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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 h ; v and the Environmental
Protection Agency |[(EPA). The lists of the 730| most significant hazardous
substances were published in the Federal Pagister on April 17, 1987, on
October 20, 1988, [on October 26, 1989, and on Pctober 17, 1990.

Section 104(i)|(3) of CERCLA, as-anended, dlirects the Administrator of
ATSDR to prepare g toxicological profile for epch substance on the list.
Each profile must |[include the fallowing contenf:

(A) An examination, sumwary, and interpreftation of available
toxicological [information and epidemiologifal evaluations on the
hazardous subsltance ‘in order to ascertain the levels of significant
human exposurel fori the substance and the aksociated acute, subacute,
and chronic hqalnh 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) VWhere 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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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 |large area such as an
i ndustrial plant, or flroma container such as a drjumor bottle, it enters
the environment as a fadi oactive chemical em ssiail. This enmi ssion, which is
al so called a rel ease,| does not always | ead tc _expgosure. You are exposed
only when you cone intflo contact with the radi‘cactilve chem cal. You can cone
into contact with it iln the environnment thiough brleathing air, eating,
dri nki ng, or snoking gubstances contai nitig-the radi oactive chemi cal
Exposure may also result fromskin contactc with tHe radi oactive chem cal
al one, or with a substlance contai ni ng{it’/ Exposurg can al so occur by being
near radioactive chenijcals in concentyations that |may be found at hazardous
waste sites or at inddstrial accidents.

If you are expoged to a imazardous chenical, [several factors deternine
whet her harnful effectls will cccur and the type arld severity of those health
ef fects. These factorg include the dose (how rmuch)|, the duration (how
| ong), the pathway by |whi ch you are exposed, the qther chemnicals to which
you are exposed, and your. i ndividual characteristilcs such as age, sex,
eating habits, famlyltraits, 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.
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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 thorium 232 into its derdy products happens very
slowy. In fact, it tdkes about 14 billion years.ilor half the thorium 232
to change into new foqns. Fourteen billion yezrs i|ls called the radioactive
hal f-1ife of thorium 232

Due to the extrgnmely slow rate of decay, thg total anpunt of natura
thoriumin the earth fenmains al nost the sane, but [it can be noved from pl ace
to place by nature and people. For exang!e, when rlocks are broken up by
wi nd and water, thoridgmor its conmpounds becones g part of the soil. Wen
it rains, the thoriumjcontaining seii can be washgd into rivers and | akes.

Al so, activities suchlas burnina‘'coal that contairs small anpunts of

thorium mining or mljling thowium or making products that contain thorium
al so rel ease thoriumifnto the‘environment. Snaller] anmobunts of other

i sot opes of thorium arne procuced usually as decay |products of urani um 238,
urani um 235, and thorilum 232, and as unwanted products of nucl ear

reacti ons.

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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TABLE 1-1. Human Health Effects from Breathing Thorium#*

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

Levels in Food —Length of Expogure Description of Effects
The |health effects resulting
thgom short-term exposure

off humans to air con-
tdining specific levels of
tHorium are not known.

Long+term Exposure
(gxeater than 14 day

T
~

Levels in Air Lengch of Exposure Oescription of Effects

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

Leng-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 fempth—of—FExposure escription of Effects

Tha"health effects resulting
friom short-term exposure of
humans to food containing
specific levels of thorium
are not known.

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

3 tadgem sz o o
ORI E—c TR PpOSHE

(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*

Levels in Water (ppm)
3900 One dose

[he health effects
resulting from short-

to food containing

specific levels of
thorium are not known.

Death in mice.

term exposure of animals

]

I o
LUllg-Lellll LAPDUSULT

(greater than 14 days)

Levels in Food Length of Exposure

Description of Effects*

The health effects

Levels in Water (ppm)

resulting from long-
term exposure of animals
to food containing
specific levels of
thorium are not known.

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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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 i

t hori um based on toxicol ogi ca

envi ronnent al
public health official

i ndi viduals and groups with (1) an overal

s to present |evels of sign
st udi es,

s, physi ci ans,

epi dem ol ogi cal
exposure data. This infornmation is presented to provide
t oxi col ogi st s,
per spective of the toxicol ogy of

ficant exposure for
i nvestigations, and

and ot her interested

thoriumand (2) a depiction of significant exposure |levels associated with
various adverse health_effects.

2.2 DI SCUSSI ON OF HEAL

To help public |
or wor ki ng near hazar g
organi zed first by rot
then by health effect
devel opnental , reprodl
data are discussed in
i ntermedi ate, and chr ¢

Level s of signif
(for which data exist)
The points in the figy
or | owest-observed-ad
of exposure used in th

serious" or "serious"

TH EFFECTS BY ROUTE OF EXFCX

eal th professional s adaress
ous waste sites, theidata in

te of exposure -- ‘rhal ation
-- death, system/c. i mmunol g
ctive, genotoxi<,“and carcin

ternms of threc exposure peri
ni c.

i cant exwzosure for each expd
are presented in tables ang
res shawi ng no- observed- adve
erse-eifect |evels (LQOAELS)
e «studi es. LOAELs have been

etfiects., These distinctions

users of the docunent
health effects start t
the effects varies wt

URE

t he needs of persons living
this section are

, oral, and dermal -- and
gi cal, neurol ogical
ogenic effects. These

ods -- acute,

sure route and duration
illustrated in figures.
rse-effect |evels (NOAELS)
reflect the actual |evels

classified into "l ess

are intended to help the

identify the |levels of exposure at which adverse

o appear, deterni ne whet her
h dose and/or duration, and

or not the intensity of
pl ace 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.

concerned with the int

Public health official

at Superfund sites may want

erpretation of clinical

s and proj ect
informati on on | evels

For exanpl e,
findings in exposed persons or
with the identification of persons with the potenti al
may be interested in | evels of exposure associated with
managers concerned with response actions

physi ci ans

to devel op such di sease
"serious" effects.

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 rel
Because thoriumis ar

atively reactive, metallic r
adi oactive el enent, eval uat

adi oactive el enent.
on of adverse health

ef fects due to exposure to thoriumrequires a slightly different approach

than with chem cal s.

Radi ation is a health risk because radi oactive

el ements can enmit energetic particles or electromagnetic radiation that can

danmage cells. Radi oact

ive elenents are those that

under go 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 alpha particles enmitted depends on the particul ar isotope of
thoriumin question. $everal isotopes of thoriumgxist. By nmss, the npst
predom nant ones in the environment are thoriunr230 (a decay product of
urani um 238) and natunal thorium (thorium 232) {'sgqe Chapter 3). The nunber
of particles emtted ils related to the radi oaciivg half-life of the isotope,
which is about 14 billli on years for natura!. thoriym (thorium232). The
other type of radiatign hazard is from ganwa rays,| which can penetrate the
body and pass through|the air. However ~nratural tHoriumhas a very | ow
ganma activity, which|neans there is !iitle danger] fromthis type of

radi ati on fromnnaturall thorium Daughier products |of thorium however, may
emt nore ganma radi atli on than nat@uial thorium (sge Chapter 3).

When thorium enifts al phaparticles, it disirtegrates into other
daught er radi onuclideg (radioactive materials), sdch as radium 226 and
radon-222 (fromthoridm 2305\ the urani um 238 deqay series) or radium 228
and thoron (radon-220|froratnorium 232 in the thorlium decay series). It
eventual ly decays to gtahle | ead-208 or -206, whigh is not radioactive.
More infornmation aboutl_the decay of thoriumcan bd 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, effectyg. The nechani sm of
toxicity for all effeqts are not well understoca. |For nore information
about radiation, see Appendix B.

2.2.1 Inhal ati on Expogure
2.2.1.1 Death

Two epi deni ol ogy studi es have.exam ned nortglity anong thorium workers
neither found signifigant excess niitality. The stlandard nortality ratio
(SMR) for all causes of death iin“a cohort of 3039 |male workers in a thorium
processing plant was 1.05 in canparison to United |States white mal es
(Pol ednak et al. 1983). The estinmated radiation lgvels to the workers for

i nhal ation intake ranged fram 0.003-0.192 nG /m (p.001-0.007 Bg/m) for a
period of |-33 years. |No.cvi dence of overt industr|ial disease was found in
a cohort of 84 workerg -at*a thoriumrefinery expoded to <0.045-450 nC/m
(<0.002-0.02 Bg/m) foFr =20 years (Abert et ar. 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
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TABLE 2-1. Levels of Significant Exposure to Thorium - Iphalation

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 2 0
Death %
=
3 Rat 14 months 0.55 Hodge et al. 1960 Tho, g
5 |days/week 3
6 |hours/day w
4 Gn Pig 14 months 0.55 Hodge et al. 1960 Th02
5 |days/wesk
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
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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 8N\32
Hepatic 55
Renal 0.55
10 Dog 14 months Resp 0.55 Hodge et al. 1960 Th02
5 days/week Hemate 0.55
6 hours/day Muscyskel 0.55
liangtic 0.55
Penal 0.55
9The mg/m3 equivalent of 0.9 r.:|/m3 is 8.3 mg/m3. This vallue is converted to an equivalent concentration of 1.8 ppm for

presentation in T

able 1-2.

Gn Pig = guinea pig; Hemato = hematological; LOAEL = lowe:
NOAEL = no-observgd-aciverse-effect level; RBC = red blood fell; Resp = respiratory; TF, = thorium tetrafluoride; ThNO3 = thorium

-observed-adverse-effect level; Musc/skel = muscular/skeletal;

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. Cirrhosis of the |ungs becane evident in 3-6
nonths in the 100% thari um di oxi de group, in 9-12 |nonths in the 49%thorium
di oxi de group, in 12-15 nmonths in the 10% t hori.um|di oxi de group, and in 18-24
nonths in the inert agrosol control group. At.(lung exposures of up to 150 rad,
reticul osarcoma was faound, while at |ung exncsureq of 100-2700 rad, glandul ar
cancerous tunors were |found (see Section 2.2:1.8).| The tunors nmay have been
caused by thorium di ofi de; the exact anpunt of thqgrium adm ni stered was not
clear fromthe report,| so the results 67 -ihe study do not appear in Table 2-
or Figure 2-1.

No hi st opat hol ogi cal effects’/¢in the lungs wgdre found in rats, guinea
pi gs, rabbits, or dogs|exposed internmittently for I year to 5 ng thoriumm

(0.550 nGi/m = Bg/m) |as thori-um di oxi de (Hodge et| al. 1960). This
NOAEL value is presentled in Tasle 2-1 and plotted|in Figure 2-1

Hemat ol ogi cal Ef|f ect's. A conpl ete bl ood courft (CBC) was done on a
cohort of 273 nmale nonazite sand refinery workers |to determ ne the effect
of thorium on the hendteregreat—system—Fhe—reasured body burden
(calculated fromin vivo detection of external ganma rays enitted 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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forns of thoriumon henatol ogi ca
determ ned fromthis study,

al t hough gaggi ng,

ret chi ng

paranmeters could not be

and occasi onal

vomting were found periodically in the dogs exposed to thoriumnitrate

tetrahydrate
Bq/n%), is reported on

No effects on hemat ol ogi cal
or the histopathol ogy of the spleen were found in rats,

(NPN),
rabbits,

The | owest

LOAEL, thoriumtetrafl uor

Tabl e 2-1

par aneters,

dao (lLlodan At 1960\ Th

Al

ide (0.9 nG/m = 33

and plotted on Figure 2-1.

bl ood nonprotein nitrogen

gui nea pi gs,

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

Bq/n%) as thorium di oxg

—oOC—(Tougt—=C T

presented in Table 2-1

Muscul oskel et a
muscul oskel etal effect

Upon hi st opat hol
In rats, guinea pigs,
(0.550 nCl/nm = Bg/m)
NOAEL val ue is present

Hepatic Effects.
and total bilirubin irf
refinery were correl at
Coni bear 1983). The | ¢

bilirubin were signif

L8 my TIJOU) T

and plotted in Figure 2-|

Ef fects. No studi es were i od
s in humans after inhalatiorn

ogi cal exam nati or,-no effeqg
rabbits, or dogs-exposed for

as thorium diccxi de (Hodge ef
ed in Table~Z-1 and plotted

The levels of aspartate am
sera of ~“a cohort of 275 for
ed wi:ti body burdens of rad
vel.s-of aspartate ani notrang
cantly higher (p<O O0d and

s NOAEL val ue is

ated regarding the
exposure to thorium

ts in the fenur were found
1 year to 5 ng thori um m

al . 1960). This
in Figure 2-1.

not r ansf erase, gl obulin
mer workers in a thorium
oactivity (Farid and
ferase and total

p=0. M43, respectively) in

t hori um exposed wor ker

< \A"\I t
t

ac conmnar ad t+-o—U C
= t t o

oottt

€ nal es.

d obulin levels

al so increased with increasing levels of body burden but not significantly.
Al t hough the enzymatic |levels tested were el evat ed, they were still within
No effects on al bunmin, total protein, or al kaline

t he normal range.
phosphat ase were seen
burden of
proven by the authors.

The correlation of hepatic

radi oactivity may suggest a radiotoxic effect,

No exposure concentrations

function tests with body
but this was not
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

Renal Effects.

humans after

and plotted in Figure 2-I

No studies were | ocated regardi ng rena
i nhal ati on exposure to thorium

effects in

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-

and plotted in Figure 2-1
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Ef fects
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or Figure 2-
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otH-aeh UI uupo \UUIIIJI et ||| Y

rium

equency of chronpsone

in a thorium processing
based on their body
(0.003 nG/kg = 0.11
urden groups. An

centric ring chronbsones)
h and noder at e burden

controls. No

significant differences were found in the frequency of two-break chronbsone

aberrations.

aberrations and duration

A positive correlation was not established between the
frequency of chronosomal

of enpl oynent. The

observed aberration frequency was generally conpatible with that found in
patients injected with thoriumdi oxide colloid (Thorotrast) (see Section

2.2.4.7).
significant
(dicentrics)

Costa-Ri beir
(p<O Ob)

in 240 nmonazite sand mll ers,

o et al

ncrease in the nunmber of chr

as conpared to controls.

(1975) also reported a statistically

aberrations
No

onpbsomnal

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 thorium workers enpl oyed for
1.3 expected) but

observed vs.

not in workers enpl

1 year or nore (6
oyed 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 subgreup—ef—rer—h—obs—with—the hi ghest exposure to
thorium the SWMR for Ilfung cancer was 1.68 and the |SVMR for pancreatic cancer
was 4.13. Exposure |level estimates for inhalatian |i ntakes ranged from

0.003-0.192 nG/m (0.[0001-0.007 Bg/m) for a peripd of |-33 years. The

aut hors indicated that| smoking may be a corif'ounding factor in the increased
rates of cancer and that the workers wer¢'@xposed |to other potentially

car ci nogeni ¢ agents, guch as thoron (ra«on-220). Qonsequently, the evidence
for a causal relationghip between thorium exposurg and cancer is not

convi nci ng and no congentrations are veported in Table 2-1 or plotted in
Figure 2-1

A significantly|[(p<O Ob)«ivicreased incidencq of malignancies in the
| ynphatic and hemat opgi etic tilssues of uraniumml|l workers (cohort of 662
mal es) was found by Afcher et cal. (1973). The radijoactivity in the
tracheobronchi al |ynmph nodes' of the workers was fqund to be primarily the
result of al pha em ssijonsfromthorium 230 and not| from urani um 234 or
urani um 238. Consequentiy, the authors suggested tlhat 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 mce

i nt esti nal
not

resulted in no nortal

while a single anbunt of 760 ng thoriunm kg body wei ght/day (84
nCi / kg/ day = 3100 Bg/ kg/ day)
henorrhage was noted at autopsy in the nice that died, but
reported if the henobrrhage was the cause of death in the aninals.

ity. Cccasional
it was
No

effects were found followi ng adm nistration of a 10% sodiumnitrate

sol uti on,

the control mnice died
reported in either thg
exposure to 3043 ny th
Bg/ kg/ day) as thorium
been due to the poor 1
animal s ate nuch | ess
et al. 1959).

