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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(1)(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. 1It-has also been reviewed by a panel of
nongovernment peer reviewers and is being made available for public
review. Final responsibility for the contents and views expressed in this
toxicological profile resides with ATSDR.

William L. Roper, ., M.P.H.
Administrator

Agency for Toxic Substances and
Disease Registry
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1. PUBLIC HEALTH STATEMENT

The purpose of this statement is to provide you with information about
thorium and to enphasi ze the human health effects that may result from
exposure. At this tine, thorium has been found at above background | evels
at 16 out of 1177 National Priorities List (NPL) hazardous waste sites. W
do not know how many of the 1177 NPL sites have been eval uated for thorium
As EPA eval uates nore sites, the nunmber of sites at which thoriumis found
at above background | evel s may change. Because these sites are potential or
actual sources of hunman exposure to thorium and because thorium may cause
harnful health effects, this information is inportant for you to know.

When a radi oactive chenmical is released froma |arge area such as an
i ndustrial plant, or froma container such as a drumor bottle, it enters
the environment as a radi oactive chemical em ssion. This enmission, which is
al so called a rel ease, does not always | ead to exposure. You are exposed
only when you cone into contact with the radi oactive chem cal. You can cone
into contact with it in the environnment through breathing air, eating,
dri nki ng, or snoking substances containing the radi oactive chemi cal
Exposure may al so result fromskin contact with the radi oactive chem cal
alone, or with a substance containing it. Exposure can al so occur by being
near radioactive chemicals in concentrations that may be found at hazardous
waste sites or at industrial accidents.

If you are exposed to a hazardous chenical, several factors deternine
whet her harnful effects will occur and the type and severity of those health
ef fects. These factors include the dose (how rmuch), the duration (how
[ ong), the pathway by which you are exposed, the other chemicals to which
you are exposed, and your individual characteristics such as age, sex,
eating habits, famly traits, and state of health.

1.1 WHAT | S THORI UM?

Thoriumis a naturally-occurring, radioactive netal. Small anounts of
thoriumare present in all rocks, soil, above-ground and underground water
plants, and aninals. These snall anounts of thoriumcontribute to the weak
background radi ation for such substances. Soil commonly contains an average
of about 6 parts of thoriumper mllion parts (ppn) of soil. Rocks in sone
underground mnes nay also contain thoriumin a nore concentrated form
After these rocks are mined, thoriumis usually concentrated and changed
into thoriumdioxide or other chem cal forns. Thoriumbearing rock that has
had nmost of the thoriumrenoved fromit is called "depleted" ore or
tailings.

More than 99% of natural thoriumexists in the form (i sotope)
thori um 232. Besides this natural thoriumisotope, there are nore than 10
other different isotopes that can be artificially produced. In the
envi ronnent, thorium 232 exists in various conbinations with other ninerals,
such as silica. Mst thorium conmpounds commonly found in the environment do
not dissolve easily in water and do not evaporate fromsoil or water into
the air.



2
1. PUBLIC HEALTH STATEMENT

The thoriumisotope-232 is not stable. It breaks down into two parts.
This process of breaking down is called decay. The decay of thorium 232
produces a small part called "al pha" radiation and a large part called the
decay product. The decay product of thorium 232 also is not stable. Like
thorium 232, it in turn breaks down to an unstable isotope and the process
continues until a stable product is fornmed. During these decay processes,
the parent thorium 232, its decay products, and their next decay products
produce a series of new substances (including radiumand radon), alpha and
beta particles, and gammma radi ati on. The al pha particles can travel only
very short distances through nost naterials and cannot go through hunan
skin. The gamma radiation can travel farther and can easily go through
human skin. The decay of thorium232 into its decay products happens very
slowy. In fact, it takes about 14 billion years for half the thorium 232
to change into new forns. Fourteen billion years is called the radi oactive
hal f-1ife of thorium 232.

Due to the extrenmely slow rate of decay, the total anpbunt of natura
thoriumin the earth renmains alnost the sane, but it can be noved from pl ace
to place by nature and people. For exanple, when rocks are broken up by
wi nd and water, thoriumor its conmpounds becones a part of the soil. Wen
it rains, the thoriumcontaining soil can be washed into rivers and | akes.
Al so, activities such as burning coal that contains snall anounts of
thorium mining or mlling thorium or making products that contain thorium
al so release thoriuminto the environment. Smaller anmounts of other
i sotopes of thoriumare produced usually as decay products of urani um 238,
urani um 235, and thorium 232, and as unwanted products of nuclear
reactions.

Thoriumis used to nake ceramics, lantern mantles, and netals used in
t he aerospace industry and in nuclear reactions. Thoriumcan al so be used
as a fuel for generating nuclear energy. Mdre than 30 years ago thorium
oxi des were used in hospitals to make certain kinds of diagnostic x-ray
phot ographs. Further information on the properties and uses of thoriumcan
be found in Chapters 3 and 4 of this profile.

1.2 HOWM GHT | BE EXPOCSED TO THORI UMP?

Since thoriumis found al nost everywhere, you will be exposed to smal
amounts of it in the air you breathe and in the food and water you eat and
drink. Scientists know, roughly, the average anounts of thoriumin food and
drinking water. Most people in the United States eat some thoriumwith
their food every day. Normally, very little of the thoriumin |akes,

rivers, and oceans gets into the fish or seafood we eat. The anpunts in the
air are usually so snall that they can be ignored.

There nmay be nmore thoriumthan normal near an uncontroll ed hazardous
waste site in which thorium has not been di sposed of properly, Consequently,
you may be exposed to slightly nore thoriumif you live near
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one of these sites because you coul d breat he wi ndbl own dust contai ning
thoriumor eat food grown in soil contaminated with thorium Children

pl aying near a waste site could get thoriuminto their bodies if they eat
contam nated soil. You could also be exposed to nore thoriumthan nornmal if
you work in an industry that nines, mlls, or manufactures products
containing thorium or work in a research |aboratory perform ng experinents
with thorium Larger-than-nornal anounts of thoriumm ght also enter the
envi ronnent through accidental releases fromthorium processing plants.
Further information on the potential for exposure to thoriumcan be found in
Chapter 5 of this profile.

1.3 HOW CAN THCORI UM ENTER AND LEAVE MY BCDY?

Only a small anpunt of the thoriumthat you breathe or swallow in food
water, or soil enters your blood. One animal study has shown that thorium can
enter the body if it is placed on the skin. After breathing thorium you wll
usual |y sneeze, cough, or breathe out some of it within mnutes. Sonme forns of
thoriumcan stay in your lungs for long periods of tine. However, in nost
cases, the snmall amount of thoriumleft in your lungs will |eave your body in
the feces and urine within days. After you eat or drink thorium alnost all of
it |l eaves your body in the feces. The small anmount of thoriumleft in your
body nay enter your bones fromthe blood and stay there for nany years. The
main way thoriumwll enter your body is by
breat hi ng dust contaminated with thorium For further information on how
thori um can enter and | eave your body, see Chapter 2.

1.4 HOW CAN THORI UM AFFECT MY HEALTH?

St udi es on thoriumworkers have shown that breathing thorium dust may
cause an increased chance of devel oping |ung disease and cancer of the |ung
or pancreas nany years after being exposed. Changes in the genetic nateria
of body cells have al so been shown to occur in workers who breathed thorium
dust. Liver diseases and effects on the blood have been found in people
injected with thoriumin order to take special x-rays. Many types of cancer
have al so been shown to occur in these people many years after thorium was
injected into their bodies. Since thoriumis radioactive and nmay be stored
in bone for a long tinme, bone cancer is also a potential concern for people
exposed to thorium Aninmal studies have shown that breathing in thorium may
result in lung damage. Qther studies in aninmals suggest drinking nassive
amounts of thorium can cause death from nmetal poisoning. The presence of
| arge anobunts of thoriumin your environnent could result in exposure to
nore hazardous radi oactive decay products of thorium such as radi um and
thoron, which is an isotope of radon. Radium and radon are the subjects of
separate toxicol ogical profiles prepared by ATSDR Thoriumis not known to
cause birth defects or to affect the ability to have children. For further
informati on on the health effects of thorium see Chapter 2.
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1.5 WHAT LEVELS OF EXPOSURE HAVE RESULTED | N HARMFUL HEALTH EFFECTS?

Thoriumis odorless and tastel ess, so you cannot tell if you are being
exposed to thorium As shown in Tables |-I through | -4, we know very little
about specific exposure levels of thoriumthat result in harnful effects in
people or aninmals. H gh |evels of exposure have been shown to cause death
in animals, but no direct cause of death could be determ ned and no ot her
health effects have been reported. For nore information, see Chapter 2.

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

Special tests that neasure the | evel of radioactivity fromthorium or
thoriumisotopes in your urine, feces, and air you breathe out can deternine
if you have been exposed to thorium These tests are useful only if run
within several days to a week after exposure. The tests cannot, however,
tell you if your health will be affected by the exposure. The tests can be
run only with special equipnent and are probably not avail able at your |oca
clinic or hospital. For nore information, see Chapters 2 and 6.

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

The Environnental Protection Agency (EPA) requires that the Federa
Government be notified if nore than 1 nmillicurie (3.7x107 Becquerels) of
radi oactivity fromnatural thoriumis released into the environnent. The
Nucl ear Regul at ory Conmi ssion has issued Maxi mum Perm ssi bl e Concentrati ons
(MPC) in air and water for workplace exposure to thorium For nore
i nfornmati on on governnent regul ati ons and gui del i nes, see Chapter 7.

1.8 WHERE CAN | GET MORE | NFORVATI ON?

If 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 sion of Toxicol ogy
1600 difton Road, E-29
Atl anta, Georgia 30333

Thi s agency can al so give you infornation on the |location of the
near est occupational and environmental health clinics. Such clinics
specialize in recogni zing! evaluating, and treating illnesses that result
from exposure to hazardous substances.
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TABLE 1-1. Human Health Effects from Breathing Thorium*

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

Levels in Food Length of Exposure Description of Effects
The health effects resulting

from short-term exposure
of humans to air con-
taining specific levels of
thorium are not known.

Long-term Exposure
(greater than 14 days)

Levels in Air Length of Exposure Degscription of Effects
The health effects resulting

from long-term exposure of
humans to air containing
specific levels of thorium
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 Thorium

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

Levels in Air Length of Exposure Description of Effects

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

Long-term Exposure
(greater than 14 days)

Levels in Air (ppm) Length of Exposure Description of Effects*

1.8 304 days Effects on the blood of dogs.

*These effects are listed at the lowest level at which they were
first observed. They may also be seen at the higher levels.
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TABLE 1-3. Human Health Effects from Eating or Drinking Thorium*

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

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

Levels in Water The health effects resulting
from short-term exposure of
humans to drinking water
containing specific levels
of thorium are not known.

Long-term Exposure
(greater than 14 days)

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

Levels in Water The health effects resulting
from long-term exposure of
humans to drinking water
containing specific levels
of thorium are not known.

*See Section 1.2 for a discussion of exposures encountered in daily
life.
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TABLE 1-4 Animal Health Effects from Eating or Drinking Thorium

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

Levels in Food Length of Exposure Description of Effects*
The health effects
resulting from short-

term exposure of animals

to food containing
specific levels of
thorium are not known.

Levels in Water (ppm)
3900 One dose Death in mice.

I

Long-term Exposure
(greater than 14 days)

Levels in Food Length of Exposure Description of Effects*
The health effects
resulting from long-
term exposure of animals
to food containing
specific levels of
thorium are not known.

Levels in Water (ppm)
1000 4 months Death in mice.

*These effects are listed at the lowest level at which they were
first observed. They may also be seen at higher levels.
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2.1 | NTRODUCTI ON

This chapter contains descriptions and eval uati ons of studies and
interpretation of data on the health effects associated with exposure to
thorium Its purpose is to present |evels of significant exposure for
t hori um based on toxicol ogi cal studies, epidemological investigations, and
envi ronnental exposure data. This infornmation is presented to provide
public health officials, physicians, toxicologists, and other interested
i ndividuals and groups with (1) an overall perspective of the toxicol ogy of
thoriumand (2) a depiction of significant exposure |levels associated with
various adverse health effects.

2.2 DI SCUSSI ON OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To hel p public health professionals address the needs of persons living
or worki ng near hazardous waste sites, the data in this section are

organi zed first by route of exposure -- inhalation, oral, and dermal -- and
then by health effect -- death, system c, inmunol ogical, neurol ogical

devel opnental , reproductive, genotoxic, and carci nogenic effects. These
data are discussed in terns of three exposure periods -- acute,

i nternmedi ate, and chronic.

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

The significance of the exposure | evels shown on the tables and figures
may differ depending on the user's perspective. For exanple, physicians
concerned with the interpretation of clinical findings in exposed persons or
with the identification of persons with the potential to devel op such disease
may be interested in | evels of exposure associated with "serious" effects.
Public health officials and project nanagers concerned with response actions
at Superfund sites may want infornmation on |evels of
exposure associated wth nore subtle effects in humans or animals (LOAEL) or
exposure | evel s bel ow which no adverse effects (NOAEL) have been observed

Thoriumis a relatively reactive, netallic radioactive el enent.
Because thoriumis a radioactive el enent, evaluation of adverse health
ef fects due to exposure to thoriumrequires a slightly different approach
than with chemicals. Radiation is a health risk because radioactive
el ements can enmit energetic particles or electromagnetic radiation that can
danmage cells. Radioactive elenents are those that undergo spont aneous
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di sintegration (decay) in which energy is released (emtted) either in the
formof particles, such as al pha or beta particles, or rays, such as gamm
or x-rays. This disintegration or decay results in the formati on of new

el ements, sone of which may thensel ves be radi oactive, in which case they
wi Il also decay. The process continues until a stable (non-radiative) state
is reached (see Appendix B for nore information). The rate of em ssion of

al pha particles fromthoriumis low, and the rate of enission of ganma rays
is very low (see Chapter 3). Al pha particles are unable to deeply penetrate
skin, but can travel short distances in the body (about 4 to 6 cel
dianmeters) if they are emtted fromw thin the body. The intensity and
energy of al pha particles enmtted depends on the particul ar isotope of
thoriumin question. Several isotopes of thoriumexist. By nass, the npst
predoni nant ones in the environnent are thorium 230 (a decay product of
urani um 238) and natural thorium (thorium 232) (see Chapter 3). The nunber
of particles emitted is related to the radioactive half-life of the isotope,
which is about 14 billion years for natural thorium (thorium232). The
other type of radiation hazard is from ganma rays, which can penetrate the
body and pass through the air. However, natural thoriumhas a very | ow
ganma activity, which neans there is little danger fromthis type of

radi ati on fromnatural thorium Daughter products of thorium however, may
emt nore ganma radi ation than natural thorium (see Chapter 3).

When thoriumenits al pha particles, it disintegrates into other
daught er radi onuclides (radioactive materials), such as radium 226 and
radon-222 (fromthorium 230 in the urani um 238 decay series) or radium 228
and thoron (radon-220 fromthorium 232 in the thorium decay series). It
eventual |y decays to stable | ead-208 or -206, which is not radioactive.
More infornmation about the decay of thoriumcan be found in Chapter 3. The
t oxi col ogi cal characteristics of radon, radium and |ead are the subject of
separ at e ATSDK Toxi col ogi cal profiles.

The decay rate or activity of radi oactive elenents has traditionally
been specified in curies (Ci). The curie is approximately 37 billion
di si ntegrations (decay events) per second (3.7x10" dps). In discussing
thorium a smaller unit,1x10™ C . the picocurie (pG) is used, where pG is
equal to In international usage, the S.1. unit (the Internationa
System of Units) for activity is the Becquerel (Bqg), which is equal to
1 disintegration per second or about 27 pC . (Information for conversion
between units is given in Appendi x B.) Measurenents of radi oactivity,
expressed as nC (nanocurie), in the environnment are nore sensitive than
units of mass. For this reason, anmpbunts of thoriumare expressed in pG
units in Chapter 5. In aninal studies, the exposure |levels were usually
reported in nmg (mlligrams), but have been converted to activity units (nG
and Bg) for presentation in Chapter 2. The absorbed dose fromradi ati on can
be expressed in units of rads or it can be stated in terms of dose
equi val ent, which includes a nodification to reflect the quality of the
radi ations, for radiation protection purposes, and is expressed in terns of
rens. For alpha radiations a quality factor, Q of 20 is used to convert
absor bed dose to dose equival ent.
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Both large and small anounts of radiation are danaging to health.
Current scientific consensus is radiation can also increase the probability
of cancer, and a conservative assunption is no threshold | evel exists bel ow
which there is no additional risk of cancer. There is considerabl e debate
about how great the cancer risks are when people are chronically exposed to
very low |l evels of radiation. Since everyone is environnentally exposed to
a small anmount of radiation, the mninmum anount of additional radiation that
may constitute a health hazard is not well known.

The foll owi ng sections sunmarize the health effects associated with
thorium Evidence exists that nost, if not all, effects of thoriummay be
due to its radiological, and not chemcal, effects. The nechani sm of
toxicity for all effects are not well understood. For nore information
about radiation, see Appendix B

2.2.1 Inhal ati on Exposure
2.2.1.1 Death

Two epi deni ol ogy studi es have exam ned nortality anong thorium workers
neither found significant excess nortality. The standard nortality ratio
(SMR) for all causes of death in a cohort of 3039 male workers in a thorium
processing plant was 1.05 in conparison to United States white mal es
(Pol ednak et al. 1983). The estinmated radiation levels to the workers for
i nhal ation i ntake ranged from 0.003-0. 192 nG /m (0.001-0.007 Bg/m) for a
period of |-33 years. No evidence of overt industrial disease was found in
a cohort of 84 workers at a thoriumrefinery exposed to <0.045-450 nC/m
(<0.002-0.02 Bg/m) for <I-20 years (Al bert et al. 1955). In both studies
the workers were exposed to other toxic conpounds (uraniumdust) as well as
othern;adioactive materials (thoron, uranium daughters, thorium daughters,
cerium.

No conpound-related nortality was found in mice exposed to 114-330

My/ m(12.54-36.3 nCi/ni= 464-1343 Bg/m) thoriumnitrate internittently

for 18 weeks (Patrick and Cross 1948). No compound-related nortality was
found in rats, guineangigs, rabbits, or dogs exposed intermttently for 1
year to 5 ng thoriunt (0.550 nG/m = 20 Bq/n% ) as thorium dioxi de (Hodge

et al. 1960). These NOAEL val ues are reported in Table 2-1 and plotted in
Figure 2-1

2.2.1.2 Systenic Effects

Respiratory Effects. Although the SMR for respiratory di seases was
1. 31 anong workers at a thoriumrefinery (Pol ednak et al. 1983), the
i ncrease may have been attributable in part to snmoking. Exposure |evel

estimates for inhalation intakes ranged from 0.003-0.192 nG /m (0.001-0. 007
Bq/n?) for a period of 1-33 years. Because the workers were exposed to



TABLE 2-1. Llevels of Significant Exposure to Thorium - Inhalation

Exposure
Figure Frequency/ LOAEL (Effect) Chemical
Key Species Duration Effect MOAEL3 Less Ser:};ous Seriogs Reference Form
(nCi/m”) (nCi/m”) (nCi/m”)
INTERMEDIATE EXPOSURE
Death
1 Mouse 18 weeks 36.3 Patrick and Cross 1948 ThNO
5 days/week
40 minutes/day
Systemic o
2 Dog 304 days Hemato 0.92 (decreased RBC) Hall et al. 1951 TF,
5 days/week ja o
6 hours/day 51;"
[
CHRONIC EXPOSURE 205
Death %
=
3 Rat 14 months 0.55 Hodge et al. 1960 Tho, g
5 days/week —
6 hours/day w
4 Gn Pig 14 months 0.55 Hodge et al. 1960 Th02
5 days/week
6 hours/day
5 Rabbit 14 months 0.55 Hodge et al. 1960 ThO,
5 days/week
6 hours/day
6 Dog 14 months 0.55 Hodge et al. 1960 Th02
5 days/week
6 hours/day
Systemic
7 Rat 14 months Resp 0.55 Hodge et al. 1960 Tho,
5 days/week Hemato 0.55
6 hours/day Musc/skel 0.55
Hepatic 0.55
Renal 0.55



TABLE 2-1 (Continued)

Exposure
Figure Frequency/ LOAEL (Effect) Chemical
Key Species  Duration Effect NOAEL3 Less Ser%ous Seriogs Reference Form
(nCi/m”) (nCi/m~) (nCi/m”)
8 Gn Pig 14 months Resp 0.55 Hodge et al. 1960 Th02
5 days/week Hemato 0.55
6 hours/day Musc/skel 0.55
Hepatic 0.55
Renal 0.55
9 Rabbit 14 months Resp 0.55 Hodge et al. 1960 Th02
5 days/week Hemato 0.55
6 hours/day Musc/skel 0.55
Hepatic 0.55
Renal 0.55
10 Dog 14 months Resp 0.55 Hodge et al. 1960 Th02
5 days/week Hemato 0.55
6 hours/day Musc/skel 0.55
Hepatic 0.55
Renal 0.55

@The mg/m> equivalent of 0.9 nCi/m is 8.3 mg/m.

presentation in Table 1-2.

Gn Pig = guinea pig; Hemato = hematological; LOAEL = lowest-observed-adverse-effect level; Musc/skel = muscular/skeletal;

This value is converted to an equivalent concentration of 1.8 ppm for

NOAEL = no-observed-adverse-effect level; RBC = red blood cell; Resp = respiratory; TF, = thorium tetrafluoride; ThNO3 = thorium

nitrate; Th02 =

thorium dioxide.
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FIGURE 2-1. Levels of Significant Exposure to Thorium - Inhalation
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ot her toxic conpounds (uraniumdust) as well as other radioactive netals,
toxic effects cannot necessarily be attributed to thorium Therefore, no
guantitative information fromthe study is reported in Table 2-1 or
Figure 2-1

Progressive cirrhosis of the lungs was found in a subchronic inhalation
study in rats (Li khachev et al. 1973a). Rats were exposed intermttently for
6-9 nonths to an inert aerosol (control), to the inert aerosol enriched with
10% or 49% i nsol ubl e thorium di oxide, or to thoriumdi oxide (100% alone. The
severity of the lung cirrhosis was directly related to the radi ati on dose and
t he amount of thoriumdioxide. Crrhosis of the |ungs becane evident in 3-6
nonths in the 100% t hori um di oxi de group, in 9-12 nonths in the 49%thorium
di oxi de group, in 12-15 nmonths in the 10% thori um di oxi de group, and in 18-24
nonths in the inert aerosol control group. At lung exposures of up to 150 rad,
reticul osarconma was found, while at |ung exposures of 100-2700 rad, gl andul ar
cancerous tunors were found (see Section 2.2.1.8). The tunors nmay have been
caused by thorium di oxi de; the exact anpbunt of thorium adm ni stered was not
clear fromthe report, so the results of the study do not appear in Table 2-
or Figure 2-1.

No hi st opat hol ogi cal effects on the lungs were found in rats, guinea
pi gs, rabbits, or dogs exposed internmittently for 1 year to 5 ng thoriumm
(0.550 nCi/m = Bg/m) as thorium di oxi de (Hodge et al. 1960). This
NOAEL value is presented in Table 2-1 and plotted in Figure 2-1

Hemat ol ogi cal Effects. A conplete blood count (CBC) was done on a
cohort of 273 nmale nonazite sand refinery workers to determ ne the effect
of thorium on the henatol ogi cal system The neasured body burden
(calculated fromin vivo detection of external ganm rays emtted by
daughter products of thoriumstill in the subject's body and fromthoron in
expired air) of thoriumwas higher in those workers exposed for a |onger
tinme period, but the blood count did not correlate with the body burden of
t hori um (Coni bear 1983). A correlation was found, however, between the
bl ood count and cigarette snoking habits. Exposure |level estimates for
i nhal ation intakes of nicotine or thoriumwere not reported, and the
external gama-ray exposure rate was between 0.5 and 5.0 nR/ hour. Because
the workers were exposed to other toxic conpounds (silica, yttrium acid and
al kali funes) as well as other sources of radioactivity, toxic effects
cannot necessarily be attributed to thorium Therefore, the results of the
study do not appear in Table 2-1 or Figure 2-1

Ef fects on henatol ogi cal paraneters (abnornal forns of nbnocytes,
| ynphocyt es and granul ocytes, hypopl astic bone marrow, red cell count
depression, nacrocytosis, increase in immture granul ocytes) were found in
dogs exposed 6 hours/day, 5 days/week to various chem cal forms of thorium

thoriumnitrate tetrahydrate for 60 days (4 nG/m = 150 Bq/n%; t hori um
di oxi de for 60 days (4.8 nG/m = 180 Bq/n%); thoriumtetrafluoride for 304
days (0.9 nG/m = 33 Bg/m); thorium oxal ate for 270 days (1.4 nG/m = 52
Bq/n?) (Hall et al. 1951). Differences in the degree of toxicity of the
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various chenical fornms of thoriumon henmatol ogi cal paraneters could not be
determ ned fromthis study, although gagging, retching, and occasi ona
vomting were found periodically in the dogs exposed to thoriumnitrate

tetrahydrate. The | owest LQAEL, thoriumtetrafluoride (0.9 nG/m = 33
Bq/nﬁ, is reported on Table 2-1 and plotted on Figure 2-|

No effects on hematol ogi cal paraneters, blood nonprotein nitrogen
(NPN), or the histopathol ogy of the spleen were found in rats, guinea pigs,

rabbits, or dogs exposed for 1 year to 5 ng/thoriun1n% (0.550 nG/m = 20

Bq/n%) as thoriumdioxide (Hodge et al. 1960). This NOAEL val ue is
presented in Table 2-1 and plotted in Figure 2-1

Muscul oskel etal Effects. No studies were |ocated regarding the
nuscul oskel etal effects in humans after inhalation exposure to thorium

Upon hi st opat hol ogi cal exani nation, no effects in the femur were found

In rats, guinea pigs, rabbits, or dogs exposed for 1 year to 5 ngy thori um m

(0.550 nCl/n = Bg/m) as thorium dioxide (Hodge et al. 1960). This

NOAEL value is presented in Table 2-1 and plotted in Figure 2-1

Hepatic Effects. The | evels of aspartate am notransferase, globulin
and total bilirubin in sera of a cohort of 275 former workers in a thorium
refinery were correlated with body burdens of radioactivity (Farid and
Coni bear 1983). The | evels of aspartate am notransferase and tota
bilirubin were significantly higher (p<O OCOOd and p=0 043, respectively) in
t hori um exposed workers, as conpared to U.S. white males. d obulin Ilevels
al so increased with increasing levels of body burden, but not significantly.
Al t hough the enzymatic levels tested were el evated, they were still within
the normal range. No effects on albunin, total protein, or alkaline
phosphat ase were seen. The correlation of hepatic function tests with body
burden of radioactivity may suggest a radiotoxic effect, but this was not
proven by the authors. No exposure concentrati ons were reported.

No hi st opat hol ogical effects in the liver were found in rats, guinea

pigs, rabbits, or dogs exposed to 5 ny thori und m (0.550 nG/m = 20 Bq/nﬁ
for 1 year as thoriumdi oxide (Hodge et al. 1960). This NOAEL value is
presented in Table 2-1 and plotted in Figure 2-1

Renal Effects. No studies were |ocated regarding renal effects in
humans after inhal ation exposure to thorium

No hi stopat hol ogi cal effects in the kidneys were found in rats, guinea

pigs, rabbits, or dogs exposed to 5 ng thori un m (0.550 nG/m = 20 Bq/n%
for 1 year as thoriumdi oxide (Hodge et al. 1960). This NOAEL value is
presented in Table 2-1 and plotted in Figure 2-1
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2.2.1.3 I munol ogi cal Effects

No studi es were | ocated regardi ng i munol ogi cal effects in humans
after inhalation exposure to thorium No histopathol ogical effects in the
| ynph nodes were found in rats, guinea pigs, rabbits, or dogs exposed to 5 ng

thoriunin%(0,550 nG/m = 20 Bq/n%) for 1 year as thoriumdi oxi de (Hodge et

al. 1960). Since no paraneters of inmune function were exanined, this value
does not appear as a NOAEL for imunol ogical effects in Table 2-1 or Figure 2-
l.

No studies were | ocated regarding the follow ng health effects in
humans or aninmals after inhalation exposure to thorium

2.2.1.4 Neurological Effects
2.2.1.5 Devel opnental Effects
2.2.1.6 Reproductive Effects
2.2.1.7 Genotoxic Effects

Hoeger man and Cummins (1983) assessed the frequency of chronmobsone
aberrations in the | ynmphocytes of 47 male workers in a thorium processing
plant. The workers were divided into three groups based on their body
burdens of radioactivity: low (0 nC/kg), noderate (0.003 nCi/kg = 0.11
Bg/ kg) and high (0.015 nC/kg = 0.56 Bqg/kg) body burden groups. An
i ncreased frequency of chronposonal aberrations (dicentric ring chronpbsones)
were found in the high burden groups (conbined hi gh and noderate burden
groups) conpared to the | ow burden group and historical controls. No
significant differences were found in the frequency of two-break chronbsone
aberrations. A positive correlation was not established between the
frequency of chronpbsomal aberrations and duration of enploynent. The
observed aberration frequency was generally conpatible with that found in
patients injected with thoriumdi oxide colloid (Thorotrast) (see Section
2.2.4.7). Costa-Ribeiro et al. (1975) also reported a statistically
significant (p<O ObB) increase in the nunber of chronobsomal aberrations
(dicentrics) in 240 nonazite sand nillers, as conpared to controls. No
significant differences in the incidence of translocations were observed.
No exposure concentrations were reported in either study.

No studies were | ocated regardi ng genotoxic effects in animals after
i nhal ati on exposure to thorium

2.2.1.8 Cancer
A statistically significant excess of deaths from pancreatic cancer was

seen in a cohort of 3039 former thoriumworkers enployed for 1 year or nore (6
observed vs. 1.3 expected) but not in workers enployed for a shorter tine
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(3 observed vs. 2.7 expected) (Stehney et al. 1980). The workers were

exposed to 0.003-0.192 nG/m (0.001-0.007 Bg/m). Al though a correlation
bet ween snoki ng and pancreatic cancer has not been established, the excess
nortality may be due, in part, to the fact that a higher proportion of
snokers was found in the worker popul ati on when conpared to U. S white mal es
(ratio of 1.3 observed snokers/expected snokers). A second study conpared
the SMR of workers in a thoriumprocessing plant to the nortality rates for
U S white males and deternined that the SMRs in the workers were high for
deat hs due to lung cancer (SMR=1.44; 95%confidence lint 0.98 and 2.02) and
pancreatic cancer (SVR=2.01; 95% confidence Iimt 0.92 and 3.82) (Pol ednak
et al. 1983). In a subgroup of men in jobs with the highest exposure to
thorium the SVMR for lung cancer was 1.68 and the SMR for pancreatic cancer
was 4.13. Exposure level estimates for inhalation intakes ranged from

0.003-0.192 nG/m (0.0001-0.007 Bg/m) for a period of |-33 years. The

aut hors indicated that snmoking may be a confounding factor in the increased
rates of cancer and that the workers were exposed to other potentially

car ci nogeni ¢ agents, such as thoron (radon-220). Consequently, the evidence
for a causal relationship between thorium exposure and cancer is not
convincin? and no concentrations are reported in Table 2-1 or plotted in
Figure 2-1.

A significantly (p<O Ob) increased incidence of malignancies in the
| ynphatic and hematopoietic tissues of uraniumm || workers (cohort of 662
mal es) was found by Archer et al. (1973). The radioactivity in the
tracheobronchi al |ynph nodes of the workers was found to be primarily the
result of al pha emssions fromthorium 230 and not from urani um 234 or
urani um 238. Consequently, the authors suggested that the increased
i nci dence of malignancies may have been a result of thorium 230 exposure and
not urani um exposure. Exposure |evels of thoriumwere not reported;
therefore, the results of the study are not reported on Table 2-1 or plotted
in Figure 2-1.

Rats were exposed to various concentrations of thoriumdioxide for
6-9 nmonths, and the frequency and hi stol ogical type of lung tunors were
determ ned foll ow ng observation for up to 21 nonths (Li khachev et al
1973b; Li khachev 1976). The authors concluded that the incidence and
hi st ol ogi cal type of lung tunors that devel oped were dependent on the
radi ati on dose to the lungs. At lung doses of up to 150 rad (3000 rens),
primarily reticul osarcoma was found (in 16% of the animals), while at tota
doses of 1000-2700 rads (20, 000-54,000 rens), glandular cancerous tunors
(adenonmat osi s and squanous cell carcinona) were found in all of the exposed
animal s, and the reticul osarcona was no | onger observed.

2.2.2 Oral Exposure
2.2.2.1 Death

No studies were |ocated regarding lethal effects in humans after ora
exposure to thorium
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A single gavage admi nistration of 1000 ng thoriun kg body wei ght/day

(110 nG/ kg/day = 4070 Bqg/kg/day) as thoriumnitrate resulted in the death
of 4/20 mice, while a single anbunt of 760 ng thoriunm kg body wei ght/day (84
nC / kg/ day = 3100 Bg/ kg/day) resulted in no nortality. QOccasiona

i ntestinal henorrhage was noted at autopsy in the nmice that died, but it was
not reported if the henorrhage was the cause of death in the animals. No
effects were found followi ng adm nistration of a 10% sodiumnitrate

sol ution, suggesting that the adverse effects were due to thoriumand not to
nitrate (Patrick and Cross 1948). Foll owing 4 nonths of continuous exposure
to 123 ng thorium kg body wei ght/day (13.6 nCi/kg/day = 503 Bq/ kg/day) as
thoriumnitrate in the drinking water, 50% of the treated m ce and 10% of
the control mce died (Patrick and Cross 1948). No cause of death was
reported in either the acute or the 4-nonth studies. In rats, 4 nonths of
exposure to 3043 ng thorium kg body wei ght/day (335 nGCi/kg/day = 12,400

Bg/ kg/ day) as thoriumnitrate resulted in death, but the deaths may have
been due to the poor nutritional state of the aninals since the treated
aninmals ate much less of the treated food and, therefore, |ost weight (Downs
et al. 1959).

