed fraction depends on the source

di stribution, the photon energy, and the size, shape and conposition of the
vol une.

Absorption -- The process by which radiation inparts sone or all of its energy
to any material through which it passes.

Sel f- Absorption -- Absorption of radiation (emitted by radi oactive atons)
by the material in which the atons are located; in particular, the
absorption of radiation within a sanple being assayed.

Absorption Coefficient -- Fractional decrease in the intensity of an
unscattered beamof x or ganma radiation per unit thickness (linear absorption
coefficient), per unit nmass (nmass absorption coefficient), or per atom (atonic
absorption coefficient) of absorber, due to deposition of energy in the
absorber. The total absorption coefficient is the sumof individual energy
absorption processes. (See Conpton Effect, Photoelectric Effect, and Pair
Production.)

Li near Absorption Coefficient -- A factor expressing the fraction of a beam
of x or gamma radiation absorbed in a unit thickness of material. In the
expression I=l e*, |l is the initial intensity, | the intensity of the beam

after passage through a thickness of the material x, and p is the
i near absorption coefficient.

Mass Absorption Coefficient -- The linear absorption coefficient per cm
di vided by the density of the absorber in grams per cubic centinmeter. It
is frequently expressed as Y/ p, where g is the linear absorption
coefficient and p the absorber density.

Absorption Ratio, Differential -- Ratio of concentration of a nuclide in a
given organ or tissue to the concentration that would be obtained if the sane
adm ni stered quantity of this nuclide were unifornmy distributed throughout

t he body.

Activation -- The process of inducing radioactivity by irradiation.

Activity -- The nunber of nuclear transformations occurring in a given
gquantity of naterial per unit time. (See Curie.)
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Activity Medi an Aerodynanic Di aneter (AMAD) -- The dianmeter of a unit-density
sphere with the same termnal settling velocity in air as that of the aeroso
particul ate whose activity is the nedian for the entire aerosol

Acut e Exposure -- Exposure to a chemical for a duration of 14 days or less, as
specified in the toxicological profiles.

Acut e Radi ation Syndrone -- The synptons whi ch taken together characterize a
person suffering fromthe effects of intense radiation. The effects occur
wi thin hours or weeks.

Adsorption Coefficient (Koc) -- The ratio of the amount of a chemnical adsorbed
per unit wei ght of organic carbon in the soil or sedinent to the concentration
of the chemcal in solution at equilibrium

Adsorption Ratio (Kd) -- The amount of a chemi cal adsorbed by a sedi nent or
soil (i.e., the solid phase) divided by the anpbunt of chenical in the solution
phase, which is in equilibriumwith the solid phase, at a fixed solid/solution
ratio. It is generally expressed in mcrograns of chenical sorbed per gram of
soil or sedinment.

Al pha Particle -- A charged particle emtted fromthe nucleus of an atom An
al pha particle has a nmass charge equal in magnitude to that of a helium

nucl eus; i.e., tw protons and two neutrons and has a charge of +2.

Anni hilation (Electron) -- An interaction between a positive and a negative

el ectron in which they both di sappear; their energy, including rest energy,
bei ng converted into el ectronagnetic radiation (called annihilation radiation)
with two 0.51 Mev ganma photons enitted at an angle of 180° to each other.

Atonic Mass -- The nass of a neutral atom of a nuclide, usually expressed in
terms of "atomic mass units." The "atomic nass unit" is one-twelfth the mass
of one neutral atom of carbon-12; equivalent to 1.6604x10%* gm ( Synbol: u )

Atoni ¢ Nunmber -- The nunber of protons in the nucleus of a neutral atomof a
nuclide. The "effective atomic nunber" is calculated fromthe conposition and
atom ¢ nunbers of a conpound or mxture. An elenment of this atom c nunber
woul d interact with photons in the sane way as the conpound or mixture.
(Synbol : 2)

Atomi c Weight -- The weighted nmean of the masses of the neutral atons of an
el ement expressed in atonmic nass units.

Auger Effect -- The emi ssion of an electron fromthe extranuclear portion of
an excited atom when the atom undergoes a transition to a |l ess excited state.

Background Radi ation -- Radiation arising fromradioactive material other than
t hat under consideration. Background radiation due to cosnic rays and natura
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radi oactivity is always present. There may al so be background radi ati on due
to the presence of radioactive substances in building materials.

Becquerel (Bg) -- International Systemof Units unit of activity and equals
one transformation (disintegration) per second. (See Units.)

Beta Particle -- Charged particle emtted fromthe nucleus of an atom A beta
particle has a nmass and charge equal in magnitude to that of the electron
The charge may be either +1 or -1.

Bi ol ogi ¢ Effectiveness of Radiation -- (See Rel ative Biol ogica
Ef f ecti veness.)

Bone Seeker -- Any conpound or ion which mgrates in the body preferentially
into bone.
Branching -- The occurrence of two or nore nodes by which a radionuclide can

under go radioactive decay. For exanple, radium C can undergo a or B decay,

*Cu can undergo B-, P+, or electron capture decay. An individual atomof a
nucl i de exhi biting branching disintegrates by one node only. The fraction
disintegrating by a particular node is the "branching fraction" for that nopde.
The "branching ratio"” is the ratio of two specified branching fractions (also
called nultiple disintegration).

Brensstrahlung -- The production of el ectromagnetic radiation (photons) by the
negative acceleration that a fast, charged particle (usually an el ectron)
undergoes fromthe effect of an electric or nagnetic field, for instance, from
the field of another charged particle (usually a nucleus).

Cancer Effect Level (CEL) -- The | owest dose of chemical in a study, or group
of studies, that produces significant increases in the incidence of cancer (or
tunors) between the exposed population and its appropriate control

Capture, Electron -- A node of radioactive decay involving the capture of an
orbital electron by its nucleus. Capture froma particular electron shell is

designated as "K-el ectron capture,” "L-electron capture," etc.

Capture, K-Electron -- Electron capture fromthe K shell by the nucleus of the
atom Also |loosely used to designate any orbital electron capture process.

Carci nogen -- A chemical capabl e of inducing cancer

Carcinona -- Malignant neopl asm conposed of epithelial cells, regardl ess of
their derivation.

Cataract -- A clouding of the crystalline lens of the eye which obstructs the
passage of |ight.
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Ceiling Value (DL) -- A concentration of a substance that should not be
exceeded, even instantaneously.

Chroni ¢ Exposure -- Exposure to a chemical for 365 days or nore, as specified
in the Toxicol ogical Profiles.

Conpton Effect -- An attenuation process observed for x or gamma radiation in
whi ch an incident photon interacts with an orbital electron of an atomto
produce a recoil electron and a scattered photon of energy |less than the

i nci dent phot on.

Cont ai nnent -- The confinenment of radioactive nmaterial in such a way that it
is prevented from being dispersed into the environnment or is rel eased only at
a specified rate.

Cont am nati on, Radi oactive -- Deposition of radioactive material in any place
where it is not desired, particularly where its presence may be harnful

Cosmic Rays -- High-energy particulate and el ectromagnetic radi ati ons which
originate outside the earth's atnosphere.

Count (Radi ation Measurenents) -- The external indication of a

radi ati on- neasuri ng device designed to enunerate ionizing events. It may
refer to a single detected event to the total nunmber registered in a given
period of time. The termoften is erroneously used to designhate a

di sintegration, ionizing event, or voltage pul se.

Counter, Ceiger-Mieller -- Hghly sensitive, gas-filled radiation-neasuring
device. It operates at voltages sufficiently high to produce aval anche

i oni zati on.

Counter, Scintillation -- The conbi nati on of phosphor, photnultiplier

t ube, and associated circuits for counting |light emn ssions produced in the
phosphors by ionizing radiation.

Curie -- Aunit of activity. One curie equals 3.7 x 10" nucl ear
transformati ons per second. (Abbreviated C.) Several fractions of the curie
are in commopn usage.

Megacurie -- One mllion curies. Abbreviated M.

Mcrocurie -- One-mllionth of a curie (3.7x10" disintegrations per set).
Abbr evi at ed pCi

Mllicurie -- One-thousandth of a curie (3.7x10" disintegrations per set).
Abbrevi ated nGi .

Nanocurie -- One-billionth of a curie. Abbreviated nG .
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Picocurie -- One-nillionth of a mcrocurie (3.7x107disintegrations per
second or 2.22 disintegrations per nminute). Abbreviated pC; replaces the
term ppuc.

Decay, Radioactive -- Transformation of the nucleus of an unstable nuclide by

spont aneous em ssion of charged particles and/or photons.

Decay Chain or Decay Series -- A sequence of radioactive decays
(transformations) beginning with one nucleus. The initial nucleus, the

parent, decays into a daughter nucleus that differs fromthe first by whatever
particles were enmtted during the decay. If further decays take place, the
subsequent nuclei are also usually called daughters. Sonetines, to

di stingui sh the sequence, the daughter of the first daughter is called the

gr anddaughter, etc.

Decay Constant -- The fraction of the nunber of atonms of a radioactive nuclide
which decay in unit tinme. ( Synmbol A ). (See D sintegration Constant).

Decay Product, Daughter Product -- A new isotope forned as a result of

radi oactive decay. A nuclide resulting fromthe radi oactive transfornation of
a radionuclide, formed either directly or as the result of successive
transformations in a radioactive series. A decay product (daughter product)
may be either radioactive or stable.

Delta Ray -- Energetic or swiftly nmoving el ectrons ejected froman atom during
the process of ionization. Delta rays cause a track of secondary ionizations
al ong their path.