Deat h occurred f
t horiuni kg body wei ght
nitrate in the food tq
deaths were reported f
body wei ght/day (13 n(
nitrate to dogs (Solln
exposure of a single ¢
wei ght/day (47 nGi/kg

Fol | owi ng 4 nont

50% of the

suggesting that the adverse effects were due to thoriumand not to
nitrate (Patrick and Cross 1948).
to 123 ng thorium kg body wei ght/day (13.6 nC /kg/ day
thoriumnitrate in the_drinking water,

hs of continuous exposure
503 Bg/ kg/ day) as
treated mce and 10% of

(Patrick and Cross 1948). Nd
acute or the 4-nonth studig
ori unml kg body wei ght/day. {33
nitrate resulted in death, &
utritional state of Ahe anin
of the treated foo4 ‘and, thdg

ol  owi ng four<daily adm ni st
/day (234 nfi(kg/ day = 8657

a singleaeg (Patrick and (
ol I owi ng-'a single adninistr4g
Ui / kg/ day~= 481 Bq/ kg/ day) by
ran and Brown 1907). Death wg
og .f'e food containing 426 ng
day. = 1740 Bqg/ kg/ day) as thdg

lo_deaths were rnnnrfnd folld

(Downs et al. 1959). N

cause of death was
s. Inrats, 4 nonths of

5 nG / kg/ day 12, 400

ut the deaths may have
|l s since the treated
refore, |ost weight (Downs

rati ons of >2130 ny
Bg/ kg/ day) as thorium
r oss 1948). No i nmedi ate
tion of 121 ng thorium kg
gavage as thorium
s not found foll ow ng
t hori uni kg body
riumnitrate for 46 days

wing a single gavage

adm nistration of thoriumnitrate (483 ng thorium kg body wei ght/day = 53

nG / kg/ day =
nunber of treated and
t he Sol | man and Brown

All

1960 Bg/ kg/ day)

control
(1907) study.

in rabbits (Sollnman and Brown 1907).
ani mal s (dogs and rabbits) was not

The
reported in

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
respiratory effects in humans after ora

exposur e

No studies were |ocated regarding the

to thorium
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TABLE 2-2. Levels of Significant Exposure to Thorium - Orat

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 mynths 122 (10/20)  Patrick and Cross 1948 ThNOs
7 days/week jas)
24 hours/day E‘;
-
Systemic Eg =
3 Rat (F) 4 months Resp 335 Downs et al. 1959 ThNO3 g
7 djys/week Cardio 335 ]
24 hours/day Gastro 335 Eg
Hemato 335 =]
Aevatic 335 w
Kenal 335
Reproductive
4 Rat (F) 4 mgnths 335 Downs et al. 1959 ThN03

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 equats 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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FIGURE 2-2. Levels of Significant Exposure to Thorium - Oral
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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 wgre found in rats treated
for 4 nonths with 3043 ng thorium kg body wei ghi’day (335 nCi/kg/day =
12,400 Bq/ kg/ day) or iln one dog treated for 4€ wnays with 426 ng thori uni kg
body wei ght/day (47 n(i/kg/day = 1740 Bqg/ kg/ day) gs thoriumnitrate in the
food (Downs et al. 19%9). These NOAEL val u¢s for rlats are reported in Tab
2-2 and plotted in Fiqure 2-2. The NOAEL val ue for| the effects in dogs is
not reported since thils was a pilot stuoy and only one ani mal was used.

Gastrointestinall Effects. No.studies were |l qcated regarding the
gastrointestinal effegts in humans /aiter oral expdsure to thorium

No hi st opat hol ogi cal chaiigés in the stonach [and i ntestines were found
inrats treated for 4|months, with 3043 ng thoriumlkg body wei ght/day (335
nCi / kg/ day = 12,400 Bq/ kg/ déy) or in one dog treatled for 46 days with 426 ngy
t hori uni kg body wei ght]/ day-(47 nCi/kg/day = 1740 Bq/ kg/ day) as thorium
nitrate in the food (DPovais et al. 1959). These L values for rats are
reported in Table 2-2 " ' I he 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 i s not
used.

Hepatic Effects.
in humans after oral

No hi st opat hol ogi cal

12,400 Bg/ kg/ day) or

body wei ght/day (47 nCi/kg/day
1959).

food (Downs et al
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reported since this was a pilot study and only one ani nal

was

No studies were | ocated regarding the hepatic effects

exposure to thorium

These NOAEL val ues for r

2-2 and plotted in Fig
not reported since th

Ef fects. |
oral expg

Renal
humans after

No hi st opat hol og
for 4 nonths with 3043
12,400 Bg/ kg/ day) or i
body wei ght/day (47 n(
food (Downs et al. 194
2-2 and plotted in Fig
not reported since th

O her System c H
4 months with 3043 ny

ure 2-2. The NOAEL val ue for
s was a pilot study and cily
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sure to thorium

regar

i cal changes in tne kidneys
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n one dog treated for 46 day
Ui / kg/ day = 1740 Bg/ kg/ day) 3
9). These' NOAEL values for r
ure 2-2.0%he NOAEL val ue for
s was a pilot study and only

Hf f ect's. Wei ght | oss was foun
t hari um kg body wei ght/day (

doy treated for 46 days with

Bg/ kg/ day) and in one
wei ght/day (47 nGCi/kg/
(Downs et al. 1959).
of the treated food
or Figure 2-2.

t

The wei ght

day

her ef ore,

changes in the liver were found in rats treated
for 4 nonths with 3043 ng thoriuni kg body wei ght/day (335 nC /kg/ day
in one dog treated for 46 days with 426 ng thoriunif kg
1740 Bg/ kg/day) as thoriumnitrate in the

ats are reported in Table
the effects in dogs is
one ani mal was used.

ding the renal effects in

were found in rats treated
ay (335 nCi/kg/day =

s with 426 ng thoriun kg

s thoriumnitrate in the
ats are reported in Table
the effects in dogs is
one ani nal was used.

dinrats treated for
335 nCi/kg/day = 12,400
426 ng thorium kg body

1740 Bg/ kg/day) as thoriumnitrate in the food
|l oss was attributed to a decrease in intake
t hese val ues are not

reported in Table 2-2

No studies were | ocated regarding the follow ng health effects in

humans or
2.2.2.3 I mmunol ogi ca
2.2.2.4 Neurol ogica

2.2.2.5 Devel opnent a

ani ml s after

oral exposure to thorium

Ef fects

Ef fects

Ef fects

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 Bqg/ kg/ day) .
changes in the testes were found in one dog treated for 46

hi st opat hol ogi cal

days with 426 ng thoriun kg body wei ght/day (47 nC/kg/day -

as thoriumnitrate in
nCi / kg/ day for
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the food (Downs et al. 1959)

2.2.2.7 Genotoxic Effects

No

1740 Bg/ kg/ day)
The val ue of 335

rats is reported in Table 2-2 and plotted in Figure 2-2.

No studies were | ocated regardi ng genotoxic effects in humans or

ani mals after oral

exposure to thorium

2.2.2.8 Cancer

_ No studies were
animal s after oral exj

2.2.3 Dernmal Exposure
2.2.3.1 Death

No studies were
exposure to thg

Tandon et al. (]
application of 529 ng

der mal

| ocat ed regarding carciroger
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the hair was clipped.
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ic effects in humans or
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Prior to treatment,

t he duration of

nrats
G / kg

r

was adninistered as thori un

in
fo
hnitrate. This NOAEL

value is reported in Table 2-3.

2.2.3.2 Systenic Effects

Hepatic Effects.
humans after der nal

Tandon et al
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nCGi / kg/ day -
areas. Prior
for the duration of tr
nitrate.
3.

Ef f ects.
der nal

Renal
humans after

(1975)
rats foll ow ng dernal
2146 Bqg/ kg/ day) for
to treatnent

Thi s NOAEL val ue for

No studies were | ocated regardi ng hepatic effects in

exposure to thorium

reported no histopathol

eat ment .
hepatic effects inr

No studies were | ocated regardi ng rena
exposure to thorium

ogical effects on the liver

application of 529 ng thoriunf kg body wei ght/day (58
15 days to the | ateroabdom na
the hair was clipped. The area remmi ned uncovered
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and scrot al

ats is reported in Table 2-

effects in
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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 ThNO3
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-odverse-effect level; NOA

EL

no-observed-adverse-effect level; ThN03 = thorium nitrate.

iy
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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 Aagplications of 132.5 ngy
t hori um kg body wei ght|/ day (15 nGi/ kg/ day 55584/ kg/ day), 265 ngy
t hori um kg body wei ght|/ day (29 nGi/ kg/ day 1075 Bg/ kg/ day), or 529 ngy
t hori um kg body wei ght|/ day (58 nGi/kg/ day 2146 Bq/ kg/ day) to the
| at er oabdomi nal and sdrotal areas of rats {or 15 days. The thorium was
adnmi ni stered to skin (hair was clipped) as-thoriumnitrate, and the area
remai ned uncovered forn the duration of ;treatnent. M I d hyperkeratinization
of the | ateroabdom nall skin was found{aiall expoqure levels. At the
hi ghest exposure levell, nmld acanthgosi's and thickgning of the epithelia
[ining of the |ateroalhdom nal skin wre seen. At tlhis level, nmld
acant hosis, swollen cqgllagen fibkers, and foany derlms were found in the
scrotal skin. The val ye of 15 wC/kg/day is a | esq serious LOAEL, and the
exposure |l evel of 58 nG/kg/day is a serious LOAEL for dermal effects in the
rat. These val ues are|reporicd in Table 2-3.

No studies were|l ccared regarding the following health effects in
humans or ani mal s afteu.ema.l_exmr_e_m_t_hg.u_u.m

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

thoriumtreat ment was

reproductive changes were due to chem ca

they were nore likely

tinme required to produce the effects.

not reported.
or
the result of chemn cal

The | evel of

It was not clear whether
radi ati on effects,
toxicity because of the short

t hese
al t hough

15 nCi/kg/day is a less

serious LOAEL and 58 nCi/kg/day is a serious LOAEL for the reproductive

effects of thoriumin

rats. These val ues are repor

2.2.3.7 Genotoxic Effects

ted in Table 2-3.

No studies were | ocated regardi ng genotoxic effects in hunmans or

animal s after dermal ¢

2.2.3.8 Cancer

_ No studi es were
animal s after dermal 4

2.2.4 O her Routes of
Most of, the it
as a result of intrave
approxi mately 25%t hof
was used as a radi ogr4
was estinmated that 50,
(Harrist et al. 1979;
was i njected and toxi (g

xposure to thorium

| ocat ed regardi ng ca:cinogern
xposure to thorium

Exposure

erature deals with the carc
nous injection of Thorotrast
i um 232 &ioxi de and stabili z
\phi ¢ contrast nedi um bet weer
000- 1G&, 000 patients worl dw
I sner. et al. 1978). Ceneral
eftects were found at all ¢

reported that the thon

ium232 in Thorotrast has an

(Steinstrasser 1981);
3.5-26 nC/kg body wei

4-6 years after exposure of
injection resulting fromthe extravasation of the injected Thorotrast
Bl ood di sorders (henolytic and apl astic anem a
and | eukem a) appeared 20 years follow ng injection

1980; Granpa 1971).
nyel of i brosi s,

t herefore,
ght (129-962 Bqg/kg).
"Thor ot r ast omas,

the injected anounts of
The toxic effects include fornation

ic effects in humans or

nogeni c effects of thorium

, a colloid consisting of

ed with dextran. Thorotrast
the years 1928 and 1955. It
de received Thorotrast

y, 10-75 nmL of Thorotrast
xposure -levels.It has been
activity of 24.2 nC/nL

[ -75 nL correspond to

granul onas at the site of

( Frank

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

i nci dence of

Kaick et al. 1983).

1983; Van Kaick et al

effects were recogni zed.

2.2.4.1 Death

No studies were | ocated regarding acute |etha
routes of exposure to thorium Death from various types of cancer

ot her

however, was found 20-

30 years after intravenous

1983) .

i njected and the

liver tunors (chol angi ocarci noma, angi osarcona, hepatic cellular
carci nona) (Wsch et al

to tunmors was also found with increased injected volune of Thorotrast
The use of Thorotrast ceased when the potential

A decrease in the tine
(Van
toxi c

effects in humans after

nj ecti on of Thorotrast.
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After a period of 15 nonths,
single intravenous injection of 0.5 nL of Thorotrast

Bg/ kg) in mce (Guinar
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aes et al. 1955).

2.2.4.2 Systenic Effects

Respiratory Effects
effects in humans after

ot her routes of exposure t

no increased nortality was seen froma

(403 nGi /kg = 14909

No studies were | ocated regarding respiratory

o thorium
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Section 2.2.4.8).
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after other routes of

Hepatic Effects.

systemc effects seen follow ng injection of Thorotrast
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1986; Summers and Chung 1986; Van Kaick et al
appear ance of the | eukem a commonly occurred 20 years after
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Severe cirrhosis of the liver was one of the primry
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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 (Guimaraes et al. 1955; Cui maraes
and Lanmerton 1956; Wegener et al. 1983). The authdrs of the npuse study
(Qui maraes et al. 195%; Guinmaraes and Lanerton,(1956) concl uded t hat
radi ati on was responsilble for the cellular prclifgration that led to the
degenerati on and hepat|/i c tunors.

Following intra
thorium 227 in a sol ut

enous injection of/ <+2.8 uG
ion of citric acilt=sodi um ci

/ kg (104, 000 Bg/ kg)
trate buffer an

i ncrease in serum al k3
hyper gl obul i nemi a wer g
| evel s of serum gl utarn

1l i ne phosphat ase ‘rneasur enent
observed (Stevens et al. 19
[i ¢ pyruvic transam nase (SGH

i n dogs,
s and hypoal bunmi nem a and
67). No effects on the

T) or serumglutamnc

oxal oaceti c transam nase (SGOT) were found.