Death occurred followi ng four daily adm nistrations of >2130 ny
t hori uni kg body wei ght/day (234 nC/kg/day = 8657 Bqg/ kg/day) as thorium
nitrate in the food to a single dog (Patrick and Cross 1948). No i medi ate
deaths were reported following a single administration of 121 ng thorium kg
body wei ght/day (13 nC/kg/day = 481 Bqg/ kg/ day) by gavage as thorium
nitrate to dogs (Sollman and Brown 1907). Death was not found foll ow ng
exposure of a single dog to food containing 426 ng thoriun kg body
wei ght/day (47 nGCi/kg/day = 1740 Bg/ kg/day) as thoriumnitrate for 46 days
(Downs et al. 1959). No deaths were reported follow ng a single gavage
adm nistration of thoriumnitrate (483 ng thorium kg body wei ght/day = 53
nCi / kg/ day = 1960 Bg/ kg/day) in rabbits (Soll man and Brown 1907). The
nunber of treated and control animals (dogs and rabbits) was not reported in
the Sol | man and Brown (1907) study.

Al reliable NOAEL and LOAEL val ues are reported in Table 2-2 and
plotted in Figure 2-2. Values fromthe Soll man and Brown (1907) study are
not reported in the table and figure since the nunber of aninals in the
study were not reported. The LOAEL value for death in rats fromthe Downs
et al. (1959) study is not reported since the deaths may have been due to
the poor nutritional state of the aninmals and not to thoriumtoxicity, and
the NOAEL and LQAEL val ues for the death of dogs in the Downs et al. (1959)
and the Patrick and Cross (1948) studies, respectively, are not reported
since they were pilot studies and only one ani mal was used.

2.2.2.2 Systenic Effects

Respiratory Effects. No studies were |ocated regarding the
respiratory effects in humans after oral exposure to thorium



TABLE 2-2. Levels of Significant Exposure to Thorium - Oral

Exposure
Figure Frequency/ LOAEL (Effect) Chemical
Key Species  Route Duration Effect NCAEL Less Serious Serious Reference Form
: (nCi/kg/day) (nCiskg/day) (nCi/kg/day)
ACUTE EXPOSURE
Death
1 Mouse ) 1 day 84 1102 (4/20) Patrick and Cross 1948 ThNog
INTERMEDIATE EXPOSURE
Death o
2 Mouse (W) 4 months 122 (10/20)  Patrick and Cross 1948 ThNOg
7 days/week jas]
24 hours/day E;
-
Systemic ":}:'3 =
3 Rat (F) 4 months Resp 335 Downs et al. 1959 ThNO3 g
7 days/week Cardio 335 r
24 hours/day Gastro 335 Eg
Hemato 335 =
Hepatic 335 w
Renal 335
Reproductive
4 Rat (F) 4 months 335 Downs et al. 1959 ThNOy

7 days/week
24 hour/day

3The mg/kg equivalent of 110 nCi/kg = 1000 mg/kg. This value is converted to an equivalent concentration of ppm in water for
presentation in Table 1-4.
The concentration in drinking water was 0.1%. This equals 1000 mg/L = 1000 ppm. This concentration is presented in Table 1-4.

(G) = gavage; Cardio = cardiovascular; (F) = food; Gastro = gastrointestinal; Hemato = hematological; LOAEL = lowest-observed-adverse-effect
level; NOAEL = no-observed-adverse-effect level; Resp = respiratory; ThNO3 = thorium nitrate; (W) = water.
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No hi st opat hol ogi cal changes in the lungs were found in rats treated
for 4 nonths with 3043 ng thorium kg body wei ght/day (335 nCi/kg/day =
12,400 Bqg/ kg/day) or in one dog treated for 46 days with 426 ng thoriunikg
body wei ght/day (47 nC/kg/day = 1740 Bq/ kg/day) as thoriumnitrate in the
food (Downs et al. 1959). These NOAEL values for rats are reported in Tab
2-2 and plotted in Figure 2-2. The NOAEL value for the effects in dogs is
not reported since this was a pilot study and only one ani mal was used.

Cardi ovascul ar Effects. No studies were |ocated regarding the
cardi ovascul ar effects in humans after oral exposure to thorium

No hi st opat hol ogi cal changes in the heart were found in rats treated
for 4 nonths with 3043 ng thorium kg body wei ght/day (335 nCi/kg/day =
12, 400 Bg/ kg/day) or in one dog treated for 46 days with 426 ng thorium kg
body wei ght/day (47 nC/kg/day = 1740 Bqg/ kg/day) as thoriumnitrate in the
food (Downs et al. 1959). These NOAEL values for rats are reported in Tab
2-2 and plotted in Figure 2-2. The NOAEL value for the effects in dogs is
not reported since this was a pilot study and only one ani mal was used.

Gastrointestinal Effects. No studies were |located regarding the
gastrointestinal effects in humans after oral exposure to thorium

No hi st opat hol ogi cal changes in the stonach and i ntestines were found
inrats treated for 4 nmonths with 3043 ng thorium kg body wei ght/day (335
nCi /kg/ day = 12,400 Bqg/ kg/day) or in one dog treated for 46 days with 426 ngy
t hori uni kg body wei ght/day (47 nC/kg/day = 1740 Bq/ kg/ day) as thorium
nitrate in the food (Downs et al. 1959). These NOAEL values for rats are
reported in Table 2-2 and plotted in Figure 2-2. The NOAEL val ue for the
effects in dogs is not reported since this was a pilot study and only one
ani mal was used.

Cccasional intestinal henorrhages were reported in mce that died
followi ng a single gavage exposure to thoriumnitrate (Patrick and Cross
1948). It was not reported whether the intestinal henorrhage was the cause
of death in the mice. The | evel at which this occurred was not reported.
The possibility that intestinal damage resulted frominproper gavage
techni que cannot be ruled out; therefore, these data are not presented in
Table 2-2 or plotted in Figure 2-2.

Herat ol ogi cal Effects. No studies were |ocated regarding the
hemat ol ogi cal effects in humans after oral exposure to thorium

No hi st opat hol ogi cal changes in the spleen were found in rats treated
for 4 nonths with 3043 ng thorium kg body wei ght/day (335 nCi/kg/day =
12, 400 Bg/kg/day) or in one dog treated for 46 days with 426 ng thorium kg
body wei ght/day (47 nC/kg/day = 1740 Bqg/ kg/day) as thoriumnitrate in the
food (Downs et al. 1959). These NOAEL values for rats are reported in
Table 2-2 and plotted in Figure 2-2. The NOAEL value for the effects in
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dogs is not reported since this was a pilot study and only one ani mal was
used.

Hepatic Effects. No studies were |ocated regarding the hepatic effects
in hunans after oral exposure to thorium

No hi st opat hol ogi cal changes in the liver were found in rats treated
for 4 nonths with 3043 ng thorium kg body wei ght/day (335 nCi/kg/day =
12,400 Bqg/ kg/ day) or in one dog treated for 46 days with 426 ng thoriuni kg
body wei ght/day (47 nC/kg/day = 1740 Bqg/ kg/day) as thoriumnitrate in the
food (Downs et al. 1959). These NOAEL values for rats are reported in Table
2-2 and plotted in Figure 2-2. The NOAEL value for the effects in dogs is
not reported since this was a pilot study and only one ani mal was used.

Renal Effects. No studies were |ocated regarding the renal effects in
humans after oral exposure to thorium

No hi st opat hol ogi cal changes in the kidneys were found in rats treated
for 4 nonths wth 3043 ng thorium kg body wei ght/day (335 nCi/kg/day =
12,400 Bq/ kg/ day) or in one dog treated for 46 days with 426 ng thori uni kg
body wei ght/day (47 nC/kg/day = 1740 Bqg/ kg/day) as thoriumnitrate in the
food (Downs et al. 1959). These NOAEL values for rats are reported in Table
2-2 and plotted in Figure 2-2. The NOAEL value for the effects in dogs is
not reported since this was a pilot study and only one ani mal was used.

O her Systemic Effects. Weight | oss was found in rats treated for
4 months with 3043 ng thorium kg body wei ght/day (335 nGCi/kg/day = 12,400
Bg/ kg/ day) and in one dog treated for 46 days with 426 ng thorium kg body
wei ght/day (47 nCi/kg/day = 1740 Bq/kg/day) as thoriumnitrate in the food
(Downs et al. 1959). The weight | oss was attributed to a decrease in intake
of the treated food; therefore, these values are not reported in Table 2-2
or Figure 2-2.

No studies were | ocated regarding the follow ng health effects in
humans or aninals after oral exposure to thorium

2.2.2.3 I mmunol ogi cal Effects
2.2.2.4 Neurological Effects
2.2.2.5 Developnental Effects
2.2.2.6 Reproductive Effects

No studies were | ocated regardi ng reproductive effects in hunans after
oral exposure to thorium

No hi st opat hol ogi cal changes in the gonads (exact tissues exani ned were
not reported) were found in nale and female rats treated for 4 nmonths with
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3043 ng thorium kg body wei ght/day (335 nCi/kg/day = 12,400 Bq/kg/day). No
hi st opat hol ogi cal changes in the testes were found in one dog treated for 46
days with 426 ng thoriunl kg body wei ght/day (47 nCi/kg/day - 1740 Bqg/ kg/ day)
as thoriumnitrate in the food (Downs et al. 1959). The val ue of 335
nCi/kg/day for rats is reported in Table 2-2 and plotted in Figure 2-2.

2.2.2.7 Genotoxic Effects

No studies were | ocated regardi ng genotoxic effects in humans or
animal s after oral exposure to thorium

2.2.2.8 Cancer

_ No studies were |ocated regarding carcinogenic effects in humans or
animal s after oral exposure to thorium

2.2.3 Dernmal Exposure
2.2.3.1 Death

No studies were |ocated regarding |ethal effects in humans after
dermal exposure to thorium

Tandon et al. (1975) reported no lethality in rats follow ng dernal
application of 529 ng thoriunf kg body weight (58 nC/kg = 2146 Bq/kg), daily
for 15 days, to the | ateroabdom nal and scrotal skin. Prior to treatnent,
the hair was clipped. The area renmi ned uncovered for the duration of
treatnent. The thoriumwas adnministered as thoriumnitrate. This NOAEL
value is reported in Table 2-3.

2.2.3.2 Systenic Effects

Hepatic Effects. No studies were |ocated regarding hepatic effects in
humans after dermal exposure to thorium

Tandon et al. (1975) reported no histopathol ogi cal effects on the |iver
of rats follow ng dernmal application of 529 ng thorium kg body wei ght/day (58
nC / kg/ day - 2146 Bg/ kg/day) for 15 days to the |ateroabdon nal and scrota
areas. Prior to treatnment, the hair was clipped. The area remai ned uncovered
for the duration of treatnent. The thoriumwas adninistered as thorium
nitrate. This NOAEL value for hepatic effects in rats is reported in Table 2-
3.

Renal Effects. No studies were |ocated regarding renal effects in
humans after dermal exposure to thorium



TABLE 2-3. Levels of Significant Exposure to Thorium - Dermal
Exposure
Figure Frequency/ LOAEL (Effect) Chemical
Key Species Duration Effect NOAEL Less Serious Serious Reference Form
(nCi/kg) (nCi/kg) (nCi/kg)
INTERMEDIATE EXPOSURE
Death
1 Rat 15 days 58 Tandon et al. 1975 ThNO;
Systemic
2 Rat 15 days Hepatic 58 Tandon et al. 1975 ThiNOz
Renal 58
Derm 15 (hyperkeratin) 58 (acanthosis)
Reproductive
3 Rat 15 days 15 (tubule edema) 58 (abnormal sperm) Tandon et al. 1975 ThNOz

Derm = dermal; LOAEL = lowest-observed-adverse-effect level; NOAEL =

no-observed-adverse-effect level; ThN03 = thorium nitrate.
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Tandon et al. (1975) reported no histopathol ogical effects on the
ki dneys of rats followi ng dermal application of 529 ng thorium kg body
wei ght/day (58 nCi/kg/day = 2146 Bq/kg/day) for 15 days to the
| at er oabdomi nal and scrotal areas. Prior to treatnment, the hair was
clipped. The area remmi ned uncovered for the duration of treatnent. The
thoriumwas adm nistered as thoriumnitrate. This NOAEL val ue for rena
effects inrats is reported in Table 2-3.

Dermal / Ccul ar Effects. No studies were | ocated regarding
dermal /ocul ar effects in humans after dernmal exposure to thorium

Tandon et al. (1975) applied daily dermal applications of 132.5 ngy
t hori um kg body wei ght/day (15 nGi/kg/ day 555 Bg/ kg/ day), 265 ngy
t hori um kg body wei ght/day (29 nG /kg/ day 1073 Bg/ kg/day), or 529 ngy
t hori um kg body wei ght/day (58 nGi/kg/day 2146 Bqg/ kg/ day) to the
| at er oabdomi nal and scrotal areas of rats for 15 days. The thorium was
adnmi ni stered to skin (hair was clipped) as thoriumnitrate, and the area
remai ned uncovered for the duration of treatnent. MId hyperkeratinization
of the | ateroabdom nal skin was found at all exposure levels. At the
hi ghest exposure level, nild acanthosis and thickening of the epithelia
lining of the |ateroabdom nal skin were seen. At this level, nmld
acant hosis, swollen collagen fibers, and foany derms were found in the
scrotal skin. The value of 15 nC/kg/day is a | ess serious LOAEL, and the
exposure |l evel of 58 nC/kg/day is a serious LOAEL for dermal effects in the
rat. These values are reported in Table 2-3.

No studies were | ocated regarding the follow ng health effects in
humans or aninals after dernmal exposure to thorium

2.2.3.3 I mmunol ogi cal Effects
2.2.3.4 Neurological Effects
2.2.3.5 Devel opnental Effects
2.2.3.6 Reproductive Effects

No studies were | ocated regardi ng reproductive effects in hunans after
dermal exposure to thorium

Tandon et al. (1975) applied daily dermal applications of 132.5 ny
t hori uni kg body wei ght/day (15 nG /kg/day = 555 Bg/ kg/day), 265 ng
t hori uml kg body wei ght/day (29 nGi/kg/ day 1073 Bg/ kg/day), or 529 ngy
t hori um kg body wei ght/day (58 nGi/kg/day 2146 Bqg/ kg/ day) to the
| at er oabdomi nal and scrotal skin of rats for 15 days. The thorium was
adm nistered to skin (hair was clipped) as thoriumnitrate, ,and the area
remai ned uncovered for the duration of treatnent. MId ederma of the
sem ni ferous tubules and the interstitiumwas seen at all exposure |evels.
At the highest exposure |evel, sone desquanmation of sperm and gi ant
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spermati d-type cells were found. The percentage of sperm affected by
thoriumtreatment was not reported. It was not clear whether these
reproductive changes were due to chem cal or radiation effects, although
they were nore likely the result of chemical toxicity because of the short
tinme required to produce the effects. The level of 15 nC/kg/day is a |ess
serious LOAEL and 58 nCi/kg/day is a serious LOAEL for the reproductive
effects of thoriumin rats. These values are reported in Table 2-3.

2.2.3.7 Genotoxic Effects

No studies were | ocated regardi ng genotoxic effects in hunmans or
animal s after dermal exposure to thorium

2.2.3.8 Cancer

No studies were | ocated regardi ng carci nogenic effects in humans or
animal s after dermal exposure to thorium

2.2.4 O her Routes of Exposure

Most of, the literature deals with the carcinogenic effects of thorium
as a result of intravenous injection of Thorotrast, a colloid consisting of
approxi mately 25%thorium 232 di oxi de and stabilized with dextran. Thorotrast
was used as a radi ographic contrast medi um between the years 1928 and 1955. It
was estinated that 50, 000-100,000 patients worl dw de recei ved Thorotrast
(Harrist et al. 1979; Isner et al. 1978). Generally, 10-75 nL of Thorotrast
was injected and toxic effects were found at all exposure -levels.|t has been
reported that the thorium 232 in Thorotrast has an activity of 24.2 nG/nL
(Steinstrasser 1981); therefore, the injected anpunts of |-75 niL correspond to
3.5-26 nCi/kg body weight (129-962 Bg/kg). The toxic effects include formation
4-6 years after exposure of "Thorotrastonas," granul onas at the site of
injection resulting fromthe extravasation of the injected Thorotrast (Frank
1980; Grampa 1971). Bl ood disorders (henolytic and apl astic anem a
nyel of i brosi s, and | eukeni a) appeared 20 years follow ng injection, and
hermangi osarcoma of the liver was found 25-30 years post-exposure (Frank 1980).
A relationship was found between the anount of the Thorotrast injected and the
i nci dence of liver tunors (chol angi ocarci noma, angi osarcona, hepatic cellular
carcinona) (Wesch et al. 1983; Van Kaick et al. 1983). A decrease in the tine
to tunors was also found with increased injected volune of Thorotrast (Van
Kaick et al. 1983). The use of Thorotrast ceased when the potential toxic
effects were recogni zed.

2.2.4.1 Death
No studies were |ocated regarding acute lethal effects in hunans after

ot her routes of exposure to thorium Death fromvarious types of cancer
however, was found 20-30 years after intravenous injection of Thorotrast.
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After a period of 15 nonths, no increased nortality was seen froma
single intravenous injection of 0.5 nL of Thorotrast (403 nC/kg = 14909
Bg/kg) in mice (Guinaraes et al. 1955).

2.2.4.2 Systenic Effects

Respiratory Effects. No studies were | ocated regarding respiratory
effects in humans after other routes of exposure to thorium
No degenerative changes in the pul nonary parenchynma were found, but
7/20 mce that died 15 nonths after intravenous Injection of Thorotrast
(Quimaraes et al. 1955) and 8/ 20 mice that were sacrificed 5-12 nonths after
i njection of Thorotrast (CQuinaraes and Lanerton 1956) had | ung adenomnss.
There was no significant difference in survival between the treated and
control animals in either study. In a few cases, an associ ati on between the
presence of Thorotrast deposits in the lungs and the proliferation of
bronchi ol es and al veoli was found.

Car di ovascul ar Effects. Myocardial infarction, severe coronary
lum nal narrowing, and internal alteration of the carotid artery were found
in two patients injected 21-30 years before with an unreported anount of
Thorotrast (lsner et al. 1978). The authors concl uded that the vascul ar
effects were the result of chronic al pha irradiation. The patients were
injected in the carotid artery, and thorotrastona (see Qther Systenic
Ef fects, below) was found in both patients.

Li pchik et al. (1972) reported no significant acute changes in cardiac
out put, pulse rate, pressure or left ventricle volunes, or clotting tinme in
dogs injected intravenously with up to 1 nL of Thorotrast/kg (1.9 nC/kg =
70 Bqg/ kg.

El even nonths after intratracheal and intraperitoneal injection of
thoriumdioxide in rats, a sharp and persistent fall in blood pressure was
found (Syao-Shan 1970). The fall in blood pressure could not be directly
attributed to the chemcal or radiological effects of thorium

Hemat ol ogi cal Effects. Aplastic anem a, |eukenia (erythrol eukem a
acute nyel ogenous | eukem a), myel ofi brosis, and splenic cirrhosis were anong
t he hematol ogical effects commonly found in patients after injection of
Thorotrast (Dejgaard et al. 1984; Kaniyanma et al. 1988; Kato et al. 1983;
Rao et al. 1986; Summers and Chung 1986; Van Kaick et al. 1983). The
appear ance of the | eukem a comonly occurred 20 years after injection (see
Section 2.2.4.8).

No studies were | ocated regardi ng hematol ogical effects in aninmals
after other routes of exposure to thorium

Hepatic Effects. Severe cirrhosis of the liver was one of the prinmary
systemc effects seen followi ng injection of Thorotrast in hunans (Baxter
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et al. 1980a, b; Faber 1979; Kato and Kido 1987; Kato et al. 1983; Mor

et al. 1979, 1983a,b; Rao et al. 1986; Van Kaick et al. 1983). Cases of
fibrosis, veno-occlusive disease, and bl ood-filled cavities were also found
inthe livers of Thorotrast patients (da Silva Horta 1967a; Dejgaard et al
1984). The latency period for the appearance of the cirrhosis was not

clear, but was probably conparable to the latency period for liver tunors
(25-30 years) since the two effects were often found together

Degenerative |iver changes (necrosis, fibrosis, cirrhosis) were found
in mce and rats treated with a single dose of Thorotrast and allowed to
survive up to 15 nonths after treatnment (CGuimaraes et al. 1955; Cui nmaraes
and Lanmerton 1956; Wegener et al. 1983). The authors of the npuse study
(Qui maraes et al. 1955; Guinmaraes and Lanerton, 1956) concl uded t hat
radi ati on was responsible for the cellular proliferation that led to the
degeneration and hepatic tunors.

Fol I owi ng intravenous injection of O-2.8 uC /kg (104,000 Bqg/kQ)
thorium 227 in a solution of citric acid-sodiumcitrate buffer in dogs, an
i ncrease in serum al kal i ne phosphat ase neasurenents and hypoal bum nem a and
hyper gl obul i nemi a were observed (Stevens et al. 1967). No effects on the
| evel s of serumglutanic pyruvic transan nase (SGPT) or serum glutamc
oxal oaceti c transam nase (SGOTI) were found.

Renal Effects. No studies were |ocated regarding renal effects in
humans or animals after other routes of exposure to thorium but tunors of
t he ki dney have been reported after intravenous adm nistration of thoriumin
humans (see Section 2.2.4.8).

QO her Systemic Effects. Localized fibrosis infiltrated with
nmacr ophages was often found surroundi ng deposits of Thorotrast at the point
of intravenous injection. These granul omas were ternmed Thorotrastona and
resulted fromfibroblastic proliferation due to the extravascul ar deposition
of Thorotrast (Coorey 1983; Stanley and Cal caterra 1981; Stougaard et al
1984; Wistrow et al. 1988). Histologically, the Thorotrastoma consisted of
dense, hyalinized connective tissue with Thorotrast found both free and in
t he cytopl asm of nmacrophages (G anpa 1971). The Thorotrastonma nost conmonly
occurred in the neck after a cerebral angi ography and appeared 4-6 years
after intravenous injection (Frank 1980).

2.2.4.3 I mmunol ogi cal Effects

Fi brosis of the |ynph nodes, which occluded the |Iynmph vessels, and of
the spleen were found in patients injected intravenously with unknown
gquantities of Thorotrast (da Silva Horta 1967a; Wgener et al. 1976; Wgener
and Wesch 1979). No nalignancies were found in the | ynph nodes, but
hemangi oendot hel i ona of the spleen was reported in 2/14 patients exan ned by
da Silva Horta (1967a).
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No degenerative changes were observed in the spleen of mice injected
i ntravenously with Thorotrast, but one aninmal had a nalignant
hemangi oendot hel i ona (CGui maraes et al. 1955). M chael and Murray (1970)
found a suppression in i mune response follow ng adninistration of
Thorotrast to mice. The suppression was found to appear sooner (within
1 hour after treatnent) and last for a |onger period of tinme (up to 3 days)
when Thorotrast was administered intraperitoneally rather than
i ntravenously. Thorotrast was found to affect |ynphoid cells involved in
anti body fornmation, as well as the bl ockade of phagocytic cells in certain
organs of the reticul oendothelial system (M chael and Murray 1970).

No studies were |ocated regarding the followi ng health effects in
humans or aninals after other routes of exposure to thorium

2.2.4.4 Neurol ogical Effects
2.2.4.5 Devel opnental Effects
2.2.4.6 Reproductive Effects
2.2.4.7 Genotoxic Effects

The intravenous injection of Thorotrast resulted in radiation-induced
chronosonal aberrations in patients (Fischer et al. 1967; Kemmer 1979;
Kemer et al. 1971, 1979; Sadanori et al. 1987; Sasaki et al. 1987). A
positive correlation was found between the chronpbsomal aberration rate and
t he adm ni stered anmount of Thorotrast (Buckton and Langl ands 1973; Fi scher
et al. 1967; Kenmer et al. 1971, 1973).

No studies were | ocated regarding the genotoxic effects in aninmals
after intravenous injection or other routes of exposure to thorium

2.2.4.8 Cancer

The primary effects of intravenously injected Thorotrast in humans are
liver tunors (chol angi ocarci noma, angi osarcona, hepatic cellular carci nom)
and bl ood di sorders (apl astic anenia, erythrol eukem a, acute nyel ogenous
| eukemia) (BEIR IV 1988; Ito et al. 1988; Kanmiyama et al. 1988; Kato and
Kido 1987; Kojirs et al. 1985; Levy et al. 1986; Van Kaick et al. 1983;
Yanmada et al. 1983). Two groups of former Thorotrast patients were exam ned
(one group was 93 autopsy cases fromthe "Annual of Pathol ogical Autopsy
Cases"” in Japan and the other was a group of 78 autopsy cases fromthe
Japanese literature). Chol angi ocarci noma was found in 55-58% angi osarcona
was found in 24-25% and hepatocel |l ul ar carci nona was found in 17-21% of
t hese cases (Yanmda et al. 1983). The nean | atency period for all tunor
types was between 25 and 30 years (Frank 1980). The nean val ue of absorbed
dose to the liver was calculated to be 876 rads for hepatocellul ar carci noma
and 1053 rads for chol angi ocarcinoma (Mri et al. 1983b). It was determ ned
t hat angi osarcona devel oped | ater (33.5-year nean | atency period) than
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chol angi ocarci noma (27.8 years) (Yanada et al., 1983). Blood-filled
cavities in the tunors were conmmon (Visfeldt and Poul sen 1972). Kato et al
(1983) reported that malignant hepatic tunors accounted for 63% of al

Thorotrast-rel ated deaths, and as the dose rate increased (<15 to >45

rad/ year; <0.15 to >0.45 Gy/year), the severity of the liver effects

i ncreased and the | atency period decreased. A dose-effect relationship was
found between the anpunt of Thorotrast injected and the incidence of |iver
tunmors in humans (Van Kaick et al. 1983). The radiation dose to the liver
froml-10 nL injected was 10 rad/year (0.10 Gy/year), 11-20 niL was 18
rad/year (0.18 Gy/year), and >20 nmL was 30 rad/year (0.30 Gy/year).

The | atency period for |euken a was about 20 years, which was 5-10
years shorter than the liver tunors (Frank 1980). The primary forns of
| eukenmi a found were erythrol eukem a and acute nyel ogenous | eukemi a (da Mtta
et al. 1979; Kamyama et al. 1988; Mri et al. 1983b). Kam yama et al
(1988) reported that the damage from Thorotrast nay have been due to effects
on the hematopoietic stemcell |evel.

Fifteen cases of bone tunors resulting fromintravenous Thorotrast
i njection have been reported (9 of which were osteosarcoma). The nean
| atency period was 26 years and the | atency period and injected anount of
Thorotrast were inversely related (Harrist et al. 1979). The nean dose rate
to bone was 16 rads/year (0.16 Gy/year) per 25 nL of injected Thorotrast
(Van Kaick et al. 1983).

Turmors of the kidneys, spleen, and pancreas have al so been reported
(Christensen et al. 1983; Guinmaraes et al. 1955; Kauzlaric et al. 1987; Levy
et al. 1986; Mri et al. 1979; Van Kaick et al. 1983; Wstin et al. 1973).
Christensen et al. (1983) determ ned that transitional cell carcinoma of
t he ki dneys have a significantly | onger |atency period (35.8 years; p<0.005)
conpared to carci nona of other histological types (27.6 years). A few
cases of neningioma and gliosarcoma were found (da Silva Horta 1967b; Kyle
et al. 1963; Sussnan et al. 1980; Wargotz et al. 1988).

The literature suggests that the toxic effects of Thorotrast are due to
t he al pha radiation effects of thoriumand not to the chenical effects of
thoriumor of the.colloid (Faber 1973; BEIR |V 1988; Taylor et al. 1986;
Wesch et al. 1983). Wesch et al. (1983) injected Thorotrast enriched wth
thorium 230 into rats and found a linear relationship between radiation
[ evel and tunor incidence. At a constant radioactive |level, an increase in
the injected colloidal volune had little influence on the number of liver
tunors, but resulted in a decrease in tunor appearance tinme and, therefore,
a decrease in lifespan. The larger colloidal volune may result in a nore
di ffuse organ dose and a less "hot spot" distribution, Injection of the
nonr adi oactive colloid resulted in no appreciable incidence of |iver tunors.
It is not known whet her the colloidal particles induce the liver tunors when
given in conmbination with the radioactive thorium or if the colloid only
accel erates the expression of the radiation-induced tunors. However,
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studies in mce reported by Taylor et al. (1986) suggest that the induction
of liver cancer can be accounted for by the radiation al one.

Thorotrast studies in rats found a positive correlation between the
admi ni stered anount and the nunber of liver and splenic tunors (Johansen
1967; Wesch et al. 1983).

2.3 TOXI COKI NETI CS
2.3.1 Absorption
2.3.1.1 Inhal ati on Exposure

The absorption of thoriumfromthe lungs is dependent upon the
chem cal nature of the isotope and the size of the aerosol particle (Boecker
1963; Boecker et al. 1963; Mores et al. 1980; Newton et al. 1981; Sunta

et al. 1987; Syao-Shan 1970a). Increasing the particle size (>2 um

i ncreases deposition in the respiratory tract of mce, but decreases
deposition in the alveolar region. A linear relationship was found between
aerosol dosage of thorium 232 and the anount deposited in the alveolar
regi on (Moores et al. 1980). Approxinmately twi ce as nuch thorium234 is
absorbed fromthe lungs of rats exposed to soluble thoriumcitrate (33%
conpared to soluble thoriumchloride (19% (Boecker et al. 1963). However,
following the initial difference in absorption, thorium shows the same

di stribution and excretion pattern, regardl ess of absorbed conpound. Syao-
Shan (1970b) determ ned that 1.5-5.0% of the administered anpbunt to rats is
absorbed fromthe lungs 1 day after intratracheal administration of

i nsol ubl e thorium 232 di oxi de. Deposited thoriumdi oxide tends to remain in
the lungs for long periods of tine; 68-73%of thorium 232 dioxi de remai ned
in the lungs after 1 day, while 15-30%remnained after 21 nonths. Thoriumis
renoved primarily by ciliary clearance and is excreted in the feces

(Wenn et al. 1981). ICRP (I CRP 1979) assunes a total of 5% absorption of
inhaled thoriumis transferred to the bl ood. However, the solubilities of

t he t horium conpounds appear to be an inportant biological factor, as

evi denced by differences in toxicity: LDsos after 30 days foll ow ng
intraperitoneal injection in mce were 370.8 ng thoriumkg for soluble
thorium 232 nitrate and 589.1 ng thorium kg for soluble thorium 232
chloride, while 2000 ng thoriunm kg for insoluble thorium 232 dioxide
resulted in deaths of only 2/18 mce (Syao-Shan 1970b).

Lung levels of thorium (230 and 232) in workers occupationally exposed
to thorium(mners and mllers) are significantly higher than those not
occupationally exposed (G lbert et al. 1985; Singh et al. 1981; Vocaturo
et al. 1983; Wenn et al. 1985). In a review of the epidem ol ogi ca
evi dence, Wenn et al. (1981) concluded that the najor route of exposure was
i nhal ati on. Though intake of thoriumthrough the air may account for |ess
than 1% of the total intake, absorption through the |lungs accounts for
approxinmately 2/3 of the ultimate uptake in the body. This is due primarily
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to the | ow gastrointestinal absorption rate (0.02% in humans (Ml et skos
et al. 1969; Sullivan et al. 1983).

2.3.1.2 Oal Exposure

| CRP has recomended a hunman gastrointestinal absorption value of 0.02%
for all forns of thorium (ICRP 1979). In a recent review of the literature by
Johnson and Lanothe (1989), a hunan gastrointestinal absorption value of 0.1
to 1% was cal cul ated. Absorption of thoriumin the formof thoriumnitrate is
40-fold higher in neonatal rats (I.1-1.2% (Sullivan et al.1980b, 1983) than
in adult rats (0.028-0.5% (Sullivan et al. 1980a; Traikovich 1970).
Absorption of thoriumin adult mce was 0.065% (Sullivan et al. 1983). These
dat a suggest that infants nmay be a susceptibl e population for exposure. In
ot her studies of actinide elenments (including thorium, little variation in
gastroi ntestinal absorption was found between rats, guinea pigs, or dogs.
Solubility factors and particle size were found to be the determ nants of
absorption (Sullivan 1980a). The absorption of various forms and isotopes of
thoriumin rats was conpared by Pavlovskaia (1973). It was found that the rate
of absorption of thorium EDTA by the gastrointestinal tract was 60 tines
greater than that of thoriumdioxide. Thoriumnitrate had a 4 tinmes greater
absorption rate than thorium di oxi de, and the absorption rate of thorium
chloride was 10 or 20 times greater than thorium di oxi de, depending on
concentration. The absorption differences are attributable to different
solubilities of the various chem cal forms.

2.3.1.3 Dermal Exposure

No studies were |ocated regarding the rate and extent of absorption of
thoriumfoll owi ng dermal exposure of humans or ani nmals. Absorption of
thori um through the skin of animals can be inferred, however, because
testicular effects were seen in rats followi ng application of thorium
nitr?te directly to the | ateroabdoni nal and scrotal skin (Tandon et al
1975).