Devel opnental Toxicity -- The occurrence of adverse effects on the devel opi ng
organismthat may result from exposure to a chenical prior to conception
(either parent), during prenatal devel opnent, or postnatally to the tine of
sexual maturation. Adverse devel opnental effects nmay be detected at any point
in the lifespan of the organi sm

Di si ntegration Constant -- The fraction of the nunmber of atonms of a

radi oactive nuclide which decay in unit time; constant in the equation N=Ne™,
is the synbol for the decay where N is the initial nunber of atons

present, and N is the nunber of atons present after sone tinme, t. (See Decay
Const ant .)

Di si ntegration, Nuclear -- A spontaneous nuclear transformation
(radioactivity) characterized by the em ssion of energy and/or mass fromthe
nucl eus, When | arge nunbers of nuclei are involved, the process is
characterized by a definite half-life. (See Transformation, Nuclear.)

Dose -- A general termdenoting the quantity of radiation or energy absorbed.
For special purposes it must be appropriately qualified. If unqualified, it
refers to absorbed dose.
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Absorbed Dose -- The energy inparted to matter by ionizing radiation per
unit nass of irradiated material at the place of interest. The unit of
absorbed dose is the rad. One rad equals 100 ergs per gram In Sl units,
t he absorbed dose is the gray which is 1 J/kg. (See Rad.)

Cumul ati ve Dose (Radiation) -- The total dose resulting fromrepeated or
conti nuous exposures to radiation

Dose Assessnent -- An estimate of the radiation dose to an individual or a
popul ati on group usually by neans of predictive nodeling techniques,
somet i nes suppl enented by the results of measurenent.

Dose Equivalent (DE) -- A quantity used in radiation protection. It
expresses all radiations on a comobn scale for calculating the effective
absorbed dose. It is defined as the product of the absorbed dose in rad
and certain nodifying factors. (The unit of dose equivalent is the rem
In SI units, the dose equivalent is the sievert, which equals 100 rem)

Dose, Radiation -- The ampunt of energy inparted to nmatter by ionizing
radi ation per unit nmass of the natter, usually expressed as the unit rad,
or in Sl units, 100 rad=l gray (Gy). (See Absorbed Dose.)

Maxi mum Per i ssi bl e Dose Equi val ent (MPD) -- The greatest dose equival ent
that a person or specified part thereof shall be allowed to receive in a
gi ven period of tine.

Medi an Lethal Dose (M.D) -- Dose of radiation required to kill, within a
specified period, 50 percent of the individuals in a |arge group of aninals

or organisms. Also called the LD,

Threshol d Dose -- The nini mum absorbed dose that will produce a detectable
degree of any given effect.

Ti ssue Dose -- Absorbed dose received by tissue in the region of interest,
expressed in rad. (See Dose and Rad.)

Fractionation -- A nethod of administering radiation, in which

relatively smal|l doses are given daily or at |onger intervals.

Dose,

Protraction -- A method of adm nistering radiation by delivering it

continuously over a relatively long period at a | ow dose rate.

Dose-di stri bution Factor -- A factor which accounts for nodification of the
dose effectiveness in cases in which the radi onuclide distribution is
nonuni f orm

Dose Rate -- Absorbed dose delivered per unit tinme.
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Dosimetry -- Quantification of radiation doses to individuals or popul ations
resulting from specified exposures.

Early Effects (of radiation exposure) -- Effects which appear within 60 days
of an acute exposure.

Electron -- A stable elenentary particle having an electric charge equal to
+1.60210x10* C (Coul onmbs) and a rest mass equal to 9.1091x10* kg. A
positron is a positively charged "electron." (See Positron.)

Electron Volt -- A unit of energy equivalent to the energy gai ned by an

el ectron in passing through a potential difference of one volt. Larger
multiple units of the electron volt are frequently used: keV for thousand or
kilo electron volts; MeV for mllion or nega el ectron volts. (Abbreviated:
eV, 1 eV=1.6x10" erg.)

Enbryotoxicity and Fetotoxicity -- Any toxic effect on the conceptus as a
result of prenatal exposure to a chenical; the distinguishing feature between
the two terns is the stage of devel opnent during which the insult occurred.
The terns, as used here, include nmalformations and variations, altered grow h,
and in utero death.

Energy -- Capacity for doing work. "Potential energy" is the energy inherent
in a mass because of its spatial relation to other nasses. "Kinetic energy"
is the energy possessed by a mass because of its notion; MKSA unit: kg-ni/sec’
or joules.

Bi ndi ng Energy -- The energy represented by the difference in nass between
the sum of the conponent parts and the actual mass of the nucl eus.

Excitation Energy -- The energy required to change a systemfromits ground
state to an exited state. Each different excited state has a different
excitation energy.

I oni zi ng Energy -- The average energy lost by ionizing radiation in
producing an ion pair in a gas. For air, it is about 33.73 eV.

Radi ant Energy -- The energy of electronagnetic radiation, such as radio
waves, visible light, x and ganma rays.

Enriched Material -- (1) Material in which the relative anmount of one or nore
i sotopes of a constituent has been increased. (2) Uraniumin which the
abundance of the **U isotope is increased above nornal .

EPA Health Advisory -- An estimate of acceptable drinking water levels for a
chemi cal substance based on health effects information. A health advisory is
not a legally enforceable federal standard, but serves as technical guidance
to assist federal, state, and local officials.
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Equi li brium Radi oactive -- In a radioactive series, the state which prevails

when the rati os between the activities of two or nore successive nmenbers of
the series remi ns constant.

Secul ar Equilibrium-- If a parent elenent has a very nuch longer half-life
than the daughters (so there is not appreciable change in its amunt in the

time interval required for later products to attain equilibrium then
after equilibriumis reached, equal nunbers of atoms of all nenbers of the
series disintegrate in unit tinme. This condition is never exactly
attained, but is essentially established in such a case as radiumand its
series to RadiumD. The half-life of radiumis about 1,600 years; of
radon, approximately 3.82 days, and of each of the subsequent nenbers, a
few m nutes. After about a nonth, essentially the equilibrium anount of
radon is present; then (and for a long tine) all nenbers of the series

di sintegrate the same nunber of atons per unit tine.

Transient Equilibrium-- If the half-life of the parent is short enough so
the quantity present decreases appreciably during the period under
consideration, but is still longer than that of successive nenbers of the
series, a stage of equilibriumw Il be reached after which all nenbers of
the series decrease in activity exponentially with the period of the
parent. An exanple of this is radon (half-life of approxinmately 3.82 days)
and successive nenbers of the series to Radium D

Equilibrium Radiation -- The condition in a radiation field where the energy
of the radiations entering a volune equals the energy of the radiations
| eavi ng that vol une.

Equi li brium Fraction (F) -- In radon-radon daughter equilibrium the parents
and daughters have equal radioactivity, that is, as many decay into a specific
nucl i de as decay out. However, if fresh radon is continually entering a
volune of air or if daughters are |ost by processes other than radioactive
decay, e.g., plate out or mgration out of the volune, a disequilibrium

devel ops. The equilibriumfraction is a measure of the degree of

equi li brium disequilibrium The working-level definition of radon does not
take into account the anmount of equilibrium The equilibriumfraction is used
to estimate working | evel s based on neasurenent of radon only.

Excitation -- The addition of energy to a system thereby transferring it from
its ground state to an excited state. Excitation of a nucleus, an atom or a
nol ecul e can result from absorpti on of photons or frominelastic collisions
with other particles. The excited state of an atomis a netastable state and

wWill return to ground state by radiation of the excess energy.
Exposure -- A neasure of the ionization produced in air by x or gama
radiation. It is the sumof the electrical charges on all ions of one sign

produced in air when all electrons liberated by photons in a volune el enent of
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air are conpletely stopped in air, divided by the nmass of the air in the
vol une el ement. The special unit of exposure is the roentgen

Fi ssion, Nuclear -- A nuclear transformation characterized by the splitting of
a nucleus into at |least two other nuclei and the release of a relatively large
anmount of energy.

Ganma Ray -- Short wavel ength el ectromagnetic radiation of nuclear origin
(range of energy from10 keV to 9 MeV).

Cenetic Effect of Radiation -- Inheritable change, chiefly nutations, produced
by the absorption of ionizing radiation by germcells. On the basis of
present know edge these effects are purely additive; there is no recovery.

Gay (GQy) -- SI unit of absorbed dose. One gray equals 100 rad. (See Units.)

Hal f-Life, Biological -- The tine required for the body to elimnate one-half
of any absorbed substance by regul ar processes of elimnation. Approximately
the sane for both stable and radi oactive isotopes of a particular el enent.
This is sonetines referred to as half-tinme.

Hal f-Life, Effective -- Tine required for a radioactive element in an ani na
body to be dininished 50% as a result of the conbined action of radioactive
decay and bi ol ogi cal elinmination

Effective half-life: = Biolonical half-life x Radioactive half-life
Bi ol ogical half-life + Radioactive half-life

Hal f-1ife, Radioactive -- Tine required for a radioactive substance to |ose
50% of its activity by decay, Each radionuclide has a unique half-life.

| mredi ately Dangerous to Life or Health (IDLH) -- The maxi mnum environnent a
concentration of a contam nant from which one could escape within 30 m nutes

wi t hout any escape-inpairing synptonms or irreversible health effects.

I nmunol ogi ¢ Toxicity -- The occurrence of adverse effects on the immne system
that may result from exposure to environnental agents such as chemicals.

In Vitro -- Isolated fromthe living organismand artificially naintained, as
in a test tube.

