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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.

C{Bﬂm}m L\

William L. Roper, ., M.P.H.
Administrator
Agency for Toxic Substances and
Disease Registry ‘
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1. PUBLI C HEALTH STATEMENT

This Statenment was prepared to give you information about radium
and to enphasi ze the hunan health effects that may result from exposure
to it. The Environmental Protection Agency (EPA) has identified 1,177
sites on its National Priorities List (NPL). Radium has been found
above background |l evels at 18 of these sites. However, we do not know
how many of the 1,177 NPL sites have been evaluated for radium As EPA
eval uates nore sites, the nunmber of sites at which radiumis found above
background | evel s nay change. The information is inmportant for you
because radi um may cause harnful health effects and because these sites
are potential or actual sources of human exposure to radi um

When a radi oactive chemcal is released froma |arge area, such as
an industrial plant, or froma container, such as a drumor bottle, it
enters the environment as a radioactive chem cal emission. This
em ssion, which is also called a rel ease, does not always lead to
exposure. You can be exposed to a radioactive chem cal when you cone
into contact with that chenical alone or with a substance that contains
it. You may be exposed to it in the environment by breathing, eating,
or drinking substances containing the radioactive chemcal or from skin
contact with it. Exposure can al so occur by being near radioactive
chem cals at concentrations that are found at hazardous waste sites or
i ndustrial accidents.

If you are exposed to a hazardous substance such as radi um
several 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 nuch), 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
i ndi vidual characteristics such as age, sex, nutritional status, famly
traits, life style, and state of health

1. 1VWHAT | S RADI UM?

Radiumis a naturally-occurring silvery white radi oactive netal
that can exist in several forns called isotopes. It is forned when
urani um and thorium (two ot her natural radioactive substances) decay
(break down) in the environment. Radium has been found at very | ow
levels in soil, water, rocks, coal, plants, and food. For exanple, a
typi cal anount mnight be one picogram of radi um per gram of soil or rock
This woul d be about one part of radiumin one trillion (1,000, 000,000, 000)
parts of soil or rock. These |l evels are not expected to change with tine.
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1. PUBLI C HEALTH STATEMENT

Sone of the radiation fromradiumis constantly being released into
the environnent. It is this release of radiation that causes concern
about the safety of radiumand all other radi oactive substances. Each
i sotope of radiumrel eases radiation at its own rate, One isotope,
radi um 224 for exanple, releases half of its radiation in about three
and a half days; whereas another isotope, radium 226, rel eases half of
its radiation in about 1,600 years.

When radi um decays it divides into two parts. One part is called
radi ati on, and the second part is called a daughter. The daughter, like
radium is not stable; and it also divides into radiation and anot her
daughter. The dividing continues until a stable, nonradi oactive
daughter is forned. During the decay process, alpha, beta, and gamma
radi ati ons are rel eased. Al pha particles can travel only a short
di stance and cannot travel through your skin. Beta particles can
penetrate through your skin, but they cannot go all the way through your
body. Ganma radi ation, however, can go all the way through your body.
Thus, there are several types of decay products that result fromradi um
decay.

More information about the properties and uses of radiumis found
in Chapters 3, 4, and 5.

1.2 HOWM GHT | BE EXPCSED TO RADI UM?

Because radiumis present, usually at very low levels, in the
surroundi ng environnent, you are always exposed to it and to the snall
amounts of radiation that it releases to its surroundi ngs. You may be
exposed to higher levels of radiumif you live in an area where it is
rel eased into the air fromthe burning of coal or other fuels, or if
your drinking water is taken froma source that is high in natura
radi um such as a deep well, or froma source near a radi oactive waste
di sposal site

Level s of radiumin public drinking water are usually |ess than one
pi cocurie per liter of water (about one quart), although higher |evels
(more than 5 picocuries per liter) have been found. A picocurie (pC)
is a very small amount of radioactivity, and it is associated with about
atrillionth of a gram (a picogran) of radium (There are approxi mately
28 grans in an ounce.) No information is avail abl e about the anpunts of
radiumthat are generally present in food and air. You nmay al so be
exposed to higher levels of radiumif you work in a uraniumnine or in a
pl ant that processes urani um ores.

You will find nore information on how you can be exposed to radi um
in Chapter 5.
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1.3 HOW CAN RADI UM ENTER AND LEAVE MY BODY?

Radi um can enter the body when it is breathed in or swallowed. It
is not known if it can be taken in through the skin. |If you breathe
radiuminto your lungs, sone may rermain there for nonths; but it wll
gradual |y enter the bl ood streamand be carried to all parts of the
body, especially the bones. For nonths after exposure, very small
amounts | eave the body daily through the feces and urine.

If radiumis swallowed in water or with food, nost of it (about
80% will pronptly |leave the body in the feces. The other 20% wi ||
enter the blood streamand be carried to all parts of the body,
especially the bones. Sonme of this radiumw |l then be excreted in the
feces and urine on a daily basis.

You will find nore information on this subject in Chapter 2.
1.4 HOW CAN RADI UM AFFECT MY HEALTH?

There is no clear evidence that |ong-termexposure to radiumat the
levels that are nornmally present in the environment (for example, 1 pGi
of radiumper gramof soil) is likely to result in harnful health
ef fects. However, exposure to higher |evels of radiumover a |ong
period of time may result in harnful effects including anem a
cataracts, fractured teeth, cancer (especially bone cancer), and death.
Sone of these effects may take years to devel op and are nostly due to
ganma radi ati on. Radium gives off gamma radiation, which can travel
fairly long distances through air. Therefore, just being near radi um at
the high levels that may be found at some hazardous waste sites may be
dangerous to your health.

More information on this subject is presented in Chapter 2.
1.5 WHAT LEVELS OF EXPOSURE HAVE RESULTED | N HARMFUL HEALTH EFFECTS?

Radi um has been shown to cause adverse health effects such as
anem a, cataracts, fractured teeth, cancer and death. As shown in
Tables | -1 through |-4, the relationship between the anount of radium
that you are exposed to and the ampunt of tinme necessary to produce
these effects is not known. Although there is sone uncertainty as to
how much exposure to radi umincreases your chances of devel oping a
harnful health effect, the greater the total amunt of your exposure to
radium the nore likely you are to devel op one of these diseases. Mre
information on this subject is presented in Chapter 2.
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Human Health Effects from Breathing Radium®

Short-term Exposure

(less than or equal to 14 days)

Levels in Air

Description of Effects

Length of Exposure

The health effects result-

ing from short-term
exposure of humans
breathing specific levels
of radium are not known.

Long-term Exposure
(greater than 14 days)

Levels in Air

Description of Effects

Length of Exposure

The health effects result-

ing from long-term
exposure of humans
breathing specific levels
of radium are not known.

*See Section 1.2 for a discussion of exposures encountered in daily life.
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TABLE 1-2. Animal Health Effects from Breathing Radium

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

Description of Effects

Length of Exposure

Levels in Air

The health effects result-
ing from short-term
exposure of animals
breathing specific levels
of radium are not known.

Long-term Exposure
(greater than 14 days)

Description of Effects

Length of Exposure

Levels in Air

The health effects result-
ing from long-term
exposure of animals
breathing specific levels
of radium are not known.
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1. PUBLIC HEALTH STATEMENT

Human Health Effects from Eating or Drinking Radium®

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 result-

ing from short-term
exposure of humans

to food containing
specific levels

of radium are not known.

The health effects result-

ing from short-term
exposure of humans

to water containing
specific levels

of radium 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 result-

ing from long-term
exposure of humans

to food containing
specific levels

of radium are not known.

The health effects result-

ing from long-term
exposure of humans

to water containing
specific levels

of radium 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 Radium

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 result-

ing from

short-term

exposure of animals
to food containing

specific

levels

of radium are not known.

The health
ing from
exposure
to water
specific

effects result-
short-term

of animals
containing
levels

of radium are not known.

Long-term Exposure
(greater than 14 days)

Levels in Food

Levels in Water

Length of Exposure

Description of Effects

The health
ing from
exposure

effects result-
long-term
of animals

to food containing

specific

levels

of radium are not known.

The health
ing from
exposure
to water
specific

effects result-
long-term

of animals
containing
levels

of radium are not known.
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1.6 IS THERE A MEDI CAL TEST TO DETERM NE WHETHER | HAVE BEEN EXPOSED
TO RADI UM?

There are few nedical tests to deternmne if you have been exposed
to radium There is a urine test to deternmine if you have been exposed
to a source of radioactivity such as radium There is also a test to
neasure the anount of radon, a breakdown product of radium when it is
exhal ed. These tests require special equipnment and cannot be done in a
doctor's office. Another test can neasure the total anount of
radi oactivity in the body; however, this test is not used except in
speci al cases of high exposure.

More information on the nethods used to determne |evels of
exposure to radioactivity can be found in Chapters 2 and 6.

1.7 WHAT RECOMMVENDATI ONS HAS THE FEDERAL GOVERNMENT MADE TO PROTECT
HUVAN HEALTH?

The Environnental Protection Agency (EPA) regul ates the anount of
radiumin drinking water so that it will not contain nore than 5 pC of
conbi ned radi um 226 and radi um 228 per liter of water. The anount of
radi oactivity fromall sources that is allowed in drinking water and the
anmount that workers nay be exposed to in nuclear plants is regul ated.

1.8 WHERE CAN | GET MORE | NFORVATI ON?

I f you have any nore questions or concerns not covered here, please
contact your State Health or Environnmental Departnent or

Agency for Toxic Substances and Di sease Registry
Di vi si on of Toxi col ogy

1600 difton Road, E-29

Atlanta, Georgia 30333

Thi s agency can al so give you infornation on the |location of the
near est occupational and environnental health clinics. Such clinics
specialize in recogni zing, evaluating, and treating illnnesses that
result from exposure to hazardous substances.



2. HEALTH EFFECTS
2.1 | NTRODUCTI ON

Thi s chapter contains descriptions and eval uati ons of studies and
interpretation of data on the health effects associated with exposure to
radium Its purpose is to present |levels of significant exposure for
radi um based on toxicol ogi cal studies, epidem ological investigations,
and envi ronnental exposure data. This information is presented to
provide public health officials, physicians, toxicologists, and other
i nterested individuals and groups with an overall perspective of the
t oxi col ogy of radium and a depiction of significant exposure |evels
associ ated with various adverse health effects.

It is inmportant to note that in the various studies reviewed in the
preparation of this docunent, dose |levels have been presented by those
authors in several ways. In order to facilitate conpari sons anmong
studi es, these |levels have generally been converted to an equival ent

dose in mcrocuries (uC) and kil o-Becquerels (kBg). The historica
definition of one curie is the disintegration rate exhibited by one gram

of radium There are 0.027 uC per kBg. In this docunent, conparisons
are usually nade between total adm nistered amounts of radioactivity, in

uCi [ kg and kBg/ kg, instead of using a daily dosage |evel.

In the case of radium as well as any radionuclide, it is inportant
to note that, in addition to the usual routes of exposure that nust be
consi dered (inhalation, oral, dermal, and occasionally parenteral) for
toxic chenmicals, there is also external and internal exposure to
em ssi ons of al pha and beta particles and gamma rays; and it is these
radi oactive em ssions which are considered to be responsible for nost of
the biologically deleterious effects observed in exposed persons.

Further information about radionuclides is presented in Appendi x B

2.2 DI SCUSSI ON OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals address the needs of persons
living or working near hazardous waste sites, the data in this section
are organi zed first by route of exposure -- inhalation, oral, and dernal
-- and then by health effect -- death, system c, imunol ogical
neur ol ogi cal , devel opnental, reproductive, genotoxic, and carci nogenic
ef fects. These data are discussed in ternms of three exposure periods --
acute, intermediate, and chronic.

2.2.1 Inhal ati on Exposure
Early workers using radi um undoubtedly inhaled m croscopic

particles of the salts of radiumas well as the daughter products
resulting fromtheir decay, as they worked with these conmpounds.
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Therefore, they nust have been continually exposed to al pha and beta
particles as well as to the intense penetrating ganma radiation enmtted
by radium and its daughter products, including radon. Thus, any
resulting health effects cannot be attributed to a specific cause but
were probably the consequence of a conbination of all the radiation
insults to that individual

2.2.1.1 Death

No i nformati on has been | ocated regarding the |lethal effects of
acute exposure to radiumvia inhalation

An early case study described a 36-year-old chem st who had worked
with radiumfor 14 years and then suddenly devel oped acute | eukopeni a
and di ed of bronchopneunonia within a nonth after the onset (Reitter and
Martl and 1926). Autopsy data indicated that 14 PC of radioactive
mat eri al, including radiumand nesothorium (radi um228), was found in
t he body, but the observation that 1 pci was found in the lungs (as
conpared with other internal organs such as the liver, gastrointestina
tract, heart, and kidneys which had no neasurable | evels of
radi oactivity) convinced the authors that inhalation was the primry
route by which radium had entered the body. Mst of the radioactivity
was found in the skel eton.

No studies were |ocated regarding lethality in animals after
i nhal ati on exposure to radi um

2.2.1.2 Systenic Effects

No studies were | ocated regarding systenic effects in humans or
animal s after inhalation exposure to radi um

2.2.1.3 I mmunol ogi cal Effects

Acut e | eukopenia, with al nost total absence of granul ar | eukocytes,
| eukobl astic groups and | ynphoid tissue in the bone narrow, was reported
in the case of a 36-year-old chenist who had worked with radium for
14 years (Reitter and Martland 1926).

No studies were |ocated regarding the followi ng health effects in
humans or animals after inhalation exposure to radium

2.2.1.4 Neurological Effects
2.2.1.5 Devel opnental Effects
2.2.1.6 Reproductive Effects
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2.2.1.7 Genotoxic Effects
2.2.1.8 Cancer
2.2.2 Oral Exposure

It is inmportant to note that effects observed after the ingestion
of radium may be attributed not only to radiumitself, but to the
presence of any or all of its daughter products produced in vivo and
their radioactive em ssions.

2.2.2.1 Death

There is no information on the lethal effects of radiumdue to
acute oral exposure. Many deaths, especially from bone cancer, have
occurred in humans follow ng long-termoral exposure to radium 226 and
radi um 228. As described by Row and et al. (1978), fenmle radi umdi al
painters in the 1920s who "tipped" their paint brushes with their lips
or tongues ingested radiumin the process. The dial paint usually
contai ned long-lived radium 226 and shorter-lived radium 228. A
toxicity ratio has been devel oped for these isotopes; it has been
estimated that radium 228 is about 2.5 tinmes as effective, per uG, in
i nduci ng bone sarcomas as radi um 226 (Lloyd et al. 1986; Row and et al
1978; Rundo et al. 1986). For various other effects, estinates of the
ef fecti veness of radium 228 relative to radium 226 have ranged from zero
to six (Rundo et al. 1986). Estinated systemic intakes for these
wor kers and ot her exposed persons are listed in the Argonne Nationa
Laboratory case tables (Gustafson and Stehney 1985). These estinates
are extrapol ati ons based on body radi um content at the tinme of
exam nation (whether fromliving subjects or exhuned renmins), nodified
by the Norris retention function (Norris et al. 1955) to account for the
decrease in body radium content since exposure, and the known or
presuned ratios of these isotopes in the materials to which these
persons were exposed (Rundo et al. 1986). Radi um dose | evel s have been

expressed as: effective systemc radiumintake = (pG radi um 226) +
2.5 x (uG radium 228).

Sone of the radiumdial painters ingested anmounts of radium
sufficient to cause death within a few years of their enpl oynent.
Martl and (1931) described the cases of 18 dial painters who died of
cancer at ages 20 to 54 years old. Causes of death were |listed as
anem a, necrosis of the jaw, and osteogenic sarcona. The typical period
of exposure was about two years.

Radi um was al so used as a "rejuvenating"” tonic in the 1920s and was
available to the general public in bottled water. CGettler and Norris
(1933) described a case of a 52-year-old man who drank about 1,400

bottles of "Radithor", containing radiumat 2 pg/60 m bottle, over a
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5-year period (total dose: approximately 2,800 uC or 56 uC/kg or
2,074 kBg/ kg for a 50-kg nan). The cause of death was stated to be a
conbi nati on of necrosis of the jaw, abscess of the brain, secondary
anem a and term nal bronchopneunoni a. However, it is inportant to note
that each of these effects can also be attributed to other etiol ogies.

No studies were |located regarding lethality in animals after ora
exposure to any of the isotopes of radium

2.2.2.2 Systenmic Effects

Based on case studies of radiumdial painters, Mrtland (1931)
stated that anem a, regenerative anemi a, aregenerative anem a, or
perni ci ous anemia was listed on the death certificates of ten of 18
persons autopsied as part of this study. The bases of these di agnoses
(e.g., clinical inmpressions of the cadaver, |aboratory findings, etc.)
were not clearly stated. Sharpe (1974) anal yzed detail ed henat ol ogi ca
data relating to dial painters as well as to persons exposed to radium
in other ways (eg., male | aborers and equi pment operators in radiunrel ated
i ndustries). He concluded, however, that there were no
consi stent differences in henatol ogi cal indices between the radi unexposed
patients and closely matched controls. Fromthe limted
avail able data, it i1s difficult to determine if henatol ogical effects
are a concern for hunmans exposed to radi um

No studies were | ocated regardi ng henmatol ogi cal effects in aninals
after oral exposure to radium

No studies were |ocated regarding the followi ng health effects in
humans or aninals followi ng oral exposure to radi um

. 2.3 I nmmunol ogi cal Effects
Neur ol ogi cal Effects
Devel opnental Effects

Repr oductive Effects

N o o~ W

CGenot oxi ¢ Effects

NONN NN
NONN N NN
NONN NN

. 8 Cancer

The Center for Hunman Radi obi ol ogy at the Argonne Nationa
Laboratory has been conducting a surveillance programto identify
persons exposed to radiumand to determne the details of their
exposure, in sone cases through exhumati on of their renains (Qustafson
and Stehney 1985). Based on their findings, bone sarconas, carcinonas
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of the perinasal sinuses and nmastoid air cells (often called head
cancers), and deterioration of skeletal tissue are considered to be the
only effects that are unequivocally attributable to internal radium
(Rundo et al. 1986).

These bone sarcomas and head carci nomas have been seen in nany
radi um di al painters and have appeared from5 to nore than 50 years
after first exposure to radium O those dial painters for whom radi um
i ntakes have been estimated (a total of 1,907), 41 have devel oped bone
sarcomas, 16 devel oped head carci nonas, and an additional 3 cases
devel oped both types. Anpbng dial painters whose radi umintakes were not
estimated (a total of 2,928), 20 cases with bone sarcomas and 5 with
head carci nonas were identified. Thus 85 out of 4,835 known dia
pai nters devel oped a nalignhancy as a consequence of their oral ingestion
of radium (Rundo et al. 1986).

Based on data on these dial painters fromthe 1985 |isting of
radi um cases studied at the Argonne National Laboratory (Gustafson and
St ehney 1985) Rundo et al. (1986) have estimated that the |l owest tota

i ntake | evel of radium associated with a malignancy was 60 uCi

(2,222 kBg) or 1.03 pG/kg (38 kBg/kg) based on an estinmated 58 kg body
wei ght for a worman. These estimates are based on current radi um body
content nodified by the Norris retention function (to account for the
decrease in body radiumcontent with tinme since exposure) and an
estimate of radium 228 from nmeasurenents of radi um 226 and the known or
presuned ratios of these isotopes in the materials to which these
persons were exposed (Rundo et al. 1986).

Ost eogeni ¢ sarcomas were reported in 3 out of 5 rats adm nistered
radi um for 20 days by dropper (Evans et al. 1944). Each ani mal was

given a different estimted total dose ranging from10 to 70 uG . The
| owest dose to clearly induce a nalignancy was 22 puC (approxi mately
73 uCGi/kg or 2,703 kBq/kg).

2.2.3 Dernmal Exposure

No studies were | ocated regarding the follow ng health effects in
humans or aninmals after dernmal exposure to radi um

It is inmportant to note, however, that the radiumdial painters had
chroni c dermal exposure to radiumon their |ips and tongues. Although
no recognition of this fact has been located in the literature, it is
noteworthy that no | ocal effects on exposed skin have been described in
t he avail abl e case studies of these workers (eg., Martland 1931; Sharpe
1974).

2.2.3.1 Death
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2.2.3.2 Systenic Effects
2.2.3.3 I munol ogi cal Effects
2.2.3.4 Neurological 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

2.2.4 O her Routes of Exposure

Wi |l e parenteral exposure is not a route posing a significant
environnental threat to human health fromthe isotopes of radium data
acquired in studies using this route are presented here because
t housands of persons did acquire radiumvia this route, and nost of the
toxicity and nmetabolic studies with experinmental aninmals have used this
route. It is again inportant to note that effects observed after
parenteral admnistration of radiumnay be attributed not only to radi um
itself, but to the presence of any or all of its daughter products and
their radioactive enmissions in vivo.

In the years after World War Il (1946 to 1950), repeated injections
of radium 224 were given to adults and children in Germany for treatnment
of tubercul osis, ankyl osing spondylitis, and ot her diseases. Qut of
about 2,000 persons who received this treatnent, 816 of these cases are
currently being followed (Spiess et al. 1978). O the 816, 204 were
injected as juveniles (ages 1 to 20 years) and 612 as adults. The

average total injected activity was 18 uC/kg (666 kBg/ kg) (Mays et al
1985a) .