2.3.2 Distribution
2.3.2.1 Inhal ati on Exposure

The medi an concentrations of thorium 232, thorium 230, and thorium 228
i n bone and various soft tissues of autopsy sanples of a control popul ation
from Grand Junction, CO and Washington, DC are presented in Table 2-4
(Ibrahimet al. 1983; Wenn et al. 1981; Singh et al. 1983). The naxi mum
concentration of all three thoriumisotopes was found in the
tracheobronchi al |ynph nodes, with |Iungs and bones containing the next
hi ghest activity of thoriumisotopes. The high activity in the | ynph nodes
inmplies that sone of the thoriumis cleared fromthe lungs by the |ynphatic
system and deposited in the |ynph nodes (Mausner 1982; Wenn et al. 1981).
One possi bl e explanation for the higher activity of thorium 228 than



TABLE 2-4. The Median Concentrations of Thorium Isotopes in Autopsy Samples
from Grand Junction, Colorado, and Washington, DC2
(in pCi/kg wet weight)

# of - Grand Junction, Colorado # of Washington, DC
Samples Samples

Organ Analyzed Th-228 Th-230 Th-232 Analyzed Th-228 Th-230 Th-232
Lung 19 0.28 0.84 0.58 10 0.24 0.31 0.32
Lymph node 14 5.1 11.0 7.8 10 2.6 4.60 2.8 >
Liver 16 0.07 0.15 0.03 10 0.09 0.15 0.05 %
Kidney 17 0.07 0.29 0.07 8 0.09 0.17 0.03 E &
Bone 16 0.54 0.92 0.16 7 0.66 0.32 0.10 E
Testicles 44 0.02 0.06 0.05 - - - - Z
Spleen 14 0.06 0.13 0.09 - - - -
Thyroid 1 0.33 0.82 0.65 - - - -

dSource: Ibrahim et al. 1983; Singh et al. 1983; Wrenn et al. 1981

Th = thorium.
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thorium 232 in bone is that a najor portion of the thorium 228 may be from
i ntake of radium 228 (radi um appears to be absorbed fromthe
gastrointestinal tract to a greater extent than thoriun); radium 228
concentrates in bones and decays to thorium228 (Wenn et al. 1981).
Studies in mice have shown that thorium 227, injected intraperitoneally,
distributes directly to the bone (Miller et al. 1978); therefore, there may
be ot her explanations for the higher |evels of thorium 228 than thorium 232
in the bone. More thorium232 is retained in the lungs and | ynph nodes

than thorium 230, suggesting that the solubilization of thorium 230 may be
faster than that of thorium232 in the lungs. This nay be due to thorium
230 being inhaled in smaller particles than thorium 232. Consequently,
thorium 230 is renoved nore quickly fromthe lungs and is transported to
bone. The low content of thoriumin the reticul oendothelial system(liver,
spl een, bone marrow) is in contrast to the distribution follow ng

i ntravenous injection of thorotrast (ThO; colloid), where the vast majority
of the thoriumis taken up by the macrophages of the reticul oendothelia
system

The dose rates to various organs in humans from environnental thorium
were estimated to be: 2.2-4.5, 0.41-0.44, 0.19-0.23, 0.057-0.071, and
0.071-0.072 nrad/year in the |ynph nodes, bone, lungs, liver, and ki dneys,
respectively (Wenn et al. 1981). The dose rates to organs tended to be
hi gher in subjects living in the vicinity of uraniummne tailings, and the
dose rates to the organs in mners were even higher (4.8-10.5 nrad/year in
the |lynph nodes and 1.2-1.5 nrad/year in the lungs) (Wenn et al. 1981).

2.3.2.2 Oal Exposure

Aut opsy data of persons environnentally exposed to thoriumindicated
that pul monary | ynph nodes contained the highest |evels of thorium (nmean

53.4 ug/kg), followed by the lungs (nmean of 5.4 pg/kg, ranging from

1.5-16 pg/kg) and bones (nmean of 0.55 ug/kg, ranging fromO0.2-9.0 nug/kg)
(Sunta et al. 1987). This study estinated that the daily intake of thorium

t hrough food, water, and inhalation was 2.29 pug /day, with the magjority from
food and water ingestion (2.27 pg/kg). However, it was determ ned that,
since absorption through the gastrointestinal tract is so |ow (0.02%,

twot hirds of the body burden of thoriumresults frominhal ati on exposure.

Neonatal rats retained 50% of the absorbed anount of thorium (1.1% of
the adm ni stered amount) in the skeleton (Sullivan et al. 1983). In the
sanme study, adult mice retained 75% of the absorbed anpbunt of thorium
(0.065% of the adm nistered anmount) in the skeleton. Traikovich (1970)
found that about 75% of the absorbed ampunt (0.5% of the adm nistered
amount) of thorium?232 nitrate was |located in the bones of rats.

2.3.2.3 Dermal Exposure

No studies were | ocated regarding the rate and extent of distribution
of thoriumfollow ng dermal exposure of humans or ani mals.
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2.3.2.4 O her Routes of Exposure

The majority of thorium studies concern the injection of colloida
t hori um 232 di oxide (Thorotrast) into patients as a radi ographic contrast
medi um Approxi mately 97% of intravenously injected Thorotrast is taken up
by the reticul oendothelial system (RES) and distributed to the liver (59X%,
spl een (29%, and bone nmarrow (9% (BEIR IV 1988; Kaul and Muth 1978; Kau
and Noffz 1978; Parr et al. 1968; Wegener et al. 1976). Thoriumis also
deposited in the | ynph nodes throughout the body after being transported
fromthe liver and the spleen via the |ynph ducts (Wegener et al. 1976).
The distribution is inhonogeneous in all tissues and organs since thorium
which is conplexed with transferrin in the serum (Peter and Lehnann 1981),
is taken up by the nmacrophages of the RES (Hall egot and Galle 1988;
(degaard et al. 1978). Thorotrast tends to remain in the RES, but sonme of
the radi um 228 and radi um 224, produced by decay of their parent nuclides,
escapes from Thorotrast deposits, possibly as a result of the recoil energy
created from decay, and migrates to bone (Kaul and Noffz 1978; Parr et al
1968). The dose rate to the organs of the RES is dependent upon the
nonuni f orm deposi tion of Thorotrast aggregates (clunping of the colloid
within the organ), the self-absorption of alpha particles in the aggregate
itself (alpha particles are absorbed by the aggregate and not by the
surroundi ng tissue), and the characteristic netabolic behavior of thorium
daughters (Kato et al. 1979; Kaul and Noffz 1978). Kaul and Noffz (1978)
determ ned that, as the concentration of Thorotrast increases in an organ
al pha self-absorption is increased so that the effective al pha dose to the
ti ssue may be reduced. Kato et al. (1979) found that the value for
sel fabsorption in fibrous tissue was higher than for nonfibrous tissue and was
dose dependent. Mean annual radiation doses fromthe intravenous injection of
30 nL of Thorotrast were: 30 rads/year in liver, 80 rads/year in spleen, 10
rads/year in red bone marrow, 4.5 rads/year in lungs, and 15 rads/year in the
cells on the bone surface. The dose to conpact bone was 3.3 rads/year and the
dose to cancel |l ous bone was 4.8 rads/year (Kaul and Muth 1978). Due to the
uneven distribution of thoriumwi thin the colloid, however, these nmean annua
doses nmust be considered estinmates. The fact that toxic effects rarely
appeared in the spleen followi ng Thorotrast injection regardl ess of the high
radi ati on dose was unexpl ained, but inplies that the liver is nore susceptible
than the spleen to the effects of radiation and/or Thorotrast. Muys (1978)
determ ned the dose rate to the endosteum (the sensitive cells for the

i nduction of bone sarcoma may lie within 10 um of bone surfaces) to be about
16 rad/year (7 rad/year fromradium224 [5.1], thorium228 [1.5], and radium
228 [0.4] translocated from Thorotrast to calcified bone and 9 rad/year from
Thorotrast on bone surfaces [5.9] and in red marrow [3.1]). Kaul and Noffz
(1978) estimated that the al pha dose 30 years after injection of 25 nL of
Thorotrast would be: 750 rad in liver, 2100 rad in spleen, 270 rad in red bone
marrow, 18 rad in total calcified bone, 13 rad in the kidneys, and 60-620 rad
in various parts of the lungs.
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The distribution pattern of intravenously-injected Thorotrast
animals is sinmilar to the pattern in humans; nost of the Thorotrast
taken up by the RES (Quimaraes et al. 1955; MNeill et al. 1973;
Reidel et al. 1979). Reidel et al. (1979) deternined that the average
percent distribution of Thorotrast in the Iiver was within one order of
magnitude in mce, rats, rabbits, dogs, and humans. The anbunt of thorium
in the spleen of all species, except mice, was clearly below that in

humans. Only 50% of the thoriumin rats was retained in the liver and

spl een, while approximtely 85% was retained in humans. Direct conparison

of the species is difficult, since the data were taken from other authors
and anal yzed by Reidel et al. (1979). The study concluded that the

bi ol ogi cal behavior of colloids was simlar in humans and aninmals. Kaul and
Heyder (1972) reported an extrenely low rate of clearance of the colloid
formfromthe bl ood about 1 hour after intravenous injection in rabbits.
Subsequently, an increase in the rate of disappearance fromthe bl ood of the
colloid form (biological half-life of 90 m nutes) and of the sol uble form
(biological half-life of 75 m nutes) was found. After 3, 6, or 12 hours,

23, 45, or 60% of the injected amount, respectively, was located in the
liver.

n
S

Mal et skos et al. (1969) found that, followi ng intravenous injection in
humans, thorium 234 citrate generally was retained in the skel eton and soft
tissues rather than in the RES, as found with Thorotrast. A sinilar
distribution pattern was found in dogs injected intravenously with thorium
228 citrate (Stover et al. 1960). |Intravenous exposure studies in rats and
gui nea pigs, however, showed a distribution of thorium 234 sulfate simlar
to Thorotrast: 60-68%in the liver, 3-7%in the spleen, 0.4-1%in the
ki dneys, and about 10%in the renmi ning carcass, including bone (Scott
et al. 1952). Peter-Wtt and Volf (1985) deternined that the nmass of
thorium 234 intravenously injected (carrier-free) in rats dictated the
pattern of distribution. A "critical" concentration of thoriumin the

extracel | ul ar space was found to be between 10”7 and 10 above this
concentration thoriumhydrolizes, becones colloidal, and distributes
primarily to organs of the reticul oendothelial systenm belowthis
concentration, thoriumis distributed primarily to bone. The exposure
levels in the human and ani mal studi es cannot be conpared since the
concentration injected was not reported in the hunan study.

2.3.3 Metabolism

Transferrin plays a mgjor role in the transport and cellul ar uptake of
thorium (Peter and Lehnmann 1981). Thorium can be displaced from
transferrin by an excess of iron, but it is not known whether thorium and
iron bind to the sanme sites on the transferrin nmolecule. It has al so been
determ ned that thorotrast (ThO, colloid) blocks the uptake of |abelled
protein by the RES in fenmale rabbits and in both nale and fenale rats (Hynan
and Pal di no 1967). The nechani sm of the bl ockade is not clear. Sex
di fferences were found in rabbits but not in rats. The particle size of the
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Thorotrast colloid influences its effect on the uptake of protein; only
particles larger than 1 umw |l interfere with uptake of protein by the RES.

2.3.4 Excretion
2.3.4.1 Inhal ati on Exposure

After inhalation exposure, the primary route of excretion is in the
feces following ciliary clearance fromthe lungs to the gastrointestina
tract (Wenn et al. 1981). Fecal excretion may account for as much as 97%
of total excretion (Fisher et al. 1983). Hi gher |levels of thorium 230 were
excreted in the feces by active crushernmen (uraniummill workers exposed to
urani um ore dust in the crusher building) conpared to retired workers or
controls (Fisher et al. 1983). Levels of thorium230 in the urine were
conparable to those of retired workers, and the levels in both were
significantly greater than controls.

The bi ol ogical half-lives of thorium 232 and thorium 230 in the |ungs
of subjects living in the vicinity of uraniummnmine tailings (G and Junction
CO were 5.3 and 1.4 years, respectively. The biological half-lives for
subjects in a non-mine area (Washington, DC) were 2.6 and 1.0 years for
thori um 232 and thorium 230, respectively (Wenn et al. 1981). Since
bi ol ogi cal half-lives in humans should be the sane regardl ess of where
people live, the differences at the two locations may reflect the duration
of exposure, the tinme between exposure and sanpling, or the inhalation of
| arger particle size dust in Gand Junction conpared to Washi ngton, DC. The
232 isotope fromnature apparently is retained in the lungs |Ionger than the
230 i sotope

In a subject who had accidentally inhaled thorium 228 di oxi de (al pha
emtter, radioactive half-life of 1.9 years), the biological half-life for
| ong-term cl earance of thorium 228 fromthe body was at |east 14 years as a
result of skeletal deposition (Newon et al. 1981). The early | ung
cl earance of thorium 228 was found to be on the order of approximtely 50
days, thereby designating thorium dioxide a class Wconpound (biol ogica
hal f-1ife in weeks) as opposed to the class Y (biological half-life in
years) designation recomended by ICRP (I CRP 1979). Davis (1985), however,
concl uded that both thorium 232 nitrate and thorium 232 di oxi de were class Y
conpounds by determining the solubility in simulated lung fluid. The near
equi li brium of thorium 230, uranium 234, and uranium 238 in the |ungs of
former uranium mners suggests that the elinination rates of these nuclides
are simlar (Singh et al. 1987; Wenn et al. 1985). In dogs, the thorium
230/ uranium 234 ratio increases with tinme, suggesting that uraniumis
cleared faster than thoriumfromdog lungs (Singh et al. 1986). The
effective half-life of inhaled thorium227 nitrate (radioactive half-life of
18. 7 days and biol ogical half-life of about 20 days) in the lungs of rats
was found to be about 10 days (Miller et al. 1975). Pavl ovskaia et al
(1974a) determined that the excretion of intratracheally-adm nistered
thori um 228 (as thoriumdioxide or thoriumchloride) in the feces occurred
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in two phases in the rat: in the first phase, up to 60% of the thorium 228
contained in the body was elininated, and in the second phase, the rate of
thori um 228 excretion in the feces averaged 0.25% of the body burden daily.

2.3.4.2 Oral Exposure

It was determined in several species of aninmals (mce, rats, rabbits)

that nore than 95% of the ingested anmount is excreted in the feces within
several days (approximately 2-4 days) (Patrick and Cross 1948; Scott et al
1952; Sol | mann and Brown 1907). Sol | mann and Brown (1907) concl uded that,
since very little thoriumwas excreted in the feces follow ng intravenous or
i ntranuscul ar injection, and since very little thoriumwas excreted in the
urine follow ng ingestion, appreciable anmounts of thoriumwere neither
absorbed nor excreted fromthe gastrointestinal tract.

2.3.4.3 Dermal Exposure

No studies were |ocated regarding the rate and extent of excretion of
thorium followi ng dermal exposure of humans or ani nal s.

2.3.4.4 O her Routes of Exposure

A very snall percentage of injected thorium 232 dioxide (Thorotrast) in
humans was excreted (nore in the feces than urine) (Kaul and Muth 1978;
Mol la 1975). Jee et al. (1967) found that a patient excreted 0.7% of the
i njected anbunt of Thorotrast in the 17 days between injection and the death
of the patient (node of excretion not reported). Kenmer (1979) determ ned
that the anmount of thoron (radon-220) exhal ed by the |ungs in humans
correlated to the anobunt of Thorotrast intravenously injected. The thoron
(radon-220) correlated with a "radi um 224 equi val ent val ue."

In contrast to the thoriumfrom Thorotrast (a thorium di oxi de and
dextran suspension) after intravenous injection, a higher percentage of
thori umfrom nore sol ubl e thorium conpounds is excreted. Follow ng
i ntravenous injection of thorium234 citrate in humans, there is a
relatively rapid but small (7% anount of excretion within the first 20
days. A urine/feces ratio of 12 for male subjects and 24 for female
subj ects was determined. About 93% of the injected thorium 234 was retained
at 100 days after injection, with a biological half-tine of nore than 5
years (Ml etskos et al. 1969).

Less than 5% of thoriumwas excreted in the urine up to 42 days after
i ntravenous injection of thorium?234 sulfate in rats and gui nea pigs (Scott
et al. 1952). After intravenous injection, the amunt of thorium excreted
in the feces was 0.7-24.5% of the | evel adm nistered for 14-42 days in
rats, 0.6 and 14.6%for 2 and 5 days in guinea pigs, and 0.9% for 7 days in
rabbits. In dogs injected with thorium228 citrate, urinary excretion
dom nated initially, but after 2.5 years, the fecal to urinary ratio
approxinated 1.0 (Stover 1981; Stover et al. 1960). Thomas et al. (1963)
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reported the excretion of thoriumcitrate adninistered as thorium 234
tracer plus thorium 232 carrier in rats. No differences were found in the
rate and route of excretion follow ng various routes of adm nistration
(intravenous, intraperitoneal, intratracheal, and intranuscular). In the
first 2 days, 25-30% of the thoriumwas excreted. Mst of the thorium was
excreted in the feces and not in the urine. At a high exposure |evel, the
feces/urine ratio was 45 and at a low level, it was 1.6. This indicates
that at the high level, thoriumwas hydrol yzed, becane insoluble, was taken
up by the RES and quickly cleared fromthe blood. The higher fecal |evels
of thoriumin the high exposure |evel aninals suggest greater biliary
excretion.

2.4 RELEVANCE TO PUBLI C HEALTH

Very little data exist on health effects due to inhalation, oral, or
dermal exposure of thoriumin humans or aninals. The existing health
ef fects data suggest that thorium nmay pose a potential health threat to an
exposed popul ati on. Sone evidence of respiratory di sease and increased
i nci dence of pancreatic, |lung, and hematopoietic cancers in humans was found
foll owi ng inhal ati on exposure (Archer et al. 1973; Pol ednak et al. 1983;
Stehney et al. 1980). These effects were seen in thoriumworkers exposed to
nmany toxic agents, so that the effects cannot be attributed directly to
t hori um exposure, but a causal effect cannot be discounted. High incidences
of malignancies found in patients injected intravenously w th coll oida
thorium (Thorotrast) denonstrates the carcinogenic potential of thorium
Subchroni ¢ ani mal studi es have shown pneunocirrhosis and increased
i nci dences of lung cancer follow ng inhalation exposure (Li khachev et al
1973a). No studies regarding the health effects to humans fromoral or
dermal exposure were reported in the literature. Animal studies of ora
exposure to thorium showed death at hi gh exposure |evels, but no other
systemc effects were observed (Patrick and Cross 1948). Ani mal
phar macoki neti ¢ data suggest that, while soluble forns are absorbed to a
greater extent than insoluble forns, no chem cal formof thoriumis absorbed
appreciably fromthe gastrointestinal tract (Pavlovskaia 1973; Sullivan
et al. 1980a, 1980b, 1983). Dernmlly-administered thoriumnitrate in
ani mal s showed effects on the skin, the testes, and sperm nor phol ogy when
adm ni stered directly on the scrotum but no other systemic effects were
observed (Tandon et al. 1975).

The chemical formof thorium (soluble or insoluble) inhaled,,ingested,
or injected determ nes the absorption distribution and excretion of thorium
into the body and, consequently, the toxic effects. Thirty-three percent of
i nhal ed thoriumcitrate and 19% of inhaled thoriumchloride was absorbed
fromthe lungs of rats (Boecker et al. 1963), while 1.5-5.0% of insoluble
t hori um di oxi de was absorbed following intratracheal administration in rats
(Syao- Shan 1970b). Follow ng ingestion of thorium soluble chem cal forns
were absorbed 4 (thoriumnitrate), 10-20 (thoriumchloride) or 60
(thorium EDTA) times greater than insoluble thoriumdioxide (Pavl ovskai a
1973). The fact that the LDs;s of these thorium conpounds increase with
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solubility in a simlar pattern, thoriumdi oxide <<< thoriumnitrate <
thorium chl ori de (Syao-Shan, 1970b), indicates that solubility and acute
toxicity are closely related. The |less soluble fornms of thorium however,
are of greater radiological concern because they remain in the body for |ong
peri ods of tine. Thoriumdioxide is retained in the body for |ong periods

of tinme after inhalation (Newton et al., 1981>, and the long-termradiation
effects fromthorium di oxi de, as evidenced by the induction of cancer by

i ntravenously injected Thorotrast, are apparently of greater concern than
fromthe nore soluble (and readily excreted) forns of thorium

The organ distribution of the thoriumisotopes was sinmilar in humans
and dogs, with the skel eton having the highest |evels of thorium (Singh
et al. 1988). In both humans and dogs, the |evel of thorium 232 > thorium
230 > thorium 228 in the lungs. The average skeletal activity of thorium
228 was 30-50 tinmes greater than thorium 232 in dogs, but the difference was
only 4- to 5-fold in humans. The hi gher levels of thorium 228 in dogs
conpared to humans may be due to a higher intake of radium228 in their
diet (Singh et al. 1988). Radium 228 will translocate to bones and decay to
thorium228. In this study, dogs had been exposed in the food, water, and
air to sinulate human exposure. Wenn et al. (1983) reported that thorium
230, uranium 234, and uranium 238 were in close equilibriumin the [ungs of
humans, while they were in disequilibriumin the lungs of dogs (thorium
230/ uranium 234 ratio averaged 6.3). The data suggest that, under these
experimental conditions, uraniumis cleared faster than thoriumfrom dog
lungs (Wenn et al. 1983). These species differences have been proven not
to be due to radi ochem cal nethods (Singh et al. 1986), but may be due to
time factors or to a particle size difference, as the experinmental aninmals
and the uranium mners inhal ed aerosols of different conposition and size.

The vast mpjority of the hunan thoriumdata deal with the effects of
Thorotrast (colloidal thorium 232 dioxide) adm nistered intravenously to
patients as a radiologic contrast nmedium The literature suggests that the
toxic effects of Thorotrast are due to the al pha radiation effects of
thoriumand not to the chemcal effects of thoriumor of the colloid (BEIR
IV 1988; Taylor et al. 1986). Cirrhosis of the liver, hepatic tunors, and
bl ood dyscrasias were the nost common effects of intravenously injected
Thorotrast. Because Thorotrast is no longer used in this capacity, the
i ntroduction of new health risks frominjection of Thorotrast is not
considered a prob.lem Although the pharmacokinetic behavi or of
i ntravenously injected Thorotrast in the body is vastly different fromthe
behavi or of inhaled or ingested thorium and the injected Thorotrast was
sonetines enriched with a higher proportion of nore radi oactive isotopes of
thorium (e.g., thorium 230 or thorium228) than is generally found in the
environnent, the effects from Thorotrast in patients suggest that thorium
could be a potential carcinogen (BEIR IV 1988).

The main issue regarding thoriumis its potential radiol ogical effect.
Since thoriumis an al pha-emtting bone-seeker, the small anbunt of thorium
that enters the body mgrates to bone surfaces. The carcinogenic potenti al
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of thoriumis nost likely a result of its radiol ogical properties.

Different isotopes of thorium have different radioactive half-lives:
thorium 232 (natural thoriun) is a long-lived al pha emtter (half-life of
1.4x10" years), thorium230 is a relatively long-lived al pha-emtter that

is a member of the uranium decay series (half-life of 8x10* years), thorium
228 is a short-lived al pha-emtter that is a menber of the thoriumseries
(half-life of 1.9 years), and thorium 234 is a short-lived beta-emtter that
is a nenber of the uraniumseries (half-life of 24.1 days).

For short-term experinments, thorium 232 is considered radiologically
inert since its half-life is so long. Therefore, the chemcal toxicity of
thoriumwas tested using this isotope. The | ow chemical toxicity of
t hori um was evi denced by the lack of initial systemic effects in patients
injected with Thorotrast and in occupationally exposed workers. Animal
studi es also showed I ow toxicity (Quinaraes et al. 1955; Patrick and Cross
1948). Natural thorium (thorium232) is toxic only after a | atency period
of 20-30 years, when the radiological effects are manifested.

The radi ol ogi cal effects of thoriumwere exam ned by testing isotopes
with shorter radioactive half-lives than thorium 232. No I ncreased
nortality was found in mice injected intravenously with 0.5 nlL Thorotrast
(3660 nmg thorium 232/kg) (CGuinmaraes et al. 1955), or in dogs after
intraarterial injection of thoriumnitrate (476 ng thorium 232/kg), but the
LDs, for intravenously-injected thorium230 in rats was 42.7 ng thorium kg
(Boone et al. 1958). The toxic effects of thoriumwere attributed to
radi ol ogi cal and not chemical effects (Boone et al. 1958).

The renoval of thoriumfromthe body has been achi eved by the use of
chel ating agents, primarily ethyl enedi am netetraacetic acid (EDTA) and
di et hyl enetri am nepentaacetic acid (DTPA) (Fried and Schubert 1961; Peter-
Wtt and Vol f 1984, 1985; Young and Tebrock 1958). In animals, DTPA was
about 10 times as effective at renoving thoriumfromthe body as EDTA, and
Ca- DTPA was nore effective than zZn-DTPA (Fried and Schubert 1961; Peter-Wtt
and Vol f 1985). The total percentage of thoriumrenoved fromthe body using
chel ation therapy was not reported. Thorium adninistered in the nononeric
form (single nolecule) was cleared nore effectively fromthe body than when
given in the polynmeric form (colloidal). The polyneric formwas deposited
primarily in the liver and the | evel was only | owered when massive, nearl etha
amounts of. chelating agent were given (Fried and Schubert 1961). The
chel ati ng agents were nost effective shortly after thorium dosing (Young and
Tebrock, 1957).

Death. No deaths in humans resulting fromacute inhalation, oral, or
dermal exposure to thorium have been reported. Deaths from various forns of
cancers have been observed (liver tunors, |eukenia, bone tunors), however,
in patients injected intravenously with Thorotrast (Thorotrast was enriched
with nore active forms of thoriumthan are environnentally available) (BEIR
IV 1988). The toxicity of thorium depends on the specific isotope (dose
rate effect: isotopes with shorter radioactive half-lives and hi gher energy
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are nore toxic after intravenous injection [Boone et al. 19581) and the
chemical formof thorium (total dose effect: soluble conmpounds are nore
toxi ¢ than insol uble conpounds after intraperitoneal injection [Syao-Shan
1970b]). Intravenous and intraperitoneal injections, however, are not

normal routes of environnental exposure. No deaths were reported in aninals
foll owi ng i nhal ati on exposure, and hi gh exposure | evels were necessary to
produce death in animals follow ng oral exposure, since gastrointestina
absorption is very snall (0.02%. The acute exposure levels required to
cause death in humans are not known and cannot be predicted based on the
ani nal dat a.

Systemic Effects. There is evidence in the literature of an increase
in respiratory disease (SMR=1.31) (Pol ednak et al. 1983) and hepatic effects
(increase in serumlevels of aspartate am notransferase, globulin, and tota
bilirubin) (Farid and Coni bear 1983) in individuals occupationally exposed
to thorium The individuals, however, were occupationally exposed to other
toxi ¢ substances (uraniumdust) as well as other sources of radioactivity,
so that these effects cannot be attributed directly to thorium Both
st udi es suggest that the observed effects may have resulted from
radi ol ogi cal toxicity. Progressive cirrhosis of the [ungs was observed in
rats subchronically exposed by inhalation to thorium di oxide (Li khachev
et al. 1973a). The severity of the lung cirrhosis was related directly to
the radi ati on dose and treatnment, but the exact radiation exposure |evel was
not reported. Effects on hematol ogi cal paraneters, suggestive of
radi ol ogical toxicity, were found in dogs subchronically exposed by
i nhal ation to various chemical forns of thorium (Hall et al. 1951). No
ot her systemc effects were observed in ani nmals exposed by inhal ation, and
no systemc effects were found in orally or dernmally exposed ani mals.

Fol | owi ng i ntravenous injection of Thorotrast, cirrhosis of the liver
was the primary systenic effect in humans and ani mals. Hemat ol ogi ca
di sorders (aplastic anem a, |eukenia, nyelofibrosis, and splenic cirrhosis),
cardi ovascul ar effects (myocardial infarction, severe coronary |un na
narrowing and internal alteration of the carotid artery), and Thorotrastona
(localized fibrosis surrounding deposits of Thorotrast) were also found in
patients injected with Thorotrast. The effects of Thorotrast were a result
of the radiological toxicity of thorium

The existing data indicate that, in humans, respiratory and hepatic
effects result frominhal ati on exposure and that the |liver, hematopolietic
system and cardi ovascul ar systemare the target organs follow ng intravenous
i njection of Thorotrast. Studies in aninmals have not reported effects in
these tissues, with the exception of the liver, further supporting the
concern that the humans were exposed to other toxic agents, thereby
preventing an accurate assessnment of the systemic toxicity of thorium

| mmunol ogi cal Effects. Studies in humans or aninmals were not | ocated
regardi ng the imunol ogi cal effects of thoriumfollow ng oral and derna
exposure. No hi stopathol ogi cal effects were found in the | ynph nodes of
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ani mal s exposed by inhalation to thoriumdi oxide (Hodge et al. 1960).
Fol | owi ng i njection of Thorotrast in humans, fibrosis of the |ynph nodes and
the spleen were observed (da Silva Horta 1967a; Wgener and Wesch 1979;
Wegener et al. 1976). A suppression of imrune response was found in nice
following intravenous and intraperitoneal injection of Thorotrast (M chael
and Murray 1970). Thorotrast affected | ynphoid cells involved in antibody
formati on and bl ockaded phagocytic cells in organs of the RES. In the
absence of data via relevant routes of exposure, the inmunotoxic potentia

of thorium cannot be fully assessed.

Neur ol ogi cal Effects. There have been no human or aninmal studies
specifically designed to determ ne the neurol ogi cal effects of thorium
Neur ol ogi cal effects, such as narcosis, ataxia, or cholinergic signs, have
not been reported in any of the inhalation or oral studies in aninals. It
i s not known whet her humans woul d experience mgjor neurol ogical deficits
from exposure to thorium

Devel opnental Effects. There have been no hunan or ani mal studies
regardi ng the devel opnental effects of thoriumfollow ng any rel evant route
of exposure (inhalation, oral, dernmal). Since infornmation regarding
devel opnental effects in animals are not known, conclusions regarding the
potential for developnmental effects in humans are not known.

Reproductive Effects. No studies were |ocated regarding reproductive
effects in humans or animals follow ng i nhal ation or oral exposure to thorium
When thoriumwas applied directly to the scrotumof rats, nild edena of the
sem ni ferous tubules and the interstitiumand desquamati on of sperm and gi ant
spermati d-type cells were observed (Tandon et al. 1975). Since information is
l[imted to one study in one species and one sex, and since no information on
the effect of thoriumon reproductive function was |ocated, concl usions
regarding the potential for humans to devel op these effects are not known.

Genot oxi ¢ Effects. Chronpsonal aberrations have been found in the

| ynphocytes of Thorotrast patients and occupationally exposed workers
(Fischer et al. 1967; Hoegerman and Cummins 1983; Kenmer et al. 1971, 1979).
A study by Nishioka (1975) screened thoriumchloride (0.05 M as a potentia
nmut agen by determi ning whether it inhibited bacterial growth. Since
bacterial growh was not inhibited, thoriumwas not further tested for

nmut agenicity. Thorium chloride (10% was shown to have no effect on the
survival of Klebsiella oxvtoca or Klebsiella pneunoni ae (Wng 1988). Based
on the limted hunman data, thorium appears to be a genotoxic agent.

Cancer. |Increased incidences of |ung, pancreatic, and henatopoietic
cancers were observed in individuals occupationally exposed to thorium
(Archer et al. 1973; Polednak et al. 1983; Stehney et al. 1980). The

i ndi vidual s were occupationally exposed to other toxic substances (uranium
dust) as well as other sources of radioactivity; hence, the higher

i nci dences of cancer cannot be attributed directly to thorium The foll ow
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up period in the studies ranged from 17-35 years, and the | atency periods of
t he various types of cancer were not reported. In rats chronically exposed
by inhalation to thoriumas thoriumdioxide, lung tunors were found that
correlated with the total radioactivity in the lungs (Li khachev 1976;

Li khachev et al. 1973b). The exact anpunt of administered radioactivity was
not reported. No studies in humans were | ocated regarding oral or dernmal
exposure to thorium No malignancies were reported following oral or dernal
exposure of rats to thorium but these studies were of relatively short
duration (oral study, 4 nonths; dermal study, 15 days) and were not designed
to detect an increase in the incidence of neopl asns.

Fol | owi ng i ntravenous injection of Thorotrast in humans and ani nmal s,
various nalignancies were found, primarily liver cancers (latency period of
25-30 years), leukema (latency period of 20 years), and bone cancers
(latency period of about 26 years). Short-lived daughter products of
thorium al so resulted in the induction of bone sarcoma because of their
short radioactive half-lives. Intravenous injection of thorium 228 resulted
i n dose-dependent induction of bone sarconma in dogs (Lloyd et al. 1985; Mys
et al. 1987; Stover 1981; Wenn et al. 1986). At the highest adm nistered
| evel, the aninmals died fromsystenic radiol ogical effects (e.g., radiation
i nduced bl ood dyscrasia and nephritis) before the bone sarcona coul d devel op
(Stover 1981; Taylor et al. 1966). A relationship was found between the
amount of thorium 227 (half-1ife of 18.7 days) injected intraperitoneally
and the incidence of bone sarcoma in mce (Luz et al. 1985; Miller et al
1978).

2.5 BI 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, markers of effect, and narkers of susceptibility (NAS/ NRC, 1989).