In Vivo -- Cccurring within the living organism

Intensity -- Ampount of energy per unit time passing through a unit area
perpendi cular to the Iine of propagation at the point in question

I nt ernedi ate Exposure -- Exposure to a chemical for a duration of 15 to 364
days as specified in the Toxicol ogi cal Profiles.
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Internal Conversion -- One of the possible nmechani sns of decay fromthe

net astabl e state (isoneric transition) in which the transition energy is
transferred to an orbital electron, causing its ejection fromthe atom The
rati o of the nunber of internal conversion electrons to the nunber of gamma
gquanta emitted in the de-excitation of the nucleus is called the "conversion
ratio."

lon -- Atomic particle, atom or chemcal radical bearing a net electrica
charge, either negative or positive.

lon Pair -- Two particles of opposite charge, usually referring to the
el ectron and positive atonic or nol ecul ar residue resulting after the
interaction of ionizing radiation with the orbital electrons of atons.

| oni zation -- The process by which a neutral atom or nolecule acquires a
positive or negative charge.

Primary lonization -- (1) In collision theory: the ionization produced by
the primary particles as contrasted to the t'total ionization" which

i ncl udes the "secondary ionization" produced by delta rays. (2) In counter
tubes: the total ionization produced by incident radiation wthout gas
anplification.

Specific lonization -- Nunmber of ion pairs per unit length of path of
ionizing radiation in a medium e.g., per centineter of air or per
m crometer of tissue.

Total lonization -- The total electric charge of one sign on the ions
produced by radiation in the process of losing its kinetic energy. For a
given gas, the total ionization is closely proportional to the initial

i oni zation and is nearly independent of the nature of the ionizing
radiation. It is frequently used as a neasure of radiation energy.

| oni zation Density -- Nunmber of ion pairs per unit vol une.

lonization Path (Track) -- The trail of ion pairs produced by ionizing
radiation in its passage through matter.

| sobars -- Nuclides having the same mass nunber but different atom c nunbers.

I soners -- Nuclides having the same nunber of neutrons and protons but capabl e
of existing, for a measurable time, in different quantum states with different
energi es and radi oactive properties. Commonly the isoner of higher energy

decays to one with | ower energy by the process of isoneric transition

| sotones -- Nuclides having the sane nunber of neutrons in their nuclei
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| sotopes -- Nuclides having the sane nunber of protons in their nuclei, and
hence the sane atonic nunber, but differing in the nunber of neutrons, and
therefore in the mass nunber. Al nost identical chem cal properties exist
bet ween i sotopes of a particular elenent. The term should not be used as a
synonym for nuclide.

Stabl e Isotope -- A nonradi oactive isotope of an el enent.

Joule -- The unit for work and energy, equal to one newton expended along a
di stance of one nmeter (1J =1N x 1n).

Label ed Conpound -- A conmpound consisting, in part, of |abeled nol ecul es.
That is nolecules including radionuclides in their structure. By observations
of radioactivity or isotopic conposition, this conpound or its fragnents nay
be foll owed through physical, chem cal, or biological processes.

Late Effects (of radiation exposure) -- Effects which appear 60 days or nore
foll owi ng an acute exposure.

Lethal Concentration (LC) -- The |owest concentration of a chemical in air which
has been reported to have caused death in hunans or aninals.

Let hal Concentrationg,(LC,) -- The calcul ated concentration of a chemical in air
to which exposure for a specific length of tine is expected to cause death in 50%
of a defined | aboratory ani mal popul ati on.

Lethal Dose ,(LD,-- The |owest dose of a chemi cal introduced by a route
other than inhalation that is expected to have caused death in humans or
ani mal s.

Let hal Dose,(LD,) -- The dose of a chem cal which has been calculated to
cause death in 50% of a defined | aboratory ani mal popul ation

Lethal Time,,(LT,) -- A calculated period of time within which a specific
concentration of a chem cal is expected to cause death in 50% of a defined
| aboratory ani mal popul ati on

Li near Energy Transfer (LET) -- The average anount of energy transferred
locally to the nmedium per unit of particle track |ength.

Low LET -- Radiation characteristic of electrons, x-rays, and gamma rays.
Hi gh-LET -- Radiation characteristic of protons or fast neutrons.
Average LET -- is specified to even out the effect of a particle that is

sl owi ng down near the end of its path and to allow for the fact that
secondary particles fromphoton or fast-neutron beans are not all of the
same energy.
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Lowest - Cbser ved- Adver se- Ef fect Level (LOAEL) -- The | owest dose of chemical in
study, or group of studies, that produces statistically or biologically
significant increases in frequency or severity of adverse effects between the
exposed popul ation and its appropriate control

Li near Hypothesis -- The assunption that a dose-effect curve derived from
data in the high dose and hi gh dose-rate ranges nay be extrapol at ed

t hrough the | ow dose and | ow dose range to zero, inplying that,
theoretically, any anmount of radiation will cause sonme damage.

Mal formations -- Permanent structural changes in an organi smthat may
adversely affect survival, developnent, or function

Mass Nunbers -- The nunmber of nucl eons (protons and neutrons) in the
nucl eus of an atom (Synbol: A

M nimal Risk Level -- An estimate of daily human exposure to a chenica
that is likely to be without an appreciable risk of deleterious effects
(noncancerous) over a specified duration of exposure.

Mut agen -- A substance that causes nutations. A nutation is a change in
the genetic material in a body cell. Mitation can lead to birth defects,
nm scarri ages, or cancer.

Neurotoxicity -- The occurrence of adverse effects on the nervous system
foll owi ng exposure to chem cal

Neutrino -- A neutral particle of very small rest mass originally
postul ated to account for the continuous distribution of energy anong
particles in the beta-decay process.

No- Qbser ved- Adver se- Ef fect Level (NOAEL) -- The dose of chemical at which
there were no statistically or biologically significant increases in
frequency or severity of adverse effects seen between the exposed

popul ation and its appropriate control. Effects may be produced at this
dose, but they are not considered to be adverse.

Nucl eon -- Common nane for a constituent particle of the nucleus. Applied
to a proton or neutron

Nucl i de -- A species of atomcharacterized by the constitution of its

nucl eus. The nucl ear constitution is specified by the number of protons

(2) , nunber of neutrons (N), and energy content; or, alternatively, by the
atom c nunber (Z), mass nunber A=(N+Z), and atom c nmass. To be regarded
as a distinct nuclide, the atomnmust be capable of existing for a
nmeasurabl e time. Thus, nuclear isonmers are separate nuclides, whereas
pronmptly decayi ng excited nucl ear states and unstable internmediates in

nucl ear reactions are not so consi dered.

a
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Cct anol -Water Partition Coefficient(Kow) -- The equilibriumratio of the
concentrations of a chemcal in n-octanol and water, in dilute solution

Pai r Production -- An absorption process for x and gamm radiation in which
the incident photon is annihilated in the vicinity of the nucleus of the
absorbing atom wi th subsequent production of an electron and positron pair
This reaction only occurs for incident photon energies exceeding 1.02 MV.

Parent -- A radionuclide which, upon disintegration, yields a specified
nuclide--either directly or as a |later nenber of a radioactive series.
Photon -- A quantity of electronagnetic energy (E) whose value in joules is

the product of its frequency (v) in hertz and Pl anck constant (h). The
equation is: E=hv.

Phot oel ectric Effect -- An attenuation process observed for x- and gamaradi ati on
in which an incident photon interacts with an orbital electron of an
atomdelivering all of its energy to produce a recoil electron, but with no
scattered photon.

Positron -- Particle equal in nass to the electron (9.1091x10* kg) and
havi ng an equal but positive charge (+1.60210x10 " Coul onbs). (See
El ectron).

Potential lonization -- The potential necessary to separate one electron from
an atom resulting in the formation of an ion pair

Power, Stopping -- A neasure of the effect of a substance upon the kinetic
energy of a charged particle passing through it.

Progeny -- The decay products resulting after a series of radi oactive decays,
Progeny can al so be radioactive, and the chain continues until a stable
nuclide is fornmed.

Proton -- Elenentary nucl ear particle with a positive electric charge equal
nunerically to the charge of the electron and a rest mass of 1.007277 mass
units.

g,* -- The upper-bound estimate of the | ow dose slope of the dose-response
curve as determned by the nmultistage procedure. 3232 gl* can be used to

cal cul ate an estinmate of carcinogenic potency, the increnental excess cancer
risk per unit of exposure (usually pg/L for water, ng/kg/day for food, and
pug/ mfor air).

Quality -- Atermdescribing the distribution of the energy deposited by a
particle along its track; radiations that produce different densities of
ioni zation per unit intensity are said to have different "qualities."
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Quality Factor (QF) -- The linear-energy-transfer-dependent factor by which
absorbed doses are multiplied to obtain (for radiation protection purposes) a
guantity that expresses - on a conmon scale for all ionizing radiation - the
ef fecti veness of the absorbed dose.

Rad -- The unit of absorbed dose equal to 0.01 J/kg in any medium (See
Absor bed Dose.)

Radi ation -- (1) The em ssion and propagati on of energy through space or
through a material nediumin the formof waves; for instance, the em ssion and
propagati on of el ectromagnetic waves, or of sound and el astic waves. (2) The
ener gy propagated through space or through a material nedium as waves; for
exanpl e, energy in the formof electronagnetic waves or of elastic waves. The
termradiation or radi ant energy, when unqualified, usually refers to

el ectronagnetic radi ation. Such radiation commonly is classified, according to
frequency, as Hertzian, infra-red, visible (light), ultra-violet, X-ray and
ganma ray. (See Photon.) (3) By extension, corpuscular em ssion, such as

al pha and beta radiation, or rays of mxed or unknown type, as cosmc

radi ation.

Anni hil ati on Radi ation -- Photons produced when an el ectron and a positron
unite and cease to exist. The annihilation of a positron-electron pair
results in the production of two photons, each of 0.51 MeV energy.

Background Radi ation -- Radiation arising fromradi oactive material other
than the one directly under consideration. Background radi ation due to
cosm c rays and natural radioactivity is always present. There may al so be
background radi ati on due to the presence of radioactive substances in other
parts of the building, in the building material itself, etc.