A second study of persons injected with radium224 in Germany from
1948 to 1975 included 1,473 ankyl osing spondylitis patients who were
also treated with repeated intravenous injections of radium but at
| ower levels. They typically received a series of 10 to 12 injections

at weekly intervals, each containing 28 uG (1,037 kBg). Sone patients
received two or three such series, and one patient received four. The

average total injected activity was 4.8 uG/kg (178 kBg/ kg) (Wck and
Gossner 1983, 1989).

Pure radi um 226 was given intravenously as a nedication in the
United States fromthe tinme it first becane available until the md-
1930s. Treatment of patients at the Elgin State Hospital in Illinois
was described by Schlundt et al. (1933), where from 1931 to 1933,
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32 patients were given 10 uC (370 kBq) injections, usually weekly, for
peri ods ranging fromabout 2 to 6 nonths. In the 1950s, these patients
were | ocated, their radi um body content was nmeasured, and their health
status was subsequently followed (Norris et al. 1955).

2.2.4.1 Death

No studies were | ocated regarding acute lethality in humans
foll owi ng parenteral adm nistration of radiumisotopes. Early uses of
radi um 226 by physicians (usually as a treatnent for arthritis) involved

i ntravenous injections as large as 1 ng (1,000 uC or 37,037 kBq) of

el enental radium (thus approximately 14 uC /kg or 518 kBg/kg), which
were clained to have no ill effects (Proescher 1914). As described in
Section 2.2.4.8, patients receiving injections of radi um have devel oped
cancer which has resulted in death.

Injection of mce with radium (presunably radi um 226) at 2,000 to
4,000 uG/kg (74,000 to 148,000 kBg/kg) was fatal in 7 to 10 days
(Proescher and Al mguest 1914); however, experimental details were not
provided. In 12-week-old mce given a single intraperitoneal injection
of radium 224 or a series of 8 such injections over a period of 4 weeks,
there was no evidence of a decrease in life span at any level, up to the

maxi mum t ested, approximately 60 uC /kg (2,220 kBg/ kg) (Hunmphreys et al
1985).

2.2.4.2 Systenmic Effects

No studies have been |ocated regarding respiratory, cardiovascul ar
gastrointestinal, nmuscul oskeletal, renal, or dermal effects in humans or
animal s after parenteral adm nistration of radi um

Hemat ol ogi cal Effects. In a foll owup study of the second group of
German patients who had received repeated intravenous injections of
radi um 224, the injected doses averaged 4.8 uC/kg (178 kBg/ kg) tota
exposure (Wck and Gossner 1983; Wck et al. 1986) for 1,501 patients.
Ten cases of bone marrow failure were observed in these patients, as
conpared with 7 cases in the controls (1,338 simlar patients not
treated with radiation) (Wck and Gossner 1989). The statistica
significance of these findings was not addressed.

In the bone marrow of mice given intraperitoneal injections of
radi um 226 at 17,820 uC/kg (660,000 kBg/kg), there was a depression in
t he nunber of henopoietic stemcells which lasted until at |east
100 days after the injection but returned to normal by 300 days
(Schoeters and Vanderborght 1981). Schoeters et al. (1983) reported a
mar ked depression in the nunber of peripheral white bl ood cells of mce

at 400 days after a 670 uC (24,800 kBg) intraperitoneal injection of
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the chloride salt of radium 226 (approxinmately 22,320 uC /kg or
827,000 kBqg/ kg). At 530 days post-injection, these |evels appeared to
be recovering. There were no consistent trends in the peripheral white

bl ood cell levels of the | ower dose groups (3,960 and 10,000 uC /kg or
147,000 and 370, 000 kBg/ kg) .

Hepatic Effects. Chronic liver diseases, nostly cirrhosis, were
reported in 20 cases (out of 682 adults and 218 children) who were
followed for an average of 20 years after repeated injections of radium

224 totaling an average of 18 uC/kg (667 kBg/kg). Eighteen of these
patients were injected as adult nen, one as an adult wonman, and one as a
juvenile. The authors suggested that this is a radiation effect;

however, statistical significance was not addressed and the tota

i ncidence in this group (2.2% nay have been conparable to that of the
general popul ation. The higher incidence in men was thought to be
related to their higher exposure to |iver toxins such as al cohol or

i ndustrial chemicals (Spiess and Mays 1979).

Ccul ar Effects. Cataracts were reported in 6% (12/218) of patients
injected with radium 224 as children. The known dosages aver aged

28 uG/kg (1,037 kBg/kg). O these cases with known doses, 14% (11/80)

had cataracts after receiving nore than 28 uGi/kg (1,037 kBg/kg),
whereas only 0.8% (1/131) devel oped cataracts after receiving | ess than
that dose (Stefani et al. 1985). The younger patients received the

hi ghest doses in uC/kg in this study, and thus, presumably, the highest
radi ati on dose to the eye. The | owest dose known to be associated with
a cataract that devel oped after a radium 224 treatnment in chil dhood was

15.6 uCi/kg (577 kBg/kg) given to a 4.5 year-old-girl (Chrel evsky et al
1988a) .

In beagle dogs, intravenously injected radium 226 was deposited in
t he nmel anin granul es of pignmented cells and rodlike organelles of the
tapetumin the eye (a structure that humans do not have). Retention in

the eye varied inversely with dose. At doses fromO0.062 to 1.1 uC /kg
(2.3 to 41 kBqg/kg), loss of pignent at the higher doses and nel anosis
and intraocul ar el anona formati on at the | ower doses were observed
(Taylor et al. 1972).

O her Systemic Effects. Radiation danage to dental tissue, or
perhaps to its bl ood supply, initiates extensive resorption of the
dentine, especially at the gumline. These radiation-induced caries
weaken teeth and cause themto fracture easily. Such tooth breakage has
been reported in 12% (27/218) of patients injected with radium 224 as
children (20 years old and younger) and by 2% (17/681) of patients
injected as adults (21 years old and ol der). The hi ghest incidence
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occurred in adol escents injected at 16 to 20 years of age (15/61 or
25% . Conbining results fromall age groups, the incidence of tooth
fracture increased significantly with dose (p=0.01) (Sonnabend et al
1986) .

2.2.4.3 I munol ogi cal Effects

No studies were | ocated regardi ng i munol ogi cal effects in humans
after parenteral exposure to radi um

A marked decrease was found in the nunber of peripheral white bl ood
cells of mce at 400 days after an intraperitoneal injection of the

chloride salt of radium 226 at about 22,320 uC /kg (827,000 kBqg/kg)
(Schoeters et al. 1983). These results suggest that conpromn sed inmune
function may be a concern for humans exposed to radi um

2.2.4.4 Neurol ogical Effects

No studies were | ocated regardi ng neurol ogi cal effects in humans or
animal s after parenteral exposure to radi um

2.2.4.5 Devel opnental Effects

In a followup study of the first group of German patients injected
with radium 224 as therapy for tubercul osis when they were children (see
Section 2.2.4), it was found that the adult heights of these persons
were markedly | ower than the heights of nontreated persons. This effect
was attributed to the formation of overcalcified "growmh arrest plates”
during the radium 224 injections. The reduction was greatest for those
i ndi vidual s who were the youngest at the age of injection; however, the
youngest children were given the highest doses of injected radium 224 in
uCi/ kg (Spiess et al. 1985). The authors could not determine if this
effect has a threshold but stated that the continued sl ow ng of the
gromh rate long after irradiation suggests that sone growh retardation
may occur at very |ow doses of radium

2.2.4.6 Reproductive Effects

No studies were | ocated regardi ng reproductive effects in humans or
animals foll owi ng parenteral exposure to radi um

2.2.4.7 Genotoxic Effects

No studies were | ocated regardi ng genotoxic effects in hunmans or
animal s follow ng parenteral exposure to radi um
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2.2.4.8 Cancer

Bone tunors, primarily osteogenic sarconas, have appeared in the
first group of German patients injected with radium 224 (see
Section 2.2.4) (Spiess et al. 1989). Atotal of 56 sarconas have been
found; the expected nunber is 0.2 to 0.3 (Spiess et al. 1989). The

| owest total dose associated with a bone tunor was 6.4 pG/kg
(237 kBqg/ kg) given over two nonths (Mays and Spiess 1984).

An el evated incidence of breast cancer has al so been observed in
the fenmale patients in this group (14 cases versus 4.1 to 6.1 expected).
Ei ght of these cases occurred anbng those injected as children, whereas
only 0.6 to 0.9 were expected. In patients injected as adults, the 6
observed cases are not significantly different fromthe 3.5 to 5.2 cases
expected (Spiess et al. 1989). This suggests that exposure to
radi um 224 during chil dhood poses a nuch greater risk for the induction
of breast tunors than does exposure as an adult.

An el evated incidence of liver cancer has been seen in the first
series of German patients (6 versus 1.1 to 1.2 expected). Five cases of
ki dney cancer have al so been observed, conpared with 2.4 to 2.6 expected
(Spiess et al. 1989); however, this increase is not statistically
significant. The authors suggest that these cancers may al so have been
i nduced by the radi um 224.

In the second group of German patients treated with radium 224 (see
Section 2.2.4), at lower injected doses, three nmalignant tunors in the
skel eton have been observed (versus 0.4 to 0.7 expected); two were
tunmors of the bone marrow (a reticulumcell sarcoma and a pl asnocyt o)
and one was a fibrosarcoma (Wck and Gossner 1989). One skel etal tunor,

a pl asnmocytona, was observed anobng the controls, a group of 1,338
ankyl osi ng spondylitis patients who were not treated with radiation
(Wck and Gossner 1989).

O the Elgin State Hospital patients who received injections of
radi um 226 (see Section 2.2.4), two patients devel oped bone sarconas,
four devel oped head carci nonas, and a seventh patient had both types of
mal i gnancy (statistical significance was not addressed) (Gustafson and
St ehney 1985).

Large experinmental animal studies with parenterally adm nistered
radium primarily using dogs, but sone using rats and mce, have
denonstrated that radi um 224, radium 226, and radi um 228 can i nduce bone
cancers and | eukem as in these species (Evans et al. 1944; Hunphreys
et al. 1985; Kofranek et al. 1985; Mays et al. 1987; Taylor et al.

1983). However, head carci nonas, such as those found in humans, were
not found in any of the species tested, indicating that this malignancy
was not induced under the conditions of these aninal studies. The nost
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unexpected finding was the induction of intraocular nelanonmas in beagles
by radi um 226 by Taylor et al. (1972). These tunors have not been seen
in any of the hunman studies.

2.3 TOXI CCKI NETI CS

In radiation biology, the term"dose" has a specific nmeani ng. Dose
refers to the anpbunt of radiation absorbed by the organ or tissue of
interest per unit nass and is expressed in rads (grays). Estimation of
this radiation dose is sonetines acconplished by nodeling the sequence
of events involved in the acquisition, deposition, clearance, and decay
of radiumwi thin the body. Wile based on the current understandi ng of
experimental data on radi umtoxicokinetics, different nbdels make
di fferent assunptions about these processes, thereby resulting in
different estimtes of dose and risk. These nodel s are described in
nunerous reports including BEIR IV (1988), ICRP (1979), and Raabe et al
(1983). In this section, the toxicokinetics of radiumare described
based on the avail abl e experimental data rather than on descriptions
derived from nodel s.

2.3.1 Absorption
2.3.1.1 Inhal ati on Exposure

The only study | ocated on hunman absorption of radium after
i nhal ati on exposure involved the accidental rupture of capsul es
containing radiumsulfate (presunmed to be primarily radium226), with
the resultant brief exposure of several |aboratory workers (Marinell
et al. 1953). Radium was deposited both in the |lungs and t he skel etons
of these individuals, indicating that some of the radi um absorbed by the
lung had entered the systenmic circulation, ultinately depositing in the
bones. Sonme of the radium however, nay have been coughed up and then
swal | owed during the original exposure and then entered the systemc
circulation after being absorbed by the gut. The average half-life of
t he decrease of gama ray activity fromthe thorax was reported to be
about 120 days. The possibility of dernmal exposure and consequent
absorption during this episode was not addressed.

No studies were | ocated regarding the absorption of radiumin
animal s after inhalation exposure.

2.3.1.2 Oral Exposure

Based on a study of elderly human subjects (aged 63 to 83 years)
who i ngested nock radiumdial paint containing 224RaS4, Mal et skos et al.
(1966, 1969) have estinmated that about 80% of the ingested radi umwas
pronptly excreted via the feces during the first 10 days, and about 20%
was retained and distributed systenmically. The feces to urine excretion
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rati os remai ned high (about 30:1) during another phase of this study in
which simlar subjects were given intravenous injections of radium 224.
Thi s suggested that biliary excretion is probably involved and that
perhaps nore than the estinated 20% of ingested radi umwas actually
absorbed. However, this topic was not addressed in the study.

Measur enents of body radi umacquired by adult and teenage nal es
solely fromnatural levels of radiumin food and water indicated that
approximately twi ce the anpbunt of ingested radiumwas retained by
younger nales fromone |ocation, Lockport, Illinois (nean age
16.6 years) than by older nales in a penitentiary in Stateville,
Illinois (means of age groups: 27, 38 and 44 years) (Stehney and Lucas
1955). Anopng the prisoners, nean body radi umcontent was increased with
t he nean age of the nmen. However, boys from another |ocation, Chicago,
IIlinois (mean age: 16.6 years) had simlar radiumbody contents to
that of the single Chicago adult man participating in this study. The
results of this study al so suggested that the absorption of radiumfrom
wat er was greater than that fromfood, based on excretion rates neasured
in areas where either food or water was the predoni nant source of
radi um The authors acknow edged that these were specul ati ons and not
clearly supportable by the results of their Iimted study.

In rats, the absorption of orally adm nistered radiummay be quite
low. At 400 to 500 days after administration, they retained 1 to 7% of
the ingested radium primarily in the skeleton. In contrast, rats
intradermally injected with radiumretained 77% of the adm nistered
radiumat 140 to 300 days after injection (Evans et al. 1944).
Differences seen in the results of these two studies could reflect
differences in tine frame and/or the route of adm nistration. The
probabl e influence of biliary excretion of orally adm nistered radi um
and the possibly slowrate of absorption of intradermally adm nistered
radiumfromthe site of injection may hel p account for these
di f ferences.

2.3.1.3 Dermal Exposure

No studies were | ocated regarding the absorption of radiumin
humans or aninmals after dermal exposure.

2.3.2 Distribution
2.3.2.1 Inhal ati on Exposure

Based on the observations of Marinelli et al. (1953), inmediately
after accidental exposure of humans to radi um 226 (as the sulfate), the
maj or deposit of radiumwas in the lungs. This deposition decreased
with an average half-life of 118 days (+30 days). Elinination fromthe
lungs via the systemic circulation results in a continuous deposition in
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the skeleton as well as distribution to soft tissue and the excretory
system |In addition, sone of the radiumsalt nay have been coughed up
and swal | oned during the exposure episode.

It is assunmed that radiumthat has been deposited in the lung as a
radiumsalt enters the systemic circulation either as that salt or as
i ndi vidual radiumatons at a rate dependent upon the solubility and
chem cal characteristics of the specific radiumsalt involved.
Subsequently, these salts or radiumatons would be systemically
transported in the same manner as radium acquired by oral or parentera
adm ni stration. However, sone of the radiumin the lung could be
retained for a long tinme before this process is conpleted. The ultimte
di stribution, many years after an inhal ation exposure, would probably be
very simlar to that of other routes of adnministration; that is, nost of
the radiumthat was retained in the body would eventual |y be deposited
in the skeleton (Marinelli et al. 1953).

2.3.2.2 Oral Exposure

No studi es have been | ocated that specifically follow the
distribution of radiumin humans or aninmals follow ng oral exposure.
Distribution to the skeleton is assuned due to the findings of
osteosarcomas in the dial painter studies as well as the presence of
radiumin their exhuned skeletal remains. The affinity for bone is
assuned to be related to its simlarity to calcium (BIER IV 1988).

2.3.2.3 Dermal Exposure

No studies were |ocated regarding the distribution of radiumin
humans or aninals foll owi ng dernal exposure.

2.3.2.4 O her Routes of Exposure

Parenteral administration of radiumto humans results in short-term
distribution to soft tissue which is rapidly followed by deposition of
nost of the radiumin the skeleton (BEIR IV 1988).

Radium simlarly to calcium deposits in bone within those areas
where new bone nmineral is being formed and al so on all bone surfaces.
Radi umremains in those areas of new bone formation, but the radium
deposits on bone surfaces eventually nove into the depths of conpact
bone as new bone matrix is deposited on top of them In this deposition
process, short-lived radi um 224 rapidly decays, |eaving no radioactivity
wi thin bone; whereas, long-lived radium 226 renmains in the skel eton
indefinitely (Rowl and 1966). Mays et al. (1975) have denonstrated that
the radon to radiumratio in bone increased with tinme after injection in
beagl es.
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Injected radiumis deposited in the eye of the dog (Taylor et al
1972) and to sone extent in the human eye (Chnel evsky et al. 1988a).

2.3.3 Metabolism

Radi umis an el ement and cannot be netabolized. |In biologica
systenms in which radiumsalts are deposited, these conpounds will
di ssoci ate based on their solubility in that media. Radi oactive decay
of the radium cation occurs over tine.

2.3.4 Excretion
2.3.4.1 Inhal ati on Exposure

Based on a study of persons exposed to radi um 226 during an
i ndustrial accident which involved the rupture of a capsul e containing
the insoluble salt radiumsulfate (Marinelli et al. 1953), the excretion
of radiumoccurred in two phases. In the initial phase, 2 to 4% of the
estimated total body burden was excreted in the urine over a few days
and was attributed to the elimnation of radiumingested during the
i nci dent (due to the coughing up and swal |l owi ng of ingested radiunj.
(Fecal excretion was not nmonitored.) In the second phase, about
100 days after the exposure, the urinary excretion rate was hi gher than
predicted fromthe authors cal cul ati ons (based on retention/excretion
nodel s on dogs injected with radiumchloride). This phase was
attributed to the presence of nore radiumin circulation than expected
as a consequence of a continual release of radiumsulfate fromthe |ung.

2.3.4.2 Oal Exposure

Fol | owi ng oral exposure to radium excretion occurs in tw phases.
In the first phase, approximately 80% of the ingested radiumis rapidly
elimnated through the feces. In the slower second phase, nost of the
20% t hat was absorbed into systemic circulation, is ultimtely excreted
fromthe body via the feces (Ml etskos et al. 1966, 1969). These
observati ons suggest that biliary excretion is probably invol ved;
however, no information has been | ocated on that topic.

2.3.4.3 Dermal Exposure

No studies were | ocated regarding the excretion of radiumin humans
or animals after dernal exposure.

2.3.4.4 O her Routes of Exposure
Fol | owi ng i ntravenous administration of radium 224 to elderly hunan

subjects (63 to 83 years), the excretion of radiumwas primarily via the
feces, with fecal to urinary ratios of about 30-to-1 usually observed
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(Mal et skos et al. 1966, 1969). Although these observations suggest that
biliary excretion is involved, no data are available to verify that
assunption. The whol e body retention was about 15% after 20 days.

The excretion of parenterally acquired radiumfromthe human body
occurs in two phases; the first phase is very rapid, but the snal
fraction that remains in the body is ultinmately rel eased very slowy,
presumably due to the turnover of bone matrix. An equation to descri be
the retention of radiumin the human body, derived by Norris et al
(1955), predicts that the retention of radium 10 days after acquisition
will be 16% dropping to 2.5%at 1 year, 0.76% at 10 years, and 0.43% at
30 years. A simlar equation has been devel oped for dogs.

Seil et al. (1915) studied the excretion pattern of radiumthat had
been subcutaneously injected as the chloride salt into two dogs. The
resulting neasurenments varied wi dely over the next few days; however, it
was clear that there was a rapid initial elimnation of radiumin the
feces and that fecal to urinary excretion ratios were typically about
10-to-1.

In a study in dogs, it was shown that long-termretention of radi um
i s dependent upon age at injection, with younger dogs (3 nonths ol d)
that were still undergoing skeletal growh retaining nore of the
injected activity than ol der dogs (18 nmonths to 2 years old). However,
very young dogs (2 to 5 days old), undergoing major skeletal growh and
changes i n bone shape |ost nost of their injected radiumin the course
of these processes (Bruenger et al. 1983).

2.4 RELEVANCE TO PUBLI C HEALTH

Deat h. Death and decreased | ongevity have been reported in persons
who have had | ong-term exposure (approxi mately one or nore years) to
radium A 52-year-old man died following 5 years of consunption of

about 1,400 bottles of water containing radiumat 2 ug per bottle,

resulting in the total ingestion of approximtely 2,800 uC or 56 uCi/kg
(2,074 kBg/ kg) for a 50-kg man (Gettler and Norris 1933). However, the
causes of death (jaw necrosis, brain absess, secondary anem a, and

br onchopneunoni a) can also be attributed to other etiol ogies. Case

st udi es of wormen who died follow ng ingestion of radiumin dial paint
were reported by Martland (1931). Deaths were attributed to anem a
necrosis of the jaw, and osteogenic sarcomas. A typical exposure
durati on was about two years. A 36-year-old chem st who had worked with
radium for 14 years died of bronchopneunonia (Reitter and Martl and
1926) . Autopsy results suggested to the authors that inhalation was the
main route of radi umintake.
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No deaths of patients (being treated nostly for arthritis) were
reported to result fromintravenous injections of radiumat anmounts up

to 1,000 uG or 14 uG/kg (518 kBqg/ kg) (Proescher 1914). However, these
pati ents may not have been followed clinically for nore than a few
nmont hs after these injections.