Renal Effects. No studies were |ocated regarlding renal effects in
humans or animals after other routes of exposure tjo thorium but tunors of
t he ki dney have been fepcriad 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|located regarding the follovwing health effects in
humans or aninals after other routes of exposure.tjo thorium

2.2.4.4 Neurol ogical HKffects
2.2.4.5 Devel opnental [Effects
2.2.4.6 Reproductive Kffects
2.2.4.7 Genotoxic Effgcts

The intravenous |injection of Thorotrast resylted in radiation-induced
chronosonal aberrations i1 n patients (Fischer et all. 1967; Kemmer 1979;
Kemrer et al. 1971, 1979; Secanori et al. 1987; Sgsaki et al. 1987). A
positive correlation was ficund between the chronpqomal aberration rate and

t he adm ni stered anmount <ot Thorotrast (Buckton and Langl ands 1973; Fi scher
et al. 1967; Kemmer etlar, 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) (Yamada et al.
cavities in the tunors were comon (Visfeldt and Poul sen 1972).
hepatic tunors accounted for 63% of al

and as the dose rate increased (<15 to >45

(1983) reported that

Thorotrast-rel ated deat hs,
rad/ year; <0.15 to >0.45 Gy/year),
i ncreased and the | atency period decreased. A dose-effect
found between the anpbunt of Thorotrast

tunmors in humans (Van
froml-10 nL injected
rad/year (0.18 Gy/year

mal i gnant
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t he severity of

Kai ck et al. The rad

was 10 rad/year

),

1983).

1983).

injected and the incidence of

(0.10 G©y/year),
and >20 nL was 30 rad/year

The | atency peri
years shorter than thg
| eukeni a found were er
et al. 1979; Kaniyama
(1988) reported that t
on the hemat opoietic s

Fifteen cases of
i njection have been rg
| at ency period was 26
Thorotrast were inver{
to bone was 16 rads/yq
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Tunmors of the ki
(Christensen et al. 14

od for |eukem a was about 24
liver tunors (Frank 198¢).
yt hrol eukem a and acut & wyel
et al. 1988; Mri et al.” 198
he danage from Thorotrast ns

temcell Ievel

bone tunors resulting from
ported (9 of ~wiich were oste
years and tme/| atency peri od
ely related (Harrist et al
ar (0.16 Oy/year) per 25 niL

).

dneys, spl een,
83" Qui naraes et al.

and pancreas
1955; K

et al. 1986; Mori et
Chri stensen et al

t he ki dneys have a significantly | onger

conpared to carci nhoma

1 1020 AL 1 H L & 1 fa
LI 1I91 9, vall \dl CA TL al . 1

(1983) determined that transitiona
| atency period (35.8 years;

of other histol ogical

types

Bl ood-fill ed
Kato et al.

the liver effects

rel ati onshi p was
liver
ation dose to the liver
11-20 nmL was 18
(0.30 Gy/year).

years, which was 5-10

The primary forns of
ogenous | eukenm a (da Mtta
3b). Kani yana etal

y have been due to effects

i ntravenous Thorotrast
osarcoma). The nean

and injected anount of
1979). The nean dose rate
of injected Thorotrast

have al so been reported
auzlaric et al. 1987; Levy
83; Westin et al. 1973).
cell carcinoma of

p<0. 005)

(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

the al pha radi ation effects of thoriumand not to the chenica

ef fects 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
given in conbination with the radioactive thorium or
accel erates the expression of the radiation-induced tunors.

t he col | oi dal

particles induce the liver tunors when

if the colloid only
However ,


http://www.chinatungsten.com

studies in mce report
of liver cancer

can be accounted for
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ed by Taylor et al.
by the radi at

(1986) suggest that the induction

i on al one.

Thorotrast studies in rats found a positive correlation between the

adm ni stered anpbunt and the nunber
1983).

1967; Wesch et al
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2.3.1 Absorption

of
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The absorption ¢
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the lungs for |ong periods of ting; 68- 73% of thorium 232 di oxi de remai ned

in the lungs after

1 day, while 15-30%remai ned after 21 nonths.

Thoriumis

renoved primarily by ciliary clearance and is excreted in the feces

(Wenn et al. 1981).

t he t hori um conpounds

|CRP (I CRP 1979) assunes a tota
inhaled thoriumis transferred to the bl ood. However,

appear to be an inportant bi

of 5% absorption of
the solubilities of

ol ogi cal factor, as

evi denced by differences in toxicity: LDsos after 30 days foll ow ng

i ntraperitonea

injection in nmce were 370.8 ng thoriumkg for sol uble

thorium 232 nitrate and 589.1 ng thorium kg for soluble thorium 232
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whi l e 2000 ng thoriumkg for

i nsol ubl e t

hori um 232 di oxi de

resulted in deaths of only 2/18 mce (Syao-Shan 1970b).

Lung levels of t

hori um (230 and 232)

in workers occupationally exposed

to thorium(mners and mllers) are significantly higher than those not

occupational ly exposed (Gl bert et al

et al. 1983; Wenn et
evi dence, Wenn et al
i nhal ati on.

than 1% of the total i

al . 1985).

nt ake,

1985; Singh et al

In a review of the epidem ol ogi ca
(1981) concluded that the najor
Though i ntake of thoriumthrough the air
absorption through the |lungs accounts for

1981; Vocaturo

route of exposure was
may account for |ess

approxinmately 2/3 of the ultimate uptake in the body. This is due primarily
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2.3.1.2 Oal Exposure
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Johnson and Lanot he (1989),
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2.3.2 Distribution

2.3.2.1 Inhal ati on Exposure

The medi an concentrations of thorium 232,
in bone and various soft tissues of autopsy sanples of a control
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(Ibrahimet al. 1983;
concentration of al
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One possi bl e explanation for the higher activity of thorium 228 than
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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 Q.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 00 Q.15 0.03 10 0.09 0.15 0.05 %
Kidney 17 0.07 Q.29 0.07 8 0.09 0.17 0.03 E &
Bone 16 0.54 g.92 0.16 7 0.66 0.32 0.10 E
Testicles Ly 0.02 (.06 0.05 - - - - Z
Spleen 14 0.06 .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 lunag and is transported to
bone. The | ow content |of thoriumin the reticuloardothelial system (liver,
spl een, bone marrow) ils in contrast to the distiilQution follow ng

i ntravenous injection|of thorotrast (ThO; celi0id)} where the vast majority

of the thoriumis taken up by the macrophayass of tlhe reticul oendothelia
system

The dose rates tlo various organs in humans fl[rom environnental thorium
were estimated to be: |2.2-4.5, 0.41.0.44, 0.19-0.33, 0.057-0.071, and
0.071-0.072 nrad/year |[in the | ynmpninodes, bone, |yngs, liver, and ki dneys,
respectively (Wenn etl al. 1981). The dose rates tlo organs tended to be
hi gher in subjects living in the vicinity of uranilummne tailings, and the
dose rates to the organs in_im.iers were even highgr (4.8-10.5 nrad/year in
the |Iynph nodes and 1.)2-1.5.nrad/year in the lungy) (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
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Rout es of Exposure

The majority of thoriumstudies concern the injection of colloidal

t hori um 232 di oxi de (Thorotrast)
i ntravenously injected Thorotrast

nmedi um Approxi mately

by the reticul oendot heli al
and bone marrow (9% (BEIR IV 1988; Kaul
et al.
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fromthe liver and the spleen via the |ynph ducts (Wegener et al
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s are absorheg by the aggred
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than the spleen to the effects of
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( Kaul

The fact that

i nj ect
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and Muth 1978).

a radi ographic contrast
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buted to the liver (59X%,
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1976) .
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he intravenous injection of
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t hese nean annual
toxic effects rarely

ion regardl ess of the high
he liver is nore susceptible
Thorotrast. Mays (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
228 [0. 4]

Thorotrast on bone surfaces [5.9] and in red narrow [3.1]).
(1978) estimated that the al pha dose 30 years after
750 rad in liver,
marrow, 18 rad in total

Thorotrast woul d be:
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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 analyzed by Reidel et al. (1979). The study concluded that the

bi ol ogi cal behavi or off colloids was simlar in hufans and aninmals. Kaul and
Heyder (1972) reported an extrenely |ow rate ofcilearance of the colloid
formfromthe bl ood aljout 1 hour after intravenoug injection in rabbits.
Subsequently, an increase in the rate of di saprpearlance fromthe bl ood of the
colloid form (biologigal half-life of 90 rinutes) |and of the sol uble form
(biological half-life|of 75 m nutes) was'tsund. Afiter 3, 6, or 12 hours,

23, 45, or 60% of thelinjected amount, ~vespectivelly, was | ocated in the
liver.

n
S

Mal et skos et al .| (1969) founc that, follow rlg i ntravenous injection in
humans, thorium 234 cilftrate generaily was retainedq in the skeleton and soft
tissues rather than i the RESY as found with Thorlotrast. A sinmilar
distribution pattern was found.in dogs injected intravenously with thorium
228 citrate (Stover etl al. .1%60). Intravenous expqsure studies in rats and
gui nea pi gs, however, |[showed a distribution of thgqrium 234 sulfate simlar
to Thorotrast: 60-68%|in.tne liver, 3-7%in the sgleen, 0.4-1%in the
ki dneys, and about 10%1i the renmining carcass, ilncludi ng 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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particles |arger than

2.3.4 Excretion
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vels in both were

thori um 230 in the |ungs
tailings (Grand Junction,
ogical half-lives for
2.6 and 1.0 years for
t al. 1981). Since

regardl ess of where

may reflect the duration
g, or the inhalation of
ed to Washington, DC. The
the lungs longer than the

In a subject who had accidentally inhaled thorium 228 di oxi de (al pha

emtter,

result of skeletal

radi oactive half-life of 1.9 years),
| ong-term cl earance of thorium 228 fromthe body was at
deposition (Newton et al

t he
1981)

bi ol ogi cal half-life for
| east 14 years as a
. The early lung

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


http://www.chinatungsten.com

39
2. HEALTH EFFECTS

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 injectiagn, and since very little thqriumwas excreted in the
urine follow ng ingestlion, appreciable anmounts .0f |thorium were neither
absorbed nor excreted|fromthe gastrointestinzl trlact.

2.3.4.3 Dermal Exposure

No studi es were|l ocated regardi ng tne rate gnd extent of excretion of
thorium followi ng derfqal exposure of furmns or anifnal s.

2.3.4.4 O her Routes of Exposure

A very snall percentage efvinjected thorium{232 di oxide (Thorotrast) in
humans was excreted (rore in the feces than urine)| (Kaul and Muth 1978;
Mol la 1975). Jee et all. (196€6%) found that a patient excreted 0.7% of the
i njected anpbunt of Thgorotrast in the 17 days betwgen injection and the death
of the patient (node ¢f «excretion not reported). Henmer (1979) determ ned
that the anount of thaqron (radon-220) exhaled by tlhe | 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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Death. No deaths in humans resulting fromacute inhal ation
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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 cgdl effects of thorium
Neur ol ogi cal effects, |such as narcosis, ataxia, ar| cholinergic signs, have
not been reported in any of the inhalation or.toral|] studies in aninals. It
i s not known whet her humans woul d experience ‘waj or] neurol ogi cal deficits
from exposure to thorijum

Devel opnental Efiff ects. There have“teen no hynan or ani nmal studies
regardi ng the devel oprrental effects ¢f “thorium fol|l owi ng any rel evant route
of exposure (inhalatign, oral, derna' ;. Since infgrnmation regarding
devel opnental effects|in animls arg not known, cdnclusions regarding the
potential for devel oprrental effects in humans are |not known.

Repr oductive Efflects. Nc.studi es were | ocatdd regarding reproductive
effects in humans or ani mal.s~follow ng inhal ation|or oral exposure to thorium
When thorium was appliled cirectly to the scrotumdf rats, nild edena of the
sem ni ferous tubules gnc..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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Bi omar kers are broadly defined as indicators signaling events in

bi ol ogi ¢ systens or sanpl es.
mar kers of effect,

exposure,

A bi omarker of exposure is a xenobiotic substance or

They have been cl assi

fied as markers of

and markers of susceptibility (NAS/ NRC, 1989).

its nmetabolite(s)

or the product of an interaction between a xenobiotic agent and sone target

nmol ecul e or cell that

( NAS/ NRC 1989) .

is measured within a conpart

nment of an organi sm

The preferred bi omarkers of exposure are generally the

substance itself or substance-specific nmetabolites in readily obtainable

body fluid or excreta.

i nterpretation of-bi omarkers of exposure.
may be the result of exposures fromnore than one source.
bei ng nmeasured may be a netabolite of another xenobiotic (e.g.,
can result from exposure to severa
Dependi ng on the properties of the substance (e.g.
half-1ife) and environnent al
t he substance and al
by the tinme biologic sanples can be taken.

| evel s of phenol
conpounds) .

exposure),

However, severa

conditions (e.g., dur
of

It may

factors can confound the use and
The body burden of a substance

The subst ance

hi gh urinary
different arommatic

bi ol ogi ¢
ation and route of

its metabolites may have |left the body

be difficult to identify

i ndi vi dual s exposed to hazardous substances that are comonly found in body

tissues and fluids (e.

essential n neral

g'l

nutrients such as copper

Zi nc
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Bi omar kers of exposure to thoriumare discussed in Section

Bi omar kers of effect are defined as any neasurabl e bi ochem cal

physi ol ogi c,
nmagni t ude,
i mpai rment or di sease
bi ocheni cal
enzyne activity or
as wel |

or other alteration within an organi smthat,
can be recogni zed as an established or

(NAS/ NRC 1989). Thi's definit

or cellular signals of tissue dysfunction (e.g.
pat hol ogi ¢ changes in fenale genita
as physiol ogic signs of dysfunction such as increased bl ood pressure

dependi ng on
potential health

i on enconpasses

i ncreased |iver
epithelial cells),

or decreased lung capacity. Note that these markers are often not substance

specific.
heal t h i npai r ment
t hori um are di scussed

They al so nj

q

A bi omar ker of
acquired limtation of
exposure to a specifig
characteristic or a pf
absor bed dose, biol og
bi omar kers of suscept
" POPULATI ONS THAT ARE

2.5.1 Biomarkers Used

Exposure to thon
t hori um and/ or daught g

(e.g.

ly not be directly adverse, |
, DNA adducts). Bionarkers

in Section 2.5.2.

usceptibility is an_ndicatg
an organisms ability to re
xenobiotic. It cer be an in
eexi sting diseasethat resu
cally effectiwnverdose, or tar
bility existi “they are discu
UNUSUALLY".SUSCEPTI BLE. "

to Identity or Quantify Expd

i umican be determ ned by mes
re.in the feces, urine, and

route of excretion of

thoriumis in the feces foll

oral exposure. Feca
several days (Patrick
1907; Wenn et al

expired air

burden of thorius' (Conibear

1981).
from thorium daughters present

and Cross 1948; Scott et al
The measurenent of exter

1983).

ut can indicate potentia
of effects caused by

r of an inherent or

spond to the chall enge of
trinsic genetic or other
ts in an increase in
get tissue response.
ssed in Section 2.7,

| f

sure to Thorium

radi oacti ve
The primary
i nhal ati on or

surenent of
expired air.
owi ng either

excretion is essentially conplete in a matter of

1952; Sol I man and Brown
nal ganma rays enmitted

in the subject's body and of thoron in the
many years follow ng exposure can be used to estinmate the body

No tissue concentrations in humans were found that correlated with

health effects,
suffering fromlung fi

brosis. However, it was not

but about 20 pC was found in the lungs of an exposed worker

clear if the fibrosis was

due to thoriumor to rare-earth-containing fumes and dusts (Vocaturo et al

1983).