Characteristic (Discrete) Radiation -- Radiation originating froman atom
after renoval of an electron of excitation of the nucleus. The wavel ength of
the emtted radiation is specific, depending only on the nuclide and
particul ar energy |evels involved.

External Radiation -- Radiation froma source outside the body -- the
radi ati on nust penetrate the skin.

Internal Radiation -- Radiation froma source within the body (as a result
of deposition of radionuclides in body tissues).

| oni zing Radi ation -- Any el ectromagnetic or particulate radiation capable
of producing ions, directly or indirectly, in its passage through matter.

Monoenergeti ¢ Radiation -- Radiation of a given type (al pha, beta, neutron
ganma, etc.) in which all particles or photons originate with and have the
sane energy.
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Scattered Radiation -- Radiation which during its passage through a
subst ance, has been deviated in direction. It may al so have been nodified
by a decrease in energy.

Secondary Radiation -- Radiation that results from absorption of other
radiation in nmatter. It may be either electromagnetic or particul ate.

Radi oactivity -- The property of certain nuclides to spontaneously emt
particles or gamma radiation or x radiation following orbital electron capture
or after undergoi ng spontaneous fission

Artificial Radioactivity -- Man-nmade radi oactivity produced by particle
bonbardnent or el ectromagnetic irradiation, as opposed to natura
radi oactivity.

I nduced Radioactivity -- Radioactivity produced in a substance after
bonmbardnent with neutrons or other particles. The resulting activity is
"natural radioactivity" if forned by nuclear reactions occurring in nature,
and "artificial radioactivity" if the reactions are caused by nan.

Nat ural Radi oactivity -- The property of radioactivity exhibited by nore
than 50 naturally occurring radi onuclides.

Radi oi sotopes -- A radi oactive atomic species of an elenent with the sane
atom ¢ nunber and usually identical chenical properties.

Radi onuclide -- A radioactive species of an atom characterized by the
constitution of its nucl eus.

Radi osensitivity -- Relative susceptibility of cells, tissues, organs,
organi sns, or any living substance to the injurious action of radiation.
Radi osensitivity and its antonym radioresistance, are currently used in a
conparative sense, rather than in an absol ute one.

Reaction (Nuclear) -- An induced nuclear disintegration, i.e., a process
occurring when a nucleus cones in contact with a photon, an elenentary
particle, or another nucleus. In many cases the reaction can be represented

by the synbolic equation: X+a-Y+b or, in abbreviated form X(a,b) Y. X is the
target nucleus, a is the incident particle or photon, b is an enmtted particle
or photon, and Y is the product nucl eus.

Ref erence Dose (RfD) -- An estinmate (with uncertainty spanning perhaps an
order of magnitude) of the daily exposure of the human population to a
potential hazard that is likely to be without risk of deleterious effects
during a lifetine. The REDis operationally derived fromthe NOAEL (from

ani mal and human studi es) by a consistent application of uncertainty factors
that reflect various types of data used to estimte REDS and an additiona
nodi fying factor, which is based on a professional judgnment of the entire
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dat abase on the chemical. The RfDs are not applicable to nonthreshold effects
such as cancer.

Rel ative Biol ogical Effectiveness (RBE) -- The RBE is a factor used to conpare
t he biol ogi cal effectiveness of absorbed radiation doses (i.e., rad) due to
different types of ionizing radiation. Mire specifically, it is the
experinmentally deternined ratio of an absorbed dose of a radiation in question
to the absorbed dose of a reference radiation required to produce an identica
bi ol ogical effect in a particular experinental organismor tissue. NOTE

This term should not be used in radiation protection. (See Quality Factor.)

Rem -- A unit of dose equivalent. The dose equivalent in remis nunerically
equal to the absorbed dose in rad nultiplied by the quality factor, the
distribution factor, and any other necessary nodi fying factors.

Reportabl e Quantity (RQ -- The quantity of a hazardous substance that is
consi dered reportabl e under CERCLA. Reportable quantities are (1) 1 1b or
greater or (2) for selected substances, an ampunt established by regulation
ei ther under CERCLA or under Section 311 of the Cean Water Act. Quantities
are neasured over a 24-hour period.

Reproductive Toxicity -- The occurrence of adverse effects on the reproductive
systemthat may result from exposure to a chemical. The toxicity may be
directed to the reproductive organs and/or the rel ated endocrine system The
mani festation of such toxicity nay be noted as alterations in sexual behavior
fertility, pregnancy outcones, or nodifications in other functions that are
dependent on the integrity of this system

Roentgen (R) -- A unit of exposure for photon radiation. One roentgen equals
2.58X10° Coul onb per kilogramof air

Short-Term Exposure Limt (STEL) -- The maxi num concentration to which workers
can be exposed continually for up to 15 minutes. No nore than four excursions
are allowed per day, and there must be at |east 60 m nutes between exposure
periods. The daily TLV-TWA may not be exceeded.

SI Units -- The International Systemof Units as defined by the CGenera
Conference of Wights and Measures in 1960. These units are generally based
on the neter/kilogranisecond units, with special quantities for radiation

i ncludi ng the becquerel, gray, and sievert.

Si ckness, Radiation -- (Radiation Therapy): A self-limted syndrone
characterized by nausea, vomting, diarrhea, and psychic depression follow ng
exposure to appreci abl e doses of ionizing radiation, particularly to the
abdom nal region. Its nechanismis unknown and there is no satisfactory
renedy. It usually appears a few hours after irradiation and may subside
within a day. It may be sufficiently severe to necessitate interrupting the
treatnent series or to incapacitate the patient. (General): The syndrone
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associated with intense acute exposure to ionizing radiations. The rapidity
wi th which synptons develop is a rough neasure of the |level of exposure.

Sievert -- The Sl unit of radiation dose equivalent. It is equal to dose in
grays tinmes a quality factor times other nodifying factors, for exanple, a
distribution factor; 1 sievert equals 100 rem

Specific Activity -- Total activity of a given nuclide per gramof an el enent.

Specific Energy -- The actual energy per unit nass deposited per unit vol une
in a given event. This is a stochastic quantity as opposed to the average
val ue over a |arge nunber of instance (i.e., the absorbed dose).

Standard Mrtality Ratio (SMR) -- Standard nortality ratio is the ratio of the
di sease or accident nortality rate in a certain specific popul ation conpared
with that in a standard popul ation. The ratio is based on 200 for the

standard so that an SMR of 100 neans that the test popul ation has tw ce the
nortality fromthat particular cause of death.

St oppi ng Power -- The average rate of energy |loss of a charged particle per
unit thickness of a material or per unit nmass of material traversed.

Sur f ace- seeki ng Radi onuclide -- A bone-seeking internal enitter that is
deposited and remains on the surface for a long period of time. This
contrasts with a vol une seeker, which deposits nore uniformy throughout the
bone vol une.

Target Organ Toxicity -- This termcovers a broad range of adverse effects on
target organs or physiol ogical systenms (e.g., renal, cardiovascular) extending
fromthose arising through a single linted exposure to those assuned over a
lifetinme of exposure to a chem cal

Target Theory (Ht Theory) -- A theory explaining some biological effects of
radi ati on on the basis that ionization, occurring in a discrete volunme (the
target) within the cell, directly causes a | esion which subsequently results

in a physiological response to the damage at that |ocation. One, two, or nore
"hits It (ionizing events within the target) may be necessary to elicit the
response.

Teratogen -- A chemical that causes structural defects that affect the
devel opnent of a fetus.

Threshold Limt Value (TLV) -- An all owabl e exposure concentration averaged
over a normal 8-hour workday or 40-hour wor kweek.
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Toxic Dose(TD,) -- A calculated dose of a chenmical, introduced by a route
other than inhalation, which is expected to cause a specific toxic effect in
50% of a defined | aboratory ani mal popul ation

Transformation, Nuclear -- The process by which a nuclide is transforned into
a different nuclide by absorbing or enmitting a particle.

Transition, Isoneric -- The process by which a nuclide decays to an isoneric
nuclide (i.e., one of the sane nass nunber and atom c nunber) of |ower quantum
energy. lsomeric transitions, often abbreviated I.T., proceed by gamma ray
and/ or internal conversion electron em ssion

Tritium-- The hydrogen isotopes with one proton and two neutrons in the
nucl eus (Synbol :*H or T).

Unat t ached Fraction -- That fraction of the radon daughters, usually *°Po
(Radi um A), which has not yet attached to a particle. As a free atom it has
a high probability of being retained within the lung and depositing al pha
energy when it decays.

Uncertainty Factor (UF) -- A factor used in operationally deriving the RfID
fromexperinental data. Urs are intended to account for (1) the variation in
sensitivity anong the nenbers of the human popul ation, (2) the uncertainty in
extrapol ating aninal data to the case of human, (3) the uncertainty in
extrapolating fromdata obtained in a study that is of less than lifetine
exposure, and (4) the uncertainty in using LOAEL data rather than NOAEL data
Usual |y each of these factors is set equal to 10.
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Units, Radiological --

Units Equivalents

Becquerel* 1 Bq = 1 disintegration per second = 2.7x107!! Ci

Curie 1 Ci = 3.7x10%° disintegrations per second = 3.7x10%° Bq
Gray* 1 Gy =1J/kg = 100 rad

Rad 1 Rad = 100 erg/g = 0.01 Gy

Rem 1 Rem = 0.01 Sievert

Sievert* 1 Sv = 100 rem

*International Units are designated (SI).

Working Level (WL) -- Any combination of short-lived radon daughters in 1
liter of air that will result in the ultimate emission of 1.3x10° MeV of
potential alpha energy.

Working Level Month (WLM) -- Inhalation of air with a concentration of 1 WL of
radon daughters for 170 working hours results in an exposure of 1 WIM.