St udi es using mice have shown |ife-shortening effects of
i ntravenously injected radi um 226 at high dose levels (2,000 to

4,000 uCi/kg or 74,074 to 148, 148 kBqg/ kg) (Proescher and Al nguest 1914).

Injection of mce with radium 224 at |ower levels (up to 60 uG/kg or
2,222 kBg/kg) did not result in life-shortening effects (Hunphreys
et al. 1985).

Based on the results in hunans and animals, lethality is a major
public health concern associated with long-termlowlevel or short-term
hi gh-1 evel exposure to radium As discussed previously, tota
cunul ative intake appears to be the nost inportant factor in relation to
health effects related to radi um exposure.

System c Effects. Diseases of the hematopoietic tissues have been
reported in patients given repeated injections of radi um224. Anem a
pannyel opht hi sis, and chronic nyel oid | eukenia were seen in excess of
the control levels in these cases (conpared with a higher incidence of
acute leukema in the control group) (Wck et al. 1986). Anenia has
al so been reported in case studies of the radiumdial painters (Martland
1931), but the disease patterns have not been clearly established
(Sharpe 1974).

Studies with mce injected with radium226 at 24 uC/kg
(889 kBqg/ kg) have denpnstrated reductions in the henppoietic stemcells
of the bone nmarrow for at |east 100 days after radi um acquisition
(Schoet ers and Vander borght 1981).

Ccul ar effects have not been reported in hunmans or ani mals exposed
to radiumvia inhalation, oral, or dermal routes. However, ocul ar
ef fects have been observed in both humans and aninmals injected with
radium Cataracts were reported in 6% of the Gernman patients who had
been injected with radium 224 as children (Chnel evsky et al. 1988a;
Stefani et al. 1985). In contrast, the incidence of cataracts in fenale
dial painters was not correlated with total radiumintake or age at
first exposure, nor was there a difference in appearance tines between
high and low total radiumintakes (Adans et al. 1983). However, the
dial painters were exposed orally, the isotope was nainly radi um 226,
and very few of these dial painters were exposed when younger than
15 years of age. Any of these factors may account for the difference
bet ween the results observed in these two studies.
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In beagle dogs, intravenously injected radium 226 resulted in
nel anosi s and intraocul ar nmel anona formation at the | ower doses and a
| oss of pignent at the higher doses (Taylor et al. 1972). In this
study, deposition of radiumwas found in the nelanin granul es of
pi gmented cells and rodlike organelles of the tapetum of the eye (a
structure that humans do not have). Although this process cannot take
place in humans, these results further suggest that the eye nay be a
target for absorbed radiumin exposed hunans.

O her Systenmic Effects. Information on other systemic effects is
not avail able for humans or aninals exposed to radiumyvia inhalation,
oral, or dernal exposure. However, tooth breakage has been reported to
occur in the German patients who were injected with radi um 224
(Sonnabend et al. 1986). The incidence of these dental fractures was
hi ghest (25% in persons who had been injected at 16 to 20 years of age,
as conmpared with 12%in the total group of persons injected at age
20 years and younger, and 2% in persons injected when they were 21 years
ol d and ol der.

I mmunol ogi cal Effects. Evidence of radium s potential effects on
t he human i mmune system was presented by Reitter and Martland (1926) in
the case study of a chemi st who devel oped acute | eukopeni a after worKking
with radiumfor 14 years. Autopsy reveal ed al nost total absence of
granul ar | eukocytes, |eukoblastic groups, and | ynphoid tissue in the
bone nmarrow. Simlarly, Martland (1931) described the devel opnent of
| eukopenia in the radiumdial painters.

Schoeters et al. (1983) showed a reduction in the nunber of
peri pheral white blood cells of mce at 400 days after an
i ntraperitoneal injection of radium226. These observati ons suggest
t hat i nmunol ogical effects nay be an inportant area of concern for
persons occupationally exposed to radi um

Cancer. In humans, radium 224 is known to induce bone sarconas,
and it is strongly suspected of inducing breast cancer in femal es who
recei ved this isotope when younger than 21 years of age at total doses

greater than 12 uC/kg (444 kBg/ kg). Liver and ki dney cancers are al so
possi bly induced by radi um 224 (Spiess et al. 1989).

Bone sarconas are known to be induced by both radi um 226 and
radi um 228, while carcinomas of the bones enclosing the mastoid air
cells and paranasal sinuses are known to be induced by exposure to
radi um 226. These carci nomas are believed to be caused by radon, a
gaseous daughter product of radi um 226, which mgrates fromthe |ocation
where it was forned and becones trapped within air cells in these
structures. Here the subsequent decay products of radon irradiate the
sensitive cells on the surfaces, and this irradiation is thought to
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i nduce the nalignant change. Breast cancer and nultiple nyeloma were
found to be elevated in female dial painters, but these effects may be
t he consequence of the external radiation fromthe radi oactive paint
that)mas used by these workers (Rowl and et al. 1989; Stebbings et al
1984).

In Great Britain, radiumdial painters with higher total radi um 226
i nt akes and who were younger than 30 years of age at the start of
pai nti ng showed an excess of breast cancers (Baverstock and Papworth
1989). External ganma ray exposure to the radi oactive paint could al so
have been the cause of cancer in this popul ation

I'n experinental aninmals, bone cancer has been the npst promi nent
consequence of radiumincorporation and has been found in all species
t est ed.

It should be noted that |eukem a, which is often induced in humans
by irradiation of narrow cells, has not been observed to occur in excess
in the studies of the radiumirradi ated populations (i.e., dia
pai nters; patients receiving intravenous injections) above the nunbers
expected for nonirradi ated popul ati ons (Baverstock and Papworth 1985;
Spiers et al. 1983; Spiess et al. 1989).

2.5 Bl OVARKERS OF EXPCSURE AND EFFECT

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

A bi omarker of exposure is a xenobiotic substance or its
net abolite(s) or the product of an interaction between a xenobiotic
agent and sone target nolecule or cell that is neasured within a
conpartnent of an organi sm (NAS/ NRC 1989). The preferred bi omarkers of
exposure are generally the substance itself or substance-specific
netabolites in readily obtai nable body fluid or excreta. However,
several factors can confound the use and interpretation of biomarkers of
exposure. The body burden of a substance may be the result of exposures
fromnore than one source. The substance being neasured nay be a
net abolite of another xenobiotic (e.g., high urinary |evels of pheno
can result fromexposure to several different aronmatic conpounds).
Dependi ng on the properties of the substance (e.g., biologic half-life)
and environmental conditions (e.g., duration and route of exposure), the
substance and all of its nmetabolites may have | eft the body by the tine
bi ol ogi ¢ sanples can be taken. It nay be difficult to identify
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i ndi vi dual s exposed to hazardous substances that are conmonly found in
body tissues and fluids (e.g., essential mneral nutrients such as
copper, zinc and selenium. Biomarkers of exposure to radiumare

di scussed in Section 2.5.1.

Bi omar kers of effect are defined as any neasurabl 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
i mpai rment or disease (NAS/ NRC 1989). This definition enconpasses
bi ochemi cal or cellular signals of tissue dysfunction (e.g., increased
liver enzyne activity or pathol ogic changes in fenale genital epithelia
cells), as well as physiologic signs of dysfunction such as increased
bl ood pressure or decreased |lung capacity. Note that these markers are
of ten not substance specific. They also may not be directly adverse but
can indicate potential health inpairment (e.g., DNA adducts).

Bi omar kers of effects caused by radium are discussed in Section 2.5.2.

A bi omarker of susceptibility is an indicator of an inherent or
acquired limtation 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
i ncrease in absorbed dose, biologically effective dose, or target tissue
response. |f biomarkers of susceptibility exist, they are discussed in
Section 2.7, "POPULATI ONS THAT ARE UNUSUALLY SUSCEPTI BLE. "

2.5.1 Biomarkers Used to Identify or Quantify Exposure to Radi um

Exposure to radium can be deternined by use of a whole body counter
to neasure the presence of gamma radiation enmtted by radi um (Toohey
et al. 1983). Radiumlevels can also be neasured in urine, feces, and
othe; bi ol ogi cal medi a by neans of ganma-ray spectroscopy (LlIoyd et al
1983).

2.5.2 Biomarkers Used to Characterize Effects Caused by Radi um

Humans have not been shown to devel op specific adverse effects as a
result of exposure to radium Osteogenic sarconma and cataracts are
associ ated wth radi um exposure but can also result from other causes.
Simlarly, chronosomal aberrations may result fromradi um exposure as
well as fromother factors such as cigarette snmoking or occupationa
exposure to sol vents.

Attenpts to correlate the estimated total intake of radiumwth
observed health effects, especially bone cancer, have been conducted at
t he Argonne National Laboratory (Gustafson and Stehney 1985). For
exanpl e, Rundo et al. (1986) have estinated that the |owest total intake
| evel of radium associated with a malignancy (bone sarcona) was 60 pCi

(2,222 kBg) or 1.03 uG/kg (38 kBg/kg) based on an estimated 58-kg body
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wei ght for a woman. |f data associated with exposed popul ati ons were
fully anal yzed, levels of radiumin human tissue m ght be a good
predictor of at |east the potential for devel opi ng bone cancer

However, there is expected to be sonme degree of uncertainty, as in cases
of persons with high levels of exposure to radium (such as sone of the
dial painters, the case of the chem st described by Reitter and Martl and
and the man who drank 1,400 bottles of "Radithor"), who did not devel op
bone cancer (Gettler and Norris 1933; Martland 1931; Reitter and

Mart| and 1926).

2.6 | NTERACTI ONS W TH OTHER CHEM CALS

No data have been | ocated which evaluate the health effects of
radiumin any of its isotopic forms in conbination with any other
chem cal s or radionuclides.

2.7 POPULATI ONS THAT ARE UNUSUALLY SUSCEPTI BLE

The avail abl e studi es suggest that persons who are exposed to
radi um during chil dhood or adol escence nay be at greater risk fromthe
potential health effects of radium especially tooth breakage
(Section 2.2.4.2), reduction in bone growth (Section 2.2.4.5), and
breast tunors (Section 2.2.4.8). There nay al so be a subpopul ati on of
humans who are genetically nore susceptible to the devel opnent of bone
cancer (Floyd et al. 1983). Patients with Paget's disease have 10 to
100 tinmes the risk of bone sarcona than the general popul ation

2.8 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, directs the Adm nistrator of ATSDR (in
consultation with the Adm nistrator of EPA and agenci es and prograns of
the Public Health Service) to assess whet her adequate information on the
health effects of radiumis avail able. Were adequate information is
not avail able, ATSDR, in conjunction with the National Toxi col ogy
Program (NTP), is required to assure the initiation of a program of
research designed to deternine these health effects (and techni ques for
devel opi ng methods to determ ne such health effects) of radium

The foll owi ng categories of 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.
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2.8.1 Existing Infornmation on the Health Effects of Radi um

The existing data on health effects of inhalation, oral, and dernma
exposure of humans and aninmals to radiumare sunmarized in Figure 2-1
The purpose of this figure is to illustrate the existing i nformation
concerning the health effects of radium Each dot in the figure
i ndicates that one or nore studies provide information associated with
that particular 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

Figure 2-1 indicates whether information on the endpoint of a
particular health effect is available for a specific route and duration
of exposure for radium Sone information was |ocated concerni ng human
i nhal ation or oral exposure to radium and no information was | ocated
concerning effects followi ng dermal exposure to radium by humans. The
only informati on available for aninmals is an internedi ate-duration study
in rats conducted via the oral route that resulted in cancer. There is
virtually no information on noncancer endpoints from animal studies. As
di scussed in previous sections, nost available information on radiumis
the result of studies using parenteral administration

In general, the adverse effects of radiumare believed to be the
consequence of the radiation enmitted fromthe elenment itself and its
daught er products. Because there is already a considerabl e anount of
information on the effects of radiation on humans and ani mal s deri-ved
fromstudies on the effects of the atom c bonb and of therapeutic x-ray
and gama-ray treatments of nalignancies, the experinental aninal
studies with radi um have nmade no attenpt to duplicate this information.
They have instead concentrated on radium s nost sensitive endpoint,
cancer. For exanple, it can be predicted that the beta and gama rays
emtted by a radiumsource will produce |local radiation burns and tissue
danmage when the source is placed on hunan or ani mal skin, hence there
have been no valid reasons to conduct such studies with radium

2.8.2 ldentification of Data Needs

Acut e- Durati on Exposure. There is no infornation avail able on the
effects of acute-duration exposure to radium by hunmans or animals via
i nhal ation, oral, or dernmaml exposure. The avail abl e toxicokinetic data
suggest that radiumcan be absorbed and retained after inhalation and
oral exposure. Although there are some toxicokinetic data that provide
information on the retention of inhaled radiumsulfate in the lung, it
is not clear whether this conpound and other salts of radi umwould
remain in the lung | ong enough after acute-duration exposure to cause
| ocal effects such as lung cancer or other carcinogenic or
noncar ci nogeni ¢ system c effects.
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Ani nal studies conducted via the inhalation, oral, and dernmal routes of
exposure for this duration period would be useful since the potential
short-termeffects of such exposure as well as effects that could energe
years |l ater, such as cancer, are not known.

I nt ernedi at e- Durati on Exposure. There are no data on internediate-
durati on exposure of humans to radiumvia the inhalation, oral, or
dernmal routes. There are no data on ani nmals exposed via inhalation or
the dermal route. The only information |located was a very limted
20-day oral study in rats that resulted in osteogenic sarconmas. The
data were not sufficient to calculate an MEL by any route. The
avai |l abl e toxi cokinetic data show that radi umcan be absorbed and
retained after inhalation or oral exposure, although quantitative data
are lacking. It would be useful to have information on the effects of
i nternedi at e-duration exposure to radiumvia inhalation, oral, and
dermal routes in order to help assess the potential health effects of
exposure to radiumin the vicinity of hazardous waste sites and other
settings, and to evaluate the possibility of |ong-range effects such as
cancer that nay energe years |later

Chroni c-Durati on Exposure and Cancer. A case report is available
on human chroni c-durati on exposure to radiumvia inhalation and
i ndi cates that acute | eukopenia, bronchopneunonia, and death occurred in
a chem st after 14 years of exposure. A case report is also available
on a man who regularly consuned bottles of a "rejuvenating" tonic
contai ning radiumfor about 5 years, resulting in effects described as
necrosis of the jaw, abscess of the brain, secondary anem a
bronchopneunoni a, and death. (Each of these causes of death can al so be
attributed to other etiologies.) Nunerous studies have followed the
di al painters who ingested radium and effects reported in these studies
i ncl ude anem a, bone sarconmas, head carci nomas, and death. Although
dermal exposure to radium al so occurred in these cases, skin effects
have not been reported. No data are avail able on chronic-duration
exposure to radiumby aninals via any route of exposure. The avail able
data were not considered to be adequate to calculate an MEL for any
route of exposure. Aninal studies on the noncarcinogenic effects of
chroni c-duration exposure to radiumvia inhalation, oral, and dernal
exposure woul d be useful in assessing the potential health risks of
humans chronically exposed to low levels of radiumin the vicinity of
hazardous waste sites and other settings.

Bone cancer has occurred in humans after chronic-duration ora
exposure to radiumand in rats that were orally exposed in an
i nternedi ate duration study (20 days). It would be useful to have
carcinogenicity informati on from ani mal studi es conducted via
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i nhal ation, oral, and dermal exposure since humans in the vicinity of
hazardous waste sites and other settings would be exposed to radiumvia
all routes of exposure.

Genotoxicity. Neither in vitro nor in vivo genotoxicity studies
have been located for radium A battery of in vitro genotoxicity tests
may provide useful information on the nmechani sm of carcinogenicity for
radi um

Reproductive Toxicity. No studies were |ocated on reproductive
effects of radiumin humans or aninmals via inhalation, oral, or derna
exposure. Aninmal studies using the oral route would be especially
useful in evaluating the potential for these effects in hunman
popul ati ons exposed to high levels of radiumin drinking water (eg.
nore than 5 pC ). Studies using dernmal and inhal ati on exposure woul d
al so be useful, since these are also probable routes of human exposure
to radiumin the vicinity of hazardous waste sites and other settings.

Devel opnental Effects. No information has been | ocated on
devel opnental effects in humans or aninals resulting frominhal ation
oral, or dermal exposure to radium It was observed that radi um 224
injected into young children markedly reduced their adult height due to
radi ati on danage to the growh plate in the [ ong bones. Aninal studies
via inhalation, oral, and dernmal exposure would be useful in determ ning
if radium like calcium can cross the placenta and enter feta
circulation, and can have adverse effects upon fetal devel opnment.

I mmunot oxi city. Studies that assess the potential effects of
radi umon the i mmune systemof orally or dernally exposed hunans have
not been | ocated. The case report of a chemist exposed to radi um
primarily via inhalation for 14 years reported | eukopenia and the al nost
total absence of granul ar |eukocytes, |eukoblastic groups, and | ynphoid
tissue in the bone nmarrow. No studies on animals exposed via
i nhal ation, oral, or dernmal routes have been |l ocated. A study reporting
a reduction in peripheral white blood cells in intraperitoneally
injected rats has been |ocated. The reported observations suggest that
i mmunol ogi cal effects may be a concern for hunmans exposed to radium A
battery of i mmune function tests conducted in aninals via inhalation and
the oral and dermal routes would provide useful infornation relative to
this concern

Neurotoxicity. No reports of neurotoxicity resulting from
i nhal ation, oral, or dermal exposure were located in the avail able human
and ani nal studies. No further information appears to be needed at this
time.
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Epi denmi ol ogi cal and Human Dosinmetry Studies. Two |large studies in
Germany that follow radi um 224 injected patients are bei ng conducted by
Spi ess and by Wck and Gossner, and the radi um study bei ng conducted at
Argonne National Laboratory has devel oped a | arge data base with
informati on on the radiumdial painters, patients who were nedically
treated with radium and other persons exposed to radium These studies
will be of value in determining any effects that may be experienced by
t hese agi ng popul ations. Additional data are not needed at this tine.

Bi omar kers of Exposure and Effect. Currently, human exposure to
radi um can be assessed by the presence of radioactivity in the body as
neasured by a whol e body counter and in biological fluids such as bl ood
or urine by gamma spectroscopy.

Ef fects specifically related to radi um exposure have not been
identified. Studies to identify potential biomarkers of radiums subtle
effects woul d be useful as indicators that imediate nitigation of
exposure to radiumis warranted or that serious effects such as bone
cancer nay foll ow.

Absorption, Distribution, Metabolism and Excretion. Quantitative
data on the absorption of radium after intake via any exposure route are
very linmted. No data were |ocated on the absorption of radiumafter
dermal exposure. Information on | aboratory workers exposed to radi um
during an industrial accident indicates that absorption can occur via
the inhalation route. A study in elderly hunman subjects indicated that
at least 20% of the ingested radium 224 in nock radiumdial paint was
absorbed and retained. No studies were |ocated on the absorption of
radi um by aninmals after inhalation or dernal exposure. A study of
orally exposed rats indicated that retention of radiumat 400 to
500 days was 1% to 7% of the adm ni stered dose. Further studies to
i nvestigate the absorption and retention of radium after inhalation
oral, and dermal exposure would be helpful in elucidating the relative
ri sks associated with exposure by each route.

No studi es have been | ocated regarding the distribution of radium
in hunans after oral or dernmal exposure. Due to the findings of
osteosarconas in the radiumdial painters and in a study in rats and the
presence of radiumin the exhumed skel etal remmins of the dial workers,
it is assuned to deposit in the bone after oral exposure. Data froma
study of laboratory workers exposed via inhalation during an acci dent
and a case report of a chem st exposed for 14 years al so indicate that
nost radi umwas deposited in the skeleton. In the case of the chem st,
no neasurable levels of activity were found in the liver,
gastrointestinal tract, heart, or kidneys. Information on radi um
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distribution follow ng inhalation, oral and dernmal exposure would be
useful in helping to determine the potential target organs in persons
exposed via each route.

Radi um salts, such as radium sulfate, can be dissociated to Ra2+
and the correspondi ng ani on. However, radiumis an el enent and cannot
be nmetabolized. It is changed over tinme by the decay of its isotopic
fﬁrns, each at its own rate. Therefore, no infornmation is needed in
this area.

Excretion data in orally and parenterally exposed hunmans indicate
that feces is the major route of radiumexcretion and that biliary
excretion is probably also involved. Some urinary elimnation also
t akes place in persons exposed via inhalation, oral, and dermal routes.
Continued excretion for nonths after exposure has been attributed to the
rel ease of radiumfromthe lungs in persons exposed via inhalation and
fromthe turnover of bone matrix in persons exposed orally or via
parenteral administration. It would be useful to have quantitative
infornmati on on the excretion patterns of radiumadninistered to animals
via inhalation, oral, and dernal administration and to nore clearly
elucidate the role of biliary excretion in the elimnation process.