A bi omarker of exposure is a xenobiotic substance or its netabolite(s)
or the product of an interaction between a xenobiotic agent and sone target
nol ecule or cell that is nmeasured within a conmpartment of an organi sm
(NAS/ NRC 1989). The preferred biomarkers of exposure are generally the
substance itself or substance-specific nmetabolites in readily obtainable
body fluid or excreta. However, several factors can confound the use and
i nterpretation of-bi omarkers of exposure. The body burden of a substance
may be the result of exposures fromnore than one source. The substance
bei ng nmeasured nay be a netabolite of another xenobiotic (e.g., high urinary
| evel s of phenol can result from exposure to several different aromatic
conpounds). Depending on the properties of the substance (e.g., biologic
hal f-1ife) and environmental conditions (e.g., duration and route of
exposure), the substance and all of its netabolites may have | eft the body
by the tinme biologic sanples can be taken. It may be difficult to identify
i ndi vi dual s exposed to hazardous substances that are comonly found in body
tissues and fluids (e.g., essential mineral nutrients such as copper, zinc
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and sel enium. Biomarkers of exposure to thoriumare discussed 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 ochemni cal or cellular signals of tissue dysfunction (e.g., increased |iver
enzyne activity or pathol ogic changes in fenale genital epithelial cells),
as well as physiologic signs of dysfunction such as increased bl ood pressure
or decreased lung capacity. Note that these markers are often not substance
specific. They also may not be directly adverse, but can indicate potentia
heal th i npairnent (e.g., DNA adducts). Bi onmarkers of effects caused by
thori um are di scussed in Section 2.5.2.

A biomarker of susceptibility is an indicator of an inherent or
acquired limtation of an organisnis ability to respond to the challenge of
exposure to a specific xenobiotic. It can be an intrinsic genetic or other
characteristic or a preexisting disease that results in an increase in
absorbed dose, biologically effective dose, or target tissue response. If
bi omar kers 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 Thorium

Exposure to thorium can be determi ned by neasurenment of radioactive
t hori um and/ or daughters in the feces, urine, and expired air. The prinmary
route of excretion of thoriumis in the feces follow ng either inhalation or
oral exposure. Fecal excretion is essentially conplete in a matter of
several days (Patrick and Cross 1948; Scott et al. 1952; Sollnman and Brown
1907; Wenn et al. 1981). The neasurenent of external gama rays enitted
fromthorium daughters present in the subject's body and of thoron in the
expired air nany years foll ow ng exposure can be used to estimate the body
burden of thorius' (Coni bear 1983).

No tissue concentrations in humans were found that correlated with
health effects, but about 20 pC was found in the lungs of an exposed worker
suffering fromlung fibrosis. However, it was not clear if the fibrosis was
due to thoriumor to rare-earth-containing fumes and dusts (Vocaturo et al
1983).

Bl ood | evels of thoriumfollow ng oral exposure of humans to sinul ated
radi um di al paint denonstrated that approximtely 0.02% of the ingested
amount was absorbed by the gastrointestinal tract (Ml etskos et al. 1969).
This study was the basis for the ICRP (1979) recommendation of an ora
absorption factor of 0.02%for thorium
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2.5.2 Biomarkers Used to Characterize Effects Caused by Thorium

Cccupati onal and experinmental studi es have shown that the lung, liver,
and hemat opoi etic systemare the target organ systens foll ow ng inhal ation
exposure to thorium No relationship was found, however, between the
nmeasur ed body burden of thoriumin exposed workers and conpl ete bl ood count
paraneters (e.g., henoglobin, red and white bl ood cell) (Conibear 1983).
Target organs systens have not been identified for oral or dermal exposure
to thorium For further information on the health effects of thorium see
Section 2.2 of Chapter 2.

2.6 | NTERACTI ONS W TH OTHER CHEM CALS

Thoriumis comonly found in conbination with other actinide elenents,
with organic and i norganic chemcals, and with acids and bases during
occupati onal exposure. The health effects of occupational exposures to
t hori um on humans, therefore, cannot necessarily be attributed to thorium
The daughter products of thorium have unique properties that also add to the
radi ol ogi cal toxicity of thorium For further information, see the
t oxi col ogi cal profiles on uranium radon, and radi um

The injection of tetracycline either before or sinultaneously with
i njection of thorium 228 markedly reduced the deposition of thorium228 in
rat bone to about 60% of control values (Taylor et al. 1971). The effects
of tetracycline injection follow ng injection of thorium 228 were not
reported. Studies with a sinmilar actinide elenment, plutonium suggest that
a thoriumtetracycline conplex may be forned, which is excreted rapidly
t hrough the kidneys. Simlarly, chelating agents such as EDTA and DTPA can
renmove some thoriumfromthe body (see Section 2.4).

2.7 POPU ATI ONS THAT ARE UNUSUALLY SUSCEPTI BLE

Neonat al ani nal s have been found to absorb 20-40 tines nore thorium
t hrough the gastrointestinal tract than adult aninmals (Sullivan et al
1980a, 1980b, 1983) indicating that children may be nore susceptible to
both the chemi cal and radiol ogical effects of thoriumthan adults.

2.8 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 whether adequate information on the health
effects of thoriumis avail able. Were adequate information i s not
avail abl e, ATSDR, in conjunction with the National Toxicol ogy Program (NTP)
is required to assure the initiation of a programof research designed to
determ ne the health effects (and techni ques for devel opi ng nethods to
determi ne such health effects) of thorium
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The foll owi ng categories of possible data needs have been identified by
a joint teamof scientists fromATSDR, NTP, and EPA. They are defined as
subst ance-specific informational needs that, if net would reduce or
elimnate the uncertainties of human health assessnent. In the future, the
identified data needs will be evaluated and prioritized, and a
subst ancespecific research agenda will be proposed.

2.8.1 Existing Information on Health Effects of Thorium

The existing data on health effects of inhalation, oral, and dernal
exposure of humans and aninmals to thoriumare sumrarized in Figure 2-3. The
purpose of this figure is to illustrate the existing information concerning
the health effects of thorium Each dot in the figure indicates that one or
nore studies provide informati on 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" infornmation.

The effects of thoriumin humans have been well studied foll ow ng
i ntravenous exposure, but not follow ng any rel evant routes of exposure
(i nhal ation, oral, dermal). Several case studies exist on the effects on
thoriummllers, especially on the genotoxic and carcinogenic effects of the
agent. No studies on the effects of pure thoriumon hunans have been found
by any route of exposure (the thoriummners were exposed to many toxic
agents in addition to thorium and it is inpossible to directly attribute
effects to thoriun). The effects of thoriumin aninmals follow ng
i ntravenous injection have been well studied, but very few studi es have
been done by a relevant route of exposure. Figure 2-3 reflects the few
studi es regarding oral and dernal exposure of animals to thoriumlocated in
the existing literature.

2.8.2 ldentification of Data Needs

Acut e- Durati on Exposure. No studies were |ocated regarding the effects
of thoriumin humans foll ow ng acute exposure by any rel evant route.
Intravenous injection of thoriumas an x-ray contrast mediuminto people
resulted in death fromvarious nalignanci es 20-30 years follow ng I njection
Aninals studies were limted to deternining dose levels resulting in death
followi ng inhalati on and oral exposure, and in dernmal and reproductive
effects follow ng dernmal administration to the |ateroabdom nal and scrota
ski n, Inhal ation-based pharnacokinetic data indicate that the |ynph nodes,

l ungs, and bone may be the target organs of thoriumtoxicity. Oral

phar macoki netic data indicate that bone may be the target organ of toxicity
followi ng ingestion of thorium The acute toxicity of thoriumin aninals
has al so been tested by routes of exposure (intravenous, intraperitoneal
intratracheal) that are difficult to interpret, and it would be useful to
conpare these toxic levels to toxic levels found after adm nistration by a
rel evant route (inhalation, oral, dermal). Know edge about the acute
toxicity of thoriumis inportant because people |iving near hazardous waste
sites m ght be exposed for brief periods.
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I nt ernedi at e- Durati on Exposure. No studies were | ocated regarding the
effects of thoriumin humans foll owi ng internmnedi ate-durati on exposure by any
route of exposure. Two ani mal studies were reported: one inhalation study in
rats showi ng | ung damage and one oral study in nmice resulting in death.
Internediate-duration dermal studies in aninmals were not |ocated. The | ungs
appear to be the target organs foll ow ng internediate-duration inhalation
exposure to thorium Oal pharnmacokinetic data indicate that bone may be the
target organ of toxicity follow ng ingestion of thorium More extensive
studies by all relevant routes (inhalation, oral, dermal) would be useful in
assessing both the chem cal and radiological toxicity of thorium
Internediate-duration toxicity information is inportant because people
living near hazardous waste sites mght be exposed for corresponding tinme
peri ods.

Chroni c-Durati on Exposure and Cancer. Several studies have been
reported regarding the toxic effects on workers occupationally exposed to
thoriumor nonazite sand found in refinery dust. In these studies, effects
on the lungs and chronosones and an increased cancer incidence were
reported. Because the workers were exposed to many toxic agents, however,
ef fects cannot be attributed directly to thorium Epiden ol ogy studies
i nvestigating workers exposed primarily to thorium (e.g., during the
production of gas |anp nantles) would be useful. No human studi es were
| ocated regarding chronic oral or dermal exposure. Many studies on |ongterm
radi ol ogi cal effects of thorium have been reported follow ng
i ntravenous injection of thoriumdioxide in the formof Thorotrast in both
humans and aninmals. Effects reported in these studies included cirrhosis of
the liver, henatol ogi cal disorders, and various malignancies. Studies have
shown that the lungs and the hematol ogi cal systemare the target organ
systenms for thoriumtoxicity. Oral pharmacoki netic data indicate that bone
may be the target organ of toxicity follow ng ingestion of thorium Chronic
studi es by relevant routes of exposure, inhalation and oral, are inportant
because people living near hazardous waste sites m ght be exposed to thorium
for years.

Studies in workers occupationally exposed to thorium have reported an
increase in the incidence of pancreatic, |ung and hematopoi etic cancers.
These effects were observed in workers exposed to many toxic agents, so they
cannot be attribu.ted directly to thorium Internediate duration inhalation
exposure of rats to thoriumdioxide resulted in lung tunors. No data were
| ocated regardi ng the carcinogenic effects of oral or dernmal thorium
exposure in humans or aninmals. Further chronic exposure studies by al
rel evant routes of exposure (inhalation, oral, dermal) using w der exposure
| evel ranges and a nunber of species of animals may be useful in assessing
t he carci nogenic potential of thoriumin hunans.

CGenotoxicity. Cccupationally exposed workers as well as patients
injected with Thorotrast show chronobsomal abnornalities in their
I ynphocytes. No in vivo genotoxicity studies in animals or in vitro studies
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in bacterial strains were |ocated, but these studies nmay be useful in
det erm ni ng whet her thorium has the potential to cause gene mutations in
addition to chrombsomal abnornalities.

Repr oductive Toxicity. No studies were |ocated regarding the
reproductive effects of thoriumin humans foll owi ng exposure by any route.
Nei t her inhalation nor oral reproduction studies in aninmals were | ocated.
Phar macoki netic data follow ng inhalation or oral exposure were not |ocated
to allow the prediction of possible reproductive effects. One dermal rat
study found testicular effects after admnistration directly onto the
scrotal skin. Additional inhalation, oral, and dermal reproduction studies
and nultigenerational studies would be hel pful in assessing the potentia
ri sk to humans

Devel opnental Toxicity. No studies were |ocated regarding the
devel opnental effects of thoriumin hunans or animals foll owi ng exposure by
any route. Also, pharnacokinetic data do not exist that nay predict
whet her thoriumcrosses the placental barrier. Further devel opnenta
studies in aninals by all relevant routes of exposure may clarify the
potential devel opmental effects of thoriumin humans.

I mmunot oxi city. No studies were |ocated regardi ng the i mmunol ogi ca
effects of thoriumin humans or animals follow ng any rel evant route of
exposure (inhalation, oral, dermal). One report, however, showed
i ntraperitoneal and intravenous injection of thoriumdioxide in mce
resulted in a suppression of the i nmune response. Studies on the
i mmunot oxi c effects of thorium both histopathol ogi cal and effects on the
i mmune response, by all relevant routes of exposure in animals my
determ ne the potential inmunotoxic effects in humans.

Neurotoxicity. No studies were |ocated regardi ng the neurol ogi ca
effects of thoriumin humans or animals foll ow ng exposure by any route.
O her netals, such as | ead, however, have been shown to have nore severe
neur ol ogi cal effects on children than adults; therefore, it is possible that
children may be nore susceptible than adults to the effects of thorium
Studi es on the neurol ogical effects of thorium both histopathol ogi cal and
ef fects on behavior by all relevant routes of exposure in animls, nay
determ ne the potential neurological effects in humans.

Epi deni ol ogi cal and Human Dosi metry Studi es. Epi dem ol ogy studi es have
i nvestigated the relationship between |ong-term exposure to thorium and
system c effects, genotoxic effects, and cancer in humans. The authors of
t hese studies found increases in respiratory disease and certain types of
cancer (lung, pancreatic, hematopoietic) in exposed thoriumworkers, but the
findings were not definitive. The existing epideniol ogical studies are often
weakened by not sufficiently accounting for snoking habits or exposure to
ot her chem cals and by relying too heavily on the accuracy of death
certificates. Increased incidences of chronpbsomal abnornalities were found in
exposed workers (approximately 4% dicentric in controls vs. 20%in
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exposed workers) as well as in patients injected intravenously with
col l oi dal thoriumdioxide (Thorotrast) (1-25 dicentric per 100 cells). The
occupational studies focus primarily on adult nmales. It would be useful to
study groups that include wonen, children, and neonates that have been
exposed to greater than normal |levels of thoriumto determne their |evel of
susceptibility. Epidem ol ogy studies investigating workers exposed

primarily to thorium (e.g., during the production of gas |anmp mantles) woul d
al so be useful. Further studies assessing the cause/effect relationship

bet ween t hori um exposure and hunan health effects would be hel pful in

noni toring individuals living near a hazardous waste site.

Bi omar kers of Exposure and Effect. The nmjor route of excretion of
i nhal ed or ingested thoriumis in the feces. Exposure to thoriumcan be
det erm ned by neasurenment of thoriumand/or its daughters in the feces,
urine, blood, or expired air. The body burden of thorium nmay be estimated
by the neasurenent of external gamm rays emtted fromthorium daughters in
t he body. Further studies correlating thoriumexposure with thorium and/or
t hori um daughters in the urine, feces, blood, and expired air would be
hel pful in nore accurately quantifying thorium exposure.

No rel ati onship was found between the measured body burden of thorium
and conpl ete bl ood count paraneters (e.g., henoglobin, red and white bl ood
cells) in humans occupationally exposed to thorium (see Section 2.2.1.2).
Further studies may reveal thoriumspecific biomarkers that nmay alert health
professionals to thorium exposure before toxicol ogical effects occur

Absorption, Distribution, Mtabolismand Excretion. The absorption of
thoriumfromthe lungs and the gastrointestinal tract and the tissue
distribution of thoriumhave been studied in both humans and ani mal s.

I nhal ation was found to be the major route of exposure with gastrointestina
absorption being very low (see Section 2.3.1). The data in humans correl ate
well with the aninmal data. The excretion of systemic thoriumin humans has
not been extensively studied, especially the partition between feces and
urine, and work in this area in both humans and ani mal s woul d be hel pful

No studies were | ocated regardi ng the pharnacokinetics in hunans or aninals
foll owi ng dernmal exposure to thorium Studies on the dermal route of
exposure may be hel pful in determ ning whether thoriumis a hunan health
hazard by this route.
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2.8.3. On-going Studies

No on-going studies were located relating to the toxicity of thoriumin
humans or ani nal s.
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3.1 CHEM CAL | DENTI TY

Data pertaining to the chenical identity (that is, the commpn terns or
snbol s used for the identification of the elenent) of thoriumare listed in
Tabl e 3-1.

3.2 PHYSI CAL AND CHEM CAL PROPERTI ES

The physical and chemi cal properties of elenental thoriumand a few
rpresentative water soluble and insoluble thorium conponds are presented
in Table 3-2. Water soluble thorium conpounds include the chloride,
fluoride, nitrate, and sulfate salts (Wast 1983). These conpounds di ssol ve
fairly readily in water. Soluble thorium compounds, as a class, have
greater bioavailability than the insoluble thorium conmpounds. Water
I nsol ubl e thorium conpounds include the di oxide, carbonate, hydroxide,
oxal ate, and phosphate salts. Thoriumcarbonate is soluble in concentrated
sodi um car bonate (West 1983). Thorium netal and several of its conpounds
are comercially available. No general specifications for comercially
prepared thorium nmetal or conpounds have been established. Manufactures
prep?re t horium products according to contractual specifications (Hedrick
1985

Thoriumis a nmetallic elenment of the actinide series. It exists in
several isotopic forns. The isotope thorium232 is a naturally occuring
el ement that is radioactive. Ti decays through the em ssion of a series of
al pha and beta particles, gamra radiation, and the formati on of daughter
products, finally yielding the stable isotope of |ead, |ead-208. The decay
series of thorium 232, together with that of uranium 238 and urani um 235,
are shown in Figure 3-1. It can be seen fromFigure 3-1 that the isotopes
thori um 234 and thorium 230 are produced during the decay of naturally
occuring urani um 238, the isotope thorium 228 diring the decay of thorium 232,
and the isotopes thorium 231 and thorium 227 during the decay of
natural ly occuring uranium235. O these naturally produced isotopes of
thorium only thorium 232, thorium 230, and thorium 228 have | ong enough
half-1ives to be environnentally significant. Mre than 99.99% of natura
thoriumis thorium232; the rest is thorium 230 and thorium 228.

Including artifically produced isotopes, there are 12 isotopes of
Thoriumwith atom ¢ nmasses ranging from 223 to 234. Al are radioactive and
Decay with the em ssion of al pha or beta particles and/or gamma radiation
(West 1983). The percent occurrence and the energies of the major al pha
and beta particles enitted by these isotopes are shown in Table 3-3. In
general, the al pha particles are nore intensely ionizing and | ess penetrating
than the beta particles. The gamua radiation is the nost
penetrating of the three, but It has the least ionizing intensity. Al pha
particles do not penetrate external skin to a sufficient depth to produce
bi ol ogi cal danage due to the protective effect of the epidernis. However,
al pha particles emtted fromthoriumdeposited in the lung are able to
penetrate lung tissue and produce adverse biol ogi cal danmage since the



TABLE 3-1. Chemical Identity of Thorium and Compounds?®

Thorium nitrate

Thorium fluoride

Characteristic Thorium Thorium dioxide (tetrahydrate) (tetrahydrate) Thorium carbonate
Synonym(s)b Thorium-232, ) Thoria No data No data No data
thorium metal, Thorotrast
pyrophoric
Registered trade name(s) No data No data No data No data No data
Chemical formula Th 'I’hO2 Th(N03)4-4H20 ThF, =44 Th(C03)2
Chemical structure® Th®
O'YN
] /,N01 F F
O=Th=—0 P ~n . 41,0 o - o
- ~~NO, F~  T>F 3C= Th==CO0;
1dentification numbers:
CAS registry 710100-2‘7-;11c 1314-20-1€ 110140-69-7¢ No data No data
NIOSH RTECS X0640000 X06950000 No data No data No data
EPA hazardous waste No data No data No data No data No data
OHM/TADS No data No data No data No data No data
DOT /UN/NA/IMCO shipping NA9170, UN2975¢ No data No data No data No data
HSDB 864 6364 No data No data No data
NCI No data No data No data No data No data

3aLL information obtained from HSDB 1990 except where noted
Structures are based on tetra valency of thorium unless otherwise stated

Ccas 1990
drrECS 1989
€saNss 1988

€
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TABLE 3-2. Physical and Chemical Properties of Thorium and Compounds
Thorium Nitrate, Thorium Fluoride
Property Thorium Thorium Dioxide Tetrahydrate Tetrahydrate Thorium Carbonate
(Th) (Thoy) (Th(NOg), *4H,0) (ThF, "4H50) (Th(C03),
Molecular weight 232.042 264048 552.128 380.092 352.06%
Color Graya whiteb Colorless® Not known Not known
Physical state sol id? Powdery solid? Crystalline solid® Crystalline solid®  Not known
Odor Not kgown Not known Not known Not known Not known
Melting point, °C =1700, 3220, + 50° 500 (decomposes) 100 (-H,0)2 Not known
Boiling point, °C =4500 4400 Not applicable 140-100" (- 2H,0)® Not known
Autoignition temperature Not applicable Not applicable Not applicable Not applicable Not applicable

Solubility:
Water

Other solvents and

organics Soluble in HCL, Soluble in hot Very soluble in Soluble in concentrated
HoS0, , slightly H5S0,; insoluble alcohol; slightly Na,COz
soluble in HN03a in d1lgte acid, soluble in acetone
alkali
Density (g/cm3) 1.78 9.7° Not known Not known Not known
Partition coefficients Not applicable Not applicable Not applicable Not applicable Not applicable
Vapor presure Not applicable Not applicable Not applicable Not applicable Not applicable
Henry's law constant Not applicable Not applicable Not applicable Not applicable Not applicable
Refractive index Not applicable 2.20 (liquid)® Not applicable Not applicable Not applicable
Flash point Not applicable Not applicable Not applicable Not applicable Not applicable
Flammability limits Not applicable Not applicable Not applicable Not applicable Not applicable
Conversion factors: 1 pCi = 1.2 g€ 1 pCi = 1.2 fg© 1 pCi = 1.2 fg¢ 1 pci = 1.2 fg° 1pCi = 1.2 fg©
of Th-228 of Th-228 of Th-228 of Th-228 of Th-228
1 pcl = 9.1 ug 1 pei = 9.1 ug 1 pci = 9.1 ug 1 pci = 9.1 ug 1 pci =9.1 ug
of Th-232 of Th-232 of Th-232 of Th-232 of Th-232
1 pCi = 48 fg© 1 pCi = 48 g°© 1 pCi = 48 fg© 1 pCi = 48 fg° 1 pCi = 48 fg©
of Th-230 of Th-230 of Th-230 of Th-230 of Th-230

Insoluble?

Insolubleb

Very sotubleb

0.017 g/100 cc Hy0
(25°c)®@

Insoluble in HF®

Insoluble in cold water

zweast 1983
Hawley 1981

€
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€1 fg = 1079 pa; 1 pci = 10712 ci.




Uranium-238 Series Thorium-232 Series

Uranium - 235 Series

Np
[] L‘R(J ?.MU ?}5(}
4.5E9 2.5ES 7.118
y y y
Pa L | #Pa ) [ A
1.2m 3264
Th LMTh 73(’»[~h ?SETh Zlkrh 23 ITh l 22"Th
24 d 8.0F4 1.4E10 191y 255h 182d
y y h =
Ac } b1 ®Ac ! 2AC 1
6.13 h 216y
Ra 226Ra ZZKRa 224Ra 223Ra
1600 y 58y 364d 114d
Fi ) | {
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382d 55s 40 s
Ai { J !
PO ‘ZlRPo 214P0 2101)0 216Po QIZPO 215P0
305m 1.6E-4 138 d 0.15s 3.0E-7 1.8E-3
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Pb 2.ldpb 210Pb ?06pb 2 ZPb l 20Rl—,b 21 le l 207Pb
268 m 21y stable 106 h stable 361 m stable
Ti 28T v
31m 4.79 m

! alpha decay; » beta decay; d = days; m = minutes; s = seconds: y = years

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

3. CHEMICAL AND PHYSICAL INFORMATION

59

Percent Occurrence and the Energies of the Major Alpha

and Beta Particles Emitted by Thorium Isotopes With

Atomic Masses Ranging from 223 to 2342

Isotope % in Natural Thorium Major Alpha Energiesb Half-Life
Mev® (abundances)

Thorium-223 0 7.287 (60%) 0.66 seconds
7.317 (40%)

Thorium-224 0 6.997 (19%) 1.04 seconds
7.170  (79%)

Thorium-225 0 6.441 (>15%) 8.0 minutes
6.479 (43%)
6.501 (14%)
6.796 ( 9%)

Thorium-226 0 6.228 (23%) 31.0 minutes
6.338 (75%)

Thorium-227 0 5.72 (14%) 18.72 days
5.76 (21%)
5.98 (24%)
6.04 (23%)

Thorium-228 Very small 5.341 (26.7%) 1.91 years
5.423 (73.0%)

Thorium-229 0 4.814  (9.3%) 7.3x103 years
4.845 (56.0%)
4.901 (10.2%)

Thorium-230 Very small 4.621 (23.4%) 7.54x10%4 years
4.688 (76.3%)

Thorium-231 0 beta-actived 25.2 hours

(0.389 Mev)

Thorium-232 >99.99% 3.952  (23%) 1.4x1010 years

4.010 (77%)
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TABLE 3-3. (Continued)

Isotope % in Natural Thorium Major Alpha Energiesb Half-Life
Mev (abundances)

Thorium-233 0 ‘ beta-active 22.3 minutes
(1.243 Mev)

Thorium-234 0 beta-active 24.1 days
(0.270 Mev)

4gource: Weast 1983,

ball but a few of these isotopes also emit gamma radiation.
CMEV = Million electron volt.

dThe values in parentheses are the decay energies for the beta particles.
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protective coating of the lung tissue is very thin. In turn, beta
particles are able to penetrate the skin to a sufficient depth to cause
bi ol ogi cal effects in the skin just below the epiderm s. Likew se, they
penetrate lung tissues to a greater depth. Ganma rays can general |y pass
through all tissue and interact with tissue at any depth.

Al pha particles give up all of their energy in a very short distance
and, hence, produce ionization. Beta particles produce |ess dense
i oni zation, and ganma rays produce less yet. In general, the severity of
bi ol ogi cal effects of exposures to ionizing radiations is proportional to
the density of the ionization produced by their passage through tissue.

Finely divided thoriumnetal is pyrophoric in air, and thoriumribbon
burns in air to give the oxide. The netal also reacts vigorously wth
hydr ogen, nitrogen, the hal ogens, and sul fur. Thorium conmpounds are stable
in +4 oxidation state (Katzin 1983). Details of thoriumchem stry are given
by Katzin (1983).
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4.1 PRODUCTI ON

The principal source of thoriumis nonazite (phosphate of rare earth
nmetals, usually with thorium, a mneral produced as a by-product of minera
sands mned for titaniumand zirconium Thorium conpounds are extracted
fromnmonazite by acid and alkali treatnent processes (Hedrick 1985).

Associ ated M nerals, a subsidiary of the Australian-owned firm Associ at ed
M neral s Consolidated Ltd., was the only comercial operation in the United
States to produce purified nonazite in 1987. This conpany produced nonazite
as a by-product of mineral sands nined for titaniumand zirconiummnerals
at Green Cove Springs, FL. The nmonazite produced in the United States was
exported. Thorium products used donestically were obtained frominported
material, existing conpany stocks, and thoriumnitrate previously rel eased
fromthe National Defense Stockpile (Hedrick 1987). In 1984, the mne
production capacity for thoriumin the United States was 20 netric tons of
t hori um oxi de equival ent (Hedrick 1985). Actual nmine production data have
not been rel eased over the years to avoid disclosure of proprietary

i nfornmati on. Neverthel ess, the donestic mne production volune of nonazite
or other thoriumore is expected to be approxinately the sane as the United
States export volume. The principal processors of thoriumcontaining ores
inthe United States during 1987 were WR G ace & Co. in Chattanooga, TN
and Rhone-Poul enc Inc. in Freeport, TX (Hedrick 1987). United States
conpaB:es t hat have thorium processing and fabricating capacities are listed
in Table 4-1.

4.2 | MPORT

I mports of thoriuminto the United States in netric tons of thorium
oxi de equivalent were 45.8 in 1983, 45.4 in 1984, 69.3 in 1985, 19.7 in
1986, and 30.7 in 1987. Additionally, concentrated nonazite containing 350-
550 tons of ThO, has been inported annually (Hedrick 1987). Inports of
thoriumby the United States may decrease as a result of increased costs of
processing thorium These increased costs are prinmarily due to increasing
concerns about the radiological risks of handling, storing, and disposing of
thori um thereby encouragi ng the search for nonradi oactive substitutes
(Hedrick 1987). Exports of thoriummetal, waste, and scrap fromthe United
States in nmetric tons of thoriumoxide equivalent were 1.1 in 1983, 1.0 in
1984, 1.6 in 1985, 17.0 in 1986, and 20.4 in 1987 (Hedrick 1987).

4.3 USE

Thorium can be used as fuel in the generation of nucl ear energy.

However, there is currently only one plant in the United States that is
using thoriumfor the production of energy (Hedrick 1987). In 1983, 3
metric tons of thorium oxi de equival ent were used for energy uses in the
United States (Hedrick 1985). Nonenergy uses accounted for al nmost all of
the thoriumused in the United States during 1987. The 1987 use pattern
for thoriumwas as follows: refractory applications (57%; |anp nmantles
(18% ; aerospace alloys (15%; welding el ectrodes (5% ; nuclear weapon
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TABLE 4-1. United States Companies with Thorium Processing

and Fabricating Capacity?

Company

Plant Location

Operations and Products

Atomergic Chemetals Corp.

Bettis Atomic Power
Laboratory

Cerac Inc.
Ceradyne Inc.

Chicago Magnesium
Castings Co.

Coleman GCo. Inc.

GA Technologies Inc.

W.R. Grace & Co.,
Davison Chemical Div.

GTE Sylvania

Hitchcock Industries Inc.

Philips Elmet

Rhéne-Poulenc Inc.

Spectrulite Consortium Inc

Teledyne Cast products

Teledyne Wah Chang

Union Carbide Corp.,
Nuclear Div.

Wellman Dynamics Corp.

Westinghouse Materials Co.
of OhioP

Plainview, NY
West Mifflin, PA
Milwaukee, WI
Santa Ana, CA
Blue Island, IL
Wichita KS

San Diego, CA
Chattanooga, TN

Towanda, PA

South Bloomington, MN

Lewiston, ME

Freeport, TX

Madison, IL
Pomona, CA
Huntsville, AL
Oak Ridge, TN
Creston, IA

Cincinnati, OH

Produces oxide,
flouride, metal

Nuclear fuels;
Government Research
and development

Produces ceramics

Produces advanced
technical ceramics

Magnesium-thorium
alloys

Produces thoriated
mantles

Nuclear fuels

Produces thorium from
compounds in monazite

Produces thoriated
welding rods

Magnesium-thorium
alloys

Produces thoriated
welding rods

Produces thorium
nitrate from an
intermediate
compound of monazite

Magnesium-thorium
alloys

Magnesium-thorium
alloys

Produces thoriated
welding rods

Nuclear fuels; test
quantities

Magnesium-thorium
alloys

Produces compounds
and metals; manages
DOE thorium stocks

4Source: Hedrick 1987.

bManager of U.S. Department of Energy stocks; formerly NLO Inc., prior to

January 1, 1986.
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production; and ot her applications including ceram cs and special use
[ighting (5% . Specific applications include production of investment nolds
for casting high-tenperature netals and alloys, crucibles and alloys of
speci al shapes for use in high-tenperature vacuum or oxidi zi ng furnaces.

O her special applications include production of core-retention beds used in
nucl ear reactors to contain and possibly diffuse heat generated by
accidental core neltdown; nmagnesiumthoriumalloys for strategic aircraft
such as mlitary jet fighters and bonbers; nmantles for incandescent |anterns
such as those used on canping trips; thoriated tungsten el ectrodes used to
join stainless steels and other alloys which require controlled weld
applications; special lighting such as airport runway |ighting; conputer
nmenory conponents; photoconductive film and target material for x-rays
(Hedrick 1985). Natural thoriumis also used in ceranic tableware glaze and
in flints for lighters (UNSCEAR 1977). Donestic nonenergy thorium
consunption was estinated to be 39.4 netric tons of thorium oxide equival ent
in 1987, a decrease of 33 netric tons from 1986 usage. The drop in
consunption was primarily the result of reduced demand for thorium oxide in
hi gh-tenperature refractory nolds, because suitable substitutes had been
devel oped (Hedrick 1987).

4.4 DI SPOSAL

Di sposal of radioactive wastes is a serious environnental problemfor
which there is, as yet, no conpletely satisfactory solution. Intensive
research is being conducted by both governnent and industry for the di sposa
of this type of waste. Small anopunts of |ow | evel wastes containing
radi oi sotopes can be diluted with an inert material sufficiently to reduce
its activity to an acceptable level for further storage or disposal. At one
nucl ear waste disposal site, high-level reactor wastes are stored in
concrete tanks lined with steel which are buried under a foot of concrete
and 5-6 feet of soil. Use of conpressed al um na (corundun) containers has
been recomrended, since this material remains inpervious to water
i ndefinitely. The Departnent of Energy has reconmended di sposal in deep
geologic fornations. Disposal in salt formations is being considered since
they are self-sealing and free fromwater (Hawl ey 1981). The Departnment of
Def ense Aut horization Act, 1987 (Public Law 99-661) authorized 4536 kg
(10, 000 pounds) of thoriumnitrate for disposal in fiscal year 1987.