X-rays -- Penetrating electromagnetic radiations whose wave lengths are
shorter than those of visible light. They are usually produced by bombarding
a metallic target with fast electrons in a high vacuum. In nuclear reaction,
it is customary to refer to photons originating in the extranuclear part of
the atom as X-rays. These rays are sometimes called roentgen rays after their
discoverer, W.C. Roentgen.
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PEER REVI EW

A peer review panel was assenbl ed for radon. The panel consisted of the
follow ng nenbers: Dr. Victor E. Archer, University of Utah Medical Center
Dr. Douglas J. Crawford-Brown, University of North Carolina; Dr. Richard
CGerstle, private consultant; and Dr. John Spengler, Harvard School of Public
Heal th. These experts collectively have know edge of radon's physical and
chem cal properties, toxicokinetics, key health end points, nechani snms of
action, human and ani mal exposure, and quantification of risk to hunans. Al
reviewers were selected in conformty with the conditions for peer review
specified in the Section 104(i)(13) of the Conprehensive Environnenta
Response, Conpensation, and Liability Act, as anended.

A joint panel of scientists from ATSDR and EPA has revi ewed the peer
reviewers' comments and determ ned which comments will be included in the
profile. Alisting of the peer reviewers' comments not incorporated in the
profile, with a brief explanation of the rationale for their exclusion, exists
as part of the adm nistrative record for this conpound. A list of databases
reviewed and a |ist of unpublished docunents cited are also included in the
adm ni strative record.

The citation of the peer revi ew panel should not be understood to inply
its approval of the profile's final content. The responsibility for the
content of this profile lies with the Agency for Toxic Substances and D sease
Regi stry.
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OVERVI EW CF BASI C RADI ATI ON PHYSI CS, CHEM STRY AND Bl OLOGY

Under st andi ng the basic concepts in radiation physics, chem stry, and
biology is inmportant to the evaluation and interpretation of radiationi nduced
adverse health effects and to the derivation of radiation
protection principles. This appendi x presents a brief overview of the
areas of radiation physics, chemstry, and biology and is based to a | arge
extent on the reviews of Mettler and Mseley (1985), Hobbs and MCellan
(1986), Eichholz (1982), Hendee (1973), and Early et al. (1979).

B. 1 RADI ONUCLI DES AND RADI OACTIVI TY

The substances we call elenments are conposed of atons. Atonms in turn
are nmade up of neutrons, protons, and el ectrons; neutrons and protons in
the nucl eus and electrons in a cloud of orbits around the nucl eus.
Nuclide is the general termreferring to any nucleus along with its
orbital electrons. The nuclide is characterized by the conmposition of its
nucl eus and hence by the nunber of protons and neutrons in the nucl eus.
Al'l atons of an el enment have the same nunber of protons (this is given by
the atom ¢ nunmber) but nmay have different nunbers of neutrons (this is
reflected by the atomic nmass or atom c weight of the elenment). Atons with
different atonmic nmass but the same atomic nunbers are referred to as
i sot opes of an el enent.

The nunerical conbination of protons and neutrons in nost nuclides is
such that the atomis said to be stable; however, if there are too few or
too many neutrons, the nucleus of the atomis unstable. Unstable nuclides
undergo a process referred to as radioactive transformation in which
energy is emtted. These unstable atons are call ed radionuclides; their
ermi ssions are called ionizing radiation; and the whole property is called
radi oactivity. Transfornmation or decay results in the fornmation of new
nucl i des sonme of which nmay thensel ves be radionuclides, while others are
stabl e nuclides. This series of transfornmations is called the decay chain
of the radionuclide. The first radionuclide in the chain is called the
parent; the subsequent products of the transformation are called progeny,
daughters, or decay products.

In general there are two classifications of radioactivity and
radi onucl i des: natural and man-nade. Naturally-occurring radionuclides
exi st in nature and no additional energy is necessary to place themin an
unstabl e state. Natural radioactivity is the property of some naturally
occurring, usually heavy el enents, that are heavier than | ead.
Radi onucl i des, such as radium and uranium primarily emt al pha particles.
Sone |ighter elenments such as carbon-14 and tritium (hydrogen-3) prinmarily
emt beta particles as they transformto a nore stable atom Natural
radi oactive atons heavier than | ead cannot attain a stable nucl eus heavier
than | ead. Everyone is exposed to background radiation fromnaturally-
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occurring radi onuclides throughout life. This background radiation is the
maj or source of radiation exposure to man and arises from several sources.
The natural background exposures are frequently used as a standard of
conpari son for exposures to various man-made sources of ionizing

radi ati on.

Man- made radi oactive atons are produced either as a by-product of
fission of uraniumatons in a nuclear reactor or by bonbardi ng stable
atonms with particles, such as neutrons, directed at the stable atons with
hi gh velocity. These artificially produced radi oactive elenments usually
decay by em ssion of particles, such as positive or negative beta
particles and one or nore high energy photons (ganma rays). Unstable
(radioactive) atoms of any elenment can be produced.

Both naturally occurring and man- made radi oi sotopes find application
in medicine, industrial products, and consuner products. Some specific
radi oi sotopes, called fall-out, are still found in the environnent as a
result of nucl ear weapons use or testing.

B.2 RADI OACTI VE DECAY
B. 2. 1 Princi pl es of Radi oactive Decay

The stability of an atomis the result of the balance of the forces of
the various conponents of the nucleus. An atomthat is unstable
(radionuclide) will release energy (decay) in various ways and transform
to stable atoms or to other radioactive species called daughters, often
with the release of ionizing radiation. If there are either too many or
too few neutrons for a given nunber of protons, the resulting nucl eus may
undergo transformati on. For some el enents, a chain of daughter decay
products may be produced until stable atons are fornmed. Radi onuclides can
be characterized by the type and energy of the radiation enitted, the rate
of decay, and the node of decay. The npde of decay indicates how a parent
conpound under goes transformati on. Radi ati ons consi dered here are
primarily of nuclear origin, i.e., they arise fromnuclear excitation
usual |y caused by the capture of charged or uncharged nucl eons by a
nucl eus, or by the radioactive decay or transformation of an unstable
nuclide. The type of radiation nay be categorized as charged or uncharged
particles (electrons, neutrons, neutrinos, al pha particles, beta
particles, protons, and fission products) or electronagnetic radiation
(gamma rays and X-rays). Table B-1 summarizes the basic characteristics
of the nore comon types of radiation encountered.

B.2.2 Hal f-Life and Activity

For any given radionuclide, the rate of decay is a first-order process
t hat depends on the nunber of radi oactive atons present and is
characteristic for each radionuclide. The process of decay is a series of
random events; tenperature, pressure, or chenical conbinations do not
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TABLE B-1. Characteristics of Nuclear Radiatiomns
Path Length
Typical (Order of Magnitude)
Radiation Rest Mass Charge Energy Range Aly Solid General Comments
« 4.00 amu 2+ 4~10 MeV 5-10 c¢m 25-40 pm Identical to ionized He
nucleus
B 5.48x10"% amu - 0-4 MeV 0-1m 0-1 cm Identical to electron
{(negatron) 0.51 MeV
Positron 5.48x10% amu + - 0-1m 0-1 cm Identical to electron
(B positive) 0.51 MeV except for charge
Proton 938.26 MeV + - - - -
1.0073 amu
Reutron 1.0086 amu 0 0-15 MeV 0-100 m 0-100 cm Free half life: 18 min
939.55 MeV
X - 0 eV-100 keV 0.1-10 m® 0-1 m? Photons from electron
(e.m. photon) transitions
Y - 0 10 KeV-3 MeV 0.1-10 m® 1 mm-1m Photons from nuclear

(e.m. photon)

transitions

2Exponential attenuation in the case of

« = alpha
B = beta
X = X-ray
Y= gamma

amua = atomic mass unit

MeV

Mega electron volts

KeV = Kiloelectron volts

cm = centimeter
m = meter

pm = micrometer

mm = millimeter

e.m. = electromagnetic

electromagnetic radiation.
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effect the rate of decay. While it may not be possible to predict exactly
which atomis going to undergo transformation at any given tine, it is
possible to predict, on the average, how many atons w |l transform during any
i nterval of tinme.

The source strength is a nmeasure of the rate of emnission of radiation.
For these radioactive materials it is customary to describe the source
strength in terns of the source activity, which is defined as the nunber of
disintegrations (transfornmations) per unit time occurring in a given quantity
of this material. The unit of activity is the curie (G) which was originally
related to the activity of one gram of radium but is now defined as:

1 curie (C) = 3.7x10" disintegrations (transformations)/second (dps) or
2.22x10* disintegrations (transformations)/mnute (dpm.

The SI unit of activity is the becquerel (Bg); 1 Bg = 1 transformati on/second.
Since activity is proportional to the nunber of atonms of the radi oactive
material, the quantity of any radioactive material is usually expressed in
curies, regardless of its purity or concentration. The transfornmation of

radi oactive nuclei is a random process, and the rate of transformation is
directly proportional to the nunmber of radi oactive atons present. For any
pure radi oactive substance, the rate of decay is usually described by its
radi ol ogi cal half-life, T,, i.e., the tine it takes for a specified source
material to decay to half its initial activity.

The activity of a radionuclide at tinet may be cal cul ated by:

A - ADeO 693t/Tracl
where Ais the activity in dps, A is the activity at tinme zero, t is the tine
at which nmeasured, and T, 6 is the radiological half-life of the radi onucli de.
It is apparent that activity exponentially decays with tinme. The tinme when

the activity of a sanmple of radioactivity beconmes one-half its original value
is the radioactive half-life and is expressed in any suitable unit of tine.

The specific activity is the radioactivity per unit weight of nmaterial
This activity is usually expressed in curies per gramand may be cal cul ated by

curies/gram = 1.3x10°(T,,) (atonic weight)
where T, is the radiological half-life in days.