Conpar ati ve Toxi cokinetics. There are currently not enough data to
eval uate any potential species-related differences in response to radi um
exposure by any route. It would be useful to have infornmation on which
ani mal nodel s nost cl osely approxi mate humans in this regard in order to
hel p interpret the relevance to humans of any toxicity findings in
ani mal studies. Studies on the toxicokinetics of radiumfollow ng
i nhal ation, oral, and dermal exposure are needed to conpare the
di fferent routes of exposure.

2.8.3 On-going Studies

In Germany, Spiess is follow ng about 900 patients who were
injected with radium 224 imedi ately after Wrld War 1. Wck and
Cossner are following a larger group of about 1,500 patients injected
nore recently with | ower doses of radium224. These studies are
currently active, and summaries of their data are published
peri odi cal |l y.

The Center for Hunman Radi obi ol ogy at the Argonne Nati onal
Laboratory is the repository for all data accunulated in the United
States on radi umexposed persons. This study has recently been severely
reduced in nagnitude, but the records on 5784 cases remain avail abl e at
the | aboratory (Rundo et al. 1986).
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Two | arge studies of radium and ot her bone-seeking radionuclides in
dogs were conducted at the University of Uah (Wenn et al. 1986) and at
the University of California at Davis (Raabe et al. 1981, 1983).

Results of both projects are still being anal yzed.
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3.1 CHEM CAL | DENTI TY

The chem cal formula and avail able identification nunbers for
radiumare listed in Table 3-1.

3.2 PHYSI CAL AND CHEM CAL PROPERTI ES

Table 3-2 lists inportant physical properties of radi um and
sel ected radi um conpounds. Radi oactive properties of the four
natural l y-occurring radiumisotopes are listed in Table 3-3. In
addition to the naturally occurring isotopes, there are 12 other known
i sotopes of radium The principal decay schenes of the uranium and
t hori um decay series that produce the naturally-occurring radi um
i sotopes are presented in Figure 3-1
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TABLE 3-1. Chemical Identity of Radium

Value Reference

Chemical name Radium NIM 1988
Natural isotopes Radium-223; Windholz 1983

Radium-224;

Radium-226;

Radium-228
Trade name No data
Chemical formula Ra NIM 1988
Chemical structure Rat? NIM 1988
Valence state +2 Windholz 1983
Identification numbers:
CAS Registry 7440-14-4 NIM 1983
NIOSH RTECS No data
EPA Hazardous Waste No data
OHM/TADS No data
DOT/UN/NA/IMCO Shipping No data
HSDB 2146 HSDB 1988
NCI No data

CAS = Chemical Abstracts Service; NIOSH = National Institute for
Occupational Safety and Health; RTECS = Registry of Toxic Effects of
Chemical Substances; 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
Substances Data Bank; NCI = National Cancer Institute.



TABLE 3-2. Physical and Chemical Properties of Selected Radium Compounds®

Radium Radium Radium Radium Radium Radium Radium
Property Radium Bromide Carbonate Chloride Hydroxide Iodate Nitrate Sulfate
Chemical formula Ra RaBr2 RaCO3 RaClz Ra(OH)Z RaIO3 RaN03 RaS0,
Molecular weight 226.03 385.83 286.03 296.93 No data 575.83 350.04 382.08
Synonyms No data No data Carbonic No data No data No data Nitric acid, Sulfuriec
acid, radium radium salt acid, radium
salt salt
CAS number 7440-14-4 10031-23-9 7116-98-5 10025-66-8 98966-86-0 No data 10213-12-4 7446-16-4
Color Silver- White White Yellowish- No data No data No data White
white white
Physical state Solid Solid Solid Solid No data No data Solid Solid
Melting point 700°C 728°C No data 1000°C No data No data No data No data
Boiling point <1140°C 900°C No data No data No data No data No data No data
(sublimes)
Density at 20°C 5 5.79 No data 4.91 No data No data No data No data
Odor No data No data No data No data No data No data No data No data
Odor threshold:
Water No data No data No data No data No data No data No data No data
Alr No data No data No data No data No data No data No data No data
Solubility:
Water at 20°C Decays Soluble Insoluble Soluble No data Soluble Soluble Insoluble
Other solvents Decays Soluble Decomposes Soluble No data No data No data Insoluble
in acids in alecohol in acids in alcohol in acids
Partition coefficients:
Log octanol/water NAP NA NA NA NA NA NA NA
Log Ky, NA NA NA NA NA NA NA NA
Vapor pressure at 20°C No data No data No data No data No data No data No data No data
Henry’s law constant: NA NA NA NA NA NA NA NA
Autoignition
temperature No data No data No data No data No data No data No data No data
Flashpoint No data No data No data No data No data No data No data No data
Flammability limits No data No data No data No data No data No data No data No data
Conversion factors No data No data No data No data No data No data No data No data

#Sources: CHEMNAME 1989; Sax and Lewls 1987; Weast 1985; Windholz 1983.
bNA = not applicable
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3. CHEMICAL AND PHYSICAL INFORMATION

TABLE 3-3. Selected Radioactive Properties of Naturally Occurring
Isotopes of Radium®

Isotope Decay Mode Decay Energy (MeV®) Half-1life
Radium-223 alpha 5.979 11.4 days
Radium-224 alpha 5.789 3.6 days
Radium-226 alpha 4,870 1600 years
Radium-228 beta 0.045 5.7 years

3Source: Weast 1985,
bMillion electron volts



Uranium-238 series Thorium-232 series Uranium-235 series
Np
238y 23414 2351y
U |45x10° 2.5 109 7.1x 108
years years years
BEEIY T, |
1.18 min 3.2x 10
Pa L l ¢ years
230 2327h 228Th = Th
234Tp Th 2317h
75x 10% 14 x10'0 1.90 years 18.6 days
Th 24.1 days; years years 256h
i ¢ “28Ac l 27p¢
6.13h l
Ac o 22.0 years|
2122';23 28R, 2245, 223R,
Ra years 5.75 years 3.64 days 11.4 days
Fr l l ¢
222Rn 2205 2198
Rn 3.825 5455 392s
days ) :
; i l i
214 210 212
218pq Po Po 216pg 65 Po 215pg
: 16x 10 138.4 3.0 x 1077 g
Po 3.05 min et days 0.158's | percent 1.8 msec
214Bi 2TOBi 2128i 211Bi
Bi ¢ 19.7 min i 5.0 days i L 60.5 min L l 2.16 min
v
214py, 210py 206pp 212pp 35 208py, 211pp 07pp
Pb 26.8 min 22.3 stable 106 h |percent stable 36.1 min stable
years o
208T; 207Tj
Ti 3.1 min 4.79 min
* Alpha decay / Beta decay

FIGURE 3-1. Uranium and Thorium Isotope Decay Series Showing the Sources and
Decay Products of the Four Naturally-Occurring Radium Isotopes

Adapted from: Aieta et al. 1987.
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4. PRODUCTI ON, | MPORT, USE, AND DI SPCSAL

4.1 PRODUCTI ON

Bet ween 1913 and 1920, about 70 g of radium were produced by
Pittsburgh refineries (Blaufox 1988). No current information on
production of radi um has been | ocat ed.

4.2 | MPORT

No current information has been | ocated on the inportation of
radium In the late 1970's, Zaire and Canada were the world's principa
producers of radium (HSDB 1988). No quantitative data regarding U S.

i mports of radiumfromthose countries have been | ocat ed.

4.3 USE

Radi um has been used as a radiation source for treating neoplastic
di seases, as a radon source, in radiography of nmetals, and as a neutron
source for research (Wast 1985; Wndhol z 1983).

Until the 1960s, radiumwas a conmponent of the | um nous paints used
for watch and clock dials, instrument panels in airplanes, mlitary
i nstrunments, and conpasses (Bl aufox 1988).

During the early years of this century, radiumwas used in potions
wi th supposed curative properties. This practice was di sconti nued by
the early 1930's (Bl aufox 1988; Macklis 1990).

4. 4 DI SPCSAL

Because radiumis a radioactive substance, disposal of wastes
containing radiumis controlled by a nunber of federal and state
regul ati ons (see Chapter 7). Both the EPA and the Nucl ear Regul atory
Conmi ssi on have promul gated regul ations for |and di sposal of these
wast es detailing contai nnent requirenments and perm ssible exposure
| evel s based on radioactivity.

On a global level, the amount of radiumrel eased to the environnment
X di sposed of through industrial use is considered to be insignificant
conpared to the natural occurrence of radiumin the environnent. Radi um
is present in the wastes of uranium m ning and refining processes, and
di sposal of these wastes is regul ated.
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5. POTENTI AL FOR HUVAN EXPCOSURE

5.1 OVERVI EW

Radiumis a naturally-occurring nmetal that is al nost ubiquitous in
soils, water, geologic materials, plants, and foods at | ow
concentrations. The utilization of radium uranium and fossil fuels
has resulted in the redistribution of radiumin the environment by way
of air, water, and land rel eases. The concentration of radiumin
natural water is usually controlled by adsorption-desorption reactions
with minerals and rocks and by the solubility of radium containing
mnerals. In addition, radiumis constantly being produced by the
radi oactive decay of its precursors, uranium and thorium Radium does
not degrade ot her than by radi oactive decay at rates which are specific
to each of four naturally-occurring isotopes. The concentrations of
radi um 226 and radi um 228 in drinking water are generally | ow, but there
are specific geographic regi ons where high concentrations of radium
occur due to geol ogic sources. Radium nmay be bioconcentrated and
bi oaccunul ated by plants and aninmals, and it is transferred through food
chains fromlower trophic |evels to hunans.

The frequency of NPL hazardous waste sites in the United States at
whi ch radi um has been found at hi gher than background | evels can be seen
in Figure 5-1.

5.2 RELEASES TO THE ENVI RONMENT
5.2.1 Air

The conbustion of coal nmay be the npost inportant nmechani sm for
rel easing radiuminto the atnosphere. The nean concentration of
radium 226 in coal is on the order of 1 pC/g (0.04 Bg/g). Wen
conbusted, radiummay volatilize, then condense onto coal fly ash
particles, which in turn may be rel eased from power plants as fugitive
eni ssions. The concentrations of radium226 in fly ash have ranged from
1to 10 pCi/g (0.04 to 0.4 Bg/g) (Coles et al. 1978; Ei senbud and Petrow
1964; Morris and Bobrowski 1979).

The radi um 228 content of fly ash has varied from1.8 to 3.1 pC /g
(0.07 to 0.12 Bqg/g) (Eisenbud and Petrow 1964). If it is assuned that
the total radiumcontent of fly ash is 5 pC/g (0.19 Bg/g), and that 1%
of the ash generated at all coal-fired power plants in the United States
escapes into the atnosphere, then an order-of-nagnitude estinmate of the
amount of radiumrel eased each year would be 2.2 G (81, 000, 000 kBq)
(Roy et al. 1981). Eisenbud and Petrow (1964) estimated that a single
| OO0 negawatt coal -fired power plant w Il di scharge about 28 n(Ci
(1,037,000 kBg) of total radium per year. Radium 226 has been detected
in soils inindustrial regions at levels up to 8.1 pCi/g (0.30 Bg/Qg)
(Jawor owski and Gryzbowska 1977).



—

[ T
>
- -
A < )
- A .
] /
: \ ;
b f 2
\ S5
L\
S
AN F
\\J'zcl B
\ Qi i 1711 ‘r
\ A
N
‘\
AY
| ‘k 1
\ 5]
FREQUENCY  FEEEFEH 1 SITE B 2 SITES 4 SITES I S SITES

FIGURE 5-1. Frequency of Sites with Radium Contamination

'S

TI0S0dXd NVWNH 04 TVIINHLOA

9%



47
5. POTENTI AL FOR HUMAN EXPOSURE

d obal rel eases of radium 226 by the conbustion of coal have been
estimated as 150 G (5,550, 000,000 kBg) per year (Jaworowski et al
1971). It has al so been observed that radium 226 concentrations in
glacial ice sanples collected in Europe have increased by a factor of
100 during the last 80 years. The source of these elevated | evels of
radi um may have been em ssions fromfossil fuels (Jaworowski et al
1971).

Anot her potential source of atnobspheric radiumis particulate
matter created by uraniumnining and mlling operations. However, no
i nfornmati on was | ocated on estinated rel eases or atnospheric
concentrations.

5.2.2 Water

The nost significant water-rel ated rel eases of radi um may be from
the |l eaching of uraniummine tailings and fromthe rel ease of ore
-processing effluents generated by | eaching, decantation, and filtration
processes. Approxinmately 97 mllion tons of mne tailings that contain
an estimated 60,000 G (2.2 x 10° kBq) of radi um 226 have been
stockpiled at the surface in the western United States (Kaufmann et al
1976). It has been estimated that 10 mllion tons of uranium m ne
tailings are generated each year in Canada (Kalin 1988). Laboratory
extraction studies (Havlik et al. 1968a, 1968b) have denonstrated that
radi um 226 nmay | each fromsolid wastes, particularly by acidic
wast ewat ers. Surface runoff and | eachate from urani um m ne tailings
have cont ai ned radi um 226 ranging from38 to 116 pC/L (1.4 to 4.3 Bg/L)
(Kalin 1988; Swanson 1985). Untreated uraniummlling effluent has

contained radium 226 at up to 2.2 puG /L (81 kBg/L) (Sebesta et al
1981). In the past, leachate frommnine tailings containing radium 226
concentrations of 53 to 292 pG /L (2 to 11 Bg/L) has been deep-well
injected (Kaufmann et al. 1976). Approximately 2,000 to 3,000 G

(74, 000, 000,000 to 111, 000, 000,000 kBg) of total radioactivity were

rel eased to the subsurface by two uraniummnills in New Mexi co. No
information was | ocated on the total amount of radiumrel eased to the
environnent by water-rel ated di scharges. As discussed in Section 5.4.2,
however, concentrations of radium 226 and radi um 228 found in surface
and ground water sources have generally been | ow.

5.2.3 Soils

Land rel eases of radiumare related to atnospheric fallout of coa
fly ash (see Section 5.2.1). For exanple, elevated radium 226
concentrations in snow have been detected near a coal-fired power plant
in Poland (Jaworowski et al. 1971). Oher |l and rel eases may include the
di sposal of coal fly ash, lime slurry derived fromwater softening
processes, and uraniummne tailings and associ ated w nd-bl own dusts.
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However, no information was | ocated on the total anmount of |and-rel eased
radi um

5.3 ENVI RONVENTAL FATE

Radi um may be transported in the atnosphere in association with
particulate matter. It exists primarily as a divalent ion in water, and
its concentration is usually controlled by adsorption-desorption
nmechani sns at solid-liquid interfaces and by the solubility of radi untontaining
m neral s. Radi um does not degrade in water other than by
radi oactive decay at rates that are specific to each isotope. Radium
may be readily adsorbed by earth materials; consequently, it is usually
not a nobile constituent in the environnent. It nmay be bi oconcentrated
and bi oaccurmul ated by plants and animals, and it is transferred in food
chains from!lower trophic | evels to hunans.

5.3.1 Transport and Partitioning
5.3.1.1 Air

Radi um may be transported in the atnosphere by the nmovenent of
particulate matter derived fromuraniumand coal utilization (see
Section 5.2.1). These fugitive em ssions would be subject to
at nospheric dispersion, gravitational settling and wash-out by rain

No data were | ocated on the residence tinme of radiumin the
at nosphere or its deposition rate. However, data for other elenents
adsorbed to particulate matter indicate that the residence tinme for fine
particles is about 1 to 10 days (EPA 1982b; Keitz 1980). Radi um may,
therefore, be subject to |long-range transport in the atnosphere.

5.3.1.2 Water

Radi umin water exists prinarily as a divalent ion (Raﬂ) and has
chemical properties that are simlar to barium calcium and strontium
The solubility of radiumsalts in water generally increases with
i ncreased pH I evels. The solubilities of radiumsulfate and carbonate
are low, the solubility constants for crystalline RaSO, and RaCO, have
been estimated as 5.495 x 10" nole/L and 5.01 x 10°nol e/ L, respectively
(Langnuir and Riese 1985). Radiumnitrate, chloride, and iodate are very
soluble in water (Anes and Rai 1978). However, the concentration of radiumin
water is usually controlled by adsorptiondesorption reactions at solid-liquid
interfaces which are in turn influenced by pH (see Section 5.3.1.3) or by the
di ssolution and coprecipitation of mnerals that contain radi um (EPA 1985a;
Langmuir and Riese 1985). The tendency for radiumto coprecipitate with barite,
and sparingly soluble bariumsulfate, as (BaRa)SO, is well known. Moreover
wat er treatnent by adsorption and water-softening techniques are thought
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to be effective in reducing radiumin untreated drinking water (Watson
et al. 1984). Therefore, it is likely that radiumin water does not
mgrate significantly fromthe area where it is rel eased or generated
(EPA 1985a). Limted field data al so support the generalization that
radiyn1is not nobile in groundwater (Kaufmann et al. 1976; Swanson
1985).

5.3.1.3 Aquifers, Sedinents, and Soils

Radi umin water may be readily adsorbed by sedinments, soils, and
aqui fer conmponents. It has been experinentally denonstrated that radi um
can be adsorbed by soils and sedinents (Benes and Strejc 1986; Landa and
Reid 1982), ferric hydroxide and quartz (Benes et al. 1984; Valentine
et al. 1987), kaolinite and nmontnorillonite (Benes et al. 1985), and
nuscovite and albite (Benes et al. 1986).

Partition coefficients such as adsorption constants (K,;) describe
the tendency of chemicals to partition to solid phases from water
Adsorption constants for inorganic ions such as Ra* cannot be predicted
a priori because they depend on the type of adsorbent, the pH of the
wat er, and the presence of other ions in solution. Ky values for sand
have varied from18 to 1,742 m./g in the pHrange of 7.4 to 8.3 (Benes
et al. 1984; Valentine et al. 1987). Ky values for clay mnerals and
ot her common rock-form ng mnerals have ranged from 2,937 to 90,378 nlL/g
in alkaline solutions (Benes et al. 1985, 1986). Simlarly, Kg for
soils in alkaline solutions have ranged from 214 to 467 nL/g (Anes and
Rai 1978). Adsorption constants based on field studies with | ake
sedi nrents have varied from 205 to 15,833 nL/g (Swanson 1985). The
magni t ude of these adsorption constants indicate that partitioning to
solid surfaces is a major renoval mechani sm of radiumfrom water
Swanson (1985) concl uded that about 90% of the radi um 226 rel eased by
uraniummne effluent to two small | akes was adsorbed by the | ake
sedi rents and al gae-detrital material

The renoval of Ra’ by adsorption has been attributed to ion
exchange reactions, electrostatic interactions with potential deternining
ions at mneral surfaces, and surface-precipitation wth
BaSO,. The adsorptive behavior of Ra* is similar to that of other
di valent cationic nmetals in that it decreases with an increase in pH
and is subject to conpetitive interactions with other ions in solution
for adsorption sites. In the latter case, Ra® is nore nobile in
groundwat er that has a high total dissolved solids (TDS) content. It
al so appears that the adsorption of Ra’by soils and rocks may not be a
conpletely reversible reaction (Benes et al. 1984, 1985; Landa and Reid
1982) . Hence, once adsorbed, radiummy be partially resistant to
renoval , which would further reduce the potential for environnenta
rel ease and human exposure.
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5.3.1.4 Plants and Ani mal s

Transfer fromsoil to plants. Radiumin the soil nmay be readily
absorbed by plants, depending on the specific plant type and soil (Rayno
1983). El evated concentrations of radi um 226 above background | evel s
have been detected in areas where radi um and/or uraniumwas nined or
processed (Kalin 1988; Rayno 1983; Tracy et al. 1983; Watson et al
1984). The partitioning of radium 226 to plants fromsoils has been
estimated by nmeasuring the ratio of radiumactivity (or concentration)
in the plant mass to that in the host soil. Soil-plant transfer
coefficients or concentration factors have ranged from1.1 x 10° to 6.5
(Rayno 1983; Tracy et al. 1983). Watson et al. (1984) concluded that a
reasonabl e radi um 226-concentration factor for fruits is 3 x 10° and
that 0.1 describes the partitioning of radium 226 to forage and hay. An
unwei ght ed nmean concentration factor for grain was 0.63. No information
was | ocated on soil-to-plant transfers for radi um 228; however, its
properties in this regard nay be sinmilar to those of radi um 226.

Transfer fromplants to cattle. There is a potential for human
exposure to radi umby the consunption of beef and milk derived from
cattle who graze on forage grown in soils containing radium The mean
ratio of radium226 in mlk to that in the animal's diet has been
estimated to be 3.8 x 10° (Watson et al. 1984). A sinilar ratio or
transfer coefficient for flesh was 6.8 x 107,

Transfer fromwater to aquatic organi snms. Aquatic organi sms such
as fish, snails, clans, and al gae can bi oaccurmul ate radi um from wat er
Bi oconcentration factors (BCFs) for fish living in streams or | akes
recei vi ng urani um processi ng waste effluent have ranged from1 to 60 for
flesh portions, and from40 to 1,800 in bone sanples (Markose et al
1982; Swanson 1985). It has been proposed that bottomfeedi ng organi sms
i ngest suspended solids containing adsorbed radium then are in turn
consuned by | arger predatory fish.