Bl ood | evel s of
radi um di al

amount was absorbed by the gastrointestina
This study was the basis for the I CRP (1979)

thorium follow ng oral

tract

absorption factor of 0.02%for thorium

exposure of humans to sinul at ed
pai nt denonstrated that approxi nately 0.02% of the ingested

(Mal et skos et al. 1969).

reconmendati on of an oral
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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 comynly found in conbinatior witlh other actinide elenents,
with organic and i norganic chemcals, and w th acilds and bases during
occupati onal exposure.| The health effects «f occupati onal exposures to
t hori um on humans, thgrefore, cannot nec<ssarily e attributed to thorium
The daught er products|of thorium have uni-gue propdrties that also add to the
radi ol ogi cal toxicity|of thorium For{iurther infqrmation, see the
t oxi col ogi cal profileg on uranium .awon, and radijum

The injection off tetracyciine either before|or sinultaneously with
i njection of thorium 228 marke:dly reduced the depqgsition of thorium 228 in
rat bone to about 60%|of control values (Taylor et] al. 1971). The effects
of tetracycline injectlion failowing injection of tlhorium 228 were not
reported. Studies with a simlar actinide elenment,| plutonium suggest that
a thoriumtetracycling canplex may be forned, whigh is excreted rapidly
t hrough the kidneys. $im ' duch 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 inf

identified data needs

subst ancespecific research agenda wil |l

ormati onal needs that,

will be evaluated and priori

if met woul d reduce or
elimnate the uncertainties of human health assessnent.

be proposed.

2.8.1 Existing Information on Health Effects of Thorium

The existing dat

exposure of humans and_aninmals to thoriumare sum

a on health effects of inhal

In the future, the
tized, and a
ation, oral, and dernal

arized in Figure 2-3. The

purpose of this figured
the health effects of
nore studi es provide i
The dot does not inply
Gaps in this figure sk

The effects of t
i nt ravenous exposure,
(i nhal ation, oral, der
thoriummllers, espeq
agent. No studies on t
by any route of exposd
agents in addition to
effects to thoriun).
i ntravenous injection
been done by a rel evar

-

is toillustrate the exist
thorium Each dot in the {id
nformati on associ ated witih t
anyt hi ng about the quality
ould not be interpreied as

but not foll owiag any rel eva
mal ). Several.case studies ¢
ially on the /genotoxic and g
he effects 9 pure thoriumg
re (the ¥horiummners were
thorium-and it is inpossibl
'he effiects of thoriumin an
have-been wel | studied, but

t «woute of exposure. Figure

hori umin humans -nave been Vel |

ng i nformati on concerning
ure indicates that one or
hat particul ar effect.

of the study or studies.
data needs" information.

studi ed foll ow ng

nt routes of exposure

xi st on the effects on
arci nogenic effects of the
n humans have been found
exposed to many toxic

e to directly attribute
mal s fol |l owi ng

very few studies have

2-3 reflects the few

studi es regarding ora

aind dernml exposure of anin

mls to thorium |l ocated in

the existing literatur

e.

2.8.2 ldentification of Data Needs

Acut e- Dur ati on Exposure.

No studies were |ocated regarding the effects
of thoriumin humans foll owi ng acute exposure by any rel evant
I ntravenous injection of thoriumas an x-ray contrast

route.
medi um i nto 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

foll owi ng inhal ation and oral
effects follow ng dernal
I nhal at i on- based pharnacoki netic data indicate that the | ynph nodes,
and bone may be the target organs of thoriumtoxicity. Oral

bone nay be the target organ of toxicity

ski n,
| ungs,
phar macoki netic data

exposure, and in der
administration to the |at

ndi cat e t hat

mal and reproductive
er oabdom nal and scrota

followi ng ingestion of thorium The acute toxicity of thoriumin aninals

has al so been tested by routes of exposure (intravenous,
and it would be useful

intratracheal) that ar

e difficult to interpret,

i ntraperitoneal
to

conpare these toxic levels to toxic levels found after adm nistration by a

rel evant

sites m ght

route (inhalation,
toxicity of thoriumis inportant
be exposed for

oral, dermal). (
because people |

brief periods.

Know edge about the acute

vi ng near hazardous waste
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FIGURE 2-3. Existing Information on the Health Effects of Thorium
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ati 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.

I nt er medi at e-durati on

. Two ani mal
rats show ng | ung damage and one ora

der nmal

studi es were reported:

one inhalation study in

study in nmice resulting in death.
studies in aninals were not

| ocated. The | ungs

appear to be the target organs foll ow ng internediate-duration inhalation

exposure to thorium O al

phar macoki netic data indicate that

bone nay be the

target organ of toxicity follow ng ingestion of thorium More extensive

studi es by al

rel evant
assessi ng both the chem cal
Internedi ate-duration toxicity infornation is inportant

routes (inhalation,
and r adi ol ogi cal

or al

dermal ) would be useful in

toxicity of thorium

because peopl e

[iving near hazardous

peri ods.

Chroni c-Durati or
reported regarding thd
thorium or nonazite s4
on the lungs and chrof
reported. Because the
effects cannot be attr
i nvestigati ng workers
production of gas | any
| ocated regardi ng chrd
radi ol ogi cal effects ¢
i ntravenous injection
humans and ani mal s. Ef
the liver, henatol ogi ¢

waste sites m ght be exposed

Exposure and Cancer._Severd

toxic effects on weikers od
ind found in refinerv-dust. |
josones and an i ncreased cang
wor kers were expesed to nany
i buted direct!w to thorium
exposed prineiily to thoriun

mant | es) “woul d be useful
ni c oral or dernal exposure.
f thori tm have been reported
of theriumdioxide in the fd
fectis reported in these stud
al-.di sorders, and various ng

for corresponding tinme

| studi es have been
cupationally exposed to
n these studies, effects
er incidence were

toxi c agents, however,
Epi denmi ol ogy studies
n(e.g., during the

No human studi es were

Many studies on | ongterm
fol | owi ng

rmof Thorotrast in both

ies included cirrhosis of
[ i gnanci es. Studies have

shown that the lungs 4

nd the hematol ogical system

are the target organ

systenms for thoriumtoxicity. Oa

phar macoki netic data indicate that

bone

may be the target organ of toxicity follow ng ingestion of thorium Chronic

studi es by rel evant
because people |iving
for years.

routes of exposure,

near

i nhal ati on and oral
hazar dous waste sites m ght

are inportant
be exposed to thorium

Studies in workers occupationally exposed to thorium have reported an

increase in the incidence of pancreatic,
These effects were observed in workers exposed to many toxic agents,

cannot be attribu.ted
exposure of
| ocated regarding the
exposure in hunmans or
rel evant
I evel

CGenotoxicity. Cccupationally exposed workers as wel |
injected with Thorotrast show chronosomnal
No in vivo genotoxicity studies in animals or

| ynphocyt es.

l ung and
directly to thorium
carci nogenic effects of ora

ani mal s.

oral, der

of thoriumin hunmans.

abnor mal

hemat opoi eti ¢ cancers.
so they

I nternedi ate duration inhalation
rats to thoriumdioxide resulted in [ung tunors.

No data were

or dermal thorium

Further chronic exposure studies by al
routes of exposure (inhalation
ranges and a nunber of species of animals may be usefu
t he carci nogenic potentia

mal ) using w der exposure
in assessing

as patients
ities in their
in vitro studies
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strains were |ocated, but these studies nay be usefu
det ermi ni ng whet her thorium has the potentia
addition to chronmosomnal

abnormalities.

in

to cause gene nutations in

Repr oductive Toxicity. No studies were |ocated regarding the
reproductive effects of thoriumin humans foll owi ng exposure by any route.

Nei t her inhal ati on nor
Phar macoki netic data f

to allow the prediction of possible reproductive effects.

oral reproduction studies
ol l owi ng i nhal ati on or ora

n ani mals were | ocat ed.
exposure were not | ocated
One dernmal rat

study found testicular effects after admnistration directly onto the

scrotal skin.

Addi ti onal

i nhal ati on, oral, and der

mal reproduction studies

and nul tigenerational
ri sk to humans

Devel opnental Tg
devel opnental effects
any route. Also, pharr
whet her thorium crossq
studies in aninmals by
potential devel oprment 3

| mrunot oxi city.
effects of thoriumin
exposure (inhalation
i ntraperitoneal and i
resulted in a suppress
i mmunot oxi ¢ effects of

studi es woul d be hel pful in

xicity. No studies were-iocd
of thoriumin humans<or anin
facoki netic data do'rnst exi st
s the placental bkaoriier. Fur
all relevant rcives of expog
| effects of £horiumin huns

No studi es'were | ocated regs
humans o _ani mals foll ow ng
oral, decvmal). One report, H
travencus injection of thori
i on<af the i mmune response.

thori um bot h hi st opat hol og

i mmune response, by a

assessing the potenti al

ted regarding the

ml s follow ng exposure by
that may predict

t her devel opnent al

ure may clarify the

ns.

rdi ng the inmunol ogi cal
any rel evant route of
owever, showed

um di oxi de in mce

St udi es on the

ical and effects on the

| velevant routes of exposur

e in animals my

determ ne the potenti al

i nmunot oxi ¢ 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.

G her nmetals, such as

neur ol ogi cal

effects on children than adults;

| ead, however,
t her

have been shown to have npbre severe

efore, it is possible that

children may be nore susceptible than adults to the effects of thorium

St udi es on the neurol ogi ca
by all
determ ne the potenti al

ef fects on behavi or

Epi demi ol ogi cal

rel evant
neur ol ogi cal

and Hurman Dosinetry Studies.

ef fects of thorium both histopathol ogica
routes of exposure in animals,
effects in humans.

and
may

Epi demi ol ogy studi es have

i nvestigated the relationship between |ong-term exposure to thorium and

system c effects,

genot oxi c effects,

and cancer

i n humans.

The aut hors 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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as in patients injected

t hori um di oxi de (Thorotrast) (I-25 dicentric per
mal es.
and neonates that

ocus primarily on adult
ude wonen, children
|l evels of thoriumt

ntravenously with

100 cells).
It woul d be useful
have been
o deternmine their |evel

The
to

of

susceptibility. Epidem ol ogy studies investigating workers exposed

primarily to thorium(e.qg.,

al so be useful

during the production

Further studi es assessing the cause/effect
bet ween t hori um exposure and hunan health effects would be hel pfu

of gas lanp nantles) would
rel ationship
in

noni toring individuals living near a hazardous waste site.

Bi omar kers of Ej
i nhal ed or ingested th
det ermi ned by neasuref
urine, blood, or expif
by the neasurenent of
the body. Further stud
t hori um daughters in t
hel pful in nore accura3

No rel ati onship
and conpl ete bl ood col
celI's) in humans occuy
Further studies may ré
professionals to thori

Absorption, Dist
thoriumfromthe | ungg

posure and Effect.
oriumis in the feces. Ex00Y
rent of thorium and/or itis) ds
ed air. The body burder.of t
external gama rays <¢mitted
ies correlating thiri-um expd
he urine, feces, 2iood, and
it el y quanti fying-thori um exp

The maj or

was found bet\een the measur
nt paranetecs (e.g., henoglg
ational | y exposed to thoriun
veal thcrium specific biomar
um expesure before toxicol og

richiuci on, Metabolism and Exd

route of excretion of
ure to thoriumcan be
ughters in the feces,
hori um may be estinated
fromthorium daughters in
sure with thorium and/ or
expired air would be
osure.

ed body burden of thorium
bin, red and white bl ood
N (see Section 2.2.1.2).

kers that nmay alert health
ical effects occur.
retion. The absorption of

aind the gastrointestinal tr

act and the tissue

di stribution of thorium have been studied in both humans and ani nal s.

I nhal ation was found t
absorption being very

well with the animal
not been extensively studied,
urine,

o0 be the major
| ow (see Section 2.3.1).

especially the parti

route of exposure with gastrointestina
The data in humans correl ate
data. The excretion of systenic thoriumin humans has

ti on between feces and

and work in this area in both humans and ani nals woul d be hel pful

No studies were | ocated regardi ng the pharnacokinetics in hunans or aninals

foll owi ng derma

hazard by this route.

exposure to thorium Studies on the derma
exposure may be hel pful

route of

in determ ning whether thoriumis a human health
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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. CHEM CAL AND PHYSI CAL | NFORVMATI ONS

3.1

Dat a pertaini ng

CHEM CAL | DENTI TY

to the chem cal

identity (that

is, the conmmopn terns or

snbol s used for the identification of the elenent) of thoriumare listed in

Tabl e 3-1.
3.2
The physi cal

and cheni cal

PHYSI CAL AND CHEM CAL PROPERTI ES

properties of el enental

thoriumand a few

rpresentative water soluble and insoluble thorium conponds are presented

in Table 3-2. Water

[

ol ubl e thorium conmpounds i nclude the chloride,

fluoride, nitrate, ang
fairly readily in watd
greater bioavailabilit
I nsol ubl e thorium cony
oxal ate, and phosphat ¢
sodi um car bonat e (West
are comercially avai
prepared thorium et al
prepare thorium produg
1985)

Thoriumis a net
sever al
el enent that is radiog
al pha and beta particl
products, finally vyiel

i sotopi c forng.

sul fate salts (Weast 1983).
r. Soluble thorium conmpcand
y than the insol uble thariun
ounds include the dioxide, d

salts. Thorium cartonate
1983). Thorium nztal and S
able. No general“specificat

or conpounds have been est 3
ts according t9rcontract ual

allic el&nent of the actinid
The_ isot ope thorium 232 i
\Icti ve. . Ti decays through th
es, sgamma radi ation, and thg
diing the stable isotope of

series of thorium 232

These conpounds di ssol ve
s, as a class, have
n conpounds. \Water
ar bonat e, hydroxi de,
s soluble in concentrated
everal of its compounds
ions for commercially
bl i shed. Manufactures
speci fications (Hedrick

e series. It exists in

s a naturally occuring

e em ssion of a series of
formati on of daughter
ead, | ead-208. The decay

together with that of uran

um 238 and ur ani 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 diri

ng the decay of thorium 232,

and the isotopes thorium 231 and thorium 227 during the decay of

natural ly occuring urani um 235.

thorium only thorium
hal f-1ives to be envir

thoriumis thorium 232;

I ncluding artifi

Thoriumwith atom ¢ nmasses ranging from 223 to 234.
t he em ssion of al pha or
The percent occurrence and the energies of the major al pha
and beta particles enitted by these isotopes are shown in Table 3-3.
the al pha particles are nore intensely ionizing and | ess penetrating
than the beta particles.