In the case of radioactive materials contained in |iving organi sns, an
addi tional consideration is nade for the reduction in observed activity due to
regul ar processes of elimnation of the respective chem cal or biochenica
substance fromthe organism This introduces a rate constant called the
bi ol ogical half-life (T,,) which is the time required for biologica

bi ol




143

APPENDI X B

processes to elimnate one-half of the activity. This time is virtually the
sane for both stable and radi oactive i sotopes of any given el enent.

Under such conditions the tine required for a radioactive element to be
hal ved as a result of the conbined action of radioactive decay and bi ol ogi ca
elimnation is the effective half-life:

Teff :( Tbi ol X Trad) / ( Tbi ol + Trad)
Table B-2 presents representative effective half-1ives of particular interest.
B.2.3 Interaction of Radiation with Matter

Both ionizing and nonionizing radiation will interact with materials,
that is, it will lose kinetic energy to any solid, liquid or gas through which
it passes by a variety of nechanisns. The transfer of energy to a medi um by
either electromagnetic or particulate radiation may be sufficient to cause
formation of ions. This process is called ionization. Conpared to other
types of radiation that nay be absorbed, such as ultraviolet radiation
ionizing radi ation deposits a relatively |arge anount of energy into a smal
vol une.

The met hod by which incident radiation interacts with the nediumto cause
ioni zation may be direct or indirect. Electromagnetic radiations (X-rays and
ganma photons) are indirectly ionizing; that is, they give up their energy in
various interactions with cellular nolecules, and the energy is then utilized
to produce a fast-noving charged particle such as an electron. It is the
el ectron that then secondarily may react with a target nol ecul e. Charged
particles, in contrast, strike the tissue or nmediumand directly react with
target nol ecul es, such as oxygen or water. These particul ate radiations are
directly ionizing radiations. Exanples of directly ionizing particles include
al pha and beta particles. Indirectly ionizing radiations are always nore
penetrating than directly ionizing particul ate radiations.

Mass, charge, and velocity of a particle all affect the rate at which
i oni zation occurs. The higher the charge of the particle and the [ower the
velocity, the greater the propensity to cause ionization. Heavy, highly
charged particles, such as al pha particles, |ose energy rapidly with distance
and, therefore, do not penetrate deeply. The result of these interaction
processes is a gradual slow ng down of any incident particle until it is
brought to rest or "stopped" at the end of its range,

B.2.4 Characteristics of Emtted Radiation

B.2.4.1 Al pha Emssion. 1In alpha enission, an al pha particle consisting
of two protons and two neutrons is emtted with a resulting decrease in the
atom ¢ nass nunber by four and reduction of the atom c nunber by two, thereby
changing the parent to a different element. The al pha particle is identica
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TABLE B-2. Half-Lives of Some Radionuclides in Adult Body Organs
Half-Life®
Radionuclide Critical Organ Physical Biological Effective
Hydrogen-3P Whole body 12.3 y 12 4 11.97d
(Tritium)
Iodine-131 Thyroid 8 d 138 d 7.6 d
Strontium-90 Bone 28 y 50 y 18 y
Plutonium-239 Bone 24,400 y 200 y 198 vy
Lung 24,400 y 500 d 500 d
Cobalt-60 Whole body 5.3y 99.5 d 9.5 4d
Iron-55 Spleen 2.7y 600 d 388 d
Iron-59 Spleen 45,1 d 600 d 41.9 d
Manganese-54 Liver 303 4 25 d 23 d
Cesium-137 Whole body 30 y 70 4 70 d

ad = days, y = years.

bMixed in body water as tritiated water.
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to a heliumnucl eus consisting of two neutrons and two protons. It results
fromthe radi oactive decay of sone heavy el ements such as uranium plutonium
radium thorium and radon. Al pha particles have a |l arge nass as conpared to
el ectrons. Decay of al pha-emitting radionuclides may result in the em ssion
of several different al pha particles. A radionuclide has an al pha enission
with a discrete al pha energy and characteristic pattern of al pha energy
emtted.

The al pha particle has an electrical charge of +2. Because of this
doubl e positive charge, al pha particles have great ionizing power, but their
large size results in very little penetrating power. In fact, an al pha
particle cannot penetrate a sheet of paper. The range of an al pha particle,
that is, the distance the charged particle travels fromthe point of originto
its resting point, is about 4 cmin air, which decreases considerably to a few
mcroneters in tissue. These properties cause al pha emtters to be hazardous
only if there is internal contam nation (i.e., if the radionuclide is
i ngested, inhaled, or otherw se absorbed).

B.2.4.2. Beta Emi ssion. Nuclei which are excessively neutron rich decay
by B-decay. A beta particle (B) is a high-velocity electron ejected froma
di sintegrating nucleus. The particle may be either a negatively charged
electron, termed a negatron (B-) or a positively charged electron, terned a
positron (B+). Although the precise definition of "beta enission" refers to
both B- and B+, common usage of the termgenerally applies only to the
negative particle, as distinguished fromthe positron eni ssion, which refers
to the B+ particle.

B.2.4.2.1 Beta Negative Emission. Beta particle (B-) emssion is
anot her process by which a radionuclide, usually those with a neutron excess,
achieves stability. Beta particle em ssion decreases the nunber of neutrons
by one and i ncreases the nunber of protons by one, while the atom c nass
remai ns unchanged. This transformation results in the formation of a
different elenent. The energy spectrum of beta particle em ssion ranges from
a certain maxi mum down to zero with the mean energy of the spectrum being
about one-third of the maxi mum The range in tissue is much | ess. Beta
negative emtting radi onuclides can cause injury to the skin and superficia
body tissues but nostly present an internal contam nation hazard.

B.2.4.2.2 Positron Emssion. |In cases in which there are too nany
protons in the nucleus, positron em ssion may occur. In this case a proton
may be thought of as being converted into a neutron, and a positron (B+) is
em tted, acconpanied by a neutrino (see glossary). This increases the nunber
of neutrons by one, decreases the nunber of protons by one, and again |eaves
the atom ¢ mass unchanged. The gamma radiation resulting fromthe
anni hilation (see glossary) of the positron nmakes all positron emtting
i sotopes nore of an external radiation hazard than pure B emitters of equa
energy.
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B.2.4.2.3 Gamma Emi ssion. Radioactive decay by al pha, beta, positron

em ssion or electron capture often | eaves sonme of the energy resulting from

t hese changes in the nucleus. As a result, the nucleus is raised to an
excited level. None of these excited nuclei can remain in this high-energy
state. Nuclei release this energy returning to ground state or to the | owest
possi bl e stable energy level. The energy released is in the formof gamm
radi ati on (high energy photons) and has an energy equal to the change in the
energy state of the nucleus. Gamma and X-rays behave similarly but differ in
their origin; gamm em ssions originate in the nucleus while X-rays originate
in the orbital electron structure

B. 3 ESTI MATI ON OF ENERGY DEPOSI TI ON | N HUMAN TI SSUES

Two fornms of potential radiation exposures can result -- internal and
external. The term exposure denotes physical interaction of the radiation
emtted fromthe radi oactive material with cells and tissues of the human
body. An exposure can be "acute" or "chronic" depending on how | ong an
i ndi vi dual or organ is exposed to the radiation. Internal exposures occur
when radi onucl i des, which have entered the body (e.g., through the inhalation
i ngestion, or dermal pathways), undergo radi oactive decay resulting in the
deposition of energy to internal organs. External exposures occur when
radi ation enters the body directly fromsources | ocated outside the body, such
as radiation emtters fromradi onuclides on ground surfaces, dissolved in
water, or dispersed in the air. In general, external exposures are from
material enmitting ganma radiation, which readily penetrate the skin and
internal organs. Beta and al pha radi ation fromexternal sources are far |ess
penetrating and deposit their energy primarily on the skin's outer |ayer.
Consequently, their contribution to the absorbed dose of the total body dose,
conpared to that deposited by gamm rays, may be negligible.

Characterizing the radi ati on dose to persons as a result of exposure to
radiation is a conplex issue. It is difficult to: (1) neasure internally the
amount of energy actually transferred to an organic nmaterial and to correl ate
any observed effects with this energy deposition; and (2) account for and
predi ct secondary processes, such as collision effects or biologically
triggered effects, that are an indirect consequence of the primary interaction
event.

B.3.1 Dose Units

B.3.1.1 Roentgen. The roentgen (R) is a unit of exposure related to the
amount of ionization caused in air by gama or x-radiation. One roentgen
equal s 2.58x10* Coul onb per kilogramof air. In the case of gamma radiation,
over the comonly encountered range of photon energy, the energy deposition in
tissue for a dose of 1 Ris about 0.0096 joules(J)/kg of tissue.

B.3.1.2 Absorbed Dose and Absorbed Dose Rate. Since different types of
radiation interact differently with any material through which they pass, any
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attenpt to assess their effect on humans or animals should take into account

t hese differences. The absorbed dose is defined as the energy inparted by the
incident radiation to a unit mass of the tissue or organ. The unit of

absorbed dose is the rad; 1 rad = 100 erg/gram= 0.01 J/kg in any nedium The
SI unit is the gray which is equivalent to 100 rad or 1 J/kg. Internal and
external exposures fromradiation sources are not usually instantaneous but
are distributed over extended periods of tine. The resulting rate of change

of the absorbed dose to a small volunme of nass is referred to as the absorbed
dose rate in units of rad/unit tinme.