5.3.2 Transformati on and Degradati on
5.3.2.1 Air
Pure netallic radi um oxi di zes when exposed to air, but radi um

conpounds suspended in air are not subject to transformation or
degradati on nechani sns.
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5.3.2.2 Water

Radi umin water exists as a stable divalent ion; it probably does
not hydrolyze nor is it significantly influenced by oxidation-reduction
reactions (Anmes and Rai 1978). The solubility of radiumsalts is
i ncreased with increasing pH I evels.

5. 3. 2.3 Soi

Radi umin soils and sedi nent does not bi odegrade nor participate in
any chenical reactions that transformit into other fornms. The only
degradati on nechani smoperative in air, water, and soil is radioactive
decay. Radium has 16 known i sotopes (see Chapter 3), but only 4 occur
natural ly (Radi um 223, -224, -226, and -228). The half-life of
radium 226 is 1,620 years. The half-lives of radium 228, radium 223,
and radi um 224 are 5.77 years, 11.4 days, and 3. 64 days, respectively.

5.4 LEVELS MONI TORED OR ESTI MATED I N THE ENVI RONMVENT

Radiumis a naturally-occurring netal and is al nost ubiquitous at
| ow concentrations in air, water, soil, rocks, and food. The medi an
concentrations of radium 226 and radi um 228 in drinking water are
generally | ow, but there are geographic areas where higher
concentrations of radiumare known to occur. The utilization of coa
and uranium has resulted in re-distributing radiumin the environnent,
but the overall effects appear to be small. Estinmated | evels of average
huan exrosure to radi um of non-occupational popul ations are presented in
Tabl e 5-

5.4.1 Air

Dust sanples collected fromthe at nosphere of New Yorg Cty were
found to contain radium226 at 8 x 10° pG/m (3.0 x 10° Bg/ m) and

radium228 at 1.5 x 10" pGi/m (5.6 x 10° Bg/m’) (Eisenbud and Petrow
1964). No other published data on anbi ent concentrations of radiumin
t he at nbsphere were | ocated.

5.4.2 Water

Radiumis a naturally-occurring and fairly ubiquitous netal at |ow
concentrations in water and rock-formng mnerals. It has been
estimated that the total mass of radium 226 in the earth's oceans is
about 150 tons (Fremin and Abu Jarad 1980). The occurrence of radi um
in ground, surface, and finished (treated) drinking water has been
assessed (Aieta et al. 1987; Cech et al. 1988; EPA 1985a; Hess et al
1985; Longtin 1988; Lucas 1985; M chel and Cothern 1986; Watson et al
1984). In general, shallow wells tend to have | ower radi um 226
concentrations than deeper wells, and the total content in nunicipa



TABLE 5-1.

Estimated Levels of Average Human Exposure to
Radium by Nonoccupational Populations

Typical Assumed Rate Assumed Estimated Estimated
Concentration of Intake of Fraction Intake?® Intake?
Isotope Medium In Medium Medium Absorbed (pCi/kg/day) {mBq/kg/day)
Radium-226 Air 8 x 1075 pCi/m3b 20 m3/day 0.2 5 x 1076 1.9 x 1074
Radium-228 Air 1.5 x 20 m3/day 0.2 9 x 1076 3.3 x 1074
1074 pCi/md
Radium-226 Water 0.9 pCi/L® 2 L/day 0.2d 0.005 0.19
Water 10 pCi/L® 2 L/day 0.2 0.057 2.1
Radium-228 Water 1.4 pCi/L® 2 L/day 0.2 0.008 0.30
Water 6.4 pCi./L:E 2 L/day 0.2 0.037 1.4
Radium-226 Food 0.6 pCi/kg® 2 kg/day 0.2 0.003 0.11

2Assuming a 70-kg adult.

bEjsenbud and Petrow (1964).

®Mean concentration from Longtin (1988).
dgee Section 2.3.1.2
€Mean concentration of noncompliance water (Hess et al. 1985).

fEstimated mean of noncompliance water assuming that the ratio 228Ra/226Ra is 0.64 (Lucas 1985).
8Estimated from Eisenbud (1973) and Bortoli and Gaglione (1972).

Air samples collected in New York City.
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(treated) water supplies is lower than that in raw well water (Watson
et al. 1984). The radiumcontent of surface water is usually very |ow
Radi um 226 generally ranges from0.1 to 0.5 pC /L (0.004 to 0.019 Bqg/L)
(Hess et al. 1985). Based on 990 random sanpl es of drinking water from
ground water sources, the average popul ati on-wei ghted concentrati ons of
radi um 226 and radium 228 in the United States (excluding Hawaii) were
about 0.91 pG /L (0.034 Bg/L) and 1.41 pG /L (0.052 Bg/L), respectively
(Longtin 1988). Approximately 90% of these sanples contained radi um 226
at less than 1 pG/L (0.04 Bg/L); simlarly, about 90% contai ned
radi um 228 at less than 1 pG/L (0.04 Bg/L). (These were not
necessarily the same water sources.) However, there were approxi mately
200 public water supplies with radium 226 activities after treatnent
that were in excess of the regulatory maxi mum contam nant |evel (MCL) of
5 pG (0.19 Bg) total radiumL (Hess et al. 1985). The nean radi um 226
activity of the supplies in excess of the MCL was about 10 pC /L

(0.37 Bg/L).

A survey on the occurrence of radium 228 in nunicipal water
supplies in Illinois, lowa, Mssouri, and Wsconsin indicated that the
activity of this isotope nmay range from0.3 to 32.0 pG /L (11.1 to
1,180 nmBg/L) (Lucas 2985), while Mchel and Cothern (1986) reported that
typical concentrations are less than 1 pG /L (37 nBg/L).

There are few data on the occurrence of radium?224 in water. It
has been specul ated that the activity of this isotope could approach 30
to 40 pG /L (1,110 to 1,480 nmBg/L) (EPA 1985a).

Data on the presence of radon in groundwater can be used as a gui de
to the presumably correspondi ng presence of radiumin the same source.
Based on descriptions of aquifer conposition or lithology and data from
state water-resource agencies, counties with potentially high |evels of
radon i n groundwater have been identified by Mchel (1987). These
estimates indicate that the U S. counties wth the highest |evels of
radi um woul d be found in many areas of the Wstern third of the country,
including large areas of California, Nevada, |daho, and Mntana.

W sconsin and M nnesota woul d al so have high levels. In the East, the
Appal achi an Mountain region including alnost all of Miine and New
Hanpshire woul d have high levels, as well as a |l arge section of central
Florida. It is inportant to note that quantitative estimates are not
avai |l abl e, and the potentially "high" values for radon and radiuminply
only a conparison to other areas, not necessarily a risk to hunan health
or the environnent.

5.4.3 Soi
The nmean concentration of radium 226 in 356 surface soil sanples

collected fromO to 6 cmin 33 states was 1.1 pCi/g (0.041 Bg/g) (Mrick
et al. 1981). This mean concentration is very simlar to those reported
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for typical igneous rocks (1.3 pCi/g or 0.048 Bg/g), sandstone

(0.71 pG /g or 0.026 Bg/g), shale (1.1 pC/g or 0.041 Bg/g), and
linmestone (0.42 pCi/g or 0.016 Bg/g) (Eisenbud 1973). The concentration
of radium226 in soils in Northern Italy was reported to average

0.72 pCi/g [range: 0.08 to 3.8 pCi/g (0.003 to 0.14 Bg/g)] (DeBortol
and Gaglione 1972), excluding regions with extrenmely high | evels of
natural radioactivity (no data presented).

The concentrations of radium?226 in soils that were contani nated by
mning or mlling activities have ranged fromless than 1 to 3,700 pCi/g
(0.037 to 137 Bg/g) (Kalin 1988; Landa 1984; Tracy et al. 1983). No
i nfornmati on was | ocated on the occurrence of the other radi umisotopes
in soil or rocks.

The presence of uraniumin soil can be used as an indication of
occurrence of radiumand radon in the same |ocation. Based on
geol ogi cal reports and data synthesized fromthe National Uranium
Resource Eval uati on (NURE) program areas with potentially high radon
levels in soil gas have been identified by Mchel (1987). These areas
woul d have correspondingly high soil radiumlevels, although
guantitative estinmates are not avail able. These urani um "hot spots"
occur with nmore frequency in the Western third of the United States, and
i nclude | arge areas of California and | daho. H gh concentrations have
been found in Wsconsin and M nnesota and a very dense area has been
identified in western M ssouri/eastern Kansas. In the East, high levels
appear generally al ong the Appal achi an nmountai ns and near industrialized
sites. High levels have al so been found in the northern to central
sections of Florida.

5.4.4 O her Media

Radi um 226 nmay occur in nmany di fferent foods, and reported
activities have varied considerably. The nean radi um 226 contents of
diets in 11 cities in the United States were estimated to be 0.52 to
0.73 pCi/kg of food consuned (0.019 to 0.027 Bqg/kg) (Eisenbud 1973).
Esti mates of the mean concentrations of radium226 in mlk and beef are
0.23 pG /L (0.009 Bg/L) and 0.22 pCi/kg (0.008 Bg/kg) (fresh weight),
respectively, in the United States (Watson et al. 1984). No infornation
was | ocated on the occurrence of radium 228 in food.

5.5 GENERAL PCPULATI ON AND OCCUPATI ONAL EXPOSURE

Maj or sources of exposure to radiumby the general population are
t he consunption of drinking water and food (Table 5-1). O the nany
radi onuclides found in nature, radiumis considered to be one of the
nost inportant because of its wi de occurrence in groundwater, and
because it, like calcium is retained in bone tissues (Aieta et al
1987). Bone cancer is the greatest health risk fromexposure to radium
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Based on assunptions about the concentration of radiumin drinking water
provided by utilities, the size of the popul ation consuning this water
and the associated risk of cancer, Hess et al. (1985) estimated that the
average concentration of radiumin drinking water may cause cancer in
941 persons per year in the United States. The risk of exposure to
radiumin food is uncertain because of the variability in diets and in
the radi um 226 content of foods. It has been estinmated that the yearly

i ntake of radium 226 for food in New York City is on the order of 640
pC (24 Bgq) (Ei senbud 1973).

Level s of occupational exposure to radiumare difficult to assess.
Workers who are occupationally exposed to radi umthrough the m ning and
processi ng of uranium are al so probably exposed sinultaneously to
uraniumitsel f, thorium and radon by inhalation and probably derna
exposure. N elson and Rogers (1981) suggested that inhalation exposures
during uraniumnining and mlling operations involving crushing,
gradi ng, or blasting are the nost significant routes of exposure. There
is al so sone concern about ingesting dust at processing plants (D xon
1985). It has al so been suggested that inhalation of
fugitive emi ssions frommnine tailings could be locally significant
(Ruttenber et al. 1984), but radiumspecific data were not | ocated.

5.6 POPULATI ONS W TH POTENTI ALLY H GH EXPOSURES

The popul ations at greatest risk of exposure fromthe consunption
of drinking water with a high radiumcontent are |located in the Piednont
and Coastal Plain province in New Jersey, North Carolina, South
Carolina, and CGeorgia and parts of Mnnesota, lowa, Illinois, Mssouri,
and Wsconsin (Hess et al. 1985; Longtin 1988). It has been estinated
t hat about 600, 000 peopl e consune water with radi um 226 concentrations
in excess of the MCL (5 pG /L or 0.19 Bg/L) in Illinois, lowa, Mssouri,
and Wsconsin. Isolated occurrences of high radium 226 have al so been
detected in Arizona, New Mexico, Texas, M ssissippi, Florida, and
Connecticut. There is also a high probability of exposure to high
radi um 228 concentrations in many of the states |listed above in addition
to parts of California, Colorado, |daho, Mntana, New Mexico, and
Woning (Mchel and Cothern 1986).

It has been suggested that uraniummniners and mllers who are in
chronic contact with dust are at risk. However, such workers are
si mul t aneously exposed to several radionuclides and no generalization
specific to radium can be made.

5.7 ADEQUACY OF THE DATABASE
Section 104(i)(5) of CERCIA, directs the Admi nistrator of ATSDR (in

consultation with the Adm nistrator of EPA and agenci es and prograns of
the Public Health Service) to assess whet her adequate information on the
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health effects of radiumis available. \Were adequate information is
not avail able, ATSDR, in conjunction with the National Toxicol ogy
Program (NTP), is required to assure the initiation of a program of
research designed to determine the health effects (and techni ques for
devel opi ng methods to determ ne such health effects) of radium

The foll owi ng categories of 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 known, would reduce or
elimnate the uncertainties of hunan health assessnment. Each data need
di scussion highlights the availability, or absence, of the rel evant
exposure information. A statenment that reflects the inmportance of
identified data needs is also included. In the future, these data needs
will be evaluated and prioritized, and a substance-specific research
agenda wi ||l be proposed.

5.7.1 ldentification of Data Needs

Physi cal and Chemical Properties. Although sone of the physica
and chem cal properties of radium and radi um conpounds have not been
det erm ned, nany of those that are needed to evaluate its behavior in
the environment are known. The adsorption-desorption behavior of radium
wi th geol ogic materials depends on the specific systemunder study and
shoul d be determ ned on a case-hby-case basis. Al so, thernodynan c and
kinetic data for solid solution fornmation are scarce. Research in this
area would facilitate nodeling the fate of radiumin water

Production, Inport, Use, and Disposal. Radiumis apparently used
only in small quantities (e.g., in laboratories) in the United States.
The quantities discharged to the environnent fromthis source are
probably insignificant conpared to naturally-occurring radium However,
data on actual anmounts of radiumcurrently in use and anounts di sposed
of as waste would be useful in estimating human exposure potenti al

Envi ronnental Fate. Studies of releases of radiumthat result from
urani um m ni ng and processing woul d be hel pful to fully assess the tota
amount and environnental fate of radiumrel eased to the environnent.
Field data on the nobility of radiumin groundwater would al so be
hel pful in attenpts to predict its potential for occurrence in sources
of drinking water at renpte sites.

Bi oavai lability from Environnental Media. Data on the absorption
of radium fromenvironnmental nedia via inhalation, oral, and dernal
exposure woul d be useful in determ ning potential risks for organisns
(humans, animals and plants) that have been exposed to radiumin air
soil, or natural waters.
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Food Chai n Bi oaccunul ati on. The existing information indicates
that radi um may be transferred through the food chain fromlower trophic
| evel s to humans. Additional monitoring studies in areas where radi um
occurs naturally at high concentrations in soil would be hel pful to
determine if this pathway is a significant route of exposure. The
transfer of radium 228 fromsoils through the food chain has not been
assessed.

Exposure Levels in Environnental Media. The concentration of
radi um 226 in drinking water has been the subject of nunerous studies,
and average val ues are reasonably well known. It appears that enphasis
could be given to nmonitoring radi um 226 concentrations in regi ons where
hi gh concentrations are expected to occur ("hot spots"), such as regions
with high levels of natural radioactivity, in the vicinity of uranium
mning and milling operations, and at NPL and ot her hazardous waste
sites. Information on the occurrence of radiumin the atnosphere would
al so be useful in helping to predict exposure via inhalation

The occurrence of radium 228 has not been as well established, and
addi ti onal data would be hel pful, particularly in geol ogic regions where
hi gh concentrations are likely. There is virtually no information on
the occurrence and | evels of radium 223 and radi um 224 in drinking
wat er. The occurrence and | evels of any of the isotopes of radiumin
food are highly variable, and additional data would facilitate exposure
esti mat es.

Exposure Levels in Humans. There is no infornmation avail abl e on
t he general background |evels of radiumin human tissue. Information on
these levels, especially in the skeleton, would be especially useful as
a neans to nonitor continuing exposure to radium

Exposure Regi stries. A national exposure registry for persons
exposed to radi umwas not | ocated but would be useful in relating
factors such as age, sex, season, geography, regulations, environment
and other factors to neasured exposure concentrations and health
out comnes.

5.7.2 On-going Studies

The EPA is presently conducting a survey called the Nationa
I norgani cs and Radi onuclides Survey (NIRS). This study has been ongoi ng
since 1981, and prelimnary reports have been published. These
data are still being analyzed for the establishment of revised interim
drinki ng water regul ations.
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The purpose of this chapter is to describe the anal ytical nethods
that are available for detecting and/or measuring and nonitoring radi um
in environnental media and in biological sanples. The intent is not to
provi de an exhaustive list of analytical nethods that could be used to
detect and quantify radium Rather, the intention is to identify well
est abl i shed nethods that are used as the standard nmethods of anal ysis.
Many of the anal ytical nethods used to detect radiumin environnental
sanmpl es are the nethods approved by federal agencies such as EPA and the
National Institute for Cccupational Safety and Health (NICSH). O her
net hods presented in this chapter are those that are approved by a trade
associ ation such as the Association of Oficial Analytical Chem sts
(AQAC) and the American Public Health Association (APHA). Additionally,
anal ytical methods are included that refine previously used nethods to
obtain lower detection linmits and/or to inprove accuracy and precision

6.1 Bl OLOG CAL NMATERI ALS

The presence of radiumin biological materials or environnenta
sanples is generally determined by virtue of its radioactivity. Except
in the | aboratory where radi um conmpounds have been isol ated and
determ ned for a certain purpose, determ nation of radium conpounds in
bi ol ogi cal and environmental sanples is relatively rare. As a Goup IIA
al kaline earth element, radiumis simlar in its chenical behavior to
ot her menbers of that group, especially its nearest neighbor, barium
For exanple, radiumtends to precipitate as the sulfate, which is the
basis for its isolation for chenical analysis by coprecipitation with
barium sul fate. Furthernore, radiumassociates with calciumin living
systenms and accunul ates in bone. The determ nation of radi um conpounds
or specific isotopes is usually acconplished by a separation procedure,
foll owed by quantitative analysis of total radiumbased on its
radi oactivity.

Radiumis determ ned in both biological and environnmental sanples
by the em ssion of ionizing radiation fromits radi oi sotopes (al phae-
emitting radi um 223, radi um 224, and radi um 226, as well as
beta-emtting radium 228) and fromits daughter products. Gamma-ray
spectronetry of the ganma rays enmitted by decay products of radium can
al so be used to nmeasure radium One of the nost inportant exanples is
t he neasurenent of gamma rays emitted by #p; (Davis et al. 1987).
Internediate | oss of radon gas in the decay chain can be troubl esone in
this kind of neasurement. One nethod of radi um measurenent in bone
coll ects the radi oactive radon-222 gas product of the decay of radium
226, and its radioactivity is neasured and extrapol ated back to the
concentration of radium 226 (Walton et al. 1959).
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A met hod has been devel oped to neasure the rate of elimnation of
radon in exhaled breath (Stehney et al. 1955). Based on the assunption
that 70% of the radon fromfixed body radiumis exhaled, this test can
be used to cal cul ate approximate | evel s of the body burden of radi um
Sone anal ytical nethods for the determination of radiumin
bi ol ogical materials are given in Table 6-1. It is inportant to note
that the najor contributions of these studies are descriptions of sanple
preparation techni ques rather than advances in al pha or gamma
spectronetry.

6. 2 ENVI RONVENTAL SAMPLES

Because small anounts of radiumradionuclides in environnental
sanmpl es may be regarded as hazardous, it is usually necessary to detect
very small quantities of radiumwhich nmay require processing |arge
guantities of sanple (Quinby-Hunt et al. 1986). This introduces
possibilities for contanination and sanple loss. Specifically, in the
case of water sanples, sorption of the radionuclide to container walls
and to suspended natter may be inportant sources of error

Significant concentrations of contam nant radi um may be
subm cronmol ar. Therefore, radi ochem cal separations are commonly
enpl oyed that make use of a carrier, a nonradioactive elenent with
chem cal properties simlar to those of radium For radium bariumis
the el enment of choice, and radiumis coprecipitated fromsolution wth
barium sul fate, BaSO,. Correction for losses in the precipitation
procedure nay be made by adding a tracer consisting of an isotope of
radi um not expected in the sanple and noting its recovery at the end of
t he anal ytical procedure. The isotope radi um 223 can be used for this
pur pose.

Radi umis comonly determnmined in environnmental sanples by the
em ssion of al pha particles fromthe radi um 226 radi oi sotope. Beta-
emtting radium 228 can al so be nmeasured. Measurenent of the
radi oactive radon-222 gas product of the decay of radi um 226 can be used
to give the concentration of radium 226. Ganmma-ray spectroscopy of
daught er radi oi sotopes such as ?“Bi can al so be used to deternine
radi um

Because of the | ow penetrating power of al pha particles, special
counters are required to assay al pha activity. These include gas-filled
counters (thin wi ndow or internal, proportional counters), scintillation
counters, and sem conductor detectors. In addition, a very thin sanple
is required to prevent the sanple itself from absorbing al pha particl es.