Decay with
(West 1983).

gener al
penetrating of the thr

particles do not penet
bi ol ogi cal

O these naturall
232, thorium 230,
onnental Iy significant.
t he rest

Mor

cally produced i sotopes,

beta particl

The ganma radiation is t
ee, but it has the | east

rate external skin to a suff

danmage due to the protective effect of the epiderms

y produced i sotopes of

and thorium 228 have | ong enough

e than 99.99% of natura

is thorium 230 and thorium 228.

there are 12 isotopes of

Al are radioactive and
es and/ or ganma radi ation

In

he nost

ionizing intensity. Al pha
i cient depth to produce
However ,

al pha particles emtted fromthoriumdeposited in the lung are able to

penetrate |lung tissue and produce adverse biol ogica

danmage since the
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TABLE 3-1. Chemical Identity of Thorium and Coq)oudsa

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 Th02 Th(N03)4-4H20 ThF,*4H Th(CO3),
Chemical structure® Th®
N
b O /,N01 E F
O=Th=0 e - 4H,0 \Th/ - 410 o ™ co
oN" ~NO, = T~F 3C — s
Identification numbers:
CAS registry 710100-29-;11c ."514—20-1; 110140-69-7° No data No data
NIOSH RTECS X0640000 106950000 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, UN2975C 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
;All information obtained [fra dSDB 1990 except where noted
Structures are based on tetra—vatercy uf—thorioruortess—otherwise stated

Ccas 1990
drrECS 1989
©SANSS 1988

€

NOILVWIOANI TVDISAHd dNV TVDIWIHD

9§
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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 232.04° 264048 552.12°8 380.09°8 352.06%

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 N$T applicable Not applicabte Not applicable Not applicable Not applicable
Solubility:
Water Insoluble? Insolubleb Very sotubleb 0.017 g/;OO cc Hy0 Insoluble in cold water
(25°C)
Other solvents and
organics Seluble in HCL, Soluble /iy hot Very soluble in Insoluble in HF® Soluble in concentrated
HoS0, , slightly HoSC, insoluble alcohol; slightly Na,COsz
soluble in HNO—Sa irdilute acid, soluble in acetone
agxali
Density (g/cm3) 11.72 9. Not known Not known Not known
Partition coefficients Not applicable Mot applicable Not applicable Not applicable Not applicable
Vapor presure Not applicable Not applicable Not applicable Not applicable Not applicable
Henry's law constant Npt applicable Not applicable Not applicable Not applicable Not applicable
Refractive index Npt applicable 2.20 (liquid)® Not applicable Not applicable Not applicable
Flash point Npt applicable Not applicable Not applicable Not applicable Not applicable
Flammability limits Npt applicacle Not applicable Not applicable Not applicable Not applicable
Conversion factors: 1|pci =11.2 g€ 1 pCi = 1.2 fg© 1 pCi = 1.2 fg¢ 1 pci = 1.2 fg° 1pCi = 1.2 fg©
of«1h-228 of Th-228 of Th-228 of Th-228 of Th-228
Tlpci = 9.1 ug 1 pci = 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

zweast 1983
Hawley 1981

€
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€1 fg = 10°% ug; 1 pci = 10712 ci.
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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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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 77287 [(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% 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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3. CHEMICAL AND PHYSICAL INFORMATION

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 Nev)
Thorium-234 0 beta-active 24.1 days

(0.270 Nev)

4gource: Weast 1983

ba1l but a few of these isotepes also emit gamma|radiation.

CMEV = Million electyon volt.

dThe values in parentheses are the decay energie$ for the beta particles.
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3. CHEM CAL AND PHYSI CAL | NFORVATI ON

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 fthoriumnetal is pyrophoric.ijn air, and thoriumribbon
burns in air to give tthe oxide. The netal alsc iedcts vigorously with
hydr ogen, nitrogen, the hal ogens, and sul fur. . Thor|i um conmpounds are stable
in +4 oxidation state|(Katzin 1983). Detaitfs of tHoriumchem stry are given
by Katzin (1983).
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4.1 PRODUCTI ON

The princi pal

nmetals, usually with t

63
PRCDUCTI ON

source of thoriumis nonazite (phosphate of

horiun), a mineral produced

| MPORT, USE, AND DI SPOSAL

rare earth
as a by-product of mneral

sands mned for titaniumand zirconium Thorium conpounds are extracted

fromnmonazite by acid
Associ ated M neral s,

M neral s Consol i dat ed
States to produce puri

as a by-product of mneral

at Green Cove Springs,

and al kali treatnent
Ltd.,
fied nonazite in 1987. This
sands m ned for

FL. The nonazite produced i

exported. Thorium prog
material, existing cor
fromthe National Defd
producti on capacity fd
t hori um oxi de equi val ¢
not been rel eased over
i nfornmati on. Nevert hel
or other thoriumore i
States export vol une.
inthe United States d
and Rhone- Poul enc | nc.
conpani es that have tf
in Table 4-1.

4.2 | MPORT

ucts
fpany

used donestically were
stocks, and thorium.it

r thoriumin the United. Stat
nt (Hedrick 1985). Adtual mi
the years to avoi 4 @ scl osU
ess, the domesti ¢ m ne prody
s expected to heanproxi nat g
The pri nci pal.'nirocessors of
uring 1987 weie WR Grace &
in Freepart, TX (Hedrick 19
orium precessing and fabricg

| mports of thori

nse Stockpile (Hedrick 1937).

uminto the United States jn

processes (Hedrick 1985).
a subsidiary of the Australian-owned firm Associ at ed
was the only comerci al

operation in the United
conpany produced nonazite

titaniumand zirconiummn nerals

n the United States was
obt ai ned fromi nported
rate previously rel eased
In 1984, the nine

es was 20 netric tons of
ne production data have
re of proprietary

ction volune of nonazite
ly the sane as the United
t hori um contai ni ng ores
Co. in Chattanooga, TN,
87). United States

ting capacities are listed

nmetric 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,
550 tons of ThO, has been inported annually (Hedrick 1987).
thoriumby the United States may decrease as a result of

concentrated nonazite containing 350-

| nports of
i ncreased costs of

processing thorium These increased costs are prinmarily due to increasing

concerns about the radiol ogica

t hori um

(Hedrick 1987). Export

t hereby encouragi ng the search for

ri sks of handl i ng,

s of thoriumnmetal, waste,

storing, and disposing of

nonr adi oacti ve substitutes
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.
4.3 USE

Thorium can be used as fuel

However, there is curr

using thoriumfor the production of energy (Hedrick 1987).

0 in 1986, and 20.4 in 1987

ently only one plant in the

(Hedrick 1987).

in the generation of nuclear energy.

United States that is

In 1983, 3

metric tons of thorium oxi de equival ent were used for energy uses in the

United States (Hedrick 1985).

Nonener gy uses accounted for al nost al

of

the thoriumused in the United States during 1987. The 1987 use pattern

for thoriumwas as fol

(18%;

| ows:

refractory applications (57%;
aerospace alloys (15%; welding el ectrodes (5% ;

| anp mant!| es
nucl ear weapon
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IMPORT, USE, AND DISPOSAL

TABLE 4-1. United States Companies with Thorium Processing

and Fabricating Capacity?

Company

Plant Location

Operations and Products

Atomergic Chemetals Corp.

Plainview, NY

Bettis Atomic Power
Laboratory

Cerac Inc.
Ceradyne Inc.

Chicago Magnesium
Castings Co.
Coleman Co. Inc.

GA Technologies Inc.
W.R. Grace & Co.,
Davison Chemical Diy.

West Mifflin, PA
Milwaukee, i
Santa Anai \CA
Blue Asiand, IL
Wichiita KS

San Diego, CA
Chattanooga, TN

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

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,

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

January 1, 1986.
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4.

producti on;

[ighting (5% . Specific applications include production of
for casting high-tenperature netals and all oys,
use in high-tenperature vacuum or oxidi zi ng furnaces.
applications include production of core-retention beds used in
reactors to contain and possibly diffuse heat generated by

core neltdown; nmagnesiumthoriumalloys for strategic aircraft

speci al
O her speci al
nucl ear
acci dent al
such as military jet f
such as those used on

shapes for
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and ot her applications including ceramcs and speci al

cr

i ghters and bonbers; mantles

canping trips;

| MPORT, USE, AND DI SPOSAL

. use
i i nvest ment nol ds
uci bl es and al | oys of

for incandescent | anterns

thoriated tungsten el ectrodes used to

join stainless steels and other alloys which require controlled weld

applications; special

| ighting such as airport run

menory conponents; phg
(Hedrick 1985). Nat ur3
in flints for lightersg
consunpti on was esti ne
in 1987, a decrease of
consunpti on was pri naf
hi gh-tenperature refra

devel oped (Hedrick 198
4.4 DI SPCSAL
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ily the result of teduced dg
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its activity to an ac
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concrete tanks lined with steel

and 5-6 feet of soil.
been recommended,

geol ogi ¢ fornations.
they are self-sealing
Def ense Aut hori zation

Fur t her
United States was not
Envi r onnent al
storage and di sposal

since this materi al
indefinitely. The Departnent of Energy has reconmended di sposa
Di sposal

Snell ampbunts of | owl evel
ilited wWith an inert materi 3
eprable level for further st

site, high-1Ievel

whi ch are buried under

way |ighting; conputer

t material for x-rays
ram c tabl eware glaze and
nenergy thorium

f thorium oxi de equival ent
age. The drop in

mand for thoriumoxide in
e substitutes had been

envi ronnent al probl em for
solution. Intensive

i ndustry for the disposa
wast es cont ai ni ng

| sufficiently to reduce
orage or disposal. At one

reactor wastes are stored in

a foot of concrete

Use of compressed al um na (corundun) containers has

in salt formations
and free fromwater (Haw ey

Act ,

| ocat ed. Regul ati ons est abl

nucl ear fuel, high-

remai ns inpervious to water

in deep
s being considered since

1987 (Public Law 99-661) authorized 4536 kg
(10, 000 pounds) of thoriumnitrate for disposa
i nformation regardi ng the amount of thorium di sposed of

1981). The Department of
in fiscal year 1987
in the

shed by the

Protection Agency regarding release limts which apply to the
of spent

evel radi oactive wastes,

and transurani c radi oacti ve wastes can be found in 40 CFR 191 and

40 CFR 192.
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5. POTENTI AL FOR HUVAN EXPOSURE

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 Kandai ya 1985; McNabb et al. 1979; Nakoakg et al. 1984; Sill 1977).
The major industrial neleases of thoriumto suriade waters are effluent
di scharges fromurani ym and thorium m ning, miiirg and processing, tin
processi ng, phosphate|rock processing and phcosphatle fertilizer production
facilities (Hart et all. 1986; MKee et al.-1987; Nboffett and Tellier 1978;
Platford and Joshi 1988). The primary sources of tlhorium at the Superfund
sites are perhaps fromthe processing and extractijon of thorium uranium
and radi umfromores and concentrates{{(ZPA 1988a).| At this tine, elevated
| evel s (higher than background) of .thorium have bgen found at 16 out of 1177
National Priority List (NPL) hazarcdous waste siteq in the United States
(VI EW Dat abase 1989). |The frequerncy of these siteq within the United States
can be seen in Figure|5-1

Data regardi ng tthe fate and transport of thdqriumin the air are
l[imted. Wet and dry deposition are expected to bg mechanisnms for renoval
of atnospheric thorium Yhe rate of deposition wl|/l depend on the
net eor ol ogi cal conditilons, 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—bothfromsurface and groundwater were | ess than 0.01

pC /L and | ess than O.
1986) . The maxi mum cor
veget abl es and ot her
less than 0.01 pC /g

230 and thorium 232 f¢
and 0.11 pC, respect
speci al exposure scend
grown in high backgrot
levels, or live near 1
hi gher than nornal bag
thorium tin, and phog
gas nmantl e manufact ur e
I evel s of thorium (Bul
al . 1976; Metzger et

e

[«

04 pCG /L, respectively (CotH
centration of thorium 232 i1
ype of foods from New York (
Fi senne et al. 1987).-~Trie ds
r residents of New Yurk City
vely. Significant @exposure t
\ri os (Fisenne et (a!. 1987).
nd areas, reside 1n homes w
adi oactive wesie disposal s
kground I evells of thorium
phate m nuag, mlling, and g

may al so.be exposed to high
man 1976; Hanni bal 1982; Hu
|l . 1850).

ern 1987; Cothern et al
several fruits,

ity was reported to be

ily intakes of thorium
were estimated to be 0.17
o thoriumrequires

Peopl e who consune foods
th high thorium background
tes may be exposed to

Workers in uranium

rocessing industries, and
er than normal background
et al. 1984; Kotrappa et

5.2 RELEASES TO THE El

NV FONIVENT

5.2.1 Air

Rel eases of thoriumto the atnmosphere can occur from both natura

ant hr opogeni ¢ sour ces.

et al. (1980).

a vol canic eruption have al so been observed (Kuroda et al
is about 6 ug/g of thorium (Harmsen and

t he average | evel of t

De Haan 1980),

(Nakaoka et al. 1984),

in the fly ash and is a nmannade source of this chemica
The amount of thoriumin the fly ash from coal - burni ng power

on the nature of coa

but concentrations usually range from4.5-37 ug/g (Abe

wi ndbl own terrestri al
thoriumin the atnosphere.

and

The rel ease of thoriumin vol canic ash containing as
much as 0.116 pG /g (1.06 pg/g) of thorium 232 was reported by Fruchter

horiumin soi

dust is also
Si nce coal

burni ng of coal for

burned and the em ssion cont

I ncreased concentrations of thoriumin rain water follow ng

1987). Since

a likely natural source of

contains 0.5-7.3 pg/g thorium
power generation produces thorium

in the atnosphere.
pl ants depends
devi ces of the plant,

et al. 1984; Col es

r ol

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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ed power plants can al so be
Jant unen 1985).

at nospheri c sources of

Thori um 230 has been detected in air dust from urani umore processing

and m |l tailings.

urani um 238) may be particularly high in ore crushing areas (Sil
processing of thoriumores is expected to be an atnospheric

Simlarly,

source of thorium Elevated |evels of thoron (thoron or
such as bisnmuth-212 and pol oni um

originating fromthori

um 232) daughters,

These concentrations of thorium 230 (a decay product of

1977).
radon- 220

216, were present at a former thoriumand rare-earth extraction facility

waste site, although t

he concentrations of thoriun

nin air particulate

sanpl es were not signi
usual |y contain thorid
at nospheri c sources of
1979). The by- product g
contain thorium 232. 7
at nospheric thorium 23
1985).

EPA (1984) estif
emtted into the air f
i ndustrial boilers, ph
production facilities,
facilities. About O0.0§
facilities and 0.0003
emtted into the atnps

ficant (Jensen et al. 1984).
m 230, phosphat e-ore process
thorium 230 (Metzger et al.
obt ai ned during processing

[herefore, tin proces<ing ing
2 emissions (Hu et alr. 1981
jat ed that abeout 0.2 G of th

romuraniummii|l facilities,
osphate rock processing and
and ot hervm neral extractid
4 C of ‘thorium 234 from ur{
C of “tthorium 232 from under
phere annual |y (EPA 1984).

Si nce phosphate ores
ing plants are al so
1980; McNabb et al
of tin ores usually
ustries are sources of
1984; Hu and Kandaiya

orium 230 is annually
coal -fired utilities and

wet - process fertilizer

n and processing

ni um fuel cycle

ground urani um ni nes are

5.2.2 Water

The acidic | eaching of uraniumtailing piles in certain areas is a

source of thorium 230 in surface water and groundwat er
1978; Platford and Josh

1988). The contami nation

(Moffett and Tellier
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 report

effluents fromthoriumm ning

be sources of thorium

ed (Hart et al. 1986; MKee
mlling,

in water. Qther industria

et al. 1987). Sinmilarly,

and recovery plants are expected to
processes that are

expected to be sources of thoriumcontanination into water are phosphorus

and phosphate fertilizer

producti on and processing of sone tin ores.