B.3.1.3 Wrking Levels and Wrking Level Months. Wrking |levels are

units that have been used to describe the radon decay-product activities in
air in ternms of potential alpha energy. It is defined as any conbi nati on of
short-lived radon daughters (through pol onium 214) per liter of air that wll
result in the emission of 1.3x10° MeV of al pha energy. An activity
concentration of 100 pG radon-222/L of air, in equilibriumwth its

daught ers, corresponds approximtely to a potential al pha-energy concentration
of 1 W.. The W. unit can al so be used for thoron daughters. In this case,
1.3x10° MeV of al pha energy (1 W) is released by the thoron daughters in
equilibriumwith 7.5 pG thoron/L. The potential al pha energy exposure of
mners is commonly expressed in the unit Wrking Level Month (WLM. One WH
corresponds to exposure to a concentration of 1 W. for the reference period of
170 hours.

B. 3.2 Dosi netry Model s

Dosimetry nodels are used to estimate the internally deposited dose from
exposure to radioactive substances. The nodels for internal dosinetry
consi der the quantity of radionuclides entering the body, the factors
affecting their novenent or transport through the body, distribution and
retention of radionuclides in the body, and the energy deposited in organs and
tissues fromthe radiation that is enmtted during spontaneous decay processes.
The nodels for external dosinetry consider only the photon doses to organs of
i ndividuals who are inmmersed in air or are exposed to a contani nated ground
surface. The dose pattern for radi oactive materials in the body may be
strongly influenced by the route of entry of the nmaterial. For industria
wor kers, inhalation of radioactive particles with pul nonary deposition and
punct ure wounds with subcut aneous deposition have been the nost frequent. The
general popul ati on has been exposed via ingestion and inhalation of |low levels
of naturally occurring radi onuclides as well as man-produced radi onucl i des
from nucl ear weapons testing.

B.3.2.1 Ingestion. Ingestion of radioactive materials is nost likely to
occur from contam nated foodstuffs or water or eventual ingestion of inhaled
conpounds initially deposited in the lung, Ingestion of radioactive nmateria
may result in toxic effects as a result of either absorption of the

radi onuclide or irradiation of the gastrointestinal tract during passage
through the tract, or a conbination of both. The fraction of a radioactive
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materi al absorbed fromthe gastrointestinal tract is variable, depending on
the specific elenent, the physical and chemical formof the material ingested,
and the diet, as well as sone other netabolic and physiol ogical factors. The
absorption of some elenents is influenced by age usually w th higher
absorption in the very young.

B.3.2.2 Inhalation. The inhalation route of exposure has |ong been
recogni zed as being of najor inmportance for both nonradi oactive and
radi oactive materials. The deposition of particles within the lung is largely
dependent upon the size of the particles being inhaled. After the particle is
deposited, the retention will depend upon the physical and chem cal properties
of the dust and the physiol ogical status of the lung. The retention of the
particle in the lung depends on the location of deposition, in addition to the
physi cal and chem cal properties of the particles. The converse of pul nobnary
retention is pulmonary cl earance. There are three distinct nechani sns of
cl earance which operate sinultaneously. Gliary clearance acts only in the
upper respiratory tract. The second and third nechanisns act mainly in the
deep respiratory tract. These are phagocytosis and absorption. Phagocytosis
is the engulfing of foreign bodies by alveol ar nmacrophages and their
subsequent renmoval either up the ciliary "escalator"” or by entrance into the
| ynphatic system Sone inhal ed soluble particulates are absorbed into the
bl ood and translocated to other organs and tissues. Dosinetric |ung nodels
are reviewed by James (1987) and Janes and Roy (1987).

B.3.3 Internal Emtters

The absorbed dose frominternally deposited radi oi sotopes is the energy
absorbed by the surrounding tissue. For a radi oi sotope distributed uniformy
t hroughout an infinitely Iarge medium the concentration of absorbed energy
nmust be equal to the concentration of energy emitted by the isotope. An
infinitely large nmedium nay be approxi mated by a tissue nass whose di mensi ons
exceed the range of the particle. Al al pha and nost beta radiation will be
absorbed in the organ (or tissue) of reference. Gacmma-enitting isotope
em ssions are penetrating radiation and a substantial fraction may travel
great distances within tissue, |leaving the tissue without interacting. The
dose to an organ or tissue is a function of the effective retention half-tine,
the energy released in the tissue, the anount of radioactivity initially
i ntroduced, and the nmass of the organ or tissue.

B. 4 BI OLOG CAL EFFECTS OF RADI ATl ON

When bi ol ogical naterial is exposed to ionizing radiation, a chain of
cellular events occurs as the ionizing particle passes through the biol ogi ca
material. A nunber of theories have been proposed to describe the interaction
of radiation with biologically inmportant nolecules in cells and to explain the
resulting damage to bi ol ogical systens fromthose interactions. Many factors
may nodi fy the response of a living organismto a given dose of radiation
Factors related to the exposure include the dose rate, the energy of the
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radi ation, and the tenporal pattern of the exposure. Biologica

consi derations include factors such as species, age, sex, and the portion of
t he body exposed. Several excellent reviews of the biological effects of

radi ati on have been published, and the reader is referred to these for a nore
i n-depth discussion (Hobbs and McC ellan 1986; |CRP 1984; Mettber and Msel ey
1985; Rubin and Casarett 1968).

B.4.1 Radiation Effects at the Cellul ar Level

According to Mettler and Moseley (1985), at acute doses up to 10 rad (100
ney), single strand breaks in DNA may be produced. These single strand breaks
may be repaired rapidly. Wth doses in the range of 50 to 500 rad (0.5 to 5
Qy) , irreparable doubl e-stranded DNA breaks are likely, resulting in cellular
reproductive death after one or nore divisions of the irradi ated parent cell
At | arge doses of radiation, usually greater than 500 rad (5 Gy), direct cel
death before division (interphase death) nay occur fromthe direct interaction
of free-radicals with essentially cellular nmacronol ecul es. Mrphol ogi ca
changes at the cellular level, the severity of which are dose-dependent, may
al so be observed

The sensitivity of various cell types varies. According to the Bergonie-
Tri bondeau | aw, the sensitivity of cell lines is directly proportional to
their mtotic rate and inversely proportional to the degree of differentiation
(Mettler and Mosel ey 1985). Rubin and Casarett (1968) devised a
classification systemthat categorized cells according to type, function, and
mtotic activity. The categories range fromthe nost sensitive type,
wegetative intermtotic cells,” found in the stemcells of the bone narrow
and the gastrointestinal tract, to the | east sensitive cell type, "fixed
postmtotic cells,” found in striated rmuscles or long-lived neural tissues.

Cel lular changes may result in cell death, which if extensive, nay
produce irreversible danage to an organ or tissue or nmay result in the death
of the individual. If the cell recovers, altered netabolismand function nmay
still occur, which nmay be repaired or may result in the nanifestation of
clinical symptonms. These changes nmay al so be expressed at a later tinme as
tunors or nutations.

B.4.2 Radiation Effects at the Organ Level

In nost organs and tissues the injury and the underlying mechani smfor
that injury are conplex and may involve a conbination of events. The extent
and severity of this tissue injury are dependent upon the radiosensitivity of
the various cell types in that organ system Rubin and Casarett (1968)
descri be and schenmatically display the events following radiation in severa
organ systemtypes. These include: a rapid renewal system such as the
gastroi ntestinal nucosa; a slow renewal system such as the pul nmonary
epithelium and a nonrenewal system such as neural or nuscle tissue. In the
rapid renewal system organ injury results fromthe direct destruction of
hi ghly radi osensitive cells, such as the stemcells in the bone narrow
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Injury may al so result from constriction of the microcirculation and from
ederma and inflanmati on of the basenent menbrane (designated as the

hi st ohematic barrier - HHB), which may progress to fibrosis. In slow renewal
and nonrenewal systens, the radiation nay have little effect on the
parenchymal cells, but ultimte parenchymal atrophy and death over severa
nonths result fromHHB fibrosis and occlusion of the microcircul ation

B.4.3 Acute and Chronic Somatic Effects

B.4.3.1 Acute Effects. The result of acute exposure to radiation is
commonly referred to as acute radiation syndrone. This effect is seen only
after exposures to relatively high doses (>50 rad), which would only be
expected to occur in the event of a serious nuclear accident, The four stages
of acute radiation syndrone are prodrone, |atent stage, nanifest illness
stage, recovery or death. The initial phase is characterized by nausea,
vom ting, malaise and fatigue, increased tenperature, and bl ood changes. The
latent stage is simlar to an incubation period. Subjective synptons may
subsi de, but changes may be taking place within the blood-forning organs and
el sewhere which will subsequently give rise to the next stage. The nanifest
illness stage gives rise to synptons specifically associated with the
radi ation injury. Anpong these synptons are hair |oss, fever, infection
henorrhage, severe diarrhea! prostration, disorientation, and cardi ovascul ar
col I apse. The synptons and their severity depend upon the radiati on dose
received.

B.4.3.2 Del ayed Effects. The level of exposure to radioactive
pol lutants that nmay be encountered in the environnent is expected to be too
lowto result in the acute effects descri bed above. Wen one is exposed to
radiation in the environment, the anount of radiation absorbed is nore likely
to produce long-termeffects, which mani fest thenselves years after the
original exposure, and may be due to a single |arge over-exposure or
continuing | ow | evel exposure.