TABLE 6-1. Analytical Methods for Determining Radium in Biological Materials

Sample
Detection
Sample Matrix Sample Preparation Analytical Method Limit® Accuracy? Reference
Fish, whole, Skin, bone, flesh separated, Alpha spec- <0.8 pCi/g No data Swanson 1983
skin, bone bones ashed, dissolved, copre- trometry (0.03 Bq/g)
cipitated with barium sulfate
Vole skeletal Flesh separated from bones, Alpha spec- No data 98 + 10X Burns et al.
bones bones ashed, dissolved, radium trometry 1987
coprecipitated with barium sulfate
Biological sam- Freeze dry, grind, seal in count- Gamma spec- 0.14-0.27 pCi/gb No data Joshi 1987
ples (fish tissue) ing vials to ensure equilibrium trometry (5-10 mBqg/g)
with daughter nuclides
Human, whole Count total activity with a Gamma spec- No data No data Toohey et al.
body whole body counter trometry 1983
Plant tissue Collection of plant material, Gamma spec- No data No data Teixeira and
ashing trometry Franco 1986
Plant shoots Collection of plant material, Gamma spec- No data No data D’Souza and
ashing trometry Mistry 1970
Human skeletal Bone ashed, dissolved in hot, Gamma spec- No data No data Walton et al.
bones dilute hydrochloric acid, trometry 1959
filtered. (Radon emanation is
measured)
Dog urine, feces Urine and feces each sealed in Gamma spec- No data No data Lloyd et al.
cans, frozen for one month, trometry 1983

then counted

9

SAOHLAW TVDILATVNY
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3Most studies presented in this table were generally chosen because they present information on sample preparation rather than
on advances in alpha or gamma spectrometry.
bBased on dry mass.

< = less than; pCi = picocurie; g = gram; mBq = milliBecquerel.
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A prom sing nethod has been devel oped for neasuring radi um 226
concentrations in water sanples of one liter size (Wittaker 1986). A
nongaseous al pha-enitting radi onuclides are coprecipitated with barium
sul fate and iron hydroxide, followed by counting al pha em ssions from
the precipitate. A count at 3 hours followed by one at 7 days is used
to nmeasure radi um 226

Sone anal ytical nmethods for the determination of radiumin
environnental sanples are given in Table 6-2.

6. 3 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, directs the Admi nistrator of ATSDR (in
consultation with the Adm nistrator of EPA and agenci es and prograns of
the Public Health Service) to assess whet her adequate information on the
health effects of radiumis avail able. Were adequate information is
not avail able, ATSDR, in conjunction with the National Toxi col ogy
Program (NTP), is required to assure the initiation of a program of
research designed to deternine the health effects (and techni ques for
devel opi ng methods to determ ne such health effects) of radium

The foll owi ng categories of 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 known, would reduce or
elimnate the uncertainties of human health assessnent. Each data need
di scussion highlights the availability, or absence, of the rel evant
exposure information. A statenent that reflects the inmportance of
identified data needs is also included. In the future, these data needs
will be evaluated and prioritized, and a substance-specific research
agenda wi ||l be proposed.

6.3.1 lIdentification of Data Needs

Met hods for Determ ning Bi omarkers of Exposure and Effect. As
di scussed above, the presence of radiumin biological materials is
usual |y deternmined by virtue of its radioactivity. Methods avail abl e
for the determination of radioactivity in biological naterials include
al pha spectroscopy and ganmma spectronetry, which is nore conveni ent, but
generally I ess sensitive, than al pha spectroscopy (Joshi 1987). It
woul d be useful to have additional data on the sensitivity and accuracy
of the nethods that are currently in use.

Ef fects specifically associated with radi um exposure have not been
identified. The devel opnent of nethods for detecting bi omarkers of
radium s effects woul d be useful



TABLE 6-2. Analytical Methods

for Determining Radium

in Environmental Samples

Sample
Detection
Sample Matrix Sample Preparation Analytical Method Limit Accuracy Reference
Soils Samples collected to 0.3 m No data No data No data ASTM 1988a
with a coring tool
Soils Samples collected from soil, Gamma spec- No data No data ASTM 1988b
reduced to small, homogen- trometry sug-
eous sample gested®
Water Precipitate with barium sulfate Alpha No data 94.27 Whittaker 1986
and iron hydroxide counting
Water Precipitate with barium sulfate Alpha No data 94.9- APHA 1985a
and lead sulfate counting 99.4%
Water Precipitate with barium sulfate, Alpha counting 0.03 pCi 97.1- APHA 1985b
redissolve, evolve radon of radon daughter 98.0%
Water (for Precipitate with barium sulfate Beta counting No data 94.22% APHA 1985c
Radium-228) and lead sulfate, separate of actinium
actinium-228 -228
Water Precipitate with barium sulfate Alpha count- 1 pCi/L No data ASTM 1988c
and lead sulfate ing of radium
isotopes
Water, soils, Collection of radium by resin Gamma spec- 0.5 pCi/L 100 + 2% Lucas 1987
sediments trometry Ra-226
Water, soils, Collection of water samples Gamma spec- No data No data Davis et al.
sediments trometry 1987
Water? Samples collected from soil Alpha and <3 pCi/L 85 + 24% EPA 1986a
reduced homogenous sample beta counting
Water Precipitate with barium sulfate Alpha count- No data No data EPA 1986b

and lead sulfate

ing of radium
isotopes

3This is a sample processing and homogenization technique with which various analysis methods can be used.
bMethod for gross alpha and beta activity, which may be indicative of radium content.

m = meter; pCi =

picocurie; L = liter; Ra = Radium; < =

less than.

‘9
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Met hods for Determ ning Parent Conpounds and Degradati on Products
in Environnental Media. It would be useful to have data on the
sensitivity and accuracy of nmethods that are currently used to determ ne
radiumin environmental media. In addition, continued devel opnent of
sensitive and accurate nmethods and instrunentation that woul d mnimnm ze
probl ems with background and contami nati on woul d be useful in
determ ning radiumlevels in environnental nedia. It would al so be
useful to devel op portable, conpact instrunments to conduct field
anal yses with optinum sensitivity and accuracy.

6.3.2 On-going Studies

Ref i nements continue to be made in detecting radioactivity from
radi umi sotopes and their daughter products. These devel opnents incl ude
better, nore sensitive detectors and nore efficient data handling
systens. Substantial inprovements may be anticipated in the area of
hi gh resol uti on ganma spectroscopy. Research is underway to inprove
sanpl e preparation and separation to give nore sensitive anal ysis and
better speciation. Because of the demands of cl eanup prograns including
Superfund Il, the Fornerly Utilized Sites Renedial Action Program and
the Uanium M |1 Tailings Renmedial Action Program research is underway
to increase sanple output and to decrease time and costs per sanple
(Doni van et al. 1987).
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International and national regulations and guidelines pertinent to
human exposure to radi umare summarized in Table 7-1. Recommendati ons
for radiation protection for people in the general population as a
result of exposure to radiation in the environnent are found in the
Federal Radiation Cui dance (FRC 1960) and I CRP No. 26 (ICRP 1977).
Nat i onal gui delines for occupational radiation protection are found in
the "Federal Radiation Protection Guidance for Occupational Exposure"
(EPA 1987). This guidance for occupati onal exposure supercedes
recommendati ons of the Federal Radiation Council for occupationa
exposure (FRC 1960). The new gui dance presents general principles for
the radi ation protection of workers and specifies the numerical primry
guides for limting occupational exposure. These recomendati ons are
consistent with the ICRP (I CRP 1977).

The basi c phil osophy of radiation protection is the concept of
AURA (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
guidelines are neant to give an upper limt to exposure. Based on the
primary guides (EPA 1987a), guides for Annual Limts on |Intake (ALIS)
and Derived Air Concentrations (DACS) have been cal cul ated (EPA 1988).
The ALl is defined as "that activity of a radionuclide which, if inhaled
or ingested by Reference Man (ICRP 1975), will result in a dose equal to
the nost Iimting primary guide for conmitted dose" (EPA 1988; |CRP
1979) (see Appendix B). The DAC is defined as "the concentration of
radi onuclide in air which, if breathed by Reference Man (I CRP 1975) for
a work-year, would result in the intake of one AL1 (EPA 1988). The ALls
and DACs refer to occupational situations but nay be converted to apply
to exposure of persons in the general popul ation by application of
conversion factors (Table 7-1).
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TABLE 7-1. Regulations and Guidelines Applicable to Radium

Agency Description Valued* Reference
International
Guidelines:
ICRP Occupational - whole body 5 rem/yr ICRP 1977
exposure (50 mSv/yr)
Individual - short-term, to 0.5 rem/yr
critical populations (5 mSv/yr)
Individual - chronic exposure 0.1 rem/yr
(1 mSv/yr)
WHO Guideline values recommended pCi/L (Bq/L) WHO 1984
Gross alpha activity 2.7 (0.1)
Gross beta activity 27 (1)
National
Regulations:
a. Air:
EPA Hazardous Air Pollutant NA EPA 1989a
0AQPS NESHAPS (Radionuclides) (proposed)
b. Water:
EPA Effluent limitations guidelines NA EPA 1982a

OWRS 40 CFR 440

EPA MCL pCi/L §B§[L2 EPA 1986¢c (40

ODW Radium-226, radium-228 5 (2x1074) CFR 141.15,

Gross alpha particle activity 15 (6x1071) 141.16)
(excluding radon and uranium)
c. Nonspecific media:
EPA Reportable quantity EPA 1989b
40 CFR 302
e T N
Radium-223 1 (4x10+%)
Radium-224 10 (4xtolly
Radium-225 1 (4x1010)
Radium-226 0.1 (4x109)
Radium-227 1000 (4x1013)y
Radium-228 0.1 (4x109)
EPA Radiation protection:

ORP Standards for nuclear power 25 mrem 40 CFR
operations. Annual radiation 190.10
dose equivalent to whole body

Standards for management and 100 Ci 40 CFR 191
disposal of spent fuel and (4x1012 Bq) Appendix A
wastes. Release limit, Table 1

radium-226P
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TABLE 7-1 (Continued)
Agency Description Value?* Reference
Standards for uranium and thorium 40 CFR
mill tailings. Radium-226: pCi/g SBngI 192.12
First 15 cm of soil 5 (2x107+)
More than 15 cm below soil 15 (6x10_1)
Groundwater protection pCi/L nglL! 40 CFR
Combined radium-226 and -228 5 (2x1074) 192.32
Gross alpha particle activity 15 (6x10_1)
(excluding radon and uranium)
FDA Levels in bottled water. pCi/L §B§[Lz 21 CFR
Radium-226 and -228 5 (2x107%) 103.35
Gross alpha particle activity 15 (6x1071)
NRC Radiation standards for exposure NA NRC 1988¢
levels, discharge, disposal 10 CFR 20
Radium-226 0.01 uCi NRC 1988€
(hxlO2 Bq) 10 CFR 20
Appendix C
Guidelines:
EPA Carcinogenic classification Group Ad IRIS 1988, 1989
EPA Occupational - the committed 5 rem/yr EPA 1987a
effective dose equivalent (50 mSv)
(internal) and annual effective
dose equivalent (external) combined
FRC Individual - whole body exposure 0.5 rem/yr FRC 1960¢
(5 mSv)
FRC Individual - operational guide for 0.17 rem/yr FRC 1960¢
"suitable sample of population" when (1.7 mSv)
individual whole body doses are not known
EPA Lung clearance classi/B; EPA 1988
All forms W
EPA Occupational ALI for inhalation EPA 1988
of class W forms ofP: pCi (Bq)
Radium-223 7x10 (3x10%)
Radium-224 2x108  (7x10%)
Radium-225 7x103  (3x10%)
Radium-226 6x10°  (2x10%)
Radium-227 1x1010 (4x108)
Radium-228 1x10%  (ax10%)
EPA Occupational ALI for ingestion ofl: pCi (Bq) EPA 1988
Radium-223 5x10 (2x10-)
Radium-224 8x10%  (3x107)
Radium-225 8x10%  (3x10%)
Radium-226 2x108  (7x10%)
Radium-227 2x1010 (7x108)
Radium-228 2x108  (7x10%)
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TABLE 7-1 (Continued)

Agency Description Valued+ Reference
EPA Occupational DAC for inhalation EPA 1988
of class W forms ofJ: gCi[cm3 ng[m3)
Radium-223 3x107% (1x10+)
Radium-224 7x107% (3x101)
Radium-225 3x107% (1x10l)
Radium-226 3x10™4 (1x101)
Radium-227 6 (2x10%)
Radium-228 5x107% (2x101)

ALT = Annual Limit of Intake

DAC = Derived Air Concentration

EPA = Environmental Protection Agency

FDA Food and Drug Administration

FRC = Federal Radiation Council

ICRP = International Commission on Radiological Protection
MCL = Maximum Contaminant Level

NA = Not applicable

NRC = Nuclear Regulatory Commission

OAQPS = Office of Air Quality Planning and Standards

ODW = Office of Drinking Water

ORP = Office of Radiation Programs

NESHAPS = National Emissions Standards for Hazardous Air Pollutants
WHO = World Health Qrganization

*See Glossary and Appendix B for definition of units

2Numerical values are provided in this column, when available. However, many regulations list chemicals
and/or involve requirements too complex for inclusion here. In these case, NA (Not Applicable) is inserted
in this column. The cited references provide details of the regulations.

bCumulative release to the accessible environment for 10,000 years after disposal per 1,000 metric tons of
Heavy Metal or other units of waste.

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

dGroup A: Human carcinogen.

€FRC guidance for occupational exposure is superseded by EPA (1987) Federal Radiation Protection Guidance.

fLung clearance class indicates the rate at which the element is cleared from the lung: D (days), W (weeks),
Y (years).

&The ALIs and DACs recommended by the EPA are numerically identical to those recommended by the ICRP
Publication 30 (ICRP 1979).

heonversion of the ALI for occupational settings to apply to exposure of persons in the general population
is:

ALI; = ALI * 0.1

where ALI; is the intake for the general population, ALI is the intake for occupational exposures and
0.1 is the ratio-of the dose limit to the individual (0.5 rem/yr) and the dose limit for occupational
workers (5 rem/yr).

%Based on a fractional uptake from the small intestine to blood (f;) of 0.2.

JConversion of the DAC for occupational exposure to apply to the general public is:

DAC; = DAC * 0.03

where DAC; refers to the "Derived Air Concentration" for exposure to the general population and 0.03
represents the adjustment for hours of exposure (168 hrs per month occupational vs. 720 hrs per month of
continuous exposure), breathing rate (29 m3/day for occupational vs. 22 m3/day for the general
population) and dose limits (0.5 rem/yr for individuals vs. 5 rem/yr for occupational settings).
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Absorbed Dose -- The nean energy inparted to the irradi ated nedi um per
unit mass, by ionizing radiation. Units: gray (GY), rad.

Absorbed Fraction -- Atermused in internal dosimetry. It is that
fraction of the photon energy (emtted within a specified volunme of
material) which is absorbed by the volune. The absorbed fraction
depends on the source distribution, 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 (emtted 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 beam of x or gammma radiation per unit thickness (Iinear
absorption coefficient), per unit mass (mass absorption coefficient), or
per atom (atonic absorption coefficient) of absorber, due to deposition
of energy in the absorber. The total absorption coefficient is the sum
of individual energy absorption processes. (See Conpton Effect,
Phot oel ectric Effect, and Pair Production.)

Li near Absorption Coefficient -- A factor expressing the fraction
of a beam of x or gammma radi ation absorbed in a unit thickness of
material. In the expression I=[,e"™,I, is the initial intensity,

| the intensity of the beam after passage through a thickness of
the material x, and p is the linear absorption coefficient.

Mass Absorption Coefficient -- The |inear absorption coefficient
per cmdivided by the density of the absorber in grams per cubic
centimeter. It is frequently expressed as p/+, where p is the

| i near 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 nistered quantity of this nuclide were uniformy

di stributed throughout the body.

Activation -- The process of inducing radioactivity by irradiation

Activity -- The nunmber of nuclear transformations occurring in a given
quantity of naterial per unit time. (See Curie.)



90

9. GLCSSARY

Activity Medi an Aerodynanic Di aneter (AMAD) -- The diameter of a unit-
density sphere with the sane terminal settling velocity in air as that
of the aerosol 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
| ess, as specified in the toxicological profiles.

Acut e Radi ati on Syndronme -- The synptons whi ch taken together
characterize a person suffering fromthe effects of intense radiation
The effects occur within hours or weeks.

Adsorption Coefficient (Koc) -- The ratio of the anount of a chenica
adsor bed per unit weight of organic carbon in the soil or sedinent to
the concentration of the chemical in solution at equilibrium

Adsorption Ratio (Kd) -- The amount of a chenical adsorbed by a sedi nent
or soil (i.e., the solid phase) divided by the ambunt of chemcal in the
sol ution phase, which is in equilibriumwth the solid phase, at a fixed
solid/solution ratio. It is generally expressed in mcrograns of

chem cal sorbed per gram of soil or sedinent.

Al pha Particle -- A charged particle enmtted fromthe nucleus of an
atom An al pha particle has a mass charge equal in magnitude to that of
a heliumnucleus; i.e., tw protons and two neutrons and has a charge of
+2.

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

negative electron in which they both di sappear; their energy, including
rest energy, being converted into el ectronmagnetic radiation (called
anni hilation radiation) with two 0.51 Mev gamma photons emtted at an
angl e of 180° to each other.

Atomic Mass -- The mass of a neutral atom of a nuclide, usually
expressed in ternms of "atomic nass units." The "atomi c nmass unit is
one-twel fth the mass of one neutral atom of carbon-12; equivalent to
1. 6604x102** gm (Synbol: u)

At omi ¢ Nunber -- The nunber of protons in the nucleus of a neutral atom
of a nuclide. The "effective atom c nunber"” is calculated fromthe
conposition and atom ¢ nunbers of a conpound or m xture. An el ement of
this atom ¢ nunber would interact with photons in the same way as the
conpound or mixture. (Synbol: 2)

Atonmic Weight -- The wei ghted mean of the nasses of the neutral atons of
an el ement expressed in atomi c nmass units.
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Auger Effect -- The enission of an electron fromthe extranucl ear
portion of an excited atom when the atom undergoes a transition to a
| ess excited state.

Background Radi ation -- Radiation arising fromradi oactive materia

ot her than that under consideration. Background radiation due to cosmic
rays and natural radioactivity is always present. There may al so be
background radi ation due to the presence of radioactive substances in
buil ding material s.

Becquerel (Bg) -- International Systemof Units unit of activity and
equal s one transformation (disintegration) per second. (See Units.)
Beta Particle -- Charged particle emitted fromthe nucl eus of an atom

A beta particle has a mass and charge equal in nagnitude to that of the
el ectron. The charge may be either +l or -1

Bi ol ogi ¢ Effectiveness of Radiation -- (See Relative 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 undergo radioactive decay. For exanple, radium C can undergo * or

f decay, *Cu can undergo B, B', or electron capture decay. An

i ndi vidual atom of a nuclide exhibiting branching disintegrates by one
node only. The fraction disintegrating by a particular node is the
"branching fraction" for that node. The "branching ratio” is the ratio
of two specified branching fractions (also called nmultiple

di sintegration).

Brenmsstrahl ung -- 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, fromthe field of another charged particle (usually a
nucl eus) .

Cancer Effect Level (CEL) -- The | owest dose of chenmical 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 radi oactive decay involving the capture
of an orbital electron by its nucleus. Capture froma particul ar
el ectron shell is designated as "K-electron capture,” "L-electron

capture, Il etc.
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Capture, K-Electron -- Electron capture fromthe K shell by the nucl eus
of the atom Also |oosely used to designate any orbital electron
capture process.

Car ci nogen -- A chemi cal capabl e of inducing cancer

Carcinona -- Malignant neopl asm conposed of epithelial cells, regardless
of their derivation

Cataract -- A clouding of the crystalline lens of the eye which
obstructs the passage of |ight.

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 i n the Toxicol ogical Profiles.

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

Cont ai nnent -- The confinenent of radioactive material in such a way
that it is prevented frombeing dispersed into the environnent or is
rel eased only at a specified rate.

Cont am nati on, Radi oactive -- Deposition of radi oactive material in any
pl ace where it is not desired, particularly where its presence may be
har nf ul

Cosmic Rays -- High-energy particulate and el ectronmagnetic radiations
whi ch originate outside the earth's atnosphere.

Count (Radiati on 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 nunber registered in a
given period of tinme. The termoften is erroneously used to designate a
di sintegration, ionizing event, or voltage pul se.

Counter, Geiger-Mieller -- Hghly sensitive, gas-filled
radi ati on-measuring device. It operates at voltages sufficiently
hi gh to produce aval anche ioni zation

Counter, Scintillation -- The conbi nati on of phosphor
photmul tiplier tube, and associated circuits for counting |ight
em ssi ons produced in the phosphors by ionizing radiation
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Curie — A unit of activity. One curie equals 3.7x10" nucl ear
transformati ons per second. (Abbreviated C.) Several fractions of the
curie are in conmon usage.

Megacurie -- One million curies. Abbreviated M .

Mcrocurie -- One-millionth of a curie (3.7x10*di si ntegrations
per sec). Abbreviated pG.

MIlicurie -- One-thousandth of a curie (3.7x10"di si ntegrations
per set). Abbreviated nCi.