Further information regarding the amount of thorium di sposed of in the
United States was not |ocated. Regul ations established by the

Envi ronnental Protection Agency regarding release linits which apply to the
storage and di sposal of spent nuclear fuel, high-1evel radioactive wastes,
and transurani c radioactive wastes can be found in 40 CFR 191 and

40 CFR 192.
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5.1 OVERVI EW

Thoriumis ubiquitous in our environnent. Release of thoriumto the
at nosphere can occur both fromnatural and ant hropogeni ¢ sources, and
em ssions fromthe latter sources can produce locally el evated atnospheric
| evel s of thoriumover the background. W ndblown terrestrial dust and
vol cani ¢ eruptions are two inmportant natural sources of thoriumin the air
(Fruchter et al. 1980; Kuroda et al. 1987). Uranium and thorium mini ng
mlling and processing, tin processing, phosphate rock processing and
phosphate fertilizer production, and coal fired utilities and industria
boilers are the primary anthropogeni c sources of thoriumin the atnosphere
(Hu and Kandaiya 1985; MNabb et al. 1979; Nakoaka et al. 1984; Sill 1977).
The major industrial releases of thoriumto surface waters are effl uent
di scharges fromuraniumand thoriummning, mlling and processing, tin
processi ng, phosphate rock processing and phosphate fertilizer production
facilities (Hart et al. 1986; MKee et al. 1987; Mffett and Tellier 1978;
Platford and Joshi 1988). The primary sources of thoriumat the Superfund
sites are perhaps fromthe processing and extraction of thorium uranium
and radiumfromores and concentrates (EPA 1988a). At this tine, elevated
| evel s (higher than background) of thorium have been found at 16 out of 1177
National Priority List (NPL) hazardous waste sites in the United States
(VI EW Dat abase 1989). The frequency of these sites within the United States
can be seen in Figure 5-1

Data regarding the fate and transport of thoriumin the air are
limted. Wet and dry deposition are expected to be mechanisns for renoval
of atnospheric thorium The rate of deposition will depend on the
net eor ol ogi cal conditions, the particle size and density, and the chenica
formof thoriumparticles. Al though atnospheric residence times for thorium
and conpounds were not | ocated, judging fromresidence tinmes of other
netals (e.g., lead) and their conpounds, they are likely to be a few days.
Thorium particles with snmall aerodynam c diameters (<10 micron aerodynanic
dianmeter) will travel long distances fromtheir sources of emission. In
water, thoriumw Il be present in suspended matters and sedi nent and the
concentration of soluble thoriumw Il be low (Platford and Joshi 1987).
Sedi nent resuspensi on and m xing nay control the transport of particlesorbed
thoriumin water. The concentration of dissolved thoriumin sone
waters may increase due to formation of soluble conplexes with carbonate
hum c materials, or other ligands in the water (LaFlame and Murray 1987).
Thori um has been found to show significant bioconcentration in | ower trophic
animals in water, but the bioconcentration factors decrease as the trophic
| evel of aquatic aninmals increases (Poston 1982; Fisher et al. 1987). The

fate and nobility of thoriumin soil will be governed by the sane principles
as in water, In nost cases, thoriumw |l remain strongly sorbed to soil and
its mobility will be very slow (Torstenfelt 1986). However, |eaching into

groundwater is possible in sone soils with | ow sorption capacity and the
ability to formsol uble conpl exes. The plant/soil transfer ratio for
thoriumis less than 0.01 (Garten 1978), indicating that it will not
bi oconcentrate in plants fromsoil. However, plants grown at the edge of
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i mpoundnents of uraniumtailings containing el evated | evels of thorium had
a plant/soil concentration ratio of about 3 (Ibrahi mand Wicker 1988).

The at nobspheric mass concentration of thoriumranged from0.2-1.0
ng/m, with a mean value of 0.3 ng/m in air sanples collected from 250
sites in the United States (Lanbert and WIshire 1979). In another study,
the nmean activity concentrations of thorium 228, thorium 230, and thorium
232 in New York City air were 36 aG/nB (aC = 10" G), 36 aG/ni, and 37
aCi/m, respectively (Wenn et al. 1981). The average popul ati on-wei ght ed
concentrations of thorium 232 and thorium 230 in United States community
wat er supplies derived both fromsurface and groundwater were |less than 0.01
pC /L and less than 0.04 pC /L, respectively (Cothern 1987; Cothern et al
1986) . The maxi num concentrati on of thorium 232 in several fruits,
veget abl es and ot her type of foods from New York City was reported to be
less than 0.01 pC/g (Fisenne et al. 1987). The daily intakes of thorium
230 and thorium 232 for residents of New York City were estimated to be 0.17
and 0.11 pC, respectively. Significant exposure to thoriumrequires
speci al exposure scenarios (Fisenne et al. 1987). People who consune foods
grown in high background areas, reside in homes with high thorium background
I evels, or live near radioactive waste di sposal sites may be exposed to
hi gher than nornmal background |evels of thorium Wrkers in uranium
thorium tin, and phosphate mning, mlling, and processing industries, and
gas nmantl e manufacture may al so be exposed to hi gher than normal background
[ evel s of thorium (Bul man 1976; Hanni bal 1982; Hu et al. 1984; Kotrappa et
al . 1976; Metzger et al. 1980).

5.2 RELEASES TO THE ENVI RONVENT
5.2.1 Air

Rel eases of thoriumto the atnmosphere can occur from both natural and
ant hropogeni ¢ sources. The rel ease of thoriumin volcanic ash containing as

much as 0.116 pG /g (1.06 pg/g) of thorium 232 was reported by Fruchter
et al. (1980). Increased concentrations of thoriumin rain water follow ng
a volcanic eruption have al so been observed (Kuroda et al. 1987). Since

the average |l evel of thoriumin soil is about 6 ug/g of thorium (Harnsen and
De Haan 1980), wi ndblown terrestrial dust is also a |ikely natural source of

thoriumin the atnosphere. Since coal contains 0.5-7.3 pg/g thorium

(Nakaoka et al. 1984), burning of coal for power generation produces thorium
in the fly ash and is a nmannade source of this chemical in the atnosphere.
The amount of thoriumin the fly ash from coal - burni ng power plants depends
on the nature of coal burned and the enission control devices of the plant,

but concentrations usually range from4.5-37 ug/g (Abel et al. 1984; Coles

et al. 1979; Tadnor 1986; Wissman et al. 1983). However, the concentrations
of all natural radioactive isotopes in (including thoriumisotopes) the stack
effluents fromcoal -fired power plants are usually nmuch | ower than those from
the natural background concentrations of these radionuclides (Nakaoka et al
1984; Roeck et al. 1987). Simlarly, fly ash
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fromoil- and peat-fired power plants can also be atnospheric sources of
t horium (Mist onen and Jantunen 1985).

Thori um 230 has been detected in air dust from urani umore processing
and m |l tailings. These concentrations of thorium 230 (a decay product of
urani um 238) may be particularly high in ore crushing areas (Sill 1977).
Simlarly, processing of thoriumores is expected to be an atnospheric
source of thorium Elevated |levels of thoron (thoron or radon-220
originating fromthorium 232) daughters, such as bisnuth-212 and pol oni um
216, were present at a former thoriumand rare-earth extraction facility
waste site, although the concentrations of thoriumin air particulate
sanpl es were not significant (Jensen et al. 1984). Since phosphate ores
usual |y contain thorium 230, phosphate-ore processing plants are al so
at nospheric sources of thorium 230 (Metzger et al. 1980; MNabb et al
1979). The by-products obtai ned during processing of tin ores usually
contain thorium 232. Therefore, tin processing industries are sources of
atnnfpheric thori um 232 emi ssions (Hu et al. 1981, 1984; Hu and Kandaiya
1985).

EPA (1984) estimated that about 0.2 G of thorium230 is annually
emtted into the air fromuraniummll facilities, coal-fired utilities and
i ndustrial boilers, phosphate rock processing and wet-process fertilizer
production facilities, and other mineral extraction and processing
facilities. About 0.084 G of thorium 234 fromuraniumfuel cycle
facilities and 0.0003 C of thorium 232 from underground uranium mnmines are
emitted into the atnosphere annually (EPA 1984).

5.2.2 Water

The acidic | eaching of uraniumtailing piles in certain areas is a
source of thorium 230 in surface water and groundwater (Mffett and Tellier
1978; Platford and Joshi 1988). The contam nation of surface waters and
bent hi ¢ organisns by thorium 230 (a decay product of uranium 238) from
uraniummning and nmilling operations and from radi um and urani um recovery
pl ants has been reported (Hart et al. 1986; MKee et al. 1987). Sinmilarly,
effluents fromthoriummning, mlling, and recovery plants are expected to
be sources of thoriumin water. Qther industrial processes that are
expected to be sources of thoriumcontanination into water are phosphorus
and phosphate fertilizer production and processing of sone tin ores. Since
bot h phosphate rocks and the tailings fromtin ore processing contain
thoriummainly as thorium 230 and thorium 232, respectively (see Section
5.2.1), discharges of processed or unprocessed effluents and | eaching from
tailing piles can be sources of thoriumin water. Leaching from |l andfil
sites containing uraniumand thoriumnmay result in the contamnination of
surface water and groundwater with thorium (Cottrell et al. 1981).
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5. 2.3 Soi

Thorium occurs naturally in the earth's crust at an average
lithospheric concentration of 8-12 ug/g (ppm. The typical concentration
range of naturally-occurring thoriumin soil is 2-12 ug/g, with an average

val ue of 6 ug/g (Harnmsen and De Haan 1980). Manmade sources of thorium
contam nation in soil are mning, mlling and processing operations and
uranium thorium tin and phosphate fertilizer production (Chong et al

1985; Hu and Kandai ya 1985; Joshi 1987; MNabb et al. 1979; Sill 1977). The
two principal processes that can contaninate soil fromthese industries are
preci pitation of airborne dusts and | and di sposal of uranium or

t hori untont ai ni ng

wast es.

According to EPA (1988a), the primary sources of thoriumat the
Superfund sites are processing and extraction of thorium uraniumand radi um
fromores or ore-concentrates. The foll owi ng radioactive waste Superfund
sites have been found to contain one or nore isotopes of thorium (VIEW
1989): Shpack and adjacent landfills, Norton, MA;, Maywood Chenical Co.,
Sears Property, Maywood, NJ; WR Grace and Co., Wayne, NJ; West Chicago
Sewage Treatnent Plant, W Chicago, IL; Reed-Keppler Park, Wst Chicago, IL;
Kerr-MGee (Residential Areas), W Chicago, IL; Kress Creek and the West
Branch of the DuPage River, W Chicago, IL; United Nuclear Corp., Church
Rock, NM Honestake Mning Co., MIlan, NM Kearsarge Metallurgical Corp.
Conway, NH, Naval Air Engineering Center, Lakehurst, NJ: Tel edyne Wah Chang,
Al bany, OR Wodl and Route 72 Dunp, Wodl and Townshi p, NJ; Wl don Spring
Quarry, St. Charles City, MO Monticello Radi oactivity-Contanmn nated
Properties, Mnticello, UT; Uravan Uranium Project, Mntrose Cty, CO
Di sposal of incandescent Ilghts and | anterns containing thorium232 will be
an additional source of thoriumat waste di sposal sites.

5.3 ENVI RONVETAL FATE

Thorium occurs in nature in four isotopic forns, thorium 228, thorium
230, thorium 232, and thorium234. O these, thorium228 is the decay
product of naturally-occurring thorium 232, and both thorium 234 and
thori um 230 are decay products of natural uranium 238. To assess the
environnental fate of thorium these isotopes of thoriumw th the exception
of thorium 234 which has short half-life (24.1 days), should be considered.

5.3.1 Transport and Partitioning

Data regarding the transport and partitioning of thoriumin the
atnosphere are linmted. Rel ease of atnospheric thoriumfrom nining
mlling, and processing operations of thoriumwll mainly consist of
thorium 232 particulate matter. Emi ssions frommning, mlling, and
processi ng of uranium and the airblown dust fromuraniumtailing piles wl
contribute to the presence of thorium 230 as an at nospheric particul ate
aerosol . The aerodynam c di aneters of both thorium 230 and thorium232 in

at nospheric aerosols are greater than 2.5 um The aerodynamn c di aneter of
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t hori um 228, however, is less than 1.6 pm (H rose and Sugi nura 1987) and may
travel |onger distances than both thorium 230 and thorium 232. Like other
particulate matter in the atnosphere, thoriumw |l be transported fromthe
at nosphere to soil and water by wet and dry deposition

The deposition of thoriumthrough snow and rain water has been observed
(Jiang and Kuroda 1987). Dry deposition of thoriumthrough i npaction and
gravitational settling has also been observed (see Section 5.2.3). The
at nospheric residence time of thorium depends on the aerodynam ¢ di aneter of
the particles. Those with snall dianeters are likely to be transported | onger
di stances. For exanple, high thorium 228/ thorium 232 activity ratios observed
in surface air of the Western North Pacific Ccean are thought to be due to
I ong di stance transport of snall particles of thorium228 (Hi rose and Sugi nmura
1987).

The dry deposition velocity of |ead-212, a thoron (thoron or radon-220
itself originating fromthorium 232) decay product has been reported to be
in the range 0.03-0.6 cniset (Bigu 1985; Rangarajan et al. 1986). These
| ow deposition velocities indicate that the thoron daughter, stable |ead,
may have a long residence tine in the atnosphere with respect to dry
deposi tion.

Thori um di scharged as ThO, into surface waters frommining, mlling,
and processing will be present as suspended particles or sedinents in water
because of the low solubility of thoriumin water (Platford and Joshi 1986).
Q her soluble thoriumions will hydrolyze at pH above 5 fornming Th(OH),
precipitate or hydroxy conpl exes, e.g., Th(OH) 2" Thy(0H),™® Thy(OH) 5"
(Bodek et al. 1988; Hunter et al. 1988; MIlic and Suranji 1982). The
hydroxy conpl exes will be adsorbed by particulate matter in water, e.g.
goethite (al pha-FeOOH), with the result that nost of the thoriumw |l be
present in suspended matter or sedinent, and the concentration of soluble
thoriumin water will be low (Hunter et al. 1988; Sheppard 1980). The
adsorption of thoriumto suspended particles or sedinment in water depends un
the particle size, and the adsorption and subsequent renoval from agueous
phase is expected to be higher for finer grained particles (Carpenter et al
1987). The residence tines for thoriumw th respect to renoval by
adsorption onto particles were reported to be shorter in nearshore waters
than in deeper waters, probably because of the availability of nore
adsorbents (particulate matter). The residence tinme may vary from1l day to
70 days (Cochran 1984). The scavenging rate varied seasonally and was
inversely related to the sedi ment resuspension rate. Therefore, the renoval
rate was found to be dependent on both sedi ment resuspension rate and the
concentration of iron and manganese conpounds (good adsorption properties)
in water (Cochran 1984).

The transport of thoriumin water is principally controlled by the
particle flux in the water, i.e., nost of the thoriumwll be carried in the
particle-sorbed state (Santschi 1984), and sedi nent resuspensi on and m Xxi ng
may control the transport of particle-sorbed thoriumin water (Santsch
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et al. 1983). Although the concentration of dissolved thoriumis lowin
nost waters, its value could be higher in sone waters. For exanple, the
concentration of dissolved thoriumin an alkaline |lake was up to 4.9 dpm' L
(2.21 pG /L) compared to about 1.3x10° dpmiL (Q 59x10° pCi/L) in sea water
(LaFl anune and Murray 1987). The di ssol ved thorium concentration can

i ncrease by the formation of sol ubl e conpl exes. The anions or |igands
likely to formconplexes with thoriumin natural water are C0;? and humic
materials, although sonme of the thoriumcitrate conpl exes may be stable at
pH above 5 (LaFl amme and Murray 1987; M ekeley and Kuchl er 1987; Platford
and Joshi 1986; Raynond et al. 1987; Sinpson et al. 1984).

The transport of thoriumfromwater to aquatic species has been
reported. The bioconcentration factor (concentration in dry
organi sniconcentration in water) (dry weight basis) in algae may be as high
as 975x10™, but the maxi mum val ue in zoopl ankton (cal anoi ds and
cyclopoids) may be 2x10* (Fisher et al. 1987). Fisher et al. (1987)
suggest ed that sinking plankton and their debris may account for the
sedi mentation of nost of the thoriumfromoceanic surface waters. The
hi ghest observed thorium bi oconcentration factor in the whol e body of
rai nbow trout (Salno gairdneri) was 465 (Poston 1982). The succeedi ngly
| ower bhioconcentration factors in higher trophic aninmals indicates that
thoriumwi Il not biomagnify in the aquatic environment. It was al so noted
that the najority of thoriumbody burden in fish is in the gastrointestina
tract (Poston 1982).

The nobility of thoriumin soil will be governed by the sane principles
as in water. In nost soil, thoriumwll remain strongly sorbed onto soil and
the nobility will be very slow (Torstenfelt 1986). The presence of ions or
| i gands (002 hunmic matter) that can form sol uble conplexes with thorium
shoul d increase its mobility in soil. The contam nation of groundwater through
the transport of thoriumfromsoil to groundwater will not occur in nost
soils, except soils that have | ow sorption characteristics and have the
capability to form sol uble conpl exes. Chel ati ng agents produced by certain
m cr oor gani sms (Pseudonpbnas aerugi nosa) present in soils may enhance the
di ssolution of thoriumin soils (Premuzic et al. 1985).

The transport of atnospherically deposited thoriumfromsoil to plants
is low The soil to plant transfer coefficients (concentration in dry plant
to concentration in dry soil) were estimated to be 10* to 7x10° by Garten
(1978) and 0.6x10* for thorium 232 by Linsalata et al. (1989). The root
systenms of grasses and weeds adsorb thoriumfromthe soil but the transport
of thoriumfromthe root to the aboveground parts of the plant is not very
extensive, as indicated by |100-fold higher concentrations of all three
i sotopes (thorium 228, thorium 230, and thorium 232) in the root than in the
aboveground parts of the plant (Taskayev et al. 1986). However, |brahi mand
Wi cker (1988) showed that under certain conditions, vegetation can
accunul ate thorium 230, as indicated by the plant/soil concentration ratio
(dry weight) of 1.9-2.9 for m xed grasses, m xed forbs and sagebrush plants
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grown at the edge of uraniumtailings inmpoundnments. Vegetation

concentration ratios for thorium 232 (a concentration ratio of about O0.1)
and thorium 228 (a maxi mum concentration ratio of about 0.4) were | ower than
that of thorium230. It was postulated that the acidity and wet conditions
at this site enhanced the solubility of thoriumin soil and that the
difference in solubility was responsible for the difference in plant uptake
of the three thoriumisotopes (Ilbrahimand Wicker 1988). However, it is
possi bl e that the observed difference in the uptake of the three isotopes by
plants is due to a difference in the chemical conpounds fornmed by the

i sot opes, naking one nore | eachable than the other (therefore nore avail able
for uptake) under the prevailing |ocal conditions (also see Section 5.6).

5.3.2 Transformati on and Degradation
5.3.2.1 Air

Thorium may change from one cheni cal species to another in the
at nosphere (such as ThO, to Th(S0,)2) as a result of chenical reactions, but
not hing definitive is known about the atnospheric chem cal reactions of
thorium The chemical fornms in which thoriumnmay reside in the atnosphere
are al so not known, but it is likely to be present nostly as ThO,.

5.3.2.2 Water

The principal abiotic processes that may transformthorium conpounds in
wat er are conpl exati on by anions/organic |igands and hydroxyl ation. The
increase in the nobility of thoriumthrough the formation of soluble

conpl exes with CD{z, hum c materials, and other anions or |ligands and the

decrease in the mobility due to formation of Th(OH)4 or anionic

t hori unhydr oxi de conpl exes were discussed in Section 5.3.1.2. In a nodel
experiment with seawater at pH 8.2 and freshwater at pH 6 and pH 9, it was
estimated that al nbst 100% of the thoriumresides as hydroxo conpl exes
(Boniforti 1987);

5.3.2.3 Soi

No published data were |ocated referencing biotic transformation of
thoriumin soil. Abiotic transformati on processes that can convert
i Mmobile thoriumin soil into nmobile fornms through the fornmation of

conpl exes were discussed in Section 5.3.1.3.
5.4 LEVELS MONI TORED OR ESTI MATED | N THE ENVI RONMENT
5.4.1 Air

The I evel of thoriumin air have not been neasured as frequently as it
has for uranium The concentration of thoriumin the atnosphere of the

South Pol e neasured in 1970 ranged between 18 and 83 fg/m, with a mean
value of 59 fg/m (1 fg =105 g). The origin of thoriumin the polar
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at nosphere was speculated to be either crustal weathering or the ocean water
(Zoller et al. 1974). The thoriumlevel in the air of Al gonquin Park,
Ontario, Canada was reported to be 7.1 pm (Sheppard 1980). The |evel of
thorium nmeasured in 1969 in East Chicago, IN, a heavily polluted industria
area, was 1.3 ng/m conpared to a value of 0.27 ng/m at a rural location in
M chigan (Niles, M) (Dans et al. 1970). The air particul ate sanples
collected from 250 sites in the United States by the National Air

Surveill ance Network (NASN) of EPA during 1975 and 1976 were anal yzed for
thorium 232 by neutron activation analysis. The nmeasured concentrations at
250 urban and nonurban sites in the United States ranged fromO0.2-1.0 ng/m,
with a nean concentration of 0.3 ng/m (Lanbert and W/l shire 1979). The
nean concentrations of thorium 228, thorium 230 and thorium 232 in New York
City air (sanple collected on the roof above the 14th floor) were 36 aC/m
(aC = 10"® Ci), 36 aCi/m, and 37 aGi/m, respectively (Wenn et al.

1981).

The air concentrations of thoriumand other airborne radioactivity near
a former thoriumand rare-earth extraction facility in the United States were
measured. The maxi num radi oactivity due to all three isotopes of
thoriumat a site about 450 feet fromthe prinary waste pile was 0.66
fC /m. A though the background thoriumradioactivity was not reported, the
total radioactivity at a site about 4000 feet south of the waste pile was
about 3.5 tines lower than a site 450 feet fromthe pile (Jensen et al
1984).

The concentration of thoriumin rai nwater over Fayeteville, AR ranged
from2.8-123 fC /L for thorium228, 1.7-123 fG /L for thorium 230, and O. 8-
118 fG /L for thorium 232. The peak values in thorium concentrations
correlated well with the 1980 eruption of Muwunt St. Helen and the 1982
eruption of El Chichon (Jiang et al. 1986; Jiang and Kuroda 1987; Sal ayneh
and Kuroda 1987).

The natural decay of uranium 238 and thorium 232 will produce radon-222
and thoron (radon-220). The indoor air levels of radon (radon-222) and
t horon (radon-220) daughters arising fromsome building materials and the
soi |, have been reported by several authors. It was generally believed that
the effective dose equival ent fromradon-220 (thoron) daughters (originating
fromthorium 232) m ght average about one-fifth of that due to radon-222
daughters (originating fromuranium238) in the tenperate regions (Schery
1985). However, nore recent neasurements at varied indoor |ocations within
the United States and Germany have shown that the potential al pha energy
concentrations fromradon-220 daughters may be as high as 60% of that
originating fromradon-222. It has al so been shown that the concentrations
of thoron (radon-220) and radon-222 daughters in the indoor air are
dependent on the air exchange rate in the dwellings and that the indoor
concentrations are about 3-4 tinmes higher than the outdoor concentrations
(Keller and Fol kerts 1984; Schery 1985).
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5.4.2 Water

Conpared to uranium relatively less information was | ocated on the
level s of thoriumin natural waters. The concentrations of dissolved
thoriumin water with high pH (nmore than 8) are expected to be very |low, and
the concentration nmay increase with the decrease of pH (Harnsen and De Haan
1980). Cothern et al. (1986) reported thorium 232 concentrations rarely
exceed 0.1 pG /L in natural waters, but that the concentrations of thorium
230, a progeny of uranium 238, may be as high as 0.4 pC /L. In a natural
surface water in Austria, the concentration of thorium (isotope undefined)

was reported to be 1.24-2.90 ug/L (Harnmsen and De Haan 1980). The
concentration of thorium (isotope undefined but probably thorium230) in

wat er under |ow pH conditions which may occur fromthe | eaching of uranium
tailings nay be as high as 38 ng/L (Harnmsen and De Haan 1980). The

i ndi vi dual concentrations of thorium 228, -230, and -232 in an area of G eat
Bear Lake in Canada contamnated with mne wastes (silver and urani um m nes)
were |less than 0.5 pG /L (More and Sutherland 1981). The concentrations of
thorium 228, -230, and -232 in a highly alkaline (pH of about 10) |ake (Mono
Lake) in California have been reported to be as high as 1.02, 1.41, and 0.7
pC /L, respectively (Anderson et al. 1982; Sinpson et al. 1982).

The concentrations of thoriumin seawater at various depths and
| ocati ons have been reported by several authors. Because of the very |ow
concentrations of thoriumand the differences in |ocation and the varying
characteristics of the water, the reported results are different. The
concentration of total thoriumin seawater ranges from 4x10° to | ess than

0.5 pg/ kg (G eenberg and Kinston 1982; Sheppard 1980) and the world average

concentration in seawater is 0.05 ug/L (Harnmsen and De Haan 1980). The
concentrations of the individual isotopes thorium 232, thorium 230, and
thori um 228 in seawater have been reported to range from 0.00023-0. 032,
0.014-0.72, and 0.023-3.153 fC /L, respectively (Anderson et al. 1982;

Hi rose 1988; Huh and Bacon 1985; Livingston and Cochran 1987; Sinmpson et al
1982). The concentrations of thoriumin sedinents are nuch higher than in
seawater. In several sedinents, concentrations of thorium 232, thorium 230
and thorium 228 ranged from 0.52-1.96, 1.01-30.77, and 0.36-1.93 pGi /g,
respectively (Huh et al. 1987; Yang et al. 1986).

Thorium has al so been detected in groundwaters. |In groundwater in
Austria, concentrations ranged fromO0.5-2.90 ug/L (Harnsen and De Haan

1980). Briny groundwater froma well in Palo Duro Basin, WA contained
0.009, 0.1, and 0.59 pG /L of thorium 232, thorium230, and thorium 228,
respectively (Laul et al. 1987). In a California well, thorium 230 was

detected at a concentration as high as 1.3 pC/L (Aieta et al. 1987). The
aver age popul ati on-wei ghted concentrations of thorium 232 and thorium 230 in
United States community water supplies derived fromboth surface water and
groundwat er are less than 0.01 pG /L and less than 0.04 pC /L, respectively
(Cothern 1987; Cothern et al. 1986).
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5.4.3 Soi

The typical concentration range of thoriumin soil is 2-12 ug/g (ppm,

with an average value of 6 pg/g (Harnmsen and De Haan 1980). The thorium
content of soil normally increases with an increase in clay content of soi
(Harmsen and De Haan 1980). The thoriumcontents in nost soils fromthe
Superfund sites listed in Section 5.2.3 were above background | evels. The
soi|l concentrations of thorium 232 at the Reed-Keppler Park, W Chicago, IL,
site and the Kerr-MGee Residential areas in W Chicago, IL, were 11,000 and
16,000 pCi /g, respectively (EPA 1988a). Soils near processing and mlling
operations, and concentrations of uranium and thorium ores, phosphate ores,
and tin ores may contain thoriumat concentrations higher than the
background | evel s. Hi gher concentrations of thoriumin soils near uranium
ore crushing facilities have been reported (Jensen et al. 1984; Sill 1977).

5.4.4 G her Media

Because concentrations of thoriumin foods are very low, very few data
exi st. The thorium 232 content in fresh fruits, vegetables, and tea was
determined (in pC/g), and the values are listed in Table 5-1. Vegetables
grown in an area of high natural activity in Brazil had the follow ng
concentrations of thorium (ug/g in dry sanple) (Linsalata et al. 1987):
brown beans, 0.011; potato, 0.0019; zucchini, 0.011; corn, 0.0022; carrot,
0.0074; and sweet potato, 0.0027. These authors did not observe rapid
transport of thorium232 fromsoil to the edible parts of the plants.

The concentrations of thoriumin both hard and soft tissues of humans
have been determ ned by a few authors. The concentration of thorium232 in
t he bl ood of normal popul ations (not occupationally or otherw se known to be
exposed to |l evels higher than background | evel of thorium) in the United

Ki ngdom was 2.42 ug/L. The thorium 232 level in the urine of the sane

popul ati on was bel ow the detection limt of 0.001 pg/L, although the
concentration in the urine of exposed workers ranged fromless than

0.001-2.24 pg/L. The highest value (2.24 pg/L) was found in a worker in the
thoriumnitrate gas mantle industry (Bulnan 1976; difton et al. 1971).

The thorium 232 concentration in rib bones fromseveral control hunans
fromthe United States ranged fromless than 0.1-72 ng/g (ppb) and were
found to increase-with age (Lucas et al. 1970). A simlar increase in
thorium concentration with age was seen in bones (prinarily vertebra
wedges) of a Col orado popul ation (Wenn et al. 1981). The level of thorium
232 in rib bones of individuals in the United Kingdom not occupationally
exposed to thoriumranged fromO0.8-163.8 ng/g, with a nean val ue of 28.7
ng/g in dry ash (Cifton et al. 1971). The concentration of thoriumin the

fibula of a Thorotrast patient was reported to be 2.0 ug/g (ppnm (Edgi ngton
1967). Singh et al. (1985) reported nore recent neasurenents of isotopic
concentrations of thoriumin different human bones fromthe genera
popul ati on of Col orado and Pennsyl vani a. These val ues are shown in Table
5-2. The authors concluded that the concentrations of thorium230 in ribs
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TABLE 5-1. Thorium-232 Content in Fresh Fruits,
Vegetables, and Tea?

Food Concentration in pCi/g (wet weight)
Apples §6.9x10'3
Asparagus 59.8x10'2
Bananas §8.2><1O'3
Bell peppers _<_6.7x10'3
Brazil nut <7%x10°3 to 9x10°3
Broccoli <3.6x1073
Cabbage 53.3x10'3
Carrots <4.2x10°3
Celery <9.0x1073
Cucumbers 52.9}410‘3
Egg plant g3.3x10'3
Grapefruit <9.8x107 3
Green beans 34.9X10'3
Green tea 2x1073 to 3x10°3
Irish potatoes _<_3.9:><110'3
Lettuce 52.8X10'3
Oranges §l+.1xlO’3
Pears 58.5}(10'3
Raisins <1.2x10°2; 2x10°3 to 3x10°3
Sesame seed 1k10°
Soybean 1x1073
Sweet potatoes _<_7.5x10'3
Tangelos §2.3X10-3
Tangerines ’ 4.7x1073
Tomatoes _<_1.1:><1O'2
Turnips <2.6x107°°2
Yellow squash _<_3.9x10'3

8Source: Oakes et al. 1977; Kobashi and Tominaga 1985.



TABLE 5-2.

Thorium Levels in Bones of Colorado and Pennsylvania Residents?

Source of bone

Mean Th Levels [(pCi/kg) wet weight] in Residents from Two Locations

Colorado Pennsylvania
Th-232 Th-230 Th-228 Th-232 Th-230 Th-228
Ribs 0.50 1.57 1.0 0.20 0.54 1.19
Vertebrae 0.096 0.96 0.88 0.10 0.27 1.31
Sternum NDP NDP 0.02b 0.33 0.63 2.73
8Source: Singh et al. 1985.

bOnly one sample analyzed.

ND = not detected; Th = thorium.
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of the Col orado popul ati on were significantly higher (statistically),
probably because of exposure to uraniumtailings, than those fromthe
Pennsyl vani a popul ati on.

The levels of thoriumin the tissues of a hard-rock mner, a uranium
mner, and the levels in two uraniummllers (thorium?230 is a decay product
of uranium 238, and thorium 238 and thorium 232 are inpurities in uraniun)
were conpared with the levels in the 50th percentile for the genera
popul ation (Singh et al. 1987; Wenn et al. 1981). These data are given in
Tabl e 5-3. The levels of thorium230 in the hard-rock niner were about 10
ti mes higher than the nedian levels in nost tissues of the genera
popul ation. In the case of the uraniummnner and nillers, the values were
nore than two orders of nmgnitude higher than the nedian tissues levels in
t he general popul ation.

Wenn et al. (1981) deternined the nmedi an concentrations of thorium
228, thorium 230, and thorium 232 in the |ungs of snokers and nonsnokers;
the respective values were 0.22, 0.56, and 0.43 pC/kg for snokers and 0. 37,
0.84, and 0.60 pC/kg for nonsnokers. The investigators concluded that
cigarette snmoking had no effect relative to increasing the concentration of
thoriumisotopes in |lungs.