Si nce

bot h phosphate rocks and the tailings fromtin ore processing contain

thoriummainly as thor
5.2.1), discharges of

ium 230 and thorium 232,

processed or unprocessed eff

tailing piles can be sources of thoriumin water

sites containing uran

surface water and groundwater with thorium (Cottrel

um and thorium may result

respectively (see Section

| uents and | eaching from
Leaching from |l andfil

in the contam nation of

et al. 1981).
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Thorium occurs naturally in the earth's crust at an average

lithospheric concentration of 8-12 ug/g (ppm .
range of naturally-occurring thoriumin soil
val ue of 6 pg/g (Harnmsen and De Haan 1980).

contam nation in soil
uranium thorium tin
1985; Hu and Kandai ya
two principal

is 2-

are m ning,
and phosphate fertilizer
1985; Joshi 1987; M:Nabb et

processes that can contam nate soil

The typi cal

precipitation of airbg
t hori untont ai ni ng
wast es.

According to EPA
Superfund sites are pf
fromores or ore-concq
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5.3.1 Transport and Partitioning
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concentration
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et al.

al. 1979; Sill 1977). The
fromthese industries are
of urani um or

s of thoriumat the
hori um wurani um and radi um
active waste Superfund
pes of thorium (VIEW
Maywood Cheni cal Co.,
yne, NJ; West Chicago
er Park, West Chicago,
ess Creek and the West
Nucl ear Corp., Church
ge Metal lurgical Corp.,
t, NJ: Tel edyne Wah Chang,
hi p, NJ; Weldon Spring
vi ty- Cont am nat ed
Montrose City,

IL;

CO.
be
sites.

thorium 228, thorium
um 228 is the decay

and both thorium 234 and

238. To assess the
horiumwi th the exception
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atnosphere are linmted. Rel ease of atnospheric thoriumfrom m ning,

mlling,
thori um 232 particul at

and processing operations of thoriumwilI
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e matter.
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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
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The aerodynam c dianeters 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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travel
particul ate matter
at nosphere to soi

in

The deposition of thoriumthrough snow and rain water
(Jiang and Kuroda 1987).

gravitational

and wat er
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is less than 1.6 pm (Hirose
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in somre wat
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For exanpl e,
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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 local conditions (also see Section 5.6).

5.3.2 Transformati on and Degradation
5.3.2.1 Air

Thori um may change from one chem czl*~specieq to another in the
at nosphere (such as ThO, to Th(S0,)2) as & result aof chenical reactions, but
not hi ng definitive i s|known about thel at4rospheric |chem cal reactions of
thorium The chemcal [fornms in whichrhoriummay rleside in the atnosphere
are al so not known, byt it is likely to be present| nostly as ThO,.

5.3.2.2 Water

The principal abjiotic.urocesses that may trgnsformthorium conpounds in
wat er are conpl exation by.anions/organic |igands gnd hydroxyl ation. The
i ncrease in the nobilifty:of thoriumthrough the fgrmation of sol uble

. 2 . . .
conpl exes with C0;°, homc materials, and other ani ons or |igands 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 mean concentr atfrom—of—96-S ||gl’||? ttambert—ang Wl shire 1979). The

nean concentrations off thorium 228, thorium 230.aqd thorium 232 in New York
City air (sanple collécted on the roof above tiiz 14th floor) were 36 aCi/m
(aC = 10"® Ci), 36 aCl/m, and 37 aG/m, respectiVely (Wenn et al

1981).

The air concentrations of thoriuriand other |ai rborne radioactivity near
a former thoriumand rnare-earth extraciiion facilitly in the United States were
nmeasured. The maxi num|radi oactivity - dite to all thrlee i sotopes of
thoriumat a site aboyt 450 feet fromthe prinary (waste pile was 0. 66
fC/m. A though the background thoriumradioactiv|ty was not reported, the
total radioactivity atf a site z2bout 4000 feet soutlh of the waste pile was
about 3.5 tines |ower [than a site 450 feet fromthe pile (Jensen et al
1984).

The concentratign«of thoriumin rai nwater oJer Fayeteville, AR ranged
from2.8-123 fC /L forthorium?228 1. .7-123 fCG /| Ifor 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 urani um
| evel s of thoriumin natural
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wat er s.

relatively less informati on was | ocated on the
The concentrations of dissolved

thoriumin water with high pH (nore than 8) are expected to be very |ow, and
the concentration nmay increase with the decrease of pH (Harnsen and De Haan

1980). Cothern et al.

exceed 0.1 pG /L in natura
a progeny of uranium 238, nmay be as high as 0.4 pC /L.

230,

surface water in Austr

(1986) reported thorium 232

waters, but that the c

t he concentration of tho
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ia,
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concentration of thori
wat er under | ow pH cof
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i ndi vi dual concentrati
Bear Lake in Canada cq
were | ess than 0.5 pG
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Lake) in California ha
pC /L, respectively (A
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| ocati ons have been re
concentrations of thor
characteristics of thg
concentration of total

0.5 pg/ kg (G eenberg @

um (i sotope undefined but jpr
ditions which may occur frern
h as 38 ng/L (Harmsen and De
ons of thorium 228, -238, arn
ntam nated with m ne wastes
/L (Moore and Sut heriand 199
-232 in a highly & kaline (
lve been reported t0o be as hi
\nder son et alx.1982; Sinpson
ns of thoriumin seawater at
ported by.several authors.
ium and the differences in
wat er,” the reported resultg
t héii umin seawater ranges

na Ki nston 1982; Sheppard 19

concentrations rarely
oncentrations of thorium
In a natural
rium (i sotope undefi ned)

Haan 1980). The

obably thorium230) in

nthe | eachi ng of uranium
Haan 1980). The

d -232 in an area of Geat
(silver and urani um m nes)
1). The concentrations of
pH of about 10) |ake (Mono

gh as 1.02, 1.41, and 0.7
et al. 1982).

various depths and

Because of the very | ow

ocati on and the varying
are different. The
from 4x10° to |l ess than

80) and the world average

[e
concentration in sea
concentrations of the

thorium 228 in seawater

0.014-0.72, and 0.023-

iTer 1S U.05 pg/C (Harnsen a
i ndi vi dual isotopes thorium

3.153 fG /L,

d De Haan 1980). The
232, thorium 230, and

have been reported to range from 0.00023-0. 032,
respectively (Anderson et al

1982;

Hi rose 1988; Huh and Bacon 1985; Livingston and Cochran 1987; Sinmpson et al

1982) .

seawat er. I n several

concentrations of

and thorium 228 ranged from 0.52-1.96, 1.01-30.77,

respectively (Huh et al

Thori um has al so been detected in groundwaters.
concentrations ranged fromO0.5-2.90 ug/L (Harmsen and De Haan

Austri a,
1980) . Briny groundwat
0.009, 0.1,

respectively (Laul et

and 0.59 pC /L of thorium 232,

1987; Yang et al. 1986).

er froma well in Palo Duro

al . 1987).

thorium 230
In a California well,
detected at a concentration as high as 1.3 pC/L (Aieta et al

The concentrations of thoriumin sedinents are rmuch higher than in
sedi nent s,

t hori um 232, thorium 230
and 0.36-1.93 pC /g,

In groundwater in
WA, cont ai ned
and thorium 228,
t hori um 230 was
1987).

Basi n,

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

groundwater are less than 0.01 pG /L and less than 0.04 pC /L,
(Cothern 1987; Cothern et al

1986) .

respectively
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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 concempratonrs—ef—urantum-aneg—heni um ores, phosphate ores,
and tin ores may contain thoriumat concentratiaing hi gher than the
background | evel s. Hi gher concentrations of thevidmin soils near uranium
ore crushing facilities have been reported (Jepnserl et al. 1984; Sill 1977).

5.4.4 G her Media

Because concentnations of thoriumin foods dre very low, very few data
exi st. The thorium 232 content in fresh Truits, vggetables, and tea was
determined (in pCG/g), and the val »ves are listed iln Table 5-1. Vegetabl es
grown in an area of hilgh natural @activity in Brazi|ll had the follow ng
concentrations of thonium (ug/g-in dry sanple) (Lijnsalata et al. 1987):
brown beans, 0.011; pgtato, 0.0919; zucchini, 0.011; corn, 0.0022; carrot,
0.0074; and sweet potato, 0.0027. These authors dild not observe rapid
transport of thorium 232 fromsoil to the edible garts of the plants.

The concentrati gnsiof thoriumin both hard gnd soft tissues of humans
have been determ ned by a Tew 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 g9.8x10'2
Bananas §8.2><1O'3
Bell peppers _<_6.7x10'3
Brazil nut <7%10°3 to 9x10°3
Broccoli <3.6x10°3
Cabbage 53.3x10'3
Carrots <4.2x10°3
Celery <9.0x10°3
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 <1.2x1072; 2x10°3 to 3x1073
Sesame seed 1x10°
Soybean 1x10°3
Sweet potatoes _<_7.5x10'3
Tangelos §2.3X10-3
Tangerines ’ 4.7x1073
Tomatoes _<_1.1:x:lO'2
Turnips <2.6x10°3
Yellow squash _<_3.9x10'3

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


http://www.chinatungsten.com

TABLE 5-2. Thorium Levels in Bones of GColorado and Pennsylvania Residents?®

'S

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 0.54 0.88 0.10 0.27 1.31
Sternum NDP NDP 0.02P 0.33 0.63 2.73

6L

8Source: Singhlet al. 1985.
bOnly one sample analyzed:.

ND = not detectpd; Th == thorium.

TANSOdXd NVROH ¥04 TVILINHLOd


http://www.chinatungsten.com

of the Col orado popul ati on were significantly higher
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probably because of exposure to uraniumtailings,
Pennsyl vani a popul ati on.

The levels of thoriumin the tissues of a hard-rock m ner
and the levels in two uraniummllers (thorium230 is a decay product
and thorium 238 and thorium 232 are inmpurities in uraniun)

m ner,
of urani um 238,

(statistically),
t han those fromthe

a urani um

were conpared with the levels in the 50th percentile for the genera

popul ation (Singh et al.
Table 5-3. The levels of thorium?230 in the hard-rock m ner were about

1987; Wenn et al. 1981).

These data are given in
10

times higher than the nedian levels in nost tissues of the genera

popul ation. In the cag
nore than two orders d
t he general

Wenn et al. (14
228, thorium 230, and
t he respective val ues
0.84, and 0.60 pGCi/kg
ci garette snoking had
thoriumisotopes in |y

5.5 GENERAL PCPULATI QO
The general popt

i nhal ati on of air and
ampbunt s of the chem ca

popul ati on.

e of the uranium m ner and.n
f magni tude hi gher than tie

81) determ ned the mdian cd
thorium 232 in thelungs of

were 0.22, 0.56, ;end 0.43 pd
for nonsnokers.. 32 investid
no effect relative to incres
ngs.

| AND OCCLIFATI ONAL EXPOSURE
latiarn-will be exposed to th

i ngestion of food and drink
1| ...Because the concentrati orn

illers, the values were
nmedi an tissues levels in

ncentrations of thorium
snmokers and nonsnokers;

i / kg for snokers and 0. 37,
ators concl uded that

sing the concentration of

ori umthrough the
ng water containing trace
of thoriumis nornally

inyg water, and foods (see S

very lowin air, drinH

ction 5.4), few studies

were | ocated that determ ned the daily human intake of thorium According

to Cothern (1987),

the estimated daily intakes of thorium 230 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 fromf
t ot al

be negligi ble and nay

levels of thoriumin air,

ood woul d be negligi bl e.

be the nost significant.
wat er,

Based on these val ues,
daily intakes of thorium 230 and thorium 232 are expected to be |ess
than 0.06 and | ess than 0.02 pG,
estimated the contribution of food to the tota

respectively. However,

and food, Fisenne et al

t he

ot her aut hors

human thorium i ntake nay not
Based on a survey of the

(1987) estimated

the daily intake of thorium 230 and thorium 232 by New York City residents.

The daily dietary, wat
to be 0.164, 0.005,
i ntake of 0.17 pG.

0.110, 0.002,

and 0.0003 pGi,
The correspondi ng estinated values for thorium 232 are
and 0.0002 pGi,

and i nhal ation intake of
respectively,

er,

with a total daily

thori um 230 was esti nat ed
giving a total daily

nt ake being 0.112 pG.

From t he neasured val ues of thoriumin feces and the assuned val ues for

upt ake and elimination rates,
i ngestion intake of thorium 232 for

Li nsal ata et al.

(1985) estinmated a daily
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 val ue from Li nsal ata et

al. (1985) is again
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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  54.020.81 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 37.0+3.9 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 0.82:0J07 0.0620.02 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 0.54x0./13 10.0£0440 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 1.420.15 0.11£0.04 0.82 2.80 0.18 0.09 0.23 0.07

'S

18

Ewrenn et al. 1981,
Singh et al. 1987; the averages of two samplos are given.

NA = not analyzed; Th = thoriym.

HINSO0dXd NVWAH d0d4 TVILNILOd
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considerably smaller t

of 2.24, 0.02,

Bonbay, India (Dang et

di scussion that the tota

may vary dependi ng on

firmUnited States average thoriumintake value is yet avail able.

and 0.02 ug,
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han the daily dietary, water
respectively,

al . 1986).

t he thorium content

as estimated for
It can be concluded fromthe above

i ntake of thoriumby the United States popul ation
in the consuned food and t hat

and i nhal ati on i ntakes
resi dents of

no
The

i nportance of the intake of thoriumfromfoods is overshadowed by the

rel ative absorption of thoriumby lung conpared with its uptake by gut

Chapter 2).

Cccupati onal exy

aosures to higher levels of t

(see

hori um i sot opes occur

primarily to workers

mlling, and processirf
mant | e workers. From t
wor kpl aces of the urar
radi oactive dust, part
route of exposure (Har
reported that exposure
radi oactivity may incn
1980) . Measuring extern
hour s/ day has shown tH
upgrading plants (tin
exposure rates exceedi
(Hu et al. 1984). Frof
(contains thorium, it
unl ess the person was
Googi ns 1984). However

n uranium thorium tin, angd
g industries, radiumdiallwg
he measurenent of airberne t
iumand thoriumindustry, it
icularly from crushiiig areas
ni bal 1982; Kotrapipa et al
of workers in the-tertilizs
ease by 100% over -hor mal bag
nal gamm racdialion dosages
at nonazite-and xenotine std
processi nG).on the west coag
ng the |CRP recomrended maxi
hthe raai-oactivity rel eased
was «.oncl uded that the user
in.a-small unventil ated roon
,workers in the gas nantle

phosphat e m ni ng,
rkers, and gas lantern
hori um concentrations in
was concl uded t hat
, represents an inportant
1976). It has al so been
r industry to natura
kground (Metzger et al
to a person working 8
rage roons of Amang
t of Mal aysia exhibited
mum val ue of 5 rem year
by a burning gas mantle
woul d be at miniml risk
n (Leut zel schwab and
manuf acturing i ndustry

are expected to be exj
t he nornmal popul ation.

Workers are exposed to higher
in certain thoriumindustries,
ti ssue |levels of these chenicals.
(a decay product of thorium 232)

wor kers (Mayya et al
Simlarly,

osed to hiaher concentratiod
)

| evel s of thor

The significantl
in the exhal ed br
1986)

s of radioactivity than

i um and ot her radionucli des

as indicated by the neasured exhal ed breath and

y higher level of radon-220
eath of some thorium pl ant

is indirect evidence of higher thoriumintakes.
ot her authors have found higher tissue and body fluid | evels

(compared to background) of thoriumin workers in the thoriunprocessing

i ndustry (difton et al
i ndustry (Keane et al

in the radiumdial
(Fisher et al. 1983),
(Singh et al. 1987, W

1982; Twitt
1986), |

1971; Mausner

y and Boback 1970), workers
n uraniummll crushernen

and in uraniumand hard rock mners and uraniummllers

enn et al. 1981).