Sufficient evidence exists in both human popul ati ons and | aboratory
animals to establish that radiation can cause cancer and that the incidence of
cancer increases with increasing radiati on dose. Hunan data are extensive and
i ncl ude epideni ol ogi cal studies of atom c bonb survivors, many types of
radi ati on-treated patients, underground mners, and radi umdial painters.
Reports on the survivors of the atom c bonb expl osions at Hiroshi ma and
Nagasaki , Japan (with whol e-body external radiation doses of 0 to nore than
200 rad) indicate that cancer nortality has increased (Kato and Schull 1982).
Use of X-rays (at doses of approximately 100 rad) in nedical treatnent for
ankyl osi ng spondylitis or other benign conditions or diagnostic purposes, such
as breast conditions, has resulted in excess cancers in irradi ated organs
(BEI'R 1980, 1990; UNSCEAR 1977, 1988). Cancers, such as |eukenmi a, have been
observed in children exposed in utero to doses of 0.2 to 20 rad (BEIR, 1980,
1990; UNSCRAR 1977, 1988). Medical use of Thorotrast (colloidal thorium
di oxide) resulted in increases in the incidence of cancers of the liver, bone,
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and lung (ATSDR 1990a; BEIR 1980, 1990; UNSCEAR 1977, 1988). Cccupati onal
exposure to radiation provides further evidence of the ability of radiation to
cause cancer. Numerous studi es of underground niners exposed to radon and
radon daughters, which are alpha emtters, in uraniumand other hard rock

m nes have denonstrated increases in lung cancer in exposed workers (ATSDR
1990b). Workers who ingested radi um 226 while painting watch dials had an

i ncreased incidence of |eukem a and bone cancer (ATSDR 1990c). These studies
i ndi cate that dependi ng on radi ati on dose and the exposure schedul e, ionizing
radi ati on can induce cancer in nearly any tissue or organ in the body.

Radi ati on-i nduced cancers in hunans are found to occur in the henppoietic
system the lung, the thyroid, the liver, the bone, the skin, and other

ti ssues.

Laboratory aninmal data indicate that ionizing radiation is carcinogenic
and nutagenic at relatively high doses usually delivered at high dose rates.
However, due to the uncertainty regarding the shape of the dose-response
curve, especially at |ow doses, the conmonly held conservative position is
that the cancer may occur at dose rates that extend down to doses that could
be received fromenvironmental exposures. Estimates of cancer risk are based
on the absorbed dose of radiation in an organ or tissue. The cancer risk at a
particul ar dose is the sanme regardless of the source of the radiation. A
conpr ehensi ve di scussion of radiation-induced cancer is found in BEIR IV
(1988), BEIR V (1990), and UNSCEAR (1982, 1988).

B.4.4 CGenetic Effects

Radi ati on can i nduce genetic danage, such as gene nutations or
chronosonal aberrations, by causing changes in the structure, nunber, or
genetic content of chrompbsones in the nucleus. The evidence for the
nmut agenicity of radiation is derived fromstudies in |aboratory aninals,
nostly mice (BEIR 1980, 1988, 1990; UNSCEAR 1982, 1986, 1988). Evidence for
genetic effects in humans is derived fromtissue cultures of human | ynphocytes
from persons exposed to ingested or inhaled radionuclides (ATSDR 199Cc,
1990d). Evidence for nutagenesis in human germcells (cells of the ovaries or
testis) is not conclusive (BEIR 1980, 1988, 1990; UNSCFAR 1977, 1986, 1988).
Chronpsone aberrations foll owi ng radiati on exposure have been denobnstrated in
man andn in experinmental aninmals (BEIR 1980, 1988, 1990; UNSCEAR 1982, 1986,
1988).

B.4.5 Teratogenic Effects

There is evidence that radiation produces teratogenicity in animals. It
appears that the developing fetus is nore sensitive to radiation than the
not her and is nost sensitive to radiation-induced danage during the early
stages of organ devel opnent. The type of nmlformati on depends on the stage of
devel opnent and the cells that are undergoing the nost rapid differentiation
at the tine. Studies of nmental retardation in children exposed in utero to
radi ation fromthe atom c bonb provide evidence that radiati on may produce
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teratogenic effects in human fetuses (Qtake and Schull 1984). The damage to
the child was found to be related to the dose that the fetus received.

B.5 UNITS I N RADI ATI ON PROTECTI ON AND REGULATI ON

B.5.1 Dose Equival ent and Dose Equival ent Rate. Dose equivalent or rem
is a special radiation protection quantity that is used to express the
absorbed dose in a manner which considers the difference in biologica
ef fecti veness of various kinds of ionizing radiation. The | CRU has defi ned
t he dose equivalent, H, as the product of the absorbed dose, D, the quality
factor, Q and all other nodifying factors, N, at the point of interest in
bi ol ogi cal tissue. This relationship is expressed as foll ows:

H=Dx Qx N

The quality factor is a dinmensionless quantity that depends in part on the
stoppi ng power for charged particles, and it accounts for the differences in
bi ol ogi cal effectiveness found anong the types of radiation. By definition it

i s i ndependent of tissue and biol ogical end point and, therefore, of little
use in risk assessnent now Oiginally Relative Biolotical Effectiveness

(RBE) was used rather than Qto define the quantity, rem which was of use in
ri sk assessnent. The generally accepted values for quality factors for

various radiation types are provided in Table B-3. The dose equivalent rate

is the time rate of change of the dose equivalent to organs and tissues and is
expressed as renfunit time or sievert/unit tine.

B.5.2 Relative Biological Effectiveness. The termrelative biologic
ef fectiveness (RBE) is used to denote the experinentally determ ned ratio of
t he absorbed dose fromone radiation type to the absorbed dose of a reference
radi ation required to produce an identical biologic effect under the sane
condi tions. Gamma rays from cobalt-60 and 200 to 250 KeV X-rays have been
used as reference standards. The term RBE has been widely used in
experimental radiobiology, and the termquality factor used in cal cul ati ons of
dose equivalents for radiation protection purposes (I CRP 1977; NCRP 1971
UNSCEAR 1982). The generally accepted values for RBE are provided in Table
B- 4.

B.5.3 Effective Dose Equival ent and Effective Dose Equival ent Rate. The
absorbed dose is usually defined as the nean absorbed dose within an organ or
tissue. This represents a sinplification of the actual problem Normally
when an individual ingests or inhales a radionuclide or is exposed to externa
radi ation that enters the body (ganma), the dose is not uniformthroughout the
whol e body. The sinplifying assunption is that the detrinent will be the sane
whet her the body is uniformy or nonuniformy irradiated. In an attenpt to
conpare detrinent from absorbed dose of a limted portion of the body with the
detrinment fromtotal body dose, the ICRP (1977) has derived a concept of
ef fecti ve dose equival ent.
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TABLE B-3. Quality Factors (QF)

1. X-rays, electrons, and positrons of any specific .ionization

QF = 1.

2. Heavy ionizing particles

Average LET in Water

(MeV/cm) QF
35 or less 1
35 to 70 1l to 2
70 to 230 2 to 5
230 to 530 5 to 10
530 to 1750 10 to 20

For practical purposes, a QF of 10 is often used for alpha particles?® and
fast neutrons and protons up to 10 MeV. A QF of 20 is used for heavy
recoil nuclei.

aThe ICRP (1977) recommended a quality factor of 20 for alpha particles.

LET = Linear energy transfer
MeV/cm = Megaelectron volts per centimeter
MeV = Megaelectron volts
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TABLE B-4. Representative LET and RBE Values¥

Energy Av. LET Quality

Radiation (MeV) (keV/p) RBE Factor
X-rays, 200 kVp 0.01-0.2 3.0 1.00 1
Gamma rays 1.25 0.3 0.7 1
4 0.3 0.6 1
Electrons (B) 0.1 0.42 1.0 1
0.6 0.3 1.3 1
1.0 0.25 1.4 --
Protons 0.1 90.0 -- 6
2.0 16.0 2 10
5.0 8.0 2 10
Alpha particle 0.1 260.0 -- --
5.0 95.0 10-20 10
Heavy ions 10-30 ~150.0 ~25 20
Neutrons thermal 4-5 3
1.0 20.0 2-10 10

*These values are general and approximate. RBE and QF values vary widely with
different measures of biological injury.

MeV = Megaelectron volts

KeV/p = Kiloelectron volts per micron
RBE = Relative biological effectiveness
kVp = Kilovolt potential

LET = Linear energy transfer
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The effective dose equivalent, H is

H = (the sumof) WH

where His the dose equivalent in the tissue, Wis the weighting factor,
whi ch represents the estimated proportion of the stochastic risk resulting
fromtissue, T, to the stochastic risk when the whole body is uniformy
irradiated for occupational exposures under certain conditions (ICRP 1977).
Wei ghting factors for selected tissues are listed in Table B-5.

The 1 CRU (1980), ICRP (1984), and NCRP (1985) now recomrend that the rad,
roentgen, curie and rembe replaced by the SI units: gray (GY) , Coul onb per
kil ogram (C kg), becquerel (Bg), and sievert (Sv), respectively. The
rel ati onship between the customary units and the international systemof units
(SI) for radiological quantities is shown in Table B-6.
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TABLE B-5. Weighting Factors for Calculating
Effective Dose Equivalent for Selected Tissues

Tissue Weighting Factor
Gonads 0.25
Breast 0.15
Red bone marrow 0.12
Lung 0.12
Thyroid 0.03
Bone surface 0.03

Remainder 0.30
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TABLE B-6. Comparison of Common and SI Units
for Radiation Quantities

Customary
Quantity Units Definition SI Units Definition
Activity (A) Curie (Ci) 3.7x1010 becquerel s71
transforma- (Bq)
tions s71
Absorbed Dose (D) rad (rad) 1072Jkg™! gray (Gy)Jkg™!
Absorbed Dose
Rate (D) rad per 1072Jkg ts7? gray per Jkgis™?
second second
(rad s™1) (Gy s™1)
Dose Equivalent
(H) rem (rem) 10723kg™? sievert (Sv) Jkg?
Dose Equivalent
Rate (H) rem per 1072Jkg 1s? sievert per Jkg'ls7?
second second
(rem s71) (Sv s 1)
Linear Energy kiloelectron  1.602x107*%Jm™! kiloelectron 1.602x1071%Jm™!
Transfer (L,) volts per volts per
micrometer micrometer
(keVuM™1) (keVum™1)

S"! = per second

Jkg! = Joules per kilogram

Jkgls™! = Joules per kilogram per second
Jm™! = Joules per meter
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