5.5 GENERAL PCPULATI ON AND OCCUPATI ONAL EXPOSURE

The general population will be exposed to thoriumthrough the
i nhal ation of air and ingestion of food and drinking water containing trace
amounts of the chem cal. Because the concentration of thoriumis normally
very lowin air, drinking water, and foods (see Section 5.4), few studies
were | ocated that determ ned the daily human intake of thorium According
to Cothern (1987), the estinated daily intakes of thorium230 in the United
States popul ation through inhalation of air and ingestion of drinking water
are 0.0007 and less than 0.06 pC, respectively. The correspondi ng val ues
for thorium 232 are 0.0007 and less than 0.02 pC . Cothern (1987) assuned
that the intake fromfood would be negligible. Based on these val ues, the
total daily intakes of thorium 230 and thorium 232 are expected to be |ess
than 0.06 and | ess than 0.02 pCi, respectively. However, other authors
estimated the contribution of food to the total human thoriumintake may not
be negligible and may be the nost significant. Based on a survey of the
| evels of thoriumin air, water, and food, Fisenne et al. (1987) estimated
the daily intake of thorium 230 and thorium 232 by New York City residents.
The daily dietary, water, and inhalation intake of thorium 230 was estimated
to be 0.164, 0.005, and 0.0003 pC, respectively, giving a total daily
i ntake of 0.17 pC . The corresponding estimated values for thorium232 are
0.110, 0.002, and 0.0002 pG, with a total daily intake being 0.112 pGCi
From the nmeasured values of thoriumin feces and the assumed val ues for
uptake and elimnation rates, Linsalata et al. (1985) estinmated a daily
i ngestion intake of thorium 232 for New York residents to be about 0.08 pC

or 0.7 ug. This value is considerably snaller than the val ue estimted by
Fi senne et al. (1987). The value fromLinsalata et al. (1985) is again



TABLE 5-3_ Thorium Isotopic Concentration in Three Occupational Cases and the

General Population of Grand Junction, Colorado
(pCi/kg)

50th Percentile for

Uranium Miner® Hard Rock Miner® Uranium MillerP the General Population®
Th-228 Th-230 Th-232 Th-228 Th-230 Th-232 Th-228 Th-230 Th-232 Th-228 Th-230 Th-232
Lung 1.1+0.18  54.040.81 1.420.13 0.70£0.24 12.0:0.79 0.61:0.18 0.49 141 2.35 0.21 0.88 0.37
Lymph nodes NA NA NA 12.0£2.4  37.043.9 4.61.4 168 1687 3.7 4.8 13.0 8.1
Liver 0.25+0.04 32.0:0.36 0.12+0.2 0.05£0.01 0.82+0.07 0.06+0.02 0.73 120 0.09 0.08 0.13 0.07
Spleen 0.69+0.18 32.0:1.0 0.80£0.15 0.06:0.02 1.5:0.16 0.12+0.04 1.81 1.81 0.38 0.06 0.13 0.09
Bone 0.24+0.3 132.0+1.1  0.42:0.06 0.5420.13 10.0£0.40 0.32+¢0.07 1.47 86.9 0.31 0.54 0.89 0.20
Kidney 0.11:0.05 10.0£0.40 0.09:0.04 0.09+0.02 1.40.15 0.11+0.04 0.82 2.80 0.18 0.09 0.23 0.07

Brenn et al. 1981.

Singh et al. 1987; the averages of two samples are given.

NA = not analyzed; Th = t

horium.
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considerably smaller than the daily dietary, water, and inhalation intakes

of 2.24, 0.02, and 0.02 pg, respectively, as estimated for residents of
Bonbay, India (Dang et al. 1986). It can be concluded from the above

di scussion that the total intake of thoriumby the United States popul ation
may vary depending on the thoriumcontent in the consuned food and that no
firmUnited States average thoriumintake value is yet available. The

i nportance of the intake of thoriumfromfoods is overshadowed by the

rel ative absorption of thoriumby lung conpared with its uptake by gut (see
Chapter 2).

Qccupati onal exposures to higher levels of thoriumisotopes occur
primarily to workers in uranium thorium tin, and phosphate m ning,
mlling, and processing industries, radiumdial workers, and gas |antern
mant | e workers. Fromthe measurenent of airborne thoriumconcentrations in
wor kpl aces of the uraniumand thoriumindustry, it was concluded that
radi oactive dust, particularly fromcrushing areas, represents an inportant
route of exposure (Hannibal 1982; Kotrappa et al. 1976). It has al so been
reported that exposure of workers in the fertilizer industry to natura
radi oactivity may increase by 100% over normal background (Metzger et al
1980). Measuring external gamma radi ati on dosages to a person working 8
hour s/ day has shown that nonazite and xenotine storage roonms of Amang
upgrading plants (tin processing) on the west coast of Malaysia exhibited
exposure rates exceeding the | CRP recomended naxi mum val ue of 5 reniyear
(Hu et al. 1984). Fromthe radioactivity released by a burning gas nantle
(contains thorium, it was concluded that the user would be at mniml risk
unl ess the person was in a snmall unventilated room (Leutzel schwab and
Coogi ns 1984). However, workers in the gas mantl e manufacturing industry
are expected to be exposed to higher concentrations of radioactivity than
t he nornmal popul ation.

Workers are exposed to higher |evels of thorium and other radionuclides
in certain thoriumindustries, as indicated by the neasured exhal ed breath and
ti ssue levels of these chenicals. The significantly higher |evel of radon-220
(a decay product of thorium232) in the exhal ed breath of sone thorium plant
workers (Mayya et al. 1986) is indirect evidence of higher thoriumintakes.
Simlarly, other authors have found higher tissue and body fluid Ilevels
(compared to background) of thoriumin workers in the thoriunprocessing
industry (Cifton et al. 1971; Mausner 1982; Twitty and Boback 1970), workers
in the radiumdial industry (Keane et al. 1986), in uraniummnill crushernen
(Fisher et al. 1983), and in uraniumand hard rock mners and uraniummnillers
(Singh et al. 1987; Wenn et al. 1981).

Thori um doped glass is also used in the production of some canera
| enses (Waligorski et al. 1985). A relatively recent neasurenent has shown
that the external dose rate from exposure to a canera |lens can be 10 tines
hi gher (as high as 9.25 nrem hour at the front glass surface of the Iens)
than previously reported (Waligorski et al. 1985). Therefore, professiona
phot ogr aphers and workers in the thori um doped photographic |ens
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manuf acturing industry nay be at slightly higher risk of exposure to thorium
and its daughter products frominhal ati on and/or external radiation

5.6 POPULATI ONS W TH POTENTI ALLY HI GH EXPOSURE

The three groups of the general population that have the potential of
exposure to thoriumand its decay products at |evels higher than background
are peopl e who consune | arge anounts of foods grown in high background
areas, people who reside in hones built with high thoron (radon-220)-
emtting building materials and constructed on soil wth high background
[ evel s of thorium and people who |ive near radioactive waste disposal
sites. Linsalata et al. (1987) anal yzed vegetables grown in two areas near
Sao Paul o, Brazil, that contained high natural radioactivity, and found the
thoriumis not bioaccunulated in the vegetables but maintained a nmean
concentration ratio (concentration in dry vegetable/concentration in dry
soil) of 10* Root vegetables (e.g., carrots and potatoes) showed | ower
concentration ratios than zucchini and beans. Therefore, it can be
concl uded that vegetables grown in these soils would contain nore thorium
than vegetables grown in soil wth normal background | evels.

Linsalata et al. (1985) 1 a so estimated that the intake of thorium by
popul ations residing in these parts of Brazil was 6-10 tines higher than
the population in New York City, as indicated by the analysis of human bones
fromthe two areas. The concentration of thoriumin human bones was found
to be 100 times higher in high background nonazite areas in India than in
areas with normal thoriumconcentration in soils (Pillai and Matkar 1987).

The buil ding construction materials that contain higher |evels of
thorium 232 are granite, clay bricks and certain kinds of concrete bl ocks
and gypsum particularly the materials in which waste products from urani um
mning and mlling industry are used (Beretka and Mat hew 1985; Ettenhuber
and Lehnann 1986; Hanilton 1971). Ettenhuber and Lehmann (1986) reported
that the indoor gammua radiati on dose equival ent in buildings nade from
bricks and concrete is mainly due to radon-222 (originating from urani um
and radon-220 (originating fromthorium232), and can be over 7 tines higher
t han out doors.

The effect of soil on the level of thoriumand its decay products in
i ndoor air has been discussed by Gunning and Scott (1982). Homes near the
Elli ot Lake (Canada) urani um m nes were suspected to contain higher than
normal | evels of thoron (radon-220) and its daughters, because of higher
levels of thoriumin the surface soil and building materials used in the
town. The ratio of the concentration of decay products of thoron (radon-
220) to radon-222 found in these hones was 0.3. Therefore, the
concentrations of thoron in decay products originating fromthorium 232
i nside the hones were | ower than radon-222 decay products originating from
urani um 238, and the levels were insignificant conpared with the renedi al
action [imt of 20 ML (1 W. is the concentration of short-lived radon decay
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products that will result in 1. 3x10° MeV of potential al pha energy per liter
of air) (Qunning and Scott 1982).

The concentrations of thorium232 in soil fromseveral residential lots
near the Kerr-MGee ore processing facilities in W Chicago, |IL, have been
determ ned to be up to 16,000 pCi /g (EPA 1988a). Therefore, honmes built on
such lots or honmes that are close to other radi oactive disposal sites may
be sources of higher thorium exposure.

Both cigarette tobacco and its snoke contain thorium (Minita and
Mazzilli 1986; Neton and |brahim 1978) (see Section 5.2.1). However, the
effect of cigarette snoking on potential thorium exposure remains unclear
Joyet (1971) anal yzed the lungs of 10 autopsied snokers and two nonsnokers.
In 5 of 10 snokers, the lungs contained significantly higher |evels of
t horium than the nonsnokers, and the thoriumlevels in the residual five
were not significantly different fromthe nonsnokers. Limited data suggest
that cigarette snoking has no effect on the concentration of thorium
i sotopes in the lungs (Wenn et al. 1981).

5.7 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, directs the Admi nistrator of ATSDR (in
consultation with the Adm ni strator of EPA and agenci es and prograns of the
Public Health Service) to assess whether adequate information on the health
effects of thoriumis available. Wiere adequate information is not
avai l abl e, ATSDR, in conjunction with the NTP, is required to assure the
initiation of a program of research designed to determne the health effects
(and techniques for devel opi ng nethods to deternine such health effects) of
t hori um

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

5.7.1 ldentification of Data Needs

Physi cal and Chemnical Properties. Sone of the physical and chem ca

properties (i.e., Ky Kocand Henry's law constant) that are often used in
the estimtion of environnental fate of organic conpounds are not useful or
rel evant for nost inorganic conmpounds including thoriumand its conmpounds,

Rel evant data concerning the physical and chem cal properties, such as
solubility, stability, and oxidation-reduction potential of thoriumsalts

and conpl exes have been located in the existing |literature.Production, Use,
Rel ease, and Disposal. In the absence of experinental or estinmated popul ation
exposure data, infornmation concerning
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producti on vol une, uses, release, and disposal are sonetines usefu

i ndi cators of potential popul ation exposure. For exanple, if the production
vol unme of a chemical is high, it is likely that the rel ease of the chem ca

in the workplace and in the environment wll be high. The exposure of
popul ation groups to a certain substance is dependent on its use pattern
The frequency of general popul ation exposure will be high for substances

t hat have w despread uses in honmes. The production vol unes and their past
and future trends of the comercially inmportant thorium conmpounds are
known. The use pattern of thoriumand conpounds is well described in the
literature. It is also known that occupational groups are nobst susceptible
to thorium exposure. Data regarding the amounts of thorium disposed in the
past, the present rates of disposal, and future disposal trends in the
United States were not |ocated. These data woul d be hel pful in determ ning
the potential for and extent of general popul ation exposure to thorium The
current disposal and storage nmethods for thoriumor its byproducts nust be
efficient in order to neet the NRC and EPA gui del i nes and regul ati ons
regarding their release into the accessible environnent and exposure of the
general popul ation.

According to the Emergency Pl anning and Community Ri ght-to-Know Act
are of 1986 (EPCRTKA), (8313), (Pub. L. 99-499, Title Il1l, 8313), industries
required to submt release information to the EPA. The Toxics Rel ease
Inventory (TRI), which contains release information for 1987, becane
avail able in May of 1989. This database will be updated yearly and shou
provide a nore reliable estimte of industrial production and em ssion
Id

Envi ronnental Fate. It can be concluded fromthe transport

characteristics that surface water sedinent will be the repository for
at nospheric and aquatic thorium Normally, thorium compounds will not
transport long distances in soil. They wll persist in sedinment and soil.

There is a lack of data on the fate and transport of thoriumand its
conpounds in air. Data regardi ng neasured particul ate size and deposition
velocity (that determnes gravitational settling rates), and know edge of
the chemical forms and the lifetinme of the particles in air would be
useful .

Bi oavailability from Environnental Media. The absorption and
di stribution of thoriumas a result of inhalation and ingestion exposures
have been discussed in Sections 2.3.1 and 2.3.2. However, quantitative data
rel ati ng physical/chem cal properties, such as particle size, chenical form
of thorium and degree of adsorption with the bioavailability of thoriumin
inhaled air particles and inhaled and/or ingested soil particles are
I acki ng. Such studies would be useful in assessing potential thorium
toxicity to people living near a hazardous waste site.

Food Chai n Bi oaccurul ati on. Information about bioaccunulation in fish
and food exists, as does information on the levels of thoriumin various
foods. Existing data in the literature indicate that thorium does not
bi omagni fy in predators due to consunption of contam nated prey organi sns.
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Exposure Levels in Environnental Media. Because of the paucity of data
on the levels of thoriumin air, water, and food, there are conflicting
reports on the inportance of each nmediumto the total human dietary intake
of this substance. Data on the levels of thoriumin foods grown in
contam nated areas, particularly in the vicinity of hazardous waste sites,
are limted, and further devel opment of these data will be useful. There is
also a lack of air nmonitoring data around hazardous waste sites.

Exposure Levels in Humans. Although sonme data on the | evels of thorium

in human tissues exists, neither consensus val ues of the background | evels
for thoriumin human tissues nor its levels in tissues of populations
residing in the vicinity of hazardous waste sites were located. Conflicting
data al so exist regarding the level of thoriumin the Iungs of snokers and
nonsnmokers. Further research would be useful to provide conclusive evidence
regarding the effect of cigarette snmoking on thoriumcontent in the |ung

In addition, there are no reliable data on urinary and fecal excretion of
thoriumin general populations in the United States. The skeleton is the
mai n organ for the accunul ation of thorium yet there are also no reliable
data on macro and micro distribution of thoriumin human bone necessary to
quantify its body burden.

Exposure Regi stries. No exposure registries for thoriumwere | ocated.
This conmpound is not currently one of the conpounds for which a subregistry
has been established in the National Exposure Registry. The conpound will be
considered in the future when chenical selection is nmade for subregistries to
be established. The information that is amassed in the
Nat i onal Exposure Registry facilitates the epidemi ol ogi cal research needed
to assess adverse health outcones that may be related to exposure to this
conpound.

5.7.2 On-going Studies

According to the Federal Research in Progress Database, Perry and Tsao
at the Law ence Berkel ey Laboratory are studying the chem cal species and
transport of thoriumin soil. In other on-going projects, Krey et al. at
Envi ronnental Measurenents Laboratory in New York are studying the daily
i ntake of thorium and Mclnroy et al. at Los Al anbs National Laboratory are
studying the tissue levels of thoriumin the general popul ation and
occupational | y exposed i ndivi dual s.
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The purpose of this chapter is to describe the anal ytical nethods
avail abl e for detecting and/or neasuring and nonitoring thoriumin
environnental nedia and in biological sanples. The intent is not to provide
an exhaustive list of analytical nethods that could be used to detect and
gquantify thorium Rather, the intention is to identify well-established
net hods that are used as the standard methods of analysis. Many of the
anal ytical methods used to detect thoriumin environnental sanples are the
net hods approved by federal agencies such as EPA and the National Institute
for Qccupational Safety and Health (NIGSH). Ot her nethods presented in this
chapter are those that are approved by a trade association such as the
Associ ation of Oficial Analytical Chemists (AOAC) and the Anerican Public
Heal th Association (APHA). Additionally, analytical nethods are included
that refine previously used nethods to obtain | ower detection linits, and/or
to i nprove accuracy and precision

6.1 Bl OLOG CAL NMATERI ALS

Sone of the nethods commonly used for the determination of thoriumin
bi ol ogi cal nmaterials are given in Table 6-1. The calorinetric nethods are
not capable of isotope-specific determ nation of thoriumisotopes. Al pha
spectronetric and neutron activation analysis are useful in the
guantification of isotope-specific thoriumand thorium 232, respectively,
and have better sensitivities than calorinmetric nmethods. Al pha spectronetry
is the commonly used isotope-specific analysis for the determ nation of
thori um 232 and the thorium 230 derived fromthe decay of uranium 238 (Wenn
et al. 1981). Standard reference materials (SRMs) containing thoriumin
human |iver (SRWM 4352) and human | ung (SRM 4351) necessary for the
determ nati on of absolute recovery in a given sanple are available fromthe
National Institute of Standards and Technol ogy (lnn 1987).

In vitro nonitoring nmethods for the analysis of thoriumin urine,
feces, hair, and nails have been used to show that none of these biol ogica
nedia is a good indicator of thoriumuptake, and hence thorium exposure in
the human. In vivo nonitoring with arge Nal detectors are probably good
nmet hods for determning thoriumlung burdens. In one nethod, thoron (radon-
220) is determned in exhaled air as a neasure of thoriumlung burden. The
exhal ed air is passed to a delay chanber where the positively-charged decay
products of thoron (e.g., polonium216 and | ead 212) are collected
electrostatically and the collection electrode is neasured in an al pha
scintillation counter. The nethod has the required sensitivity to be used
as an indicator of thorium uptake. However, because of |ack of information
regardi ng the thoron escape rate fromthe thoriumparticles in the |ungs,
the nmethod is not accurate for indicating |lung uptake of thorium (Davis
1985). Several authors have neasured the |evels of exhaled thoron or its
decay products in hunan breath (Keane and Brewster 1983; Mayya et al
1986) .



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

Sample Matrix Sample Preparation Analytical Method Detection Accuracya Reference
Limit

Soft tissues Tissue spiked with Th-229 wet alpha-spectrometry 0.005 pCi/kg 59-68% Singh et al. 1979;

(lung, lymph nodes, ashed with acid mixtures, copre- Singh and Wrenn 1988

liver, kidney, spleen, cipitated with Fe-hydroxide,

heart, gonads, thyroid, cleaned up by complexation and

and muscle) electrodeposited.

Bones Bones spiked with tracer dry alpha-spectrometry  0.005 pCi/kg 62-73% Singh et al. 1979;

Blood, urine, ashed bone

Urine and feces

Urine

ashed, Th coprecipitated with
Fe-hydroxide, cleaned up by
complexation and solvent
extracted and electrodeposited.

Samples wet ashed, dried in
quartz ampules, sealed and
irradiated in a reactor. 233Pa
in the cooled irradiated sample
was cleaned up by muttiple
column chromatography, and
solvent extracted and evapor
ated on counting planchettes.

Tracer-spiked sample wet ashed,
Th coprecipitated with Fe-
hydroxide, cleaned up by com-
plexation, and solvent extracted
and electrodeposited.

Acidified sample precipitated
with NH,OH, irradiated with
thermal neutron, reprecipitated
with La-hydroxide and precipi-
tate dissolved in acid.

Precipitated Th with La-
fluoride, clean-up by complexa-
tion and solvent extraction,
develop color as thorium-morin
complex.

NAA, gamma-counting

alpha-spectrometry

NAA, gamma-counting

Colorimetrically

<0.2 pg/mL

Not reported

<1 ng/L

0.095 pg/
500 mL

60% at 0.045 pug

56-66%

Not reported

Not reported

Singh and Wrenn 1988

Picer and Strohal 1968

Singh and Wrenn 1988

Twitty and Boback 1970

Perkins and Kalkwarf 1956
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TABLE 6-1 (Continued)

Sample Matrix Sample Preparation Analytical Method Detection Accuracy® Reference
Limit
Bones Dry ash bone, dissolve ash in Colorimetrically Not reported 96-99% Petrow and Strehlow 1967

acid, clean-up by solvent
extraction and ion-exchange
method, develop color with
Arsenzazo III.

Bone marrow Paraffin-embedded tissue,
deparaffinized and stained.

Energy dispersive Not reported
X-ray

Not reported

Bowen et al.

1980

Ahere accuracy value is not available, the recovery data are given.

NAA = neutron activation analysis.

‘9
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6. 2 ENVI RONVENTAL SAMPLES

Sone of the comonly used nethods for the determination of thoriumin
environnental sanples are shown in Table 6-2. Standard reference materials
(SRMs) for thoriumin river and freshwater |ake sedi nent (SRM 4350B and SRM
4354), soils (SRM 4355 and SRM 4353), coal (SRM 1632), and fly ash (SRM
1633) are available fromthe National Institute of Standards and Technol ogy
(formerly National Bureau of Standards) (Inn 1987; Ondov et al. 1975).
Neither calorinetric nor atom c absorption/enm ssion nethods are suitable for
the deternmination of thoriumspecific isotopes; these nethods are al so not
sensitive enough for the quantification of trace amunts of thorium e.g.
in seawater. The filtration of particul ate phases by inert polypropyl ene
fiber filter and adsorption of solution phase thoriumonto MO, -coated fiber
or preconcentration of thoriumon XAD- 2 resin by adsorption of thorium
Xyl enol Orange conpl exes and quantitation by al pha spectronetry or neutron
activation analysis are two of the better nethods for the quantification of
low levels of thoriumin water (H rose 1988; Huh and Bacon 1985; Livingston
and Cochran 1987). The isotope dilution-mass spectrometric nethod provides
the nobst accurate and sensitive thoriumquantification (Arden and Gal e 1974)
but is rarely used because of the specialized nature and the cost of the
anal ytical technique. The beta counting of thorium deposited on counting
discs is useful for the determi nation of thorium 234 derived from urani um
238 (Velten and Jacobs 1982). The direct gamm radi ation counting with a
Ge planer detector has been used for the quantification of thorium228 in
grass sanples (Joshi 1987). The recoveries of thoriumfromsoil and
sedi rent sanples are usually poor (Singh and Wenn 1988) and speci al
attention should be given to sanple treatnent during their analysis.

6. 3 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 whether adequate information on the health
effects of thoriumis avail able. Were adequate information i s not
avai | abl e, ATSDR, in conjunction with the NTP, is required to assure the
initiation of a programof research designed to determine the health effects
(and techni ques for devel opi ng nethods to deternmine such health effects) of
t hori um

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



TABLE 6-2. Analytical Methods for Determining Thorium in Environmental Materials

Sample Matrix

Sample Preparation

Analytical Method

Detection
Limit

Accuracya

Reference

Air

Water

Ocean water

Particulate matter collected on
filter wet ashed, fused with LiF
and H,S0,, interference eliminated
by complexation and fluorescence
developed in buffered solution with
3,4,7-trihydroxyflavanone.

Particulate matter collected on
filter wet ashed, fused with K>$,07,
coprecipitate Th with PbSO,, dis-
solve in DTPA, clean-up by complexa-
tion, extract Th in aqueous oxalic
acid and electrodeposit Th.

Filter spiked with tracer, dry and
wet ashed, coprecipitated Fe-
hydroxide, cleaned by comptexation
and extraction and electrodeposited.

Sample wet ashed, coprecipitated
with Fe-hydroxide, cleaned up by
complexation and solvent extracted
and electrodeposited.

Direct aspiration.

Dissolve particulate matter in
sample by fiitrate and acid
treatment, combine filtrate and
dissolved particulate matter, pre-
cipitate Th with Ca-oxalate, develop
color with Thorin.

Particulate matter filtered by
polypropylene fiber filter
cartridge and soluble phase

col lected on MnO, impregnated
absorber. Each cartridge dried
and dissolved in acid, Th
purified by anion exchange
resin.

Fluorescence

a-Counting

a-Spectrometry

a-Spectrometry

AAS

Colorimetrically

a-Spectrometry

0.03 pg

5 fCi/m

0.01 pCi

Not reported

Not reported

<1 ng/g

<0.2 fCi/L
for Th-230

Not reported

96%

Not reported

60%

Not reported

Not reported

Not reported

Sitl and Willis 1962;
Filer 1970

Percival and Martin 1974

Singh and Wrenn 1988

Singh and Wrenn 1988

APHA/AWMA/WPCF 1985

ASTM 1986

Livingston and Cochran
1987

9
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TABLE 6-2 (Continued)

Sample Matrix Sample Preparation Analytical Method Detection Accuracy® Reference
Limit
Drinking water Thorium coprecipitated from Colorimetric Not reported 98% Velten and Jacobs 1982
acidified sample with Fe(OH)z, (for Th-232)
clean-up Th by selective solvent a and 8 Counting
extraction, coprecipitated with (for Th-230 and
AL(OH)5 and develop color by Th-234)
Arsenazo I11 reagent. After (EPA method 910)
color development, coprecipitate
Th with LaFz. ’
Soil, sediment, ashed Sample dissolved in a mixture of a-Spectrometry Not reported Not reported Golchert et al. 1980
vegetation or food acids, cleaned by anion-exchange
and air particulate resin, electrodeposited on silver
disc.
Soi l Sample dissolved in a mixture of a-Spectrometry Not reported 95% Bernabee 1983
acids, Th coprecipitated with Ce-
fluoride, cleaned up by solvent
extraction and oxalate formation,
and solution wet ashed and fused
with NaHso,.
Soil Soil dissolved with acid mixtures, a-Spectrometry 0.01 pCi 18% Singh and Wrenn 1988
coprecipitated with Fe-hydroxide,
cleaned up by complexation and
solvent extracted and electro-
deposited.
Microelectronic Sample dissolved in HNOz, cleaned Colorimetric with Not reported 98.9-100.3% Saisho et al. 1988
constituent by solvent extraction. Arsenazo 111 or
ICP/MS
Whote rock Sample dissolved by alkali and 1CP/ES Not reported 97-103% Korte et al. 1983
acid digestion, cleaned up by
solvent extraction.
Sediment Sample dissolved in a mixture a-Spectrometry Not reported 20% Inn 1987
of acids, cleaned up by anion-
exchange resin.
Groundwater Concentrated Th in sample by column  a-Spectrometry 0.03 pCi/t 102% Lauria and Godoy 1988

chromatography and coprecipitated
with LaFs.

8yhere accuracy is not available, the recovery data are given.

AAS

= atomic absorption spectrometry; DTPA = diethylenetriaminepentaacetic acid; ES = emission spectrometry; fCi = 10'15 Ci;
ICP = inductively coupled plasma; MS = mass spectrometry.
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6.3.1 lIdentification of Data Needs

Met hods for Determ ning Bi omarkers of Exposure and Effect. A few
aut hors have found el evated levels of thoriumin tissues of thorium workers
and these studi es have been discussed in Sections 2.6 and 5.4.4. However,
there are no data in the literature that correlate the concentrations of
thoriumin any human tissue or body fluid with its | evel of exposure. If a
bi omarker for thoriumin human tissue or fluid were available, the |evel of
the biomarker in a tissue could be used as an indicator of exposure to
thorium Analytical nmethods with satisfactory sensitivity are available to
determine the levels of thoriumin nost hunman tissues and body fl uids of
exposed and background popul ation, but the recovery of thorium by these
net hods needs further refinenent.

No studies were |ocated that identified biomarkers specific to
t horiuminduced di sease states. If a biomarker for thoriuminduced effect
in hunans were found, this effect could al so be used as an indicator of
exposure to thorium Therefore, there is a need to devel op bi omarkers that
will serve as indicators of exposure and effect from exposure to urani um
It may be necessary to devel op anal ytical nethods of satisfactory
sensitivity and precision for the quantification of thoriuminduced effects
i n humans.

Met hods for Determ ning Parent Conpounds and Degradati on Products in
Envi ronnental Media. Analytical methods with required sensitivity and
precision are available for the quantification of thoriumin nost
envi ronnent al sanpl es. However, some of the nore sensitive anal ytica
net hods have not al ways been used for the determ nation of thorium
concentrations in drinking water and food. Know edge of the |evels of
t hori um conpounds in environmental nedia can be used to indicate human
exposure to thoriumthrough inhalation of air and ingestion of drinking
wat er and foods containing these conmpounds. The concentration of thoriumis
usual ly very low in drinking water and food and the nore sensitive methods
may not al ways have been used for quantification. Because of this, there is
controversy in the literature about the relative inportance of drinking
water and food in contributing to the total dietary daily intake of thorium
It will be helpful to reevaluate the concentrations of thoriumin drinking
wat er and food by using the nore sensitive analytical nethods.

In the environment, thoriumand its conpounds do not degrade or
m neralize |ike many organi c conpounds, but instead speciate into different
chem cal compounds and form radi oactive decay products. Anal ytical nethods
for the quantification of radioactive decay products, such as radium radon
pol oni um and | ead are avail abl e. However, the decay products of thoriumare
rarely analyzed in environnental sanples. Since radon-220 (thoron, a decay
product of thorium 232) is a gas, deternination of thoron decay products in
some environnmental sanples nay be sinpler, and their concentrations may be
used as an indirect neasure of the parent conpound in the environnent if a
secular equilibriumis reached between thorium 232 and all its decay
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products. There are few anal ytical nmethods that will allow quantification
of the speciation products forned as a result of environnental interactions
of thorium(e.g., formation of conplex). A know edge of the environnenta
transformati on processes of thoriumand the conpounds forned as a result is
i mportant in the understanding of their transport in environnmental nedia.
For exanple, in aquatic nedia, formation of soluble conplexes will increase
thoriummobility, whereas formation of insoluble species will enhance its
incorporation into the sedinment and linit its nobility.

6.3.2 On-going Studies

Under the sponsorship of the National Science Foundation and in
col  aboration with scientists in New Zeal and, Burnett of Florida State
University is attenpting to devel op a chem cal separation technique for
uranium thorium and their daughter products (Federal Research in Progress
1990). O her than this research, no studies are in progress for inproving
the nmethod for the quantification of thoriumand daughter products in
bi ol ogi cal and environnental sanples.
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International and national regulations and guidelines pertinent to
human exposure to thoriumand its radiations are sumarized in Table 7-1
Recomendati ons for radiation protection for people in the general
popul ation as a result of exposure to radiation in the environnent are found
in the Federal Radiation Guidance (FRC 1960) and ICRP No. 26 (ICRP 1977).
Nat i onal gui delines for occupational radiation protection are found in the
"Federal Radiation Protection Guidance for Cccupational Exposure" (EPA
1987). This gui dance for occupati onal exposure supercedes reconmmrendations
of the Federal Radiation Council for occupational exposure (FRC 1960). The
new gui dance presents general principles for the radiation protection of
wor kers and specifies the nunmerical primary guides for limting occupationa
exposure. These reconmendations are consistent with the ICRP (I CRP 1977).

The basi ¢ phil osophy of radiation protection is the concept of ALARA
(As Low As Reasonably Achievable). As a rule, all exposure should be kept
as | ow as reasonably achi evable and the regul ati ons and gui del i nes are neant
to give an upper limt to exposure. Based on the primary gui des (EPA
1987), guides for Annual Limts on Intake (ALIs) and Derived Ar
Concentrations (DACs) have been cal cul ated (EPA 1988b). The ALl is defined
as "that activity of a radionuclide which, if inhaled or ingested by
Ref erence Man (I CRP 1975), will result in a dose equal to the nost limting
primary guide for commtted dose" (EPA 1988b; | CRP 1979) (see Appendi x B)
The DAC is defined as "the concentration of radionuclide in air which, if
breat hed by Reference Man (I CRP 1975) for a work-year, would result in the
i ntake of one AL1 (EPA 1988b). The ALlIs and DACs refer to occupationa
situations but may 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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7. REGULATIONS AND ADVISORIES

TABLE 7-1. Regulations and Guidelines Applicable to Thorium
Agency Description Value* Reference
International
Guidelines:
ICRP Occupational - whole body 5 rem/yr ICRP 1977
exposure (50 mSv)
Individual - short-term, to 0.5 rem/yr
critical populations (5 mSv)
Individual - chronic exposure 0.1 rem/yr
(1 mSv)
National
Regulations:
a. Air:
NRC Maximum permissible concentrations NRC 198824

228-thorium soluble:
40-hour week
168-hour week
228-thorium insoluble:
40-hour week
168-hour week
230-thorium soluble:
40-hour week
168-hour week
230-thorium insoluble:
40-hour week
168-hour week
232-thorium soluble:
40-hour week
168-hour week
232-thorium insoluble:
40-hour week
168 -hour week

uCi/mL (Bq/m>) 10 CFR 20
9x10-12 (3x10-1)
3x10°13 (1x1072)

6x10-12 (2x10°1)
2x10°13 (7x10°3)

2x10712 (7x10°2)
8x10- 14 (3x10-3)

1x10-11 (4x10-1)
3x10°13 (1x10-2)

3x10-11 (1)
1x10°12 (4x10-2)

3x10° 11 (1)
1x10°12 (4x10°2)
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TABLE 7-1 (Continued)

(internal) and annual effective
dose equivalent (external)
combined

Agency Description Value#* Reference
b. Water:
NRC Maximum permissible concentrations NRC 19882
228-thorium soluble: uCi/mL (Bgq/mL) 10 CFR 20
40-hour week 2x10-%4 (7x10-9)
168-hour week 7x10-6 (3x10°7)
228-thorium insoluble:
40-hour week 4x10°% (1x1072)
168-hour week 1x10°2 (4x10°7)
230-thorium soluble: .
40-hour week 5x10°° (2x10°6)
168-hour week 2x10-6 (8x10-8)
230-thorium insoluble:
40-hour week 9x10-%4 (3x1072)
168-hour week 3%10°° (1x10°9)
232-thorium soluble:
40-hour week 5%10°° (2x10°9)
168-hour week 2x1076 (7x10-8)
232-thorium insoluble:
40-hour week 1x10°3 (4x1072)
168-hour week 4x10°° (1x10-6)
EPA/ODW  Maximum contaminant level for 15 pCi/L EPA 1988c
gross alpha-particle radioactivity CFR 141.15
c. Nonspecific media:

EPA Reportable quantity Ci (Bg) EPA 1989
226-thorium 100 (4x1012) 40 CFR 302
227-thorium 1 (4x1010)

928 - thorium 0.01 (4x10%)

229-thorium 0.001 (4x107)

230-thorium 0.01 (4x108%

231-thorium 100 (4x1012)

232 -thorium 0.001 (AxlO7%

234-thorium 100 (4x10l?)
Guidelines

EPA Occupational - the committed 5 rem/yr EPA 1987

effective dose equivalent (50 mSv)
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7. REGULATIONS AND ADVISORIES
TABLE 7-1 (Continued)
Agency Description Value#* Reference
FRC Individual - whole body exposure 0.5 rem/yr FRC 1960P
(5 mSv)
Individual - operational guide 0.17 rem/yr
for "suitable sample of population" (1.7 mSv)
when individual whole body doses
are not known
EPA Lung clearance class®: EPA 1988b
Oxides and hydroxides Y
All others W
EPA Occupational ALI for inhalation EPA 1988b
of class W forms of®: pCi_(Bq)
Thorium-226 2x10% (7x109)
Thorium-227 3x10° (1x10%)
Thorium-228 1x10% (4x102)
Thorium-229 9x102 (3x101)
Thorium-230 6x103 (2x102)
Thorium-231 6x109 (2x108)
Thorium-232 1x103 (4x10l)
Thorium-234 2x108 (7x109)
EPA Occupational ALI for inhalation EPA 1988h

of class Y forms of€;

Thorium-226
Thorium-227
Thorium-228
Thorium-229
Thorium-230
Thorium-231
Thorium-232
Thorium-234

pCi (Bqg)

1x10° (4x10°)
3x10° (1x10%)
2x10% (7x102)
2x103 (7x101)
2x10% (7x102)
6x109 (2x108)
3103 (1x102)
2x108 (7x109)
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TABLE 7-1 (Continued)
Agency Description Value* Reference
EPA Occupational ALI for ingestion off, pCi (Bq) EPA 1988b
Thorium-226 5x107 (2x10%)
Thorium-227 1x108 (4x109)
Thorium-228 6x100 (2x10°)
Thorium-229 6x10° (2x10%)
Thorium-230 4x108 (1x102)
Thorium-231 4x109 (1x108)
Thorium-232 7x102 (3x10%)
Thorium-234 3x108 (1x107)
EPA Occupational DAC for inhalation EPA 1988b
of class W forms of8&: pCi/ems (Bq/mS)
Thorium-226 6x10-2 (2x103)
Thorium-227 1x10°%4 (4)
Thorium-228 4x10°6 (1x10-1)
Thorium-229 4x10°7 (1x10-2)
Thorium-230 3x10°6 (1x10°1)
Thorium-231 3 (1x10°
Thorium-232 5%x10°7 (2x1072)
Thorium-234 8x10°2 (3x103)
EPA Occupational DAC for inhalation EPA 1988b

of class Y forms of8:

Thorium-226
Thorium-227
Thorium-228
Thorium-229
Thorium-230
Thorium-231
Thorium-232
Thorium-234

pCi/cm3 (Bq/m3)

6x10-2
1x10°%
7x10°6
1x10°6
6x10°6
3

1x10-6
6x10~2

(2x103)
(4)

(3x10° 1)
(4x10°2)
(2x10° 1)
(1x105%
(4x10°2)
(2x103)

4The Nuclear Regulatory Commission limits in 10 CFR 20 are in the process of

revision.

brre guidance for occupational exposure is superseded by EPA (1987) Federal
Radiation Protection Guidance.
CLung clearance class indicates the rate at which the element is cleared from
the lung: D (days), W (weeks), Y (years).
dThe ALIs and DACs- recommended by the EPA are numerically identical to those
recommended by the ICRP Publication 30 (ICRP 1979)
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TABLE 7-1 (Continued)

Agency Description Value* Reference

€Conversion 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 (f1) of 0.002.
&Conversion 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 hr 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).