Nanocurie -- One-billionth of a curie. Abbreviated nG .
Picocurie -- One-nillionth of a mcrocurie (3.7x10?

di sintegrations per second or 2.22 disintegrations per ninute).
Abbrevi ated pCi; replaces the term puc.

Decay, Radioactive -- Transformation of the nucl eus of an unstable
nucl i de by spontaneous emni 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
what ever particles were emtted during the decay. If further decays

t ake place, the subsequent nuclei are also usually called daughters.
Sonetinmes, to distinguish the sequence, the daughter of the first
daughter is called the granddaughter, etc.

Decay Constant -- The fraction of the nunber of atoms of a radioactive
nucl 1 de which decay in unit time. (Synbol ¢). (See Disintegration
Const ant).

Decay Product, Daughter Product -- A new isotope forned as a result of
radi oactive decay. A nuclide resulting fromthe radi oactive
transformati on of a radionuclide, forned either directly or as the
result of successive transformations in a radi oactive series. A decay
product (daughter product) nmay be either radioactive or stable.

Delta Ray -- Energetic or swiftly noving electrons ejected froman atom
during the process of ionization. Delta rays cause a track of secondary
i oni zations along their path.

Devel opnental Toxicity -- The occurrence of adverse effects on the
devel opi ng organismthat nmay result from exposure to a chemical prior to
conception (either parent), during prenatal devel opnent, or postnatally
to the tinme of sexual maturation. Adverse devel opnental effects may be
detected at any point in the lifespan of the organi sm
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Di sintegration Constant -- The fraction of the nunber of atons of a
radi oactive nuclide which decay in unit time; 3, is the synbol for the
decay constant in the equation N=N,e™ where N, is the initial nunber

of atoms present, and N is the nunber of atoms present after sone tine,
t. (See Decay Constant.)

Di si ntegration, Nuclear -- A spontaneous nuclear transformation

(radi oactivity) characterized by the em ssion of energy and/or nmass from
t he nucl eus. When | arge nunmbers 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 nust be appropriately qualified. If
unqualified, it refers to absorbed dose.

Absorbed Dose -- The energy inparted to matter by ionizing
radi ati on per unit mass 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, the absorbed dose is the gray
which is 1 J/kg. (See Rad.)

Cunul ati ve Dose (Radiation) -- The total dose resulting from
repeated or continuous exposures to radiation

Dose Assessment -- An estinmate of the radiation dose to an

i ndi vidual or a popul ation group usually by neans of predictive
nodel i ng techni ques, sonetinmes supplemented by the results of
neasur enent .

Dose Equivalent (DE) -- A quantity used in radiation protection
It expresses all radiations on a common scale for cal culating the
ef fective 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 Sl units, the dose equivalent is
the sievert, which equals 100 rem)

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

Absor bed Dose.)

Maxi mum Per nmi ssi bl e Dose Equi val ent (MPD) -- The greatest dose
equi val ent that a person or specified part thereof shall be
allowed to receive in a given period of tinme.

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 organisnms. Also called the LDs,.
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Threshol d Dose -- The ni ni mum absorbed dose that will produce a
det ect abl e 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.)

Dose, Fractionation -- A method of admi nistering radiation, in which
relatively smal|l doses are given daily or at |onger intervals.

Dose, Protraction -- A nethod of administering 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
t he dose effectiveness in cases in which the radi onuclide distribution
i's nonuni form

Dose Rate -- Absorbed dose delivered per unit tine.

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 elenmentary particle having an electric charge equa

to £1.60210x10"° C (Coul onbs) and a rest nmass equal to 9.1091x10-' Kkg.
A positron is a positively charged "electron."” (See Positron.)

El ectron 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

t housand or kilo electron volts; MeV for million or mega electron volts.
(Abbrevi ated: 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 ternms is the stage of devel opment during which the
insult occurred. The terns, as used here, include nalfornmations and
variations, altered growh, and in utero death.

Energy -- Capacity for doing work. "Potential energy" is the energy
i nherent in a nmass because of its spatial relation to other nasses.
"Kinetic energy" is the energy possessed by a nass because of its
motion; MKSA unit: kg-m*sec’ or joul es.

Bi ndi ng Energy -- The energy represented by the difference in mass
bet ween the sum of the conponent parts and the actual mass of the
nucl eus.
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Excitation Energy -- The energy required to change a system from
its ground state to an exited state. Each different excited state
has a different excitation energy.

| oni zing 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 el ectromagnetic radiation, such as
radi o waves, visible light, x and ganma rays.

Enriched Material -- (1) Material in which the relative anpunt of one or
nore isotopes of a constituent has been increased. (2) Uraniumin which
t he abundance of the *°Uisotope is increased above nornal

EPA Health Advisory -- An estimate of acceptable drinking water |evels
for a chenmical substance based on health effects information. A health
advisory is not a legally enforceable federal standard, but serves as

techni cal gui dance to assist federal, state, and |l ocal officials.

Equili brium Radioactive -- In a radioactive series, the state which
prevails when the ratios between the activities of two or nore
successi ve nmenbers of the series remains constant.

Secular Equilibrium-- If a parent elenent has a very nuch | onger
half-1ife than the daughters (so there is not appreciabl e change
inits ampunt in the tine interval required for |later products to
attain equilibrium then, after equilibriumis reached, equa
nunbers of atons of all menbers of the series disintegrate in unit
time. This condition is never exactly attained, but is

essentially established in such a case as radiumand its series to
Radi um D. The half-life of radiumis about 1,600 years; of radon
approxi nately 3.82 days, and of each of the subsequent nenbers, a
few minutes. After about a nonth, essentially the equilibrium
amount of radon is present; then (and for a long tine) all nenbers
of the series disintegrate the sane 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
peri od under consideration, but is still |longer than that of
successi ve nenbers of the series, a stage of equilibriumwll 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 approximtely 3.82 days) and successive
nmenbers of the series to RadiumD. Equilibrium Radiation -- The
condition in a radiation field where the energy of the radiations
entering a volune equal s the energy of the radiations |eaving that
vol une.
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Equi li brium Fraction (F) -- In radon-radon daughter equilibrium the
parents and daughters have equal radioactivity, that is, as nany decay
into a specific nuclide as decay out. However, if fresh radon is
continually entering a volume of air or if daughters are | ost by
processes other than radi oactive decay, e.g., plate out or migration out
of the volume, a disequilibriumdevel ops. The equilibriumfraction is a
nmeasure of the degree of equilibriumdisequilibrium The working-I|evel
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 fromits ground state to an excited state. Excitation of a nucl eus,
an atom or a nolecule can result from absorption of photons or from
inelastic collisions with other particles. The excited state of an atom
is a metastable state and will return to ground state by radiation of

t he 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 |iberated by photons in a vol une
el ement of air are conpletely stopped in air, divided by the mass of the
air in the volune elenment. The special unit of exposure is the

roent gen.

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

Ganma Ray -- Short wavel ength el ectromagnetic radiati on of nucl ear
origin (range of energy from10 keV to 9 MV).

Cenetic Effect of Radiation -- Inheritable change, chiefly nutations,
produced by the absorption of ionizing radiation by germcells. On the
basi s 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-hal f of any absorbed substance by regul ar processes of elinination
Approxi mately the sane for both stable and radi oactive isotopes of a
particular elenent. This is sonmetines referred to as half-tine.

Hal f-Life, Effective -- Tine required for a radioactive elenment in an
ani mal body to be di m nished 50% as a result of the conbined action of
radi oactive decay and biol ogical elimnation
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Effective half-life: = Biological half-life x Radioactive half-life
Bi ol ogical half-life + Radi oactive half-life

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

| mredi atel y Dangerous to Life or Health (IDLH) -- The maxi num

envi ronnental concentration of a contam nant from which one coul d escape
within 30 mnutes without any escape-inpairing synptons or irreversible
heal t h effects.

I mmunol ogi ¢ Toxicity -- The occurrence of adverse effects on the inmmune
systemthat may result from exposure to environmental agents such as
chem cal s.

In Vitro -- Isolated fromthe living organismand artificially
mai ntai ned, as in a test tube.

In Vivo -- Cccurring within the Iiving organi sm

Intensity -- Amount 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 ogical Profiles.

Internal Conversion -- One of the possible nechani sns of decay fromthe
nmet astabl e state (isoneric transition) in which the transition energy is
transferred to an orbital electron, causing its ejection fromthe atom
The ratio of the nunber of internal conversion electrons to the nunber
of gamma quanta emtted in the de-excitation of the nucleus is called
the "conversion ratio.|

lon -- Atomic particle, atom or chem cal radical bearing a net
el ectrical charge, either negative or positive.

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

loni zation -- The process by which a neutral atomor nolecule acquires a
positive or negative charge.

Primary lonization -- (1) In collision theory: the ionization
produced by the primary particles as contrasted to the "total
i oni zati on" which includes the "secondary ionization" produced by
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delta rays. (2) In counter tubes: the total ionization produced
by incident radiation without gas anplification

Specific lonization -- Nunber of ion pairs per unit length of path
of ionizing radiation in a nedium e.g., per centimeter of air or
per mcronmeter of tissue.

Total lonization -- The total electric charge of one sign on the
i ons produced by radiation in the process of losing its kinetic
energy. For a given gas, the total ionization is closely
proportional to the initial ionization and is nearly independent
of the nature of the ionizing radiation. It is frequently used as
a neasure of radiation energy.

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

| oni zation 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 atomc
nunbers.

I soners -- Nuclides having the same nunber of neutrons and protons but

capabl e of existing, for a neasurable tine, in different quantum states
with different energies and radi oactive properties. Comonly the isoner
of hi gher energy decays to one with | ower energy by the process of
isoneric transition.

| sotones -- Nuclides having the sane nunber of neutrons in their nuclei

| sotopes -- Nuclides having the sane nunber of protons in their nuclei
and hence the sane atom ¢ nunber, but differing in the nunber of
neutrons, and therefore in the nass nunmber. Al nost identical chenica
properties exist between isotopes of a particular elenent. The term
shoul d not be used as a synonym for nuclide.

Stabl e Isotope -- A nonradioactive isotope of an el enment.

Joule -- The unit for work and energy, equal to one newton expended
along a distance of one nmeter (1J=INxlny.

Label ed Conpound -- A compound consisting, in part, of |abeled

nol ecul es. That is nolecul es including radionuclides in their
structure. By observations of radioactivity or isotopic conposition
this conmpound or its fragments may be foll owed through physi cal
chemical, or biological processes.
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Late Effects (of radiation exposure) -- Effects which appear 60 days or
nore foll owi ng an acute exposure.
Let hal Concentration g o (LCo) -- The |owest concentration of a chenica

in air which has been reported to have caused death in hunans or
ani mal s.

Let hal Concentration (s (LCs) -- The cal cul 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 na
popul ati on.

Let hal Dose oy (LDio) -- The lowest dose of a chemical introduced by a
route other than inhalation that is expected to have caused death in
humans or ani nal s.

Let hal Dose (s5(ILDsg) -- The dose of a chemical which has been
calcul ated to cause death in 50% of a defined | aboratory anim
popul ati on.

Lethal Time o (LTso) -- A calculated period of time within which a
specific concentration of a chemical is expected to cause death in 50%
of a defined | aboratory ani mal popul ati on.

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

Low LET -- Radiation characteristic of electrons, x-rays, and
ganma rays.

H gh- LET -- Radi ation characteristic of protons or fast neutrons.

Average LET -- is specified to even out the effect of a particle
that is slowing down near the end of its path and to allow for the
fact that secondary particles from photon or fast-neutron beans
are not all of the sanme energy.

Lowest - Cbser ved- Adver se- Ef fect Level (LOAEL) -- The | owest dose of
chemical in a study, or group of studies, that produces statistically or
biologically significant increases in frequency or severity of adverse
ef fects between the exposed popul ation and its appropriate control

Li near Hypothesis -- The assunption that a dose-effect curve derived
fromdata in the high dose and high dose-rate ranges nay be extrapol at ed
t hrough the | ow dose and | ow dose range to zero, inplying that,
theoretically, any amount of radiation will cause some damage.
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Mal formations -- Permanent structural changes in an organi smthat may
adversely affect survival, devel opnent, or function

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

M nimal Risk Level -- An estimate of daily hunman exposure to a chemnica
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 nmutations. A nutation is a change in
the genetic material in a body cell. Mitation can lead to birth
defects, mscarriages, 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 nmss originally
postul ated to account for the continuous distribution of energy anbng
particles in the beta-decay process.

No- Qbser ved- Adver se- Ef fect Level (NQAEL) -- The dose of chem cal 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 -- Conmon nane for a constituent particle of the nucleus.
Applied to a proton or neutron

Nuclide -- A species of atomcharacterized by the constitution of its
nucl eus. The nucl ear constitution is specified by the nunmber of protons
(Z2) nunber of neutrons (N), and energy content; or, alternatively, by
the atom ¢ nunber (Z), mass nunber A=(N+Z), and atomic mass. To be
regarded as a distinct nuclide, the atom nust be capable of existing for
a neasurable tinme. Thus, nuclear isonmers are separate nuclides, whereas
pronptly decayi ng excited nucl ear states and unstable internmediates in
nucl ear reactions are not so considered.

Cct anol -Water Partition Coefficient (Kow) -- The equilibriumratio of
t he concentrations of a chemcal in n-octanol and water, in dilute
sol uti on.

Pai r Production -- An absorption process for x and ganma radiation in
whi ch the incident photon is annihilated in the vicinity of the nucl eus
of the absorbing atom w th subsequent production of an el ectron and
positron pair. This reaction only occurs for incident photon energies
exceedi ng 1. 02 MeV.
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Parent -- A radionuclide which, upon disintegration, yields a spec ified
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
ganma- radiation in which an incident photon interacts with an orbita
el ectron of an atomdelivering all of Its energy to produce a recoi

el ectron, but with no scattered photon

Positron -- Particle equal in mass to the el ectron (9.1091x10°' kg) and
havi ng an equal but positive charge (+1.60210x10™" Coulombs). (See
El ectron).

Potential lonization -- The potential necessary to separate one el ectron
froman atom resulting in the formation of an ion pair

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

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

Proton -- Elenentary nucl ear particle with a positive electric charge
equal nunerically to the charge of the electron and a rest nmass of
1. 007277 mass units.

qi* -- The upper-bound estinmate of the | ow dose slope of the doseresponse
curve as determined by the nultistage procedure. The q;* can

be used to calculate an estimate of carci nogeni c potency, the

i ncrenental excess cancer risk per unit of exposure (usually ug/L for

wat er, ng/ kg/day for food, and ,ugm’® for air).

Quality -- Atermdescribing the distribution of the energy deposited by
a particle along its track; radiations that produce different densities
of ionization per unit intensity are said to have different "qualities."

Quality Factor (QF) -- The linear-energy-transfer-dependent factor by
whi ch absorbed doses are multiplied to obtain (for radiation protection
purposes) a quantity that expresses - on a common scale for all ionizing
radi ation - the effectiveness of the absorbed dose.

Rad -- The unit of absorbed dose equal to 0.01 J/kg in any medium (See
Absor bed Dose.)
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Radi ation -- (1) The emnission and propagati on of energy through space or
through a material nediumin the formof waves; for instance, the

eni ssion and propagati on of el ectronagnetic waves, or of sound and

el astic waves. (2) The energy propagated through space or through a

mat eri al medi um as waves; for exanple, energy in the form of

el ectronagneti ¢ waves or of elastic waves. The termradiation or

radi ant energy, when unqualified, usually refers to el ectro-nmagnetic
radi ati on. Such radiation comonly is classified, according to
frequency, as Hertzian, infra-red, visible (light), ultra-violet, X-ray
and gamma ray. (See Photon.) (3) By extension, corpuscul ar em ssion
such as al pha and beta radiation, or rays of m xed or unknown type, as
cosmic radiation.

Anni hil ati on Radiation -- 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 fromradioactive
material other than the one directly under consideration
Background radi ation due to cosmc rays and natural radioactivity
is always present. There may al so be background radiation due to
the presence of radioactive substances in other parts of the
building, in the building material itself, etc.

Characteristic (Discrete) Radiation -- Radiation originating from
an atom after renoval of an electron of excitation of the nucl eus,
The wavel ength of the emitted radiation is specific, depending
only on the nuclide and particular energy |evels invol ved.

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).

I oni zing Radiation -- Any el ectromagnetic or particulate radiation
capabl e of producing ions, directly or indirectly, in its passage
t hrough matter.

Monoenergetic Radiation -- Radiation of a given type (al pha, beta,
neutron, ganmm, etc.) in which all particles or photons originate
with and have the sane energy.

Scattered Radiation -- Radiation which during its passage through
a substance, has been deviated in direction. It may al so have
been nodified by a decrease in energy.
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Secondary Radiation -- Radiation that results from absorption of
other radiation in matter. It nay be either el ectronmagnetic 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-made radi oactivity produced by
particle bonmbardment or el ectronagnetic irradiation, as opposed to
natural radioactivity.

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

reacti ons are caused by nman.

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

Radi oi sot opes -- A radioactive atom c species of an element with the
sanme atom ¢ nunber and usually identical chemical properties.

Radi onuclide -- A radi oactive species of an atom characterized by the
constitution of its nucleus.

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 comes in contact with a photon, an elenmentary
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. Xis the target nucleus, a is the incident particle or
photon, b is an emitted particle or photon, and Y is the product

nucl eus.

Ref erence Dose (RfD) -- An estinate (with uncertainty spanni ng perhaps
an order of nagnitude) of the daily exposure of the hunman population to
a potential hazard that is likely to be without risk of deleterious
effects during a lifetime. The RFD is operationally derived fromthe
NQAEL (from ani mal and human studi es) by a consistent application of
uncertainty factors that reflect various types of data used to estimte
Rf Ds and an additional nodifying factor, which is based on a
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prof essi onal judgrment of the entire database on the chemcal. The RfDs
are not applicable to nonthreshold effects such as cancer

Rel ative Biological Effectiveness (RBE) -- The RBE is a factor used to
conpare the biological effectiveness of absorbed radi ati on doses (i.e.
rad) due to different types of ionizing radiation. Mre specifically,
it 1s the experimentally determined ratio of an absorbed dose of a
radiation in question to the absorbed dose of a reference radiation
required to produce an identical biological effect in a particular
experimental organismor tissue. NOTE: This term should not be used in
radi ation protection. (See Quality Factor.)

Rem -- A unit of dose equivalent. The dose equivalent in remis
nunerically equal to the absorbed dose in rad multiplied by the quality
factor, the distribution factor, and any ot her necessary nodifying
factors.

Reportabl e Quantity (RQ -- The quantity of a hazardous substance that
i s considered reportable under CERCIA. Reportable quantities are (1) 1
Ib or greater or (2) for selected substances, an ampunt established by
regul ation either under CERCLA or under Section 311 of the C ean 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 chenical. The
toxicity may be directed to the reproductive organs and/or the rel ated
endocrine system The manifestation of such toxicity may be noted as
alterations in sexual behavior, fertility, pregnancy outcones, or

nodi fications in other functions that are dependent on the integrity of
this system

Roentgen (R) -- A unit of exposure for photon radiation. One roentgen
equal s 2.58x10* Coul onb per kil ogram of air

Short-Term Exposure Limt (STEL) -- The maxi mum concentration to which
wor kers can be exposed continually for up to 15 mnutes. No nore than
four excursions are allowed per day, and there nmust be at |east 60

m nut es between exposure periods. The daily TLV-TWA nay not be
exceeded.

SI Units -- The International Systemof Units as defined by the Cenera
Conference of Wights and Measures in 1960. These units are generally
based on the neter/kil ogranf second units, with special quantities for
radi ati on including the becquerel, gray, and sievert.

Si ckness, Radiation -- (Radiation Therapy): A self-limted syndrone
characterized by nausea, vonmiting, diarrhea, and psychi c depression
foll owi ng exposure to appreci able doses of ionizing radiation
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particularly to the abdom nal region. Its nmechanismis 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 syndrome associated with intense acute

exposure to ionizing radiations. The rapidity with which synptons
develop is a rough nmeasure of the |evel of exposure.

Sievert -- The SI 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 gram of an
el enent .
Specific Energy -- The actual energy per unit nass deposited per unit

volume in a given event. This is a stochastic quantity as opposed to
t he 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 disease or accident nortality rate in a certain specific
popul ati on 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 twice 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 emtter that is
deposited and remains on the surface for a long period of tinme. This
contrasts with a vol une seeker, which deposits nore uniformy throughout
t he bone vol une.

Target Organ Toxicity -- This termcovers a broad range of adverse

ef fects on target organs or physiol ogical systens (e.g., renal

cardi ovascul ar) extending fromthose arising through a single linmted
exposure to those assuned over a lifetinme of exposure to a chem cal

Target Theory (Ht Theory) -- A theory explaining sone biologica
effects of radiation on the basis that ionization, occurring in a

di screte volune (the target) within the cell, directly causes a | esion
whi ch subsequently results in a physiological response to the damage at
that location. One, two, or nore "hits" (ionizing events within the
target) may be necessary to elicit the response.