Thori um doped glass is also used in the production of some canera

| enses (\Waligorski et
that the externa
hi gher

than previously report

al . 1985).

ed (Waligorski et al. 1985).

A relatively recent
dose rate from exposure to a canera | ens can be 10 tinmes
(as high as 9.25 mmem hour at the front glass surface of the |ens)

nmeasur enent has shown

Ther ef ore, 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

and its daughter
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r

products frominhal ati on and/ or externa

5.6 POPULATI ONS W TH POTENTI ALLY HI GH EXPOSURE

The three groups of the genera
exposure to thoriumand its decay products at

popul ation t

i sk of exposure to thorium
radi ati on.

hat have the potential of

| evel s hi gher than background

are people who consune | arge anpbunts of foods grown in high background

ar eas,

sites.
Sao Paul o, Brazil, tha
thoriumis not bioaccy
concentration ratio (¢
soil) of 10* Root ved
concentration ratios t
concl uded that veget al
t han veget abl es grown

Li nsal ata et al.
popul ations residing i
t he popul ation in New
fromthe two areas. TH
to be 100 tines higherq
areas with normal thor

(1987) anal yzed veget abl eg
it contained high natural . ad
nmul ated in the vegetabl €s) bu
oncentration in dry vegetabl
etables (e.g., carrcis and p
han zucchini and bearis. Ther
les grown in these-soils wol
in soil with natrel backgrou

(1985) 1 a-'st estinmated thg
n these parts of Brazil was
York City, “as indicated by t
e concentration of thoriumi

i n hiigh background nonazitg
i umiconcentration in soils (

struction materials that con

The buil di ng cor
thorium 232 are granit

e1

peopl e who reside in hones built with high thoron (radon-220)-
emtting building materials and constructed on soi

| evel s of thorium and_people who |live near
Li nsal ata et alf.

wi t h hi gh background

radi oactive waste di sposal

grown in two areas near
ioactivity, and found the
t maintai ned a nmean

e/ concentration in dry
ot at oes) showed | ower
efore, it can be

Id contain nore thorium
nd | evel s.

t the intake of thorium by
6-10 ti nes higher than

he anal ysis of human bones
n human bones was found
areas in India than in
Pillai and Matkar 1987).

tai n higher |evels of

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 Lehnmann 1986; Hami
that the indoor gamma

[ton 1971).
radi ati on dose equi val ent

Ett enhuber and Lehnann (1986)
i n buildings nade from

reported

bricks and concrete is mainly due to radon-222 (originating from urani um

and radon-220 (originating fromthorium232),

t han out doors.

The effect of soi

i ndoor air has been di
Elli ot
nor nal

|l evels of thoriumin t

and

on the level
scussed by Gunning and Scott

he surface soi

can be over 7 tines higher

of thoriumand its decay products in

(1982). Hones near the

Lake (Canada) uranium mines were suspected to contain higher than
| evel s of thoron (radon-220) and its daughters,

because of hi gher

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,

t he

concentrations of thoron in decay products originating fromthorium 232
i nside the hones were | ower than radon-222 decay products originating from

ur ani 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) (Gunning and Scott

The concentrations of thorium 232 in soi
near the Kerr-MGee ore processing facilities in W Chicago,
determned to be up to 16,000 pC /g (EPA 1988a).
hones that are close to other

such lots or
be sources of higher t

1982).
fr

hori um exposure.

Ther ef or e,
radi oacti ve di sposal

residential lots

I L, have been
hormes built on
sites nmay

om sever a

Both cigarette tobacco and its smoke contain thorium (Mnita and

Mazzilli 1986; Neton
effect of cigarette s
Joyet (1971) anal yzed
In 5 of 10 snokers,
thorium than the nons
were not significantly
that cigarette snoking
i sotopes in the lungs

5.7 ADEQUACY OF THE DA

Section 104(i) (4
consultation with the
Public Health Service)
effects of thoriumis
avail abl e, ATSDR, in
initiation of a progra

P

q

th

joki ng on potential thoriumse
the ungs of 10 autopsied.sn
e lungs contai ned si gniqi-car
jokers, and the thorium.evel
different fromthe(rnansnoke
has no effect onahe concer
(Wenn et al. 1981}).

A\TABASE

) of CERCLA, directs the Adn
Admi ni stiator of EPA and ags
to assess whet her adequate
avai lrabi e. Where adequate in
onjoutiction with the NIP, is
Im ¢ research designed to d
H A + A

n 5.2.1). However, the
Xposure renmi ns uncl ear
okers and two nonsnokers.
tly higher |evels of

s In the residual five
rs. Limted data suggest
tration of thorium

inistrator of ATSDR (in
nci es and prograns of the
informati on on the health
formation i s not

required to assure the
term ne the health effects

(and techni ques for de
t horium

0 a¢g
1

Aft - + 3
v opTrg— et motsS—to— ottt

e such health effects) of

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-speci fic.

identified data needs

subst ance-specific research agenda wil |l

i nf or mat i onal
elimnate the uncertainties of human heal th assessment.

needs that,

will be evaluated and priori

5.7.1 ldentification of Data Needs

Physi cal

properties (i.e., Kow,
the estinmation of envi
rel evant for npbst
Rel evant data concern
solubility, stability,

and conpl exes have been located in the existing literature.Production

Rel ease, and Di sposal
exposure dat a,

and Cheni cal

Properties.

Sone of the physical

if met woul d reduce or

In the future, the

tized, and a

be proposed.

and chem cal

Koc and Henry's | aw constant) that are often used in

ronnent al

ng the physical and chem ca
and oxi dati on-reduction pot

In the absence of experinen

i nfornation concerning

fate of organic compounds are not
i norgani ¢ conpounds including thoriumand its conpounds,

useful or
properties, such as
ential of thoriumsalts
Use,

tal or estimted popul ation
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producti on vol une,

vol une of a chem cal
in the workplace and

uses,
i ndi cators of potentia
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rel ease, and di sposal
popul ati on exposure.
s high, it

n the environnent will be hi

are sonetines useful
For exanpl e,
is likely that the release of the chem ca

if the production

gh. The exposure of

popul ation groups to a certain substance is dependent on its use pattern

The frequency of gener
t hat

have wi despread uses in hones.

al popul ati on exposure w ||

The production volunes and their

be high for substances
past

and future trends of the comercially inmportant thorium conmpounds are

known. The use pattern of thorium and conpounds is well
is also known that occupationa

literature. It
to thorium exposure.

described in the

groups are nost susceptible
Data regarding the anpunts of thorium disposed in the

past, the present rate
United States were not
the potential for and
current disposal and s
efficient in order to
regardi ng their rel eas
general popul ation.

According to thg
are of 1986 (EPCRTKA),
required to submt rel
Inventory (TRI), which
avai l able in May of 14
provide a nore reliab
Id

Envi ronnment al F4

s of disposal, and future d
| ocated. These data woul.Q.1
extent of general popul ztion
torage nethods for thoriumd
neet the NRC and EPA:qui del
e into the accessiktle envird

Enmer gency Pl.aani ng and Conm
(8313), (Pub. L. 99-499, T
ease inforrmtion to the EPA
contai ns vel ease informati @
89. Thi s.dat abase wi |l be ufg
e estinmte of industrial prdg

sposal trends in the

e hel pful in determ ning
exposure to thorium The
r its byproducts must be
nes and regul ati ons

nment and exposure of the

uni ty Ri ght-to-Know Act
tle 111, 8313), industries
The Toxi cs Rel ease

n for 1987, becane

dated yearly and shou
ducti on and em ssi on

fe. It can be concluded fron

nthe transport

characteristics that surface water

at nospheri c and aquat
transport

| ong di stances in soil

sedi ment will
c thorium Nornmally,
They will

be the repository for
t hori um conpounds wi ||
per si st

not
in sedinent and soil

There is a lack of data on the fate and transport of thoriumand its

conpounds in air
velocity (that determ
t he cheni cal
useful .

Bi oavailability

distribution of thoriumas a result of
have been di scussed in Sections 2.3.1 and 2.3.2. However,
rel ati ng physical /chem cal

nes gravitational settlingr

from Envi ronnment al
i nhal ati on

properties, such as par

Dat a regardi ng neasured particul ate size and deposition

ates), and know edge of

forms and the lifetinme of the particles in air would be

Medi a. The absorption and

and i ngestion exposures
guantitative data
ticle size, chemcal form

of thorium and degree of adsorption with the bioavailability of thoriumin

i nhaled air particles
I acki ng. Such studies

and i nhal ed and/ or
woul d be useful

i ngest ed

in assessing potentia

soil particles are

t hori um

toxicity to people living near a hazardous waste site.

Food Chai n Bi oaccunul ati on

and food exists,
f oods.

I nf or mati on about
as does information on the levels of thoriumin various
Exi sting data in the literature indicate that thorium does not

bi oaccunul ation in fish

bi omagni fy in predators due to consunption of contam nated prey organi sns.
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Exposure Level s
on the levels of thori

reports on the inportance of each nediumto the tota

of this substance.
cont am nated ar eas,
are limted,
al so a lack of air

in human tissues exi st
for thoriumin hunman t
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Medi a
and food,

i n Environnment al
umin air, water,

Al't hough some data on t
s, neither consensus val ues

i ssues nor

Because of the paucity of data

there are conflicting
human di etary intake

Data on the levels of thoriumin foods grown in

particularly in the vicinity of hazardous waste sites,
and further devel opment of these data will
noni toring data around hazardous waste sites.
Exposure Level s in Humans.

be useful. There is

he I evel s of thorium
of the background |evels

its levels in tissues of popul ations

residing in the vicinity of hazardous waste sites were |ocated. Conflicting

data al so exi st regar¢
nonsnokers. Further re
regardi ng the effect ¢
In addition, there ar¢
thoriumin general poj
mai n organ for the acg
data on macro and micf
gquantify its body burd

Exposure Regi st
This conmpound is not (
has been establi shed
considered in the futd
be established. The if
Nat i onal Exposure Regi
to assess adverse heal
conpound.

ing the level of thoriumin
search woul d be useful tecpi
f cigarette snoking on tthori

no reliable data on urinary
ulations in the Unit¢qd Statg
urmul ati on of thoritny yet th
o distribution of“tinoriuminrn
en.

ies. No exposuie registries
urrently ane of the conmpound
n the Naiional Exposure Reg
re when 'chenical selection

formatiion that is anassed in
stry-facilitates the epi dem
t h.out conmes that may be rel 3

5.7.2 On-going Studies

According to the Federa

transport of thoriumi
Envi ronnent al

n soil. In other on-golng pr

at

occupational | y exposed i ndivi dual s.

Research in Progress Database,
at the Lawence Berkel ey Laboratory are studying the chenical

Los Al anbs Nati onal

t he Iungs of snokers and
ovi de concl usi ve evi dence
um content in the |ung.
and fecal excretion of

s. The skeleton is the
ere are also no reliable
human bone necessary to

for thoriumwere | ocated.

s for which a subregistry
stry. The conmpound will be
s made for subregistries to
t he

ol ogi cal research needed
ted to exposure to this

Perry and Tsao
speci es and

ojects, Krey et al. at

Measurenents Laboratory in New York are studying the daily
i ntake of thorium and Mlnroy et al
studying the tissue levels of thoriumin the general

Laboratory are
popul ati on and
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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 Chenists (AQAC) and the Anerican Public
Heal t h Associ ation (APHA). Additionally, analyticdl nethods are included
that refine previously used nethods to obtain l.owgr detection linits, and/or
to i nprove accuracy and precision

6.1 Bl OLOG CAL NMATERI ALS

Sone of the nethods commonly usea tor the dgtermi nation of thoriumin
bi ol ogical nmaterials are given in Tak!e%-1. The qalorinetric nethods are
not capabl e of isotopeg-specific deteriination of tlhoriumisotopes. Al pha
spectronetric and neutfron activatiGi analysis are [useful in the
guantification of isotlope-specific thoriumand thqgrium 232, respectively,
and have better sensitlivities ihan calorinmetric ngthods. Al pha spectronetry
is the commonly used i|sotope-srecific analysis for] the determ nation of
thorium 232 and the thorium 230 derived fromthe decay of uranium 238 (Wenn
et al. 1981). Standard refierence materials (SRMs) [containing thoriumin
human |iver (SRM 4352) and human | ung (SRM 4351) necessary for the
determi nation of absollute recovery in a given sanyle 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) .
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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) electrodeposi ted.

Bones Bones spiked with tracer dry alpha-spectrometry  0.005 pCi/kg 62-73% Singh et al. 1979;
ashed, Th coprecipitated with Singh and Wrenn 1988
Fe-hydrexide—eteared—p—tby—
complexation and solvent
extrjcted and electrodeposited.

9

Blood, urine, ashed bone Samples wet ashed, dried in NAk,~ gammg-counting <0.2 pg/mL 60% at 0.045 ug Picer and Strohal 1968
quariz ampules, sealed and
irradiiated in a reactor. 233Pa
in the cooled irradiated sample
was ¢leaned up by muitiple
colupn chromatography, ana
solvégnt extracted and eapor
ated|on counting planchettes.

88

Urine and feces Tracgr-spiked sample wet ashed, alpha-spedtrometry  Not reported 56-66% Singh and Wrenn 1988
Th coprecipitated-with Fe-
hydr¢xide, clzaned up by com-
plexgtion,«ana solvent extracted
and ¢lectrodeposited.

SAOHLINW TVOILATVNV

Urine Aciditied sample precipitated NAA, gamma-counting <1 ng/L Not reported Twitty and Boback 1970
with NH,OH, irradiated with
thermal neutron, reprecipitated
with La-hydroxide and precipi-
tate dissolved in acid.

Precipitated Th with La- Colorimetrically 0.095 pg/ Not reported Perkins and Kalkwarf 1956
fluoride, clean-up by complexa- 500 mL

tion and solvent extraction,

develop color as thorium-morin

complex.
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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 Paralf..f.i.n::mmﬁm_timg.—lin:muj. persive
depafraffinized and stained. X-ray

Not reported

Not reported

Bowen et al.

1980

Ahere accuracy value is not ajailable, the recovery data are givan.

NAA = neutron activation anallsis.

‘9

SAOHLIW TVDILATVNV

68
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6. 2 ENVI RONVENTAL SAMPLES

Sone of the comonly used nethods for the determination of thoriumin

envi ronnent al
(SRMs) for
4354),
1633) are available fr
(formerly National

thoriumin

soils (SRM 4355 and SRM 4353),

and freshwat er
coal
Institute of

river

om t he Nati onal

Bureau of Standards) (lInn 1987; Ondov et al

sanpl es are shown in Table 6-2. Standard reference materials
| ake sedi ment
(SRM 1632) ,

(SRM 4350B and SRMm
and fly ash (SRM

St andards and Technol ogy
1975).