ALI = Annual Limit of Intake

DAC Derived Air Concentration

EPA = Environmental Protection Agency

FRC = Federal Radiation Council

ICRP = International Commission on Radiological Protection
NRC = Nuclear Regulatory Commission

ODW = Office of Drinking Water

*See Glossary and Appendix B for definition of units.

It
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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), rd.

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

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

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

Sel f- Absorption -- Absorption of radiation (emtted by radi oactive
atons) by the material in which the atons are located; in particular
t he absorption of radiation within a sanpl e bei ng assayed.

Absorption Coefficient -- Fractional decrease in the intensity of an
unscattered beam of x or gamma radiation per unit thickness (linear
absorption coefficient), per unit mass (mass absorption coefficient), or per
atom (atom c absorption coefficient) of absorber, due to deposition of
energy in the absorber. The total absorption coefficient is the sum of

i ndi vi dual energy absorption processes. (See Conpton Effect, Photoelectric
Ef fect, and Pair Production.)

Li near Absorption Coefficient -- A factor expressing the fraction of a
beam of x or gamma radi ati on absorbed in a unit thickness of material
In the expression I=l,e'\ux, 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 linear absorption coefficient per cm
di vided by the density of the absorber in grams per cubic centinmeter. It

is frequently expressed as g4/ p, where ug is the |linear absorption
coefficient and p the absorber density.

Absorption Ratio, Differential -- Ratio of concentration of a nuclide in a

gi ven organ or tissue to the concentration that would be obtained if the sane
adm ni stered quantity of this nuclide were unifornmy distributed

t hr oughout the body.

Activation -- The process of inducing radioactivity by irradiation
Activity -- The nunber of nuclear transformations occurring in a given
gquantity of material per unit time. (See Curie.)

Activity Medi an Aerodynanic Diameter (AMAD) -- The dianeter of a unitdensity
sphere with the sanme term nal settling velocity in air as that of
t he aerosol particul ate whose activity is the nmedian for the entire aerosol
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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 Syndrome -- The synptons whi ch taken together characterize a
person suffering fromthe effects of intense radiation. The effects occur
wi thin hours or weeks.

Adsorption Coefficient (K -- The ratio of the amount of a chem ca
adsorbed 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 anpunt of a chemical adsorbed by a sedi nent or
soil (i.e., the solid phase) divided by the anpbunt of chemical 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 ca
sorbed per gram of soil or sedinent.

Al pha Particle -- A charged particle emtted fromthe nucl eus of an atom
An al pha particle has a nass charge equal in nagnitude to that of a helium
nucl eus; i1.e., two protons and two neutrons and has a charge of +2.

Anni hilation (Electron) -- An interaction between a positive and a negative
el ectron in which they both di sappear; their energy, including rest energy,
bei ng converted into el ectromagnetic radiation (called annihilation

radiation) with two 0.51 Mev ganma photons enitted at an angle of 180° to
each ot her.

Atomic Mass -- The mass of a neutral atomof a nuclide, usually expressed in
terms of "atomic nmass units." The "atomic mass unit" is one-twelfth the

mass of one neutral atom of carbon-12; equivalent to 1.6604x10* gm

(Symbol : u)

At omi ¢ Number -- The nunmber of protons in the nucleus of a neutral atomof a
nuclide. The "effective atom c nunber"” is calculated fromthe conposition
and atonic nunbers of a conmpound or nixture. An elenent of this atonic
nunber would interact with photons in the sane way as the conpound or

m xture. (Synbol: 2)

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

Auger Effect -- The emi ssion of an electron fromthe extranucl ear portion
of an excited atom when the atom undergoes a transition to a | ess excited
state.
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Background Radi ation -- Radiation arising fromradi oactive material other
than that under consideration. Background radiation due to cosnmic rays and
natural radioactivity is always present. There may al so be background

radi ati on due to the presence of radioactive substances in building
materi al s.

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

Beta Particle -- Charged particle emitted fromthe nucleus of an atom A
beta particle has a mass and charge equal in nmagnitude to that of the
el ectron. The charge nmay be either + or -1

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

Bone Seeker -- Any conmpound or ion which migrates in the body preferentially
into bone.

Branching -- The occurrence of two or nore nodes by which a radi onuclide can
under go radi oactive decay. For exanple, radium C can undergo «a or g decay,

%Cu or undergo g'f, or electron capture decay. An individual atomof a
nucl i de exhi biting branching di sintegrates 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 multiple disintegration).

Brensstrahl 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

i nstance, 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 radioactive decay involving the capture of an
orbital electron by its nucleus. Capture froma particular electron shel
is designated as "K-electron capture,"” "L-electron capture," etc.

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

process.

Carci nogen -- A chenical capable of inducing cancer

Carcinona -- Malignant neopl asm conposed of epithelial cells, regardl ess of
their derivation.
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Cataract -- A clouding of the crystalline lens of the eye which obstructs
t he 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 1 n the Toxicol ogical Profiles.

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

i nci dent phot on.

Cont ai nnent -- The confinenment of radioactive material in such a way that it
is prevented from being dispersed into the environment or is released only at
a specified rate.

Cont am nati on, Radi oactive -- Deposition of radioactive 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 ectromagnetic radi ati ons which
originate outside the earth's atnosphere.

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

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

di sintegration, ionizing event, or voltage pul se.

Counter, Ceiger-Mieller -- Hghly sensitive, gas-filled
radi ati on-measuring device. It operates at voltages sufficiently high
to produce aval anche ionization

Counter, Scintillation -- The conbi nati on of phosphor, photnultiplier
tube, and associated circuits for counting Iight em ssions produced in
t he phosphors by ionizing radiation.

Curie -- Aunit of activity. One curie equals 3.7x10" nucl ear
transformati ons per second. (Abbreviated C .) Several fractions of the
curie are in conmobn usage.

Megacurie -- One mllion curies. Abbreviated M

Mcrocurie -- One-millionth of a curie (3.7x10%di sintegrations per
set) . Abbreviated pG.
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MIlicurie -- One-thousandth of a curie (3.7x10’ disintegrations per
set) . Abbreviated nC .
Nanocurie -- One-billionth of a curie. Abbreviated nG .
Picocurie -- One-nillionth of a mcrocurie (3.7x107 disintegrations

per second or 2.22 disintegrations per ninute). Abbreviated pGCi
repl aces the term puc.

Decay, Radioactive -- Transformation of the nucleus of an unstable nuclide by
spont aneous em ssion of charged particles and/or photons.

Decay Chain or Decay Series -- A sequence of radioactive decays
(transformati ons) begi nning with one nucl eus. 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 take
pl ace, the subsequent nuclei are also usually called daughters. Sonetines,
to distinguish the sequence, the daughter of the first daughter is called
t he granddaughter, etc.

Decay Constant -- The fraction of the nunber of atoms of a radioactive
nucl i de which decay in unit time. (Synmbol A). (See Disintegration Constant).

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

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

Delta Ray -- Energetic or swiftly 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 tine of sexual maturation. Adverse devel opnental effects nmay be
detected at any point in the lifespan of the organi sm

Di si ntegration Constant -- The fraction of the nunmber of atoms of a
radi oactive nuclide which decay in unit tinme; A is the synbol for decay

constant in the equation N=Ne’t, where N, is the initial number of atoms
present, and N is the nunber of atons present after sone tinme, t. (See Decay
Const ant .)

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

Dose,

Absorbed Dose -- The energy inparted to matter by ionizing radiation
per unit mass of irradiated naterial at the place of interest. The
unit of absorbed dose is the rad. One rad equals 100 ergs per gram

In SI units, the absorbed dose is the gray which is 1 J/kg. (See Rad.)

Cunmul ative Dose (Radiation) -- The total dose resulting fromrepeated or
conti nuous exposures to radiation

Dose Assessnent -- An estimate of the radiation dose to an individual or
a popul ation group usually by neans of predictive nodeling techniques,
soneti nes suppl enented by the results of neasurenent.

Dose Equivalent (DE) -- A quantity used in radiation protection. It
expresses all radiations on a commbn scale for calculating the

ef fecti ve absorbed dose. It is defined as the product of the absorbed
dose in rad and certain nodi fying 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 ampunt of energy inparted to matter by ionizing
radi ati on per unit nmass of the natter, usually expressed as the unit
rad, or in Sl units, 100 rad=l gray (Gy). (See Absorbed Dose.)

Maxi mum Per mi 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 tine.

Medi an Lethal Dose (M D) -- Dose of radiation required to kill, within a
specified period, 50 percent of the individuals in a |arge group of
animal s or organi sns. Al so called the LDs,.

Threshol d Dose -- The nmi 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.)

Fractionation -- A nethod of administering radiation, in which

relatively small doses are given daily or at |onger intervals.

Dose,

Protraction -- A method of administering radiation by delivering it

continuously over a relatively long period at a | ow dose rate.
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Dose-di stribution Factor -- A factor which accounts for nodification of the
dose effectiveness in cases in which the radionuclide distributionis
nonuni form

Dose Rate -- Absorbed dose delivered per unit tine.

Dosimetry -- Quantification of radiation doses to individuals or popul ations
resulting fromspecified exposures. Early Effects (of radiation exposure) --
Ef fects which appear within 60 days

of an acute exposure.

Electron -- A stable elenentary particle having an electric charge

equal to +1.60210x10" C (Coul onbs) and a rest mass equal to 9.1091x10* kg. 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 thousand or
kilo electron volts; MeV for mllion or nega el ectron volts.

eV, 1 ev=1.6x10" erg,)

(Abbrevi at ed:

Enbryotoxicity and Fetotoxicity -- Any toxic effect on the conceptus as a
result of prenatal exposure to a chem cal; the distinguishing feature
between the two ternms is the stage of devel opment during which the insult
occurred. The ternms, as used here, include nal formati ons and vari ati ons,
altered growth, and in utero death.

Energy -- Capacity for doing work. "Potential energy" is the energy

i nherent in a mass because of its spatial relation to other nmasses.
"Kinetic energy" is the energy possessed by a nass because of its notion
MKSA unit: kg-nt/sec’ or joules.

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

Excitation Energy -- The energy required to change a systemfromits

ground state to an exited state. Each different excited state has a
di fferent excitation energy.

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

Radi ant Energy -- The energy of electronagnetic radiation, such as
radi o waves, visible light, x and ganma rays.
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Enriched Material -- (1) Material in which the relative anpunt of one or
nore i sotopes of a constituent has been increased. (2) Uraniumin which the
abundance of the 235U i sotope is increased above normal

EPA Health Advisory -- An estimate of acceptable drinking water levels for a
chenmi cal substance based on health effects information. A health advisory is
not a legally enforceable federal standard, but serves as technical guidance
to assist federal, state, and local officials.

Equi li brium Radioactive -- In a radioactive series, the state which
prevails when the ratios between the activities of two or nore successive
nmenbers of the series remmins constant.

Secul ar Equilibrium-- If a parent elenent has a very nuch | onger

hal f-1ife than the daughters (so there is not appreciable change in its
amount in the time interval required for later products to attain
equilibrium then, after equilibriumis reached, equal nunbers of atons
of all nenbers of the series disintegrate in unit tinme. This condition
is never exactly attained, but is essentially established in such a case
as radiumand its series to RadiumD. The half-life of radiumis about
1,600 years; of radon, approximtely 3.82 days, and of each of the
subsequent nenbers, a few mnutes. After about a nonth,

essentially the equilibriumanmunt of radon is present; then (and for a
long tine) all nenmbers of the series disintegrate the same nunber of
atoms per unit tine.

Transient Equilibrium-- If the half-life of the parent is short enough
so the quantity present decreases appreciably during the period under
consi deration, but is still longer than that of successive nenbers of
the series, a stage of equilibriumw |l be reached after which al
menbers 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 nenbers of the series to Radi umD.

Equilibrium Radiation -- The condition in a radiation field where the
energy of the radiations entering a volune equals the energy of the
radi ati ons | eaving that vol une.

Equi li brium Fraction (F) -- In radon-radon daughter equilibrium the parents
and daughters have equal radioactivity, that is, as many decay into a specific
nucl i de as decay out. However, if fresh radon is continually

entering a volune of air or if daughters are |ost by processes other than

radi oactive decay, e.g., plate out or mgration out of the volune, a

di sequi i bri um devel ops. The equilibriumfraction is a neasure of the

degree of equilibriunfdisequilibrium The working-level definition of radon
does not take into account the amount of equilibrium The equilibrium
fraction is used to estimte working | evel s based on neasurenment of radon
only.
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Excitation -- The addition of energy to a system thereby transferring it
fromits ground state to an excited state. Excitation of a nucleus, an
atom or a nolecule can result from absorption of photons or frominelastic
collisions with other particles. The excited state of an atomis a

net astabl e state and will return to ground state by radiation of the excess
ener gy.

Exposure -- A neasure of the ionization produced in air by x or gama
radiation. It is the sumof the electrical charges on all ions of one sign

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

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

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

Cenetic Effect of Radiation -- Inheritable change, chiefly nutations,
produced by the absorption of ionizing radiation by germcells. On the
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 onehalf
of any absorbed substance by regul ar processes of elimnation

Approxi mately the same for both stable and radi oactive isotopes of a
particular element. This is sometines referred to as half-tine.

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

Effective half-life: = Biological half-life x Radioactive half-life
Bi ol ogical half-life + Radi oactive half-life

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

| mredi ately Dangerous to Life or Health (IDLH) -- The maxi mum environment a
concentration of a contam nant from which one could escape within 30 m nutes
wi t hout any escape-inpairing synptons or irreversible health effects.
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I mmunol ogi ¢ Toxicity -- The occurrence of adverse effects on the immne

systemthat may result from exposure to environnental agents such as
chemi cal s.

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

In Vivo -- Cccurring within the I'iving 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 nternedi ate Exposure -- Exposure to a chenmical for a duration of 15 to 364
days as specified in the Toxicol ogi cal Profiles.

Internal Conversion -- One of the possible nechani sns of decay fromthe
netastable state (isomeric transition) in which the transition energy is
transferred to an orbital electron, causing its ejection fromthe atom The
rati o of the nunber of internal conversion electrons to the nunber of gama
quanta enmitted in the de-excitation of the nucleus is called the "conversion
ratio."

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

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

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

wi t hout gas anplification.

Specific lonization -- Nunber of ion pairs per unit |ength of path of
ionizing radiation in a nedium e.g., per centinmeter of air or per
m cronmeter of tissue.

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

i oni zation and is nearly independent of the nature of the ionizing
radiation. It is frequently used as a nmeasure of radiation energy.
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| 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 sanme 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 tinme, in different quantumstates with
di fferent energies and radi oactive properties. Commonly the isonmer 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 atonic nunber, but differing in the nunber of neutrons, and

therefore in the mass nunber. Al npst identical chemcal properties exist

bet ween i sotopes of a particular elenent. The term should not be used as a

synonym for nuclide.

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

Joule -- The unit for work and energy, equal to one newton expended al ong a
di stance of one meter (IJ=lNxIm

Label ed Conpound -- A compound consisting, in part, of |abeled nolecules.
That is nmolecules including radionuclides in their structure. By
observations of radioactivity or isotopic conposition, this conpound or its
fragments may be foll owed through physical, chem cal, or biologica
processes.

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

Let hal Concentration(r) (LCro) -- The | owest concentration of a chem cal in
air which has been reported to have caused death in humans or animals.

Lethal Concentration(s) (LGCsyp) -- 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 nmal popul ation

Let hal Dose(ro) (LDio) -- The | owest dose of a chenical introduced by a
route other than inhalation that is expected to have caused death in humans
or aninal s.

Let hal Dose(s) (LDsg) -- The dose of a chenical which has been calculated to
cause death in 50% of a defined | aboratory ani mal popul ation
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Lethal Time(sy) (LTsg) -- A calculated period of tine within which a

specific concentration of a chemical is expected to cause death in 50% of a
defined | aboratory ani mal popul ation

Li near Energy Transfer (LET) -- The average anount of energy transferred
locally to the nedium per unit of particle track |ength.
Low LET -- Radiation characteristic of electrons, x-rays, and gama
rays.
H gh-LET -- Radiation characteristic of protons or fast neutrons,
Average LET -- is specified to even out the effect of a particle that is

sl owi ng down near the end of its path and to allow for the fact that
secondary particles fromphoton or fast-neutron beans are not all of the
sane 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 effects between the
exposed popul ation and its appropriate control

Li near Hypothesis -- The assunption that a dose-effect curve derived from
data in the high dose and hi gh dose-rate ranges may be extrapol ated t hrough
the | ow dose and | ow dose range to zero, inplying that, theoretically, any
amount of radiation will cause sone danage.

Mal f ormations -- 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 human exposure to a chemical that
is likely to be without an appreciable risk of deleterious effects
(noncancerous) over a specified duration of exposure.

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

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

Neutrino -- A neutral particle of very small rest mass originally postul ated
to account for the continuous distribution of energy anong particles in the
bet a- decay process.
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No- Qbser ved- Adver se- Ef fect Level (NQOAEL) -- 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 -- Common nane for a constituent particle of the nucleus. Applied
to a proton or neutron

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

nucl eus. The nucl ear constitution is specified by the number of protons
(2), nunber of neutrons (N), and energy content; or, alternatively, by the
atom ¢ nunber (Z), mass nunber A=(N+Z), and atomi c nass. To be regarded as
a distinct nuclide, the atom nust be capable of existing for a neasurable
time. Thus, nuclear isomers are separate nuclides, whereas pronptly
decayi ng excited nuclear states and unstable intermedi ates in nucl ear
reacti ons are not so considered.

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

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

Parent -- A radionuclide which, upon disintegration, yields a specified
nuclide--either directly or as a |later nenber of a radi oactive series.

Photon -- A quantity of electronagnetic energy (E) whose value in joules is
the product of its frequency (v) in hertz and Planck constant (h). The
equation is: E=hv.

Phot oel ectric Effect -- An attenuation process observed for x- and gama-

radi ation in which an incident photon interacts with an orbital electron of an
atomdelivering all of its energy to produce a recoil electron, but with no
scattered photon.

Positron -- Particle equal in mass to the electron (9.1091x10-31 kg) and
havi ng an equal but positive charge (+1.60210x10-1g Coul onbs). (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 kinetic
energy of a charged particle passing through it.
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Progeny -- The decay products resulting after a series of radioactive
decays. Progeny can al so be radi oactive, and the chain continues until a
stabl e nuclide is fornmed.

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

gl* -- The upper-bound estimte of the | ow dose sl ope of the dose-response
curve as determned by the multistage procedure. The gl * can be used to
cal cul ate an estinmate of carcinogenic potency, the increnental excess cancer

risk per unit of exposure (usually pg/L for water, ng/kg/day for food, and
ug/ nB for air).

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

Quality Factor (QF) -- The linear-energy-transfer-dependent factor by which
absorbed doses are multiplied to obtain (for radiation protection purposes) a
guantity that expresses - on a conmon scale for all ionizing radiation the

ef fecti veness of the absorbed dose.

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

Radi ation -- (1) The emi ssion and propagati on of energy through space or
through a material nediumin the formof waves; for instance, the emni ssion and
propagati on of el ectromagneti c waves, or of sound and el astic waves. (2) The
ener gy propagated through space or through a material nedium as waves; for
exanpl e, energy in the formof electronagnetic waves or of elastic waves. The
termradiati on or radi ant energy, when unqualified, usually refers td el ectro-
magnetic radi ation. Such radiation commonly is classified, according to
frequency, as Hertzian, infra-red, visible (light), ultra-violet, X-ray and
ganma ray. (See Photon.) (3) By extension, corpuscular em ssion, such as al pha
and beta radiation, or rays of m xed or unknown type, as cosm c radiation

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

of 0.51 MeV energy.

Background Radi ation -- Radiation arising fromradi oactive materi al
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 radiati on due to the presence of radioactive
substances in other parts of the building, in the building nmateria
itself, etc.
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Characteristic (Discrete) Radiation -- Radiation originating from an
atom after renoval of an electron of excitation of the nucleus. The
wavel ength of the enmitted radiation is specific, depending only on the
nuclide and particular energy |levels involved.

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

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

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

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

Scattered Radiation -- Radiation which during its passage through a
subst ance, has been deviated in direction. It nmay al so have been
nodi fied by a decrease in energy.

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

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

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

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

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

Radi oi sotopes -- A radioactive atom c species of an elenment with the sane
atom ¢ nunber and usually identical chem cal properties.

Radi onuclide -- A radioactive species of an atom characterized by the
constitution of its nucl eus.
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Radi osensitivity -- Relative susceptibility of cells, tissues, organs,
organi sns, or any living substance to the injurious action of radiation
Radi osensitivity and its antonym radioresistance, are currently used in a
conparative sense, rather than in an absol ute one.

Reaction (Nuclear) -- An induced nuclear disintegration, i.e., a process
occurring when a nucleus cones in contact with a photon, an elenentary
particle, or another nucleus. In many cases the reaction can be represented
by the synbolic equation: X+a Y+b or, in abbreviated form X(a,b) Y. Xis
the target nucleus, a is the incident particle or photon, bis an emtted
particle or photon, and Y is the product nucl eus.

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

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

ef fects such as cancer

Rel ative Biol ogical Effectiveness (RBE) -- The RBE is a factor used to
conpare the biological effectiveness of absorbed radiati on doses (i.e., rnd)
due to different types of ionizing radiation. Mire specifically, it is the
experimentally deternined ratio of an absorbed dose of a radiation in
guestion to the absorbed dose of a reference radiation required to produce
an identical biological effect in a particular experimental organism or
tissue. NOTE: This term should not be used in radiation protection. (See
Quality Factor.)

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

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

Reproductive Toxicity -- The occurrence of adverse effects on the
reproductive systemthat may result from exposure to a 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
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Roentgen (R) -- A unit of exposure for photon radiation. One roentgen
equal s 2.58x10™ Coul omb per kilogram of air.

Short-Term Exposure Limt (STEL) -- The maxi mum concentration to which

wor kers can be exposed continually for up to 15 minutes. No nore than four
excursions are allowed per day, and there nmust be at |east 60 ninutes

bet ween exposure periods. The daily TLV-TWA nay not be exceeded.

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

i ncl udi ng the becquerel, gray, and sievert.

Si ckness, Radiation -- (Radiation Therapy): A self-limted syndromne
characterized by nausea, voniting, diarrhea, and psychic depression
foll owi ng exposure to appreci able doses of ionizing radiation, particularly
to the abdomnal region. Its nmechanismis unknown and there is no

sati sfactory remedy. 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.

(Ceneral): The syndrone associated with intense acute exposure to ionizing
radi ations. The rapidity with which synptons develop is a rough neasure CE
the | evel of exposure.

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

Specific Activity -- Total activity of a given nuclide per gramof an
el enent .
Specific Energy -- The actual energy per unit nass deposited per unit vol une

in a given event. This is a stochastic quantity as opposed to the average
val ue over a |arge nunber of instance (i.e., the absorbed dose).

Standard Mrtality Ratio (SMR) -- Standard nortality ratio is the ratio of the
di sease or accident nortality rate in a certain specific popul ation

conpared with that in a standard popul ation. The ratio is based on 200 for

the standard so that an SMR of 100 neans that the test popul ation has 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 nass of material traversed.

Sur f ace- seeki ng Radi onuclide -- A bone-seeking internal enmtter that is
deposited and remains on the surface for a long period of time. This
contrasts with a vol une seeker, which deposits nore uniformy throughout the
bone vol une.
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Target Organ Toxicity -- This termcovers a broad range of adverse effects on
target organs or physiol ogical systenms (e.g., renal, cardiovascular) extending
fromthose arising through a single linmted exposure to those assuned over a
lifetinme of exposure to a chem cal

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

in a physiological response to the damage at that |ocation. One, two, or nore
"hits" (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.

Threshold Limt Value (TLV) -- An all owabl e exposure concentrati on averaged
over a normal 8-hour workday or 40-hour wor kweek.

Toxi ¢ Dose (TDsg) -- A cal cul ated 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 | aboratory ani mal popul ation

Transformati on, Nuclear -- The process by which a nuclide is transforned
into a different nuclide by absorbing or emtting a particle.

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

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

Unattached Fraction -- That fraction of the radon daughters, usually 218pg

(Radi um A), which has not yet attached to a particle. As a free atom it has a
hi gh probability of being retained within the |lung and depositing
al pha energy when it decays.

Uncertainty Factor (UF) -- A factor used in operationally deriving the RID
fromexperimental data. UFs are intended to account for (1) the variation in
sensitivity among the nenbers of the human popul ation, (2) the

uncertainty in extrapolating aninmal data to the case of human, (3) the
uncertainty in extrapolating fromdata obtained in a study that is of |ess
than lifetine exposure, and (4) the uncertainty in using LOAEL data rather
than NOAEL data. Usually each of these factors is set equal to 10.
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Units, Radiological --

Units Equivalents
Becquerel* 1 Bq = 1 disintegration per second = 2.7x10° 11 ¢
Curie 1 ci = 3.7x1010 disintegrations per second = 3.7x1010 Bgq
Gray* 1 Gy =1J/kg = 100 rad
Rad 1 Rad = 100 erg/g = 0.01 Gy
Rem 1 Rem = 0.01 Sievert
Sievert* 1 Sv = 100 rem

*International Units are designated (SI).

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

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

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

A peer review panel was assenbled for thorium The panel
consi sted of the followi ng nenmbers: Dr. Marvin Gol dnan
Radi ol ogi cal Sci ences and Toxi col ogy, University of California;
Dr. Raynond LI oyd, Radiol ogy Division, University of Uah: Dr.
| ngeborg Hardi ng-Barl ow, private consultant, Palo Alto,
California; and Dr. George Angleton, Collaborative Radiol ogy
Heal th Laboratory, Colorado State University. These experts
col l ectively have know edge of thoriums physical and chem ca
properties, toxicokinetics, key health end points, mechani sms of
action, human and ani mal exposure, and quantification of risk to
humans. All reviewers were selected in conformty with the
conditions for peer review specified in the Section 104(i)(13) of
t he Conprehensive Environnental Response, Conpensation, and
Liability Act as anended.

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

The citation of the peer review panel should not be
understood to inply its approval of the profile's final content.
The responsibility for the content of this profile lies with the
Agency for Toxic Substances and Di sease Registry.
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OVERVI EW OF BASI C RADI ATI ON PHYSI CS, CHEM STRY, AND BI OLOGY

Under st andi ng the basic concepts in radiation physics, chem stry, and
biology is inportant to the evaluation and interpretation of radiationi nduced
adverse health effects and to the derivation of radiation protectio
principles. This appendi x presents a brief overview of the areas of radiation
physics, chemistry, and biology and is based to a |arge extent on the reviews
of Mettler and Mosel ey (1985), Hobbs and Mcd ellan (1986),

Ei chhol z (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 nmade up of neutrons, protons, and el ectrons; neutrons and protons in the
nucl eus and electrons in a cloud of orbits around the nucleus. Nuclide is
the general termreferring to any nucleus along with its orbital electrons.
The nuclide is characterized by the conposition of its nucleus and hence by
t he nunber of protons and neutrons in the nucleus. Al atons of an el ement
have t he sanme nunber of protons (this is given by the atom ¢ nunber) but nay
have different numbers of neutrons (this is reflected by the atom ¢ nmass or
atom c weight of the element). Atons with different atom c nass but the

sanme atom ¢ nunbers are referred to as isotopes of an el ement

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

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

Man- made radi oactive atons are produced either as a by-product of
fission of uraniumatons in a nucl ear reactor or by bonbardi ng stabl e atons
with particles, such as neutrons, directed at the stable atons with high
velocity. These artificially produced radi oactive el enents usually decay by
em ssion of particles, such as positive or negative beta particles and one
or nore high energy photons (ganmma rays). Unstable (radioactive) atons of
any el enent can be produced.

Both naturally occurring and man-made radi oi sotopes find application in
nmedi ci ne, industrial products, and consuner products. Some specific
radi oi sotopes, called fall-out, are still found in the environment 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
t he vari ous conponents of the nucleus. An atomthat is unstable
(radionuclide) will release energy (decay) in various ways and transformto
stable atons or to other radi oactive 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 nay undergo
transformati on. For sone elenents, a chain of daughter decay products nmay
be produced until stable atons are fornmed. Radi onuclides can be
characterized by the type and energy of the radiation emtted, the rate of
decay, and the node of decay. The node of decay indicates how a parent
conpound under goes transformation. Radi ations considered here are primarily
of nuclear origin, i.e., they arise fromnuclear excitation, usually caused
by the capture of charged or uncharged nucl eons by a nucleus, or by the
radi oactive decay or transformati on of an unstable nuclide. The type of
radi ati on nay be categorized as charged or uncharged particles (electrons,
neutrons, neutrinos, alpha particles, beta particles, protons, and fission
products) or electromagnetic radiation (gamma rays and X-rays). Table B.|I
sunmari zes the basic characteristics of the nore common types of radiation
encount er ed.

B.2.2 Half-Life and Activity

For any given radionuclide, the rate of decay is a first-order process

t hat depends on the nunber of radioactive atons present and is
characteristic for each radi onuclide. 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 may not be possible to predict exactly which
atomis going to undergo transformation at any given time, it is possible
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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 um Identical to ionized He
nucleus
g 5.48x10™% amu - 0-4 Mev 0-1m 0-1 cm  Identical to electron
(negatron) 0.51 Mev
Positron 5.48x10'4 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 - 0  eVv-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-1m Photons from nuclear
(e.m. photon) transitions
8t yponential attenuation in the case of electromagnetic radiation.

a = alpha

B = beta

X = X-ray

7 = gamma

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

m = meter

um = micrometer

mm = millimeter

e.m. = electromagnetic
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to predict, on the average, how nany atons will transform during any
i nterval of tine.

The source strength is a nmeasure of the rate of emnission of radiation.
For these radioactive materials it is customary to describe the source
strength in terns of the source activity, which is defined as the nunber of
di sintegrations (transfornations) 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 gramof radium but is now defined
as:

1 curie (G) = 3x710"° di sintegrations (transfornmations)/second (dps) or

2.22x10'2 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 radi oactive material is usually
expressed in curies, regardless of its purity or concentration. The
transformati on of radioactive nuclei is a random process, and the rate of
transformation is directly proportional to the nunber of radioactive atons
present. For any pure radi oactive substance, the rate of decay is usually
described by its radiological half-life, TE, i.e., the time it takes for a
specified source material to decay to half its initial activity.

The activity of a radionuclide at tinme t nmay be cal cul ated by:
A = Ae” 693t/ T.ad

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

tinme at which neasured, and T,ad is the radiological half-life of the
radionuclide. It is apparent that activity exponentially decays with tine.
The tine when the activity of a sanple of radioactivity becomes one-half its
original value is the radioactive half-life and is expressed in any suitable
unit of time.