Teratogen -- A chenical that causes structural defects that affect the
devel opnent of a fetus.
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Threshold Limit Value (TLV) -- An allowable exposure concentration
averaged over a normal 8-hour workday or 40-hour workweek,

Toxic Dose (TDsq) -- A calculated dose of a chemical, introduced by a
route other than inhalation, which is expected to cause a specific toxic
effect in 50% of a defined laboratory animal population.

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

Transition, Isomeric -- The process by which a nuclide decays to an
isomeric nuclide (i.e., one of the same mass number and atomic number)
of lower quantum energy. 1Isomeric transitions, often abbreviated I.T.,
proceed by gamma ray and/or internal conversion electron emission.

Tritium -- The hydrogen isotopes with one proton and two neutrons in the
nucleus (Symbol: °H or T).

Unattached Fraction -- That fraction of the radon daughters, usually
218po (Radium 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 alpha energy when it decays.

Uncertainty Factor (UF) -- A factor used in operationally deriving the
RfD from experimental data. UFs are intended to account for (1) the
variation in sensitivity among the members of the human population, (2)
the uncertainty in extrapolating animal data to the case of human, (3)
the uncertainty in extrapolating from data obtained in a study that is
of less than lifetime exposure, and (4) the uncertainty in using LOAEL
data rather than NOAEL data. Usually each of these factors is set equal
to 10.

Units, Radiological --

Units Equivalents
Becquerel* 1 Bq = 1 disintegration per second = 2.7x107!! Ci
Curie 1 ¢i = 3.7x10! disintegrations per second = 3.7x10%0
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).
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Worki ng Level (W) -- Any conbination of short-lived radon daughters in
1 liter of air that will result in the ultimte em ssion of 1.3x10°MeV
of potential al pha energy.

Worki ng Level Month (WM -- Inhalation of air with a concentration of 1
W. of radon daughters for 170 working hours results in an exposure of 1
WM

X-rays -- Penetrating el ectromagnetic radiati ons whose wave | engths are
shorter than those of visible Iight. They are usually produced by
bonbarding a netallic target with fast electrons in a high vacuum In
nucl ear reaction, it is customary to refer to photons originating in the
extranucl ear part of the atomas X-rays. These rays are sonetines

call ed roentgen rays after their discoverer, WC. Roentgen
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PEER REVI EW

A peer review panel was assenbl ed for radium The panel consisted of
the followi ng nenbers: Dr. Carnia Borek, Professor of Pathol ogy,
Col unbia University; Dr. Douglas Crawford-Brown, Assistant Professor in
t he Departnent of Environmental Science, University of North Carolina;
Dr. Hal uk Ozkaynak, Lecturer, Harvard School of Public Health, Research
Fel | ow, Energy and Environnental Policy Center, Kennedy School of
CGovernnment, Harvard University; Dr. Ray LlIoyd, Research Professor
Radi obi ol ogy Division, University of Uah. These experts collectively
have know edge of radiunis physical and chem cal properties,
t oxi coki netics, key health end points, mechanisnms of action, human and
ani mal exposure, and quantification of risk to humans. Al reviewers
were selected in conformity with the conditions for peer review
specified in Section 104(i)(13) of the Conprehensive Environnental
Response, Conpensation, and Liability Act, as anended.

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

The citation of the peer revi
inmply their approval of the profile
for the content of this profile lie
Subst ances and Di sease Registry.

ew panel shoul d not be understood to
's final content. The responsibility
s with the Agency for Toxic
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OVERVI EW OF BASI C RADI ATI ON PHYSI CS, CHEM STRY AND Bl CLOGY

Under st andi ng the basic concepts in radiation physics, chemstry,
and biology is inportant to the evaluation and interpretation of
radi ati on-i nduced adverse health effects and to the derivation of
radi ation protection principles. This appendix presents a brief
overvi ew of the areas of radiation physics, chem stry, and bi ol ogy and
is based to a large extent on the reviews of Mettler and Mosel ey (1985),
F?bb? and)NbG ellan (1986), Eichholz (1982), Hendee (1973), and Early et
al. (1979

B.| RADI ONUCLI DES AND RADI CACTI VI TY

The substances we call elenments are conposed of atons. Atons in
turn are nade up of neutrons, protons, and el ectrons; neutrons and
protons in the nucleus and electrons in a cloud of orbits around the
nucl eus. Nuclide is the general termreferring to any nucl eus al ong
with its orbital electrons. The nuclide is characterized by the
conposition of its nucleus and hence by the nunber of protons and
neutrons in the nucleus. Al atons of an el enent have the same nunber
of protons (this is given by the atonic nunber) but may have different
nunbers of neutrons (this is reflected by the atom ¢c nmass or atomc
wei ght of the elenent). Atons with different atom c mass but the sane
atom c nunbers are referred to as isotopes of an el enment.

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
nucl i des undergo a process referred to as radi oactive transformation in
whi ch energy is enitted. These unstable atons are call ed radionuclides;
their em ssions are called ionizing radiation; and the whol e property is
called radioactivity. Transformation or decay results in the fornmation
of new nuclides sonme of which nay thensel ves be radionuclides, while
others are stable nuclides. This series of transformations is called
t he 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 unstable state. Natural radioactivity is the property of sone
naturally occurring, usually heavy el enents, that are heavier than | ead.
Radi onucl i des, such as radiumand uranium prinmarily emt al pha
particles. Sone lighter elements such as carbon-14 and tritium
(hydrogen-3) primarily emt beta particles as they transformto a nore
stable atom Natural radioactive atonms heavier than | ead cannot attain
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a stable nucleus heavier than | ead. Everyone is exposed to background
radi ati on fromnaturally-occurring radi onuclides throughout Iife. This
background radiation is the major source of radiation exposure to man
and arises fromseveral sources. The natural background exposures are
frequently used as a standard of conparison for exposures to various
man- nade sources of ionizing radiation

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
atoms with particles, such as neutrons, directed at the stable atons
with high velocity. These artificially produced radi oactive el enents
usual |y decay by enission of particles, such as positive or negative
beta particles and one or nore high energy photons (gamma rays).

Unst abl e (radi oactive) atons of any el enent can be produced.

Both naturally occurring and man-made radi oi sotopes find
application in nedicine, industrial products, and consumer products.
Sone specific radioi sotopes, called fall-out, are still found in the
environnent as a result of nuclear weapons use or testing.

B. 2 RADI QACTI VE DECAY
B.2.1 Principles of Radioactive 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 atonms 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 nucleus
may undergo transformation. For sone elenents, a chain of daughter
decay products nmay be produced until stable atons are forned.

Radi onucl i des can be characterized by the type and energy of the
radiation emtted, the rate of decay, and the node of decay. The nobde
of decay indicates how a parent conpound undergoes transfornation.

Radi ati ons considered here are primarily of nuclear origin, i.e., they
arise fromnucl ear excitation, usually caused by the capture of charged
or uncharged nucl eons by a nucl eus, or by the radioactive decay or
transformati on of an unstable nuclide. The type of radiation nay be
categori zed as charged or uncharged particles (el ectrons, neutrons,
neutrinos, al pha particles, beta particles, protons, and fission
products) or electromagnetic radiation (gamma rays and X-rays). Table
B-1 summarizes the basic characteristics of the nore common types of
radi ati on encount er ed.

B.2.2 Half-Life and Activity

For any given radionuclide, the rate of decay is a first-order
process that depends on the number of radioactive atons present and is
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TABLE B-1. Characteristics of Nuclear Radiations

Path Length

Typical (Order of Magnitude)

Radiation Rest Mass Charge Energy Range Air Solid General Comments
a 4,00 amu 2+ 4-10 MeV 5-10 cm 25-40 fm Identical to ionized He
nucleus
B 5.48x%10"* amu - 0-4 MeV 0-1m 0-1 cm Identical to electron
(negatron) 0.51 MeV
Positron 5.48%x10-% amu + - 0-1m 0-1 cm Identical to electron
(B positive) 0.51 MeV except for charge
Proton 938.26 MeV + - ~ - -
1.0073 amu
Neutron 1.0086 amu 0 0-15 MeV 0-100 m 0-100 cm Free half life: 16 min
939.55 MeV
X - Q eV-100 keV 0.1-10 m® 0-1 m? Photons from electron
(e.m. photon) transitions
¥ - 0 10 KeV-3 MeV 0.1-10 m® 1 mm-1 m Photons from nuclear

(e.m. photon)

transitions

“Exponential attenuation in the case of electromagnetic radiation.

a = alpha
B = beta
X = X-ray
Y= gamma

amu = atomic mass unit
MeV = Mega electron volts
KeV = Kiloelectron volts
cm = centimeter

m = meter

fAm = micrometer

mm = millimeter

e.m. = electromagnetic

]
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characteristic for each radionuclide. The process of decay is a series of
random events; tenperature, pressure, or chem cal conbinations do not effect
the rate of decay. Wiile it nmay not be possible to predict exactly which atom
is going to undergo transfornation at any given tinme, it is possible to
predict, on the average, how many atons will transformduring any interval of
tine.

The source strength is a nmeasure of the rate of emission of radiation.
For these radioactive materials it is customary to describe the source
strength in terms 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 (C) 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 transformation/second.

Since activity is proportional to the nunber of atons of the radi oactive
material, the quantity of any radioactive material is usually expressed in
curies, regardless of its purity or concentration. The transfornation of
radi oactive nuclei is a random process, and the rate of transformation is
directly proportional to the nunber of radioactive atons present. For any
pure radioactive substance, the rate of decay is usually described by its
radi ol ogical half-life, 7z i.e., the tine it takes for a specified source
material to decay to half its initial activity.

The activity of a radionuclide at tine t nmay be cal cul ated by:

A - ADe-O.GQSIIT
rad

where Ais the activity in dps, A is the activity at time zero, t is the tine

at which nmeasured, and T, is the radiological half-life of the radionuclide.

It is apparent that activity exponentially decays with tinme. The tinme when

the activity of a sanple of radioactivity becones 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 nay be cal cul ated by

curies/gram = |.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 ti onal consideration is nade for the reduction in observed activity due to

regul ar processes of elimnation of the respective chem cal or biochem ca
substance fromthe organism This introduces a rate constant called the
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bi ol ogi cal half-life (7, which is the time required for biologica
processes to elimnate one-half of the activity. This time is virtually the
sane for both stable and radi oactive isotopes of any given el enent.

Under such conditions the tine required for a radioactive elenment 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 = (Tbiol X Trad)/(Tbiol + Trad)-
Table B-2 presents representative effective half-1ives of particular interest.
B.2.3 Interaction of Radiation with Mtter

Bot h ioni zing 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 mechanisns. 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 may be absorbed, such as ultraviolet radiation,

i oni zing radi ation deposits a relatively |arge anount of energy into a smal
vol une.

The nmet hod by which incident radiation interacts with the nediumto cause
ionization may be direct or indirect. Electromagnetic radiations (X-rays and
gamma 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 ecule. Charged
particles, in contrast, strike the tissue or mediumand directly react with
target nol ecul es, such as oxygen or water. These particulate 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 Radi ati on

B.2.4.1 Al pha Em ssion. In al pha enission, an al pha particle consisting
of two protons and two neutrons is emtted with a resulting decrease in the
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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- 3 Whole body 12.3 y 12 d 11.974
(Tritium)
Iodine-131 Thyroid 8 d 138 4 7.6 d
Strontium-90 Bone 28 y 50y 18 y
Plutonium-239 Bone 24,400 y 200 y 198 y

Lung 24,400 vy 500 d 500 d
Cobalt-60 Whole body 5.3y 99.5 d 9.5 d
Iron-55 Spleen 2.7y 600 d 388 d
Iron-59 Spleen 45.1 d 600 d 41.9 d
Manganese-54 Liver 303 d 25 d 23 d
Cesium-137 Whole body 30 y 70 d 70 d

8d = days, y = years.

’Mixed in body water as tritiated water.
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atom c nass nunber by four and reduction of the atom c nunber by two, thereby
changing the parent to a different elenent. The al pha particle is identica

to a helium nucl 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 em ssion
with a discrete al pha energy and characteristic pattern of al pha energy
emitted.

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 origin to
its resting point, is about 4 cmin air, which decreases considerably to a few
mcroneters in tissue. These properties cause al pha emitters to be hazardous
only if there is internal contamnation (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 nmay be either a negatively charged
el ectron, termed a negatron (RB-) or a positively charged electron, terned a
positron (R+). Although the precise definition of "beta enm ssion" refers to
both fi- and D+, common usage of the termgenerally applies only to the
negative particle, as distinguished fromthe positron enission, which refers
to the 13+ particle.

B.2.4.2.1 Beta Negative Emi ssion. 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 elenment. The energy spectrum of beta particle em ssion ranges from
a certain nmaxi num down to zero with the nmean energy of the spectrum being
about one-third of the maximum The range in tissue is nmuch | 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 Em ssion. In cases in which there are too many
protons in the nucleus, positron enission 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 nakes all positron emtting
i sotopes nore of an external radiation hazard than pure 13 enitters of equa
energy.
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B.2.4.2.3 Gamma Em ssion. Radi oactive decay by al pha, beta, positron
emi ssion or electron capture often | eaves some 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 form of 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 DEPCSI TI ON I N HUMAN Tl SSUES

Two forms 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 vidual 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 radioactive 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 emtting gamm radiation, which readily penetrate the skin and
i nternal organs. Beta and al pha radiation 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 gamma rays, may be negligible.

Characterizing the radiation dose to persons as a result of exposure to
radiation is a conmplex issue. It is difficult to: (1) measure internally the
amount of energy actually transferred to an organic material 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 omb 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 nmaterial through which they pass, any
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attenpt to assess their effect on hunmans or aninmals 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 nmedium The
SI unit is the gray which is equivalent to 100 rad or 1 J/kg. Internal and
external exposures fromradi ation 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 volune of mass is referred to as the absorbed
dose rate in units of rad/unit tinme.

B.3.1.3 Wirking Levels and Wrking Level Mnths. Wrking |evels are
units that have been used to describe the radon decay-product activities in
air in terns of potential alpha energy. It is defined as any conbi nati on of
short-lived radon daughters (through polonium214) per liter of air that wll
result in the em ssion 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 approximately 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 coomonly expressed in the unit Wrking Level Month (WN). One WM
corrﬁsponds to exposure to a concentration of 1 W. for the reference period of
170 hours.

B. 3.2 Dosinetry Model s

Dosimetry nodels are used to estimate the internally deposited dose from
exposure to radioactive substances. The nodels for internal dosinmetry
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 emtted during spontaneous decay processes.
The nodel s for external dosinetry consider only the photon doses to organs of
i ndi viduals who are inmersed 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 material. For industria
wor kers, inhalation of radioactive particles w th pul nbnary deposition and
punct ure wounds w th 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 radionuclides as well as man-produced radi onuclides
from nucl ear weapons testing.

B.3.2.1 Ingestion. Ingestion of radioactive naterials 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 materia
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 radi oactive
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mat eri al absorbed fromthe gastrointestinal tract is variable, depending on
the specific elenment, the physical and chenmical formof the material ingested,
and the diet, as well as sone other netabolic and physiol ogical factors. The
absorption of sonme 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 major inportance for both nonradioactive 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 chemi cal properties
of the dust and the physiol ogical status of the lung. The retention of the
particle in the |lung depends on the |ocation of deposition, in addition to the
physi cal and chenical properties of the particles. The converse of pul nonary
retention is pul monary 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 macrophages and their
subsequent renmoval either up the ciliary "escalator" or by entrance into the
| ynphatic system Sone inhaled soluble particul ates are absorbed into the
bl ood and transl ocated to other organs and tissues. Dosinetric |ung nodels
are reviewed by Janes (1987) and Janes and Roy (1987).

B.3.3 Internal Emitters

The absorbed dose frominternally deposited radi oi sotopes is the energy
absorbed by the surrounding tissue. For a radioi sotope distributed uniformy
t hroughout an infinitely Iarge nmedium the concentration of absorbed energy
must be equal to the concentration of energy emtted by the isotope. An
infinitely large medium nmay be approxi mated by a tissue mass whose di nmensi ons
exceed the range of the particle. Al al pha and nost beta radiation will be
absorbed in the organ (or tissue) of reference. Gammma-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 anpbunt of radioactivity initially
i ntroduced, and the mass of the organ or tissue.

B. 4 BI OLOG CAL EFFECTS OF RADI ATl ON

VWhen bi ol ogical material is exposed to ionizing radiation, a chain of
cellular events occurs as the ionizing particle passes through the biol ogica
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 biological systens fromthose interactions. Many factors
may nmodi 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 di scussion (Hobbs and McCl ellan 1986; |CRP 1984; Mettler 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
nGy), 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 Bergonig-
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,
"vegetative intermtotic cells,"” found in the stemcells of the bone marrow
and the gastrointestinal tract, to the | east sensitive cell type, "fixed
postmtotic cells,” found in striated nmuscles or long-lived neural tissues.

Cel lul ar 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 may
still occur, which may be repaired or may result in the manifestation of
clinical symptons. These changes nay al so be expressed at a later tine as
tunors or nutations.

B.4.2 Radiation Effects at the Organ Level

In nost organs and tissues the injury and the underlying mechanismfor
that injury are conplex and nmay 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 schematically display the events followi ng radiation in several
organ systemtypes. These include: a rapid renewal system such as the
gastroi ntestinal nucosa; a slow renewal system such as the pul nonary
epithelium and a nonrenewal system such as neural or nuscle tissue. In the
rapi d 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 microcircul ation and from
edema and inflanmation of the basenent nenbrane (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 ultinmte parenchynmal atrophy and death over severa
nonths result fromHHB fibrosis and occlusion of the microcirculation

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, nmanifest 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-fornm ng 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
henor rhage, severe diarrhea, prostration, disorientation, and cardi ovascul ar
col l apse. The synptons and their severity depend upon the radiati on dose
received.

B.4.3.2 Del ayed Effects. The | evel of exposure to radi oactive
pol lutants that nmay be encountered in the environnent is expected to be too
low to 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 nmani fest thenselves years after the
original exposure, and may be due to a single |arge over-exposure or
continuing | owlevel exposure.

Sufficient evidence exists in both human popul ati ons and | aboratory
aninmals to establish that radiati on can cause cancer and that the incidence of
cancer increases with increasing radiation dose. Human data are extensive and
i ncl ude epideniol ogi cal studies of atom c bonb survivors, many types of
radi ati on-treated patients, underground miners, 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 irradiated organs
(BEI'R 1980, 1990; UNSCEAR 1977, 1988). Cancers, such as |eukemi a, have been
observed in children exposed in utero to doses of 0.2 to 20 rad (BEIR, 1980,
1990; UNSCEAR 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 |l ung (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 studies of underground mners 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 199Cc). These studies
i ndi cate that dependi ng on radi ati on dose and the exposure schedul e, ionizing
radi ati on can i nduce 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
tissues.

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 commonly held conservative position is
that the cancer may occur at dose rates that extend down to doses that could
be received fromenvironnmental 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 Genetic Effects

Radi ati on can i nduce genetic danage, such as gene mnutations or
chronosonal aberrations, by causing changes in the structure, nunber, or
genetic content of chronpbsones in the nucleus. The evidence for the
nmut agenicity of radiation is derived fromstudies in |aboratory aninal s,
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 radi onuclides (ATSDR 199Cc,
1990d). Evidence for nutagenesis in human germcells (cells of the ovaries or
testis) is not conclusive (BEIR 1980, 1988, 1990; UNSCEAR 1977, 1986, 1988).
Chronpsone aberrations foll owi ng radiati on exposure have been denobnstrated in
man andn in experinental animals (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 nmalformati 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 ati on 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 assessment. 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 Rel ative Biological Effectiveness. The termrelative biologic
ef fectiveness (RBE) is used to denote the experinentally deternmned 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
conditions. 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 Equi val ent Rate. The
absorbed dose is usually defined as the mean absorbed dose wi thin 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 detriment 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 fective 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 1 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.

8The 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/u) 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 (8) 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/u = 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
Hg = (the sum of) W H;

where H;is the dose equivalent in the tissue, W, is 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 I CRU (1980), ICRP (1984), and NCRP (1985) now reconmend that the rad,
roentgen, curie and rem be replaced by the SI units: gray (GY), Coul omb per
kil ogram (C/ kg), becquerel (Bg), and sievert (Sv), respectively. The

rel ati onship between the customary units and the international system of units
(SI) for radiological quantities is shown in Table B-6.



128

APPENDIX B

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 6.03
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 s7!
Absorbed Dose (D) rad (rad) 1072Jkg™?! gray (Gy)Jkg?
Absorbed Dose
Rate (D) rad per 1072Jkg ts7? gray per Jkgls™1
second second
(rad s71) (Gy s™1)
Dose Equivalent
(H) rem (rem) 1072Jkg™? sievert (Sv) Jkg?
Dose Equivalent
Rate (H) rem per 10"2Jkg ts? sievert per Jkgls7!
second second
(rem s™1) (Sv s™1)
Linear Energy kiloelectron  1.602x1071%Jm™! kiloelectron 1.602x10710Jm™?
Transfer (L) volts per volts per
micrometer micrometer
(keVuM™1) (keVum™1)
S™! = per second
Jkg ! = Joules per kilogram

-1
Jkgls™? = Joules per kilogram per second
Jm™! = Joules per meter
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