Neither calorinetric nor atom c absorption/enm ssion nethods are suitable for

the determ nation of t

hori um speci fic isotopes;

t hese net hods are al so not

sensitive enough for the quantification of trace anbunts of thorium e.g.

in seawater. The filtrn
fiber filter and adson
or preconcentration of
Xyl enol Orange conpl e
activation anal ysis af
low I evel s of thorium
and Cochran 1987). The
t he nost accurate and
but is rarely used beq
anal yti cal technique.

discs is useful for tf
238 (Velten and Jacobs
Ge pl aner detector has
grass sanples (Joshi 1
sedi rent sanples are |\
attention should be gi

ation of particul ate phases
ption of solution phase taor
thori um on XAD-2 resin-‘hy 3
es and quantitation by aiphg
e two of the better /=t hods
in water (H rose 15453, Huh g

i sot ope dil ution-wass spect
sensitive thoriurm-gquantificd
ause of the soecialized naty
The beta couming of thoriun
e determ nation of thorium 2

1982). ihe direct gamm rad

been used for the quantifid
987) ...7he recoveries of thor
sualiiy poor (Singh and Wenrn
ven 1o sanmple treatnment duri

by inert polypropyl ene
i um onto M0,-coated fi ber
dsorption of thorium
spectronmetry or neutron
for the quantification of
nd Bacon 1985; Livingston
ronetric method provides
tion (Arden and Gale 1974)
re and the cost of the
n deposited on counting
34 derived fromurani um
iation counting with a
ation of thorium228 in
iumfromsoil and
1988) and speci al
ng their anal ysis.

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
avai | abl e, ATSDR,

initiation of a program of

in conjunction with the NTP
research designed to deternmne the health effects

avai |l abl e.
is

Where adequate information is not

required to assure the

(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 inf

identified data needs

subst ance-specific research agenda wil |l

ormati onal needs that,

will be evaluated and priori

if nmet,
elimnate the uncertainties of human health assessnent.

woul d reduce or
In the future
and a

t he
tized,

be proposed.
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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

Fluorescence

a-Counting

filfer wet ashed, fused with K>$,07,
coprlecipitate Th with PbSQ,, dis-
solye in DTPA, clean-up by complexa-
tior}, extract Th in aqueous oxalic
acid and electrodeposit Th.

Filqer spiked with tracer, dry znd
wet |ashed, coprecipitated Fe-
hydrfoxide, cleaned by comrtexation
and |extraction and electiodeposited.

Samgle wet ashed, ‘cinrecipitated
with Fe-hydroxids, cleaned up by
comgplexation arid solvent extracted
and [electrodeposited.

Dirgct asraivation.

tter in

a-Specftrometry

a-Specjtrometry

AAS

Colacimetrically

sample by fif{trate 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
collected on MnO, impregnated
absorber. Each cartridge dried
and dissolved in acid, Th
purified by anion exchange
resin.

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

Sill 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(Ok)z, (for Th-232)
clean-up Th by selective solvent a and B Counting
extraction, coprecipitated with (for Th-230 and
AL(OH)5 and develop color by Th-234)
Arsenazo Il1 reagent. After (EPA method 910)
color development, coprecipitate
Th with LaF3. ’
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, relectrodepositedon—silver
disc.
Soi l Sample|dissolved in a mixture of a-Spectrgmetry Not reported 95% Bernabee 1983
acids, |Th coprecipitated with Ce-
fluorigle, cleaned up by solvent
extraction and oxalate formation,
and sojution wet ashed and fused
with NgHsO, .
Soi l Soil djssolved with acid @ixtures, a-Spectr¢metry 0.01 pCi 18% Singh and Wrenn 1988
coprecjpitated with Fe-hydroxide,
cleanedt up by complexavion and
solvent extracted and electro-
deposited.
Microelectronic Sample|dissclved in HNO3, cleaned Colorimefric with Not reported 98.9-100.3% Saisho et al. 1988
constituent by solyent ‘extraction. Arsenazo|Ill 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.
B\here 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.

9
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6.3.1 lIdentification of Data Needs

Met hods for

Det ermi ni ng Bi onarkers 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 di scussed in Sections 2.6 and 5.4.4. However,
there are no data in the literature that correlate the concentrati ons of

thoriumin any human t
bi omar ker for thorium
t he bi omar ker
thori um Anal yti cal

determine the | evels of thoriumin nost

i ssue or

in human tissue or fluid wer

in a tissue could be used as an indicator

body fluid with its |evel

of exposure. If a
e avail able, the |evel of
of exposure to

nmet hods with satisfactory sensitivity are available to
human ti ssues and body fl uids of

exposed and backgroung
net hods needs further

No studi es were
thori umi nduced di seaq
i n humans were found,
exposure to thorium
will serve as indicatd
It may be necessary td
sensitivity and preciq
i n humans.

Met hods for Det¢
Envi ronnental Media. 4
precision are avail ab
envi ronnent al sanpl es.

popul ation, but the recover

refi nenent.

| ocated that identified-bion
e states. If a biomeiker for
this effect could zl'so be ufg
'herefore, there i-s-a need td
rs of exposure and effect fr

devel op analwytical methods
ion for the quantification g

rm ni ng “Parent Conpounds and
Anal ytitcal methods with requ
e for. the quantification of

However, sonme of the nore 9

nmet hods have not al wa

y of thorium by these

|rkers specific to
thori umi nduced effect
ed as an indicator of
devel op bi omar kers that
om exposure to uranium

of satisfactory

f thoriuminduced effects

Degr adati on Products in
red sensitivity and
thoriumin nost
ensitive anal yti cal

s been used for the determn

ation of thorium

concentrations in drinking water and food. Know edge of the |evels of

t hori um conmpounds in environmenta

nmedi a can be used to indicate human

exposure to thoriumthrough inhalation of air and ingestion of drinking

wat er and foods conta

ni ng these conpounds.

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
controversy in the literature about the relative inportance of drinking

wat er and food in cont
It will be hel pful

In the environment,
m neralize |ike many organi ¢ conpounds,

chen cal

for the quantification of

pol oni um and | ead are

rarely anal yzed in environnenta
product of thorium 232)

sone envi ronnent al
used as an indirect

sanmpl es may be sinpler,

ributing to the total dietar

but

avai | abl e. However,
sanpl es.

is a gas, determ nation of

Because of this, there is

y daily intake of thorium

to reeval uate the concentrations of thoriumin drinking
wat er and food by using the nore sensitive analytica

net hods.

thoriumand its conmpounds do not degrade or

i nstead speciate into different
conpounds and form radi oacti ve decay products.
radi oactive decay products,

Anal yti cal nethods
such as radi um radon,

t he decay products of thoriumare
Si nce radon-220 (thoron,

a decay
t horon decay products in

and their concentrations nay be
nmeasure of the parent conmpound in the environment
secular equilibriumis reached between thorium 232 and al

if a
its decay
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products.
of thorium(e.g.
i mportant in the under

For exanple, in aquati
thoriummobility, wher

i ncorporation into the sedinent and l[inmt

There are few anal yti cal
of the speciation products forned as a result of environnenta
formati on of conpl ex).
transformati on processes of thoriumand the conpounds forned as a result
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net hods that w
A know ed

standi ng of their transport

c nedia, formation of solub
eas formation of insoluble s
its nobi

6.3.2 On-going Studies

Under the sponsg
col  aboration with sci
University is attenpti
uranium thorium and
1990). Ot her than thig
the nmethod for the qud
bi ol ogi cal and envi ror

rship of the National Sciend
entists in New Zeal and, Rar

ng to devel op a cheni call seq
t hei r daughter products-{Fed

research, no studies are irf
inti fication of thotium and ¢
nent al sanpl es.

Il allow quantification
i nteractions
ge of the environnenta
is
in environnental media.
e conplexes will increase

pecies will enhance its
lity.

e Foundation and in

ett of Florida State

aration techni que for

eral Research in Progress
progress for inproving

aughter products in
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7. REGULATI ONS AND ADVI SORI ES

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 nunerical primary quides for liniting occupationa
exposure. These recomyendations are consistent w.tlh the ICRP (I CRP 1977).

The basi ¢ phil ogophy of radiation protectiorn is the concept of ALARA
(As Low As Reasonably|Achievable). As a rul e,all |exposure shoul d be kept
as | ow as reasonably achievable and the regurations and gui deli nes are neant
to give an upper limt to exposure. Based. cn the grimary gui des (EPA
1987), guides for Anndal Limts on Intaxe (ALIs) dnd Derived Air
Concentrations (DACs) |[have been cal cu! ai’ed (EPA 1988b). The ALl is defined
as "that activity of a radi onuclide wiich, if inhgled or ingested by
Ref erence Man (I CRP 1975), will resuit in a dose gqual to the nost limting
primary guide for compitted dose". (EPA 1988b; |CRR 1979) (see Appendi x B)
The DAC is defined as|"the concentration of radioruclide 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 1988L}). The ALlIs and DACs rlefer to occupationa
situations but may be|converted to apply to exposyre of persons in the
general popul ation by |apnlication of conversion fgctors (Table 7-1).
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7. REGULATIONS AND ADVISORIES

TABLE 7-1. Regulations and Guidelines Applicable to Thorium
Agency Description Value* Reference
Intexrnational
Guidelines:
ICRP Occupatjonal - whole body 5 rem/yr ICRP 1977
exposyre (50 mSv)
Individgal - short-term, to 0.5 rem/yr
critiqgal populations (5 mSv)
Individgyal - chronic exposure 0.1 rem/yr
(1 mSv)
National
Regulations:
a. Air:
NRC Maximum permissible concentrations NRC 198824
228-thorium soluble: uCi/mL (Bq/m3) 10 CFR 20
40-hour week 9x10-12 (3x10-1)
168-hour week 3x10713 (1x1072)
228-thorium insoluble:
40-hour week 6x10°12 (2x10°1)
168-hour week 2x10°13 (7x10°3)
230-thorium soluble:
40-hour week 2x10°12 (7x10°2)
168-hour week 8x10- 14 (3x10-3)
230-thorium insoluble:
40-hour week 1x10°11 (ax10-1y
168-hour week 3x10°13 (1x10°2)
232-thorium soluble:
40-hour week 3x10711 (1)
168-hour week 1x10°12 (4x10-2)
232-thorium insoluble:
40-hour week 3x10°11 (1)
168-hour week 1x10°12 (4x10°2)


http://www.chinatungsten.com

97

7. REGULATIONS AND ADVISORIES

TABLE 7-1 (Continued)

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

Agency Description Value* Reference
b. Water:
NRC Maximhm permissible concentrationg NRC 19884
2281{thorium soluble: uCi/mlL (Bg/ml) 10 CFR 20
4Q-hour week 2x10-4 (7x10-6)
168-hour week 7x10-6 (3x10°7)
2281thorium insoluble;
40-hour week 4x10-4 (1x10'5)
168-hour week 1x10-2 (4x10°7)
2301 thorium soluble: ,
40-hour week 5%10°° (2x10'6)
168-hour wedk 2x1076 (8x1078)
230t thorium “insoluble:
40 -hous week 9x10°% (3x10°2)
16§-hour week 31072 (1x10°9)
2321tthorium soluble:
40-hour week 5%x10°° (2x1076)
168-hour week 2%x10°6 (7x10'8)
232-thorium insoluble:
40-hour week 1x10-3 (4x1072)
168-hour week 4x1075 (1x1079)
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 (Bq) EPA 1989Db
226-thorium 100 (4x101?) 40 CFR 302
227-thorium 1 (4x1010)
228-thorium 0.01 (4x108)
229-thorium 0.001 (4x%107)

230- thorium 0.01 (4x108%

231-thorium 100 (4x1012)

232 -thorium 0.001 (AxlO7%

234-thorium 100 (4x1012)
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 Individuall - whole body exposure D.5 rem/yr FRC 1960P
5 mSv)
Individuall - operational guide D.17 rem/yr
for "suitpble sample of population" 1.7 mSv)
when indipidual whole body doses
are not kpown
EPA Lung cleafrance class®: EPA 1988h
Oxides pnd hydroxkides Y
All othprs A
EPA OccupatiopaliALI for inhalation EPA 1988b
of class W forms of€: pCi_ (Bq)
Thorium-226 2x108 (7x10°)
Thorium-227 3x10° (1x10%)
Thorium-228 1x10% (4x102)
Thorium-229 9x102 (3x101)
Thorium-230 6x103 (2x102)
Thorium-231 6x107 (2x108)
Thorium-232 1x103 (4x101)
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_ (Bq)

1x10° (4x10°)
3x10° (1x10%)
2x10% (7x102)
2x103 (7x101)
2x10% (7x102)
6x107 (2x10%8)
3x103 (1x102)
2x108 (7x109)
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TABLE 7-1 (Continued)

Agency Description Value* Reference

EPA pCi (Bq) EPA 1988b
5%107 (2x10°)
1x108 (4x100)
6x106 (2x10°)
6x10° (2x10%)
4x10% (1x102)
4x10% (1x108)
7x10° (3x10%)
3x108 (1x107)

EPA Occupajtional DAG for inhalation EPA 1988b
of clalss W forms of8: pCi/em3 (Bgq/m3)
Thorfium- 224 6x10°2 (2x10°)
Thorfium=277 1x10°% (4)
Thorfius-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: pCi/em3 (Bg/m3)
Thorium-226 6x10-2 (2x107)
Thorium-227 1x10°4 (4)
Thorium-228 7x10°6 (3x10°1)
Thorium-229 1x10°6 (4x10°2)
Thorium-230 6x10-6 (2x10-1)
Thorium-231 ' 3 (1x10°
Thorium-232 1x10°6 (4x10-2)
Thorium-234 6x10°2 (2x103)

8The Nuclear Regulatory Commission limits in 10 CFR 20 are in the process of
revision.

brrC 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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7. REGULATIONS AND ADVISORIES

TABLE 7-1 (Continued)

Agency Description Value* Reference

€Conversion of the ALI| for occupational settings{tp apply to exposure of
persons in the generall population is:

ALI; = ALI * 0.1

where ALIj is the intpke for the genera. populatipn, ALI is the intake for
occupational exposurefs and 0.1 is the ratio of thp dose limit to the
individual (0.5 rem/yf) and the dos¢ limit for ocfupational workers (5
rem/yr).
Based on a fractional| uptake @rom the small intesfine to blood (f1) of 0.002.
gConversion of the DAC| for cscupational exposure tp apply to the general
public 1is:

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.
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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 radiaticn.(emtted by radi oactive
atons) by the material in which the ators arle | ocated; in particular
t he absorption ¢f radiation within a sawpl e |bei ng assayed.

Absorption Coefficient -- Fractional dectease in tlhe intensity of an
unscattered beam of x|or gamma radiati egn-per unit |thickness (linear
absorption coefficient]), per unit mass (rmss absor|pti on coefficient), or per
atom (atom c absorptign coefficient). i absorber, |due to deposition of
energy in the absorberq. The total @psorption coefflicient is the sum of

i ndi vi dual energy absg@rption processes. (See Conptlon Effect, Photoelectric
Ef fect, and Pair Production.)

Li near Absorptign Coefificient -- A factor eXpressing the fraction of a
beam of x or ganpma radiation absorbed in a ynit thickness of material
In the expressigni=l,equx, I, is the initial|intensity, | the intensity

of the beam af t er—passage—through—=a—thtrckness 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 chemi cal
specified in the toxicol ogica
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for a dur
profiles