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

curies/gram = 1.3x10%('ﬁad)(atonic wei ght)

where T.ad is the radiological half-life in days.

In the case of radioactive materials contained in |living organi snms, an
addi tional consideration is nmade for the reduction in observed activity due
to regul ar processes of elinmination of the respective chemnical or
bi ochem cal substance fromthe organism This introduces a rate constant

called the biological half-life (Tyiol) which is the tinme required for
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bi ol ogi cal processes to elimnate one-half of the activity. This tine is
virtually the sane for both stable and radioactive 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 ogical elimnation is the effective half-life:

Tett = Toiol X Trad)/ (Tpior + Tiad) .

Table B.2 presents representative effective half-1ives of particular
i nterest.

B.2.3 Interaction of Radiation with NMatter

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 nechanisns. The transfer of energy to a
medi um by either electromagnetic or particulate radiation may be sufficient
to cause formation of ions. This process is called ionization. Conpared to
other types of radiation that nay be absorbed, such as ultraviolet
radi ation, ionizing radiation deposits a relatively |arge amunt of energy
into a small vol une.

The nmet hod by which incident radiation interacts with the nediumto
cause ionization may be direct or indirect. Electromagnetic radiations (Xrays
and gamua 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 electron that then secondarily nay react with a target nolecule. Charged
particles, in contrast, strike the tissue or nediumand 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 particulate 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
di stance and, therefore, do not penetrate deeply. The result of these
i nteraction 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 Enmtted Radiation
B.2.4.1 Al pha Em ssion. In al pha em ssion, an al pha particle

consi sting of two protons and two neutrons is emtted with a resulting
decrease in the atom c mass nunber by four and reduction of the atonic
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Table B-2. Half-Lives of Some Radionuclides in Body Organs

Half-Lifed
Radionuclide Critical Organ Physical Biological Effective
Hydrogen-3P Whole body 12.3 y 12 d 11.97 d
(Tritium)

Iodine-131 Thyroid 8 d 138 d 7.6 d
Strontium-90 Bone 28y 50 y 18 vy
Plutonium-239 Bone 24,400 y 200 y 198 vy

Lung 24,400 y 500 d 500 4
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.
PMixed in body water as tritiated water.
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nunber by two, thereby changing the parent to a different elenent. The

al pha particle is identical to a helium nucleus consisting of two neutrons
and two protons. It results fromthe radi oacti ve decay of sone heavy

el ements such as uranium plutonium radium thorium and radon. Al pha
particles have a |large nmass as conpared to el ectrons. Decay of al phaemtting
radi onuclides may result in the emssion of several different alpl
particles. A radionuclide has an al pha em ssion with a discrete al pha

energy and characteristic pattern of al pha energy emtted.

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

B.2.4.2. Beta Em ssion. Nuclei which are excessively neutron rich

decay by pdecay. A beta particle (f) is a high-velocity electron ejected
froma disintegrating nucleus. The particle may be either a negatively

charged electron, termed a negatron () or a positively charged el ectron
termed a positron (p+). Although the precise definition of "beta em ssion"

refers to both g and g+, common usage of the termgenerally applies only to
the negative particle, as distinguished fromthe positron em ssion, which

refers to the g+ particle.

B.2.4.2.1 Beta Negative Emi ssion. Beta particle (#) 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 increases the nunber of protons by one, while the atonic
mass remai ns unchanged. This transformation results in the formation of a
different element. The energy spectrum of beta particle em ssion ranges
froma certain nmaxi mnumdown to zero with the nean energy of the spectrum
bei ng about one-third of the maxi mum The range in tissue is much |ess.
Beta negative em tting radionuclides can cause injury to the skin and
superficial body tissues but nostly present an internal contani nation
hazard.

B.2.4.2.2 Positron Emi ssion. In cases in which there are too many
protons in the nucleus, positron em ssion may occur. |In this case a proton

may be thought of as being converted into a neutron, and a positron (g+) 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 atomic nass unchanged. The ganma radiation resulting fromthe
anni hilation (see glossary) of the positron nakes all positron emtting

i sotopes nore of an external radiation hazard than pure g emtters of equa
ener gy.
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B.2.4.2.3 Gamma Em ssion. Radi oactive decay by al pha, beta, positron
ermi 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
| evel . None of these excited nuclei can remain in this high-energy state.
Nucl ei release this energy returning to ground state or to the | owest possible
stabl e energy level. The energy released is in the formof ganma radiation
(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; gamma enissions 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 radioactive 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 onuclides, which have entered the body (e.g., through the
i nhal ation, ingestion, or dermal pathways), undergo radi oactive decay
resulting in the deposition of energy to internal organs. Externa
exposures occur when radiation enters the body directly from sources | ocated
out si de the body, such as radiation enitters fromradi onuclides on ground
surfaces, dissolved in water, or dispersed in the air. In general, externa
exposures are frommaterial emtting ganm radiation, which readily
penetrate the skin and internal organs. Beta and al pha radiation from
external 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 negli gi bl e.

Characterizing the radi ati on dose to persons as a result of exposure to
radiation is a conplex issue. It is difficult to: (1) measure internally
t he 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 predict 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
t he amount of ionization caused in air by gamm or Xx-radiation. One

roent gen equal s 2.58x10™ Coul onb per kilogramof air. In the case of gamm
radi ati on, over the commonly encountered range of photon energy, the energy
deposition in tissue for a dose of 1 Ris about 0.0096 joules(J)/kg of
tissue.
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B.3.1.2 Absorbed Dose and Absorbed Dose Rate. Since different typesof
radiation interact differently with any material through which they pass, any
attenpt to assess their effect on humans or animals should take into account
t hese differences. The absorbed dose is defined as the energy
i mparted by the incident radiation to a unit nmass of the tissue or organ
The unit of absorbed dose is the rad; 1 rad = 100 erg/gram = 0.01 J/kg in
any nedium The SI unit is the gray which is equivalent to 100 rad or 1
J/kg. Internal and external exposures fromradiation sources are not
usual Il y instantaneous but are distributed over extended periods of tine.

The resulting rate of change of the absorbed dose to a snmall vol ume of nass
is referred to as the absorbed dose rate in units of rad/unit tine.

B.3.1.3 Wrking Levels and Wrking Level Mnths. Wrking |evels are
units that have been used to describe the radon decay-product activities in
air in ternms of potential alpha energy. It is defined as any conbi nati on of
short-lived radon daughters (through pol onium214) per liter of air that

will result in the enission of 1.3x10° MeV of al pha energy. An activity
concentration of 100 pG radon-222/L of air, in equilibriumwth its
daughters, corresponds approximately to a potential al pha-energy
concentration of 1 W.. The WL unit can also 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 miners is commonly expressed in the unit Wrking Level Mnth
(WJf). One WLM corresponds to exposure to a concentration of 1 W for the
ref erence period of 170 hours.

B. 3.2 Dosinetry Model s

Dosimetry nodels are used to estimate the internally deposited dose
from exposure to radi oactive substances. The nodels for internal dosinetry
consi der the quantity of radionuclides entering the body, the factors
affecting their novenent or transport through the body, distribution and
retention of radionuclides in the body, and the energy deposited in organs
and tissues fromthe radiation that is emtted during spontaneous decay
processes. The nodels for external dosinetry consider only the photon doses
to organs of individuals who are imersed in air or are exposed to a
cont am nated ground surface. The dose pattern for radioactive materials in
the body nay be strongly influenced by the route of entry of the material.
For industrial workers, inhalation of radioactive particles with pul nonary
deposition and puncture wounds w th subcut aneous deposition have been the
nost frequent. The general popul ati on has been exposed via ingestion and
i nhal ation 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 nmost 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
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through the tract, or a conbination of both. The fraction of a radi oactive
materi al absorbed fromthe gastrointestinal tract is variable, depending on
the specific elenent, the physical and chemical formof the materia

i ngested, and the diet, as well as sone other netabolic and physiol ogi ca
factors. The absorption of sone elements is influenced by age usually with
hi gher absorption in the very young.

B.3.2.2 Inhalation. The inhalation route of exposure has |ong been
recogni zed as being of nmmjor inmportance for both nonradi oactive and
radi oactive materials. The deposition of particles within the lung is
| argel y dependent upon the size of the particles being inhaled. After the
particle is deposited, the retention will depend upon the physical and
chem cal properties of the dust and the physiol ogical status of the |ung.
The retention of the particle in the lung depends on the |ocation of
deposition, in addition to the physical and chemi cal properties of the
particles. The converse of pulnmonary retention is pul nonary cl earance.
There are three distinct nmechani snms of clearance which operate
simul taneously, G liary clearance acts only in the upper respiratory tract.
The second and third mechanisnms act mainly in the deep respiratory tract.
These are phagocytosis and absorption. Phagocytosis is the engul fing of
forei gn bodi es by al veol ar nacrophages and their subsequent renoval either
up the ciliary "escalator" or by entrance into the |ynphatic system Sone
i nhal ed sol ubl e particul ates are absorbed into the blood and transl ocated to
ot her organs and tissues. Dosinetric lung nodels are reviewed by Janes
(1987) and Janmes and Roy (1987).

B.3.3 Internal Emtters

The absorbed dose frominternally deposited radi oi sotopes is the energy
absorbed by the surrounding tissue. For a radioi sotope distributed
uniformy throughout an infinitely large nedium the concentration of
absorbed energy must be equal to the concentration of energy enmtted by the
isotope. An infinitely |arge nmedium nay be approximated by a tissue mass
whose di nensi ons exceed the range of the particle. Al al pha and nost beta
radiation will be absorbed in the organ (or tissue) of reference. Gamma -
emtting i sotope em ssions are penetrating radiation and a substantia
fraction may travel great distances within tissue, |eaving the tissue
wi thout interacting. The dose to an organ or tissue is a function of the
effective retention half-time, the energy released in the tissue, the anount
of radioactivity initially introduced, and the nmass of the organ or tissue,

B. 4 Bl OLOG CAL EFFECTS OF RADI ATl ON

When bi ol ogi cal naterial is exposed to ionizing radiation, a chain of
cellular events occurs as the ionizing particle passes through the
bi ol ogi cal material. A number of theories have been proposed to describe
the interaction of radiation with biologically inportant nolecules in cells
and to explain the resulting damage to bi ol ogi cal systens fromthose
interactions. Many factors may nodify the response of a living organismto
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a given dose of radiation. Factors related to the exposure include the dose
rate, the energy of the radiation, and the tenporal pattern of the exposure.
Bi ol ogi cal considerations include factors such as species, age, sex, and tile
portion of the bodjr exposed. Several excellent reviews of the biologica

ef fects of radiation have been published, and the reader is referred to these
for a nore in-depth discussion (Hobbs and McCl ellan 1986; |CRP 1984; Mettler
and Mosel 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 nay be produced. These single strand
breaks may be repaired rapidly. Wth doses in the range of 50 to 500 rad
(0.5 to 5 GQy), irreparabl e doubl e-stranded DNA breaks are likely, resulting
in cellular reproductive death after one or nore divisions of the irradiated
parent cell. At |arge doses of radiation, usually greater than 500 rad (5
GY) t direct cell death before division (interphase death) nay occur fromthe
direct interaction of free-radicals with essentially cellular
nmacr onol ecul es. Mor phol ogi cal changes at the cellular |evel, the severity
of which are dose-dependent, nmay al so be observed.

The sensitivity of various cell types varies. According to the
Ber goni - 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 mitotic activity. The categories range fromthe nost
sensitive type, "vegetative intermtotic cells,” found in the stemcells of
t he bone nmarrow and the gastrointestinal tract, to the | east sensitive cel
type, "fixed postnmitotic cells,” found in striated nuscles or long-Ilived
neural tissues.

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

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 conbi nation of events. The extent
and severity of this tissue injury are dependent upon the radiosensitivity
of the various cell types in that organ system Rubin and Casarett (1968)
descri be and schenmatically display the events following radiation in severa
organ systemtypes. These include: a rapid renewal system such as the
gastroi ntestinal nucosa; a slow renewal system such as the pul nonary
epi thelium and a nonrenewal system such as neural or nuscle tissue. In
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the rapid renewal system organ injury results fromthe direct destruction
of highly radiosensitive cells, such as the stemcells in the bone narrow
Injury may also result fromconstriction of the mcrocirculation and from
ederma and i nflanmation of the basenent nmenbrane (designated as the

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

B.4.3 Acute and Chronic Somatic Effects

B.4.3.1 Acute Effects. The result of acute exposure to radiation is
commonly referred to as acute radiation syndrone. This effect is seen only
after exposures to relatively high doses (>50 rad), which would only be
expected to occur in the event of a serious nuclear accident. The four
stages of acute radiation syndrone are prodrone, |atent stage, manifest
illness stage, recovery or death. The initial phase is characterized by
nausea, vom ting, nalaise and fatigue, increased tenperature, and bl ood
changes. The latent stage is simlar to an incubation period. Subjective
synpt ons nay subside, but changes may be taking place within the bl oodform ng
organs and el sewhere which will subsequently give rise to the next stage. The
mani fest illness stage gives rise to synptons specifically
associated with the radiation injury. Arong these synptonms are hair |o0ss,
fever, infection, henorrhage, severe diarrhea, prostration, disorientation
and cardi ovascul ar col |l apse. The synptons and their severity depend upon
the radi ati on dose received.

B.4.3.2 Del ayed Effects. The | evel of exposure to radioactive
pol lutants that may 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 environnent, the amount of radiation absorbed is nore
likely to produce long-termeffects, which mani fest thensel ves years after
the original exposure, and nay be due to a single |arge over-exposure or
continuing | ow |l evel 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 radiati on dose. Hunan data are
ext ensi ve and i nclude epidem ol ogi cal studies of atomi c bonmb survivors, nany
types of radiation-treated patients, underground mners, and radiumdia
pai nters. Reports on the survivors of the atonmic bonmb expl osions at
H roshi 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
Schul | 1982). Use of X-rays (at doses of approximtely 100 rad) in nedica
treatment for ankyl osing spondylitis or other benign conditions or
di agnosti ¢ purposes, such as breast conditions, has resulted in excess
cancers in irradiated organs (BEIR 1980, 1990; UNSCEAR 1977, 1988).

Cancers, such as |eukenia, have been observed in children exposed in utero
to doses of 0.2 to 20 rad (BEIR 1980, 1990; UNSCEAR 1977, 1988). Medi cal
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use of Thorotrast (colloidal thoriumdioxide) resulted in increases in the

i nci dence of cancers of the liver, bone, and |lung (ATSDR 1990a; BEI R 1980,
1990; UNSCEAR 1977, 1988). Cccupational exposure to radiation provides
further evidence of the ability of radiation to cause cancer. Nunerous
studi es of underground mi ners exposed to radon and radon daughters, which

are alpha emtters, in uraniumand other hard rock m nes have denobnstrated
i-ncreases in lung cancer in exposed workers (ATSDR 1990b). Wbrkers who

i ngested radi um 226 while painting watch dials had an increased incidence of

| eukenmi a and bone cancer (ATSDR 199Cc). These studies indicate that

dependi ng on radi ati on dose and the exposure schedul e, ionizing radiation

can i nduce cancer in nearly any tissue or organ in the body. Radiationi nduced
cancers in humans are found to occur in the henppoietic system the lung, the
thyroid, the liver, the bone, the skin, and other tissues.

Laboratory animal 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 commpnly held conservative position is
that the cancer may occur at dose rates that extend down to doses that could
be received fromenvironmental exposures. Estimates of cancer risk are based
on the absorbed dose of radiation in an organ or tissue. The cancer risk at a
particul ar dose is the sane regardless of the source of the radiation. A
conpr ehensi ve di scussi on of radiation-induced cancer is found in BEIR IV
(1988), BETR V (1990), and UNSCEAR (1982, 1988).

B.4.4 CGenetic Effects

Radi ati on can i nduce genetic danage, such as gene nutations or
chronosonal aberrations, by causing changes in the structure, nunber, O r
genetic content of chronmpbsones 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 hunman
| ynphocytes from persons exposed to ingested or inhaled radionuclidcs (ATSDR)
139Cc, 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 followi ng radiati on exposure have
been denobnstrated in nman andn in experinental aninmals (BEIR 1980, 1988, 1990;
UNSCEAR 1982, 1986, 1988).

B.4.5 Teratogenic Effects

There is evidence that radiation produces teratogcnicity in animals.
It appears that the developing fetus is nore sensitive to radiation than the
nother and is nost sensitive to radiation- induced damage during the. early
stages of organ devel opnent. The type of mal fornation depends on the stage of
devel opnent and the cells that are undergoi ng the nost rapid
differentiation at the tinme. Studies of nmental retardation in children
exposed in utero to radiation fromthe atonic bonb provide evidence that
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radi ati on nay produce teratogenic effects in hunan fetuses (Qake and Schul
1984). The damage to the child was found to be related to the dose that the
fetus received.

B.5 UNITS | N RADI ATI ON PROTECTI ON AND REGULATI ON
B.5.1 Dose Equival ent and Dose Equival ent Rate

Dose equivalent or remis a special radiation protection quantity that
is used to express the absorbed dose in a manner which considers the
di fference in biological effectiveness of various kinds of ionizing
radi ati on. The | CRU has defined the dose equivalent, H, as the product of
t he absorbed dose, D, the quality factor, Q and all other nodifying
factors, N, at the point of interest in biological tissue. This
relationship is expressed as foll ows:

H=Dx QxN.

The quality factor is a dinmensionless quantity that depends in part on the
st oppi ng power for charged particles, and it accounts for the differences i
bi ol ogi cal effectiveness found anong the types of radiation. By definition
it is independent of tissue and biol ogical end point and, therefore, of
little use in risk assessment now. Originally Relative Biolotica

Ef fectiveness (RBE) was used rather than Qto define the quantity, rem

whi ch was of use in risk assessnent. The generally accepted val ues for
quality factors for various radiation types are provided in Table B.3. The
dose equivalent rate is the tine 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 termrel ative biologic effectiveness (RBE) is used to denote the
experimentally deternmined ratio of the absorbed dose fromone radiation type
to the absorbed dose of a reference radiation required to produce an
i dentical biologic effect under the same conditions. Ganma 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 experinental radiobiology, and the term
quality factor used in calculations of dose equivalents for radiation
protection purposes (I CRP 1977; NCRP 1971; UNSCEAR 1982). The generally
accepted values for RBE are provided in Table B.4.

B.5.3 Effective Dose Equival ent and Effective Dose Equival ent Rate

The absorbed dose is usually defined as the nmean absorbed dose within
an organ or tissue. This represents a sinplification of the actual problem
Normal Iy when an individual ingests or inhales a radionuclide or is exposed
to external radiation that enters the body (gamm), the dose is not uniform
t hr oughout the whol e body. The sinplifying assunption is that the detrinent
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Table B-3. Quality Factors (QF)

1. X-rays, electrons, and positrons of any specific ionization
QF = 1.
2. Heavy ionizing particles

Average LET in Water

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

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

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/ ) 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 () 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 2-10 10

These values ar

MeV = Megaelect
KeV/ = Kiloele
RBE
kVp

e general and approximate. RBE and QF values vary widely
with different measures of biological injury.

ron volts
ctron volts per micron

Relative biological effectiveness
Kilovolt potential

LET = Linear energy transfer
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will be the same whether the body is uniformy or nonuniformy irradiated.
In an attenpt to conpare detrinment from absorbed dose of a linmted portion
of the body with the detrinent fromtotal body dose, the ICRP (1977) has
derived a concept of effective dose equival ent.

The effective dose equivalent, Hg, is

Hg = (the sumof) W H

where H is the dose equivalent in the tissue, Wis the weighting factor
whi ch represents the estimated proportion of the stochastic risk resulting
fromtissue, T, to the stochastic risk when the whole body is uniformy
irradiated for occupational exposures under certain conditions (ICRP 1977).
Weighting 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 rembe replaced by the SI units: gray (G),
Coul onb per kilogram (C kg), becquerel (Bqg), 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.
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Table B-5. Weighting Factors for Calculating Effective Dose
Equivalent for Selected Tissues

Tissue Weighting Factor
Gonads 0.25
Breast 0.15
Red bone marrow 0.12
Lung 0.12
Thyroid 0.03
Bone surface 0.03
Remainder 0.30
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Table B-6. Comparison of Common and SI Units for Radiation Quantities
Customary
Quantity Units Definition SI Units Definition
Activity (A) Curie (Ci) 3.7x1010 becquerel (Bq) s
transformations s~

Absorbed Dose (D) rad (rad) 10'2Jkg'1 gray (Gy) Jkg'1
Absorbed Dose > 11 1

Rate (D) rad per,second 107%Jkg 's” gray per second Jkg'1s

(rad s ') (Gy s ')

Dose Equivalent 2 1

(H) rem (rem) 10 “Jkg sievert (Sv) Jkg
Dose Equivalent 211 11

Rate (H) rem per, second 107 dkg 's” Jkg 's

Linear Energy
Transfer (Lg)

(rem s ')

kiloelectron volts
per migqometer
(kevuM ")

1.602x10" 10y

sieverE per second
(Ssvs )

kiloelectron volts
per micqometer
(kevem™ ')

1.602x10" 1041

s™1 = per second

Jkg™, = Joules per kilogram
.Jkg;1s'1 = Joules per kilogram per second

Jm”

= Joules per meter




172
APPENDI X B

Ref er ences

ATSDR. 1990a. Toxicol ogical profile for thorium U S. Departnent of Health
and Hurman Services. Public Health Service. Agency for Toxic Substances and
Di sease Registry. Atlanta, GA

ATSDR. 1990b. Toxi col ogical profile for radium U.S. Departnent of Health
and Human Services. Public Health Service. Agency for Toxic Substances and
Di sease Registry. Atlanta, GA

ATSDR. 1990c. Toxicol ogi cal profile for radon. U S. Departnment of Health
and Human Services. Public Health Service. Agency for Toxic Substances and
Di sease Registry. Atlanta, GA

ATSDR. 1990d. Toxicol ogical profile for uranium U S. Departnent of Health
and Hurman Services. Public Health Service. Agency for Toxic Substances and
Di sease Registry. Atlanta, GA

BEIR I11. 1980. The effects on popul ations of exposure to | ow | evels of
ionizing radiation. Conmittee on the Biological Effects of Ionizing
Radi ati ons, National Research Council. Washington, DC. National Acadeny
Press.

BEIR IV. 1988. Health risks of radon and other internally deposited al pha
emtters. Conmittee on the Biological Effects of 1onizing Radiations,
Nati onal Research Council. Washington, DC. National Acadeny Press.

BEIR V. 1990. Health effects of exposure to |low |levels of ionizing
radi ati on. Conmittee on the Biological Effects of |onizing Radiations,
Nat i onal Research Council. Washington, DC. National Acadeny Press.

Early P, Razzak M Sodee D. 1979. Nucl ear nedicine technology. 2nd ed. St
Louis: C. V. Msby Conpany.

Ei chhol z G 1982. Environmental aspects of nuclear power. Ann Arbor, M:
Ann Arbor Science.

Hendee W 1973. Radi oactive isotopes in biological research. New York, NY
John Wl ey and Sons.

Hobbs C, McCellan R 1986. Radiation and radi oactive materials. In: Doul
J, et al., eds. Casarett and Doull's Toxicology. 3rd ed. New York, NY
Macmi | | an Publishing Co., Inc., 497-530.

| CRP. 1977. International Comm ssion on Radiol ogical Protection
Recomendati ons of the International Conmi ssion on Radiol ogical Protection
| CRP Publication 26. Vol 1. No. 3. Oxford: Perganon Press.



173
APPENDI X B

| CRP. 1979. International Comm ssion on Radiological Protection. Limts for
i ntakes of radionuclides by workers. | CRP Publication 20. Vol 3. No. |-4.
Oxford: Perganon Press.

| CRP. 1984. International Conmi ssion on Radiol ogi cal Protection. A
conpilation of the major concepts and quantities in use by ICRP. |ICRP
Publication 42. Oxford: Perganon Press.

| CRU. 1980. International Comm ssion on Radiation Units and Measurenents.
| CRU Report No. 33. Washington, DC

Janmes A. 1987. A reconsideration of cells at risk and other key factors in
radon daughter dosinetry. In: Hopke P, ed. Radon and its decay products:
Cccurrence, properties and health effects. ACS Synposi um Series 331.

Washi ngton, DC. Anerican Chem cal Society, 400-418.

James A, Roy M 1987. Dosinmetric lung nodels. In: Gerber G et al., ed.
Age-rel ated factors in radionuclide nmetabolismand dosinetry. Boston:
Martinus Nijhoff Publishers, 95-108.

Kato H, Schull W 1982. Studies of the nortality of A-bonb survivors. Report
7 Part 1, Cancer nortality anmong atom c bonb survivors, 1950-78. Radi at Res
90: 395-432.

Mettler F, Moseley R 1985. Medical effects of ionizing radiation. New
York: Grune and Stratton.

NCRP 1971. National Council on Radiation Protection and Measurenents. Basic
radi ation protection criteria. NCRP Report No. 39. Washi ngton, DC

NCRP. 1985. A handbook of radioactivity measurenments procedures. 2nd ed.
Bet hesda, MD. National Council on Radiation Protection and Measurenents.
NCRP Report No. 58.

O ake M Schull W 1984. Mental retardation in children exposed in utero to
the atomi c bonbs: A reassessnent. Technical Report RERF TR | -83, Radiation
Ef f ect s Research Foundati on, Japan.

Rubin P, Casarett G 1968. dinical radiation pathol ogy. Philadel phia: WB.
Sanders Conpany, 33.

UNSCEAR. 1977. United Nations Scientific Conmttee on the Effects of Atomc
Radi ati on. Sources and effects of ionizing radiation. New York: United
Nat i ons.

UNSCEAR. 1982. United Nations Scientific Comnmttee on the Effects of Atomic
Radi ation. lonizing radiation: Sources and biol ogical effects. New York:
United Nations.



174
APPENDI X B
UNSCEAR. 1986. United Nations Scientific Conmttee on the Effects of Atomc
Radi ati on. Genetic and somatic effects of ionizing radiation. New York:
Uni ted Nati ons.
UNSCEAR. 1988. United Nations Scientific Conmttee on the Effects of Atomc

Radi ati on. Sources, effects and risks of ionization radi ati on. New YorKk:
Uni ted Nati ons.



	DISCLAIMER
	FOREWORD
	CONTENTS
	LIST OF FIGURES
	2-1 Levels of Significant Exposure to Thorium - Inhalation
	2-2 Levels of Significant Exposure to Thorium - Oral
	2-3 Existing Information on the Health Effects of Thorium
	3-1 Uranium and Thorium Isotope Decay Series Showing the Sources and Decay Products of the Two Naturally-Occurring Isotopes of Thorium
	5-1 Frequency of Sites with Thorium Contamination

	LIST OF TABLES
	1-1 Human Health Effects from Breathing Thorium
	1-2 Animal Health Effects from Breathing Thorium
	1-3 Human Health Effects from Eating or Drinking Thorium
	1-4 Animal Health Effects from Eating or Drinking Thorium
	2-1 Levels of Significant Exposure to Thorium - Inhalation
	2-2 Levels of Significant Exposure to Thorium - Oral
	2-3 Levels of Significant Exposure to Thorium - Dermal
	2-4 The Median Concentrations of Thorium Isotopes in Autopsy Samples from Grand Junction, Colorado, and Washington, DC (in pCi/kg wet Weight)
	3-1 Chemical Identity of Thorium
	3-2 Physical and Chemical Properties of Thorium and Compounds
	3-3 Percent Occurrence and the Energies of the Major Alpha and Beta Particles Emitted by Thorium Isotopes with Atomic Masses Ranging from 223 to 234
	4-1 United States Companies with Thorium Processing and Fabricating Capacity
	5-1 Thorium-232 Content in Fresh Fruits, Vegetables, and Tea
	5-2 Thorium Levels in Bones of Colorado and Pennsylvania Residents
	5-3 Thorium Isotopic Concentration in Three Occupational Cases and the General Population of Grand Junction, Colorado (pCi/kg)
	6-1 Analytical Methods for Determining Thorium in Biological Materials
	6-2 Analytical Methods for Determining Thorium in Environmental Samples
	7-1 Regulations and Guidelines Applicable to Thorium

	1. PUBLIC HEALTH STATEMENT
	1.1 WHAT IS THORIUM?
	1.2 HOW MIGHT I BE EXPOSED TO THORIUM?
	1.3 HOW CAN THORIUM ENTER AND LEAVE MY BODY?
	1.4 HOW CAN THORIUM AFFECT MY HEALTH?
	1.5 WHAT LEVELS OF EXPOSURE HAVE RESULTED IN HARMFUL HEALTH EFFECTS?
	1.6 IS THERE A MEDICAL TEST TO DETERMINE WHETHER I HAVE BEEN EXPOSED TO THORIUM?
	1.7 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO PROTECT HUMAN HEALTH?
	1.8 WHERE CAN I GET MORE INFORMATION?

	2. HEALTH EFFECTS
	2.1 INTRODUCTION
	2.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE
	2.2.1 Inhalation Exposure
	2.2.1.1 Death
	2.2.1.2 Systemic Effects
	2.2.1.3 Immunological Effects
	2.2.1.4 Neurological Effects
	2.2.1.5 Developmental Effects
	2.2.1.6 Reproductive Effects
	2.2.1.7 Genotoxic Effects
	2.2.1.8 Cancer

	2.2.2 Oral Exposure
	2.2.2.1 Death
	2.2.2.2 Systemic Effects
	2.2.2.3 Immunological Effects
	2.2.2.4 Neurological Effects
	2.2.2.5 Developmental Effects
	2.2.2.6 Reproductive Effects
	2.2.2.7 Genotoxic Effects
	2.2.2.8 Cancer

	2.2.3 Dermal Exposure
	2.2.3.1 Death
	2.2.3.2 Systemic Effects
	2.2.3.3 Immunological Effects
	2.2.3.4 Neurological Effects
	2.2.3.5 Developmental Effects
	2.2.3.6 Reproductive Effects
	2.2.3.7 Genotoxic Effects
	2.2.3.8 Cancer

	2.2.4 Other Routes of Exposure
	2.2.4.1 Death
	2.2.4.2 Systemic Effects
	2.2.4.3 Immunological Effects
	2.2.4.4 Neurological Effects
	2.2.4.5 Developmental Effects
	2.2.4.6 Reproductive Effects
	2.2.4.7 Genotoxic Effects
	2.2.4.8 Cancer


	2.3 TOXICOKINETICS
	2.3.1 Absorption
	2.3.1.1 Inhalation Exposure
	2.3.1.2 Oral Exposure
	2.3.1.3 Dermal Exposure

	2.3.2 Distribution
	2.3.2.1 Inhalation Exposure
	2.3.2.2 Oral Exposure
	2.3.2.3 Dermal Exposure
	2.3.2.4 Other Routes of Exposure

	2.3.3 Metabolism
	2.3.4 Excretion
	2.3.4.1 Inhalation Exposure
	2.3.4.2 Oral Exposure
	2.3.4.3 Dermal Exposure
	2.3.4.4 Other Routes of Exposure


	2.4 RELEVANCE TO PUBLIC HEALTH
	2.5 BIOMARKERS OF EXPOSURE AND EFFECT
	2.5.1 Biomarkers Used to Identify or Quantify Exposure to Thorium
	2.5.2 Biomarkers Used to Characterize Effects Caused by Thorium

	2.6 INTERACTIONS WITH OTHER CHEMICALS
	2.7 POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE
	2.8 ADEQUACY OF THE DATABASE
	2.8.1 Existing Information on Health Effects of Thorium
	2.8.2 Identification of Data Needs
	2.8.3 On-going Studies


	3. CHEMICAL AND PHYSICAL INFORMATION
	3.1 CHEMICAL IDENTITY
	3.2 PHYSICAL AND CHEMICAL PROPERTIES

	4. PRODUCTION, IMPORT, USE AND DISPOSAL
	4.1 PRODUCTION
	4.2 IMPORT
	4.3 USE
	4.4 DISPOSAL

	5. POTENTIAL FOR HUMAN EXPOSURE
	5.1 OVERVIEW
	5.2 RELEASES TO THE ENVIRONMENT
	5.2.1 Air
	5.2.2 Water
	5.2.3 Soil

	5.3 ENVIRONMENTAL FATE
	5.3.1 Transport and Partitioning
	5.3.2 Transformation and Degradation
	5.3.2.1 Air
	5.3.2.2 Water
	5.3.2.3 Soil


	5.4 LEVELS MONITORED OR ESTIMATED IN THE ENVIRONMENT
	5.4.1 Air
	5.4.2 Water
	5.4.3 Soil
	5.4.4 Other Media

	5.5 GENERAL POPULATION AND OCCUPATIONAL EXPOSURE
	5.6 POPULATIONS WITH POTENTIALLY HIGH EXPOSURE
	5.7 ADEQUACY OF THE DATABASE
	5.7.1 Identification of Data Needs
	5.7.2 On-going Studies


	6. ANALYTICAL METHODS
	6.1 BIOLOGICAL MATERIALS
	6.2 ENVIRONMENTAL SAMPLES
	6.3 ADEQUACY OF THE DATABASE
	6.3.1 Identification of Data Needs
	6.3.2 On-going Studies


	7. REGULATIONS AND ADVISORIES
	8. REFERENCES
	9. GLOSSARY
	APPENDIX A - PEER REVIEW
	APPENDIX B - OVERVIEW OF BASIC RADIATION PHYSICS, CHEMISTRY, AND BIOLOGY

	barcode: *30012596*
	barcodetext: 30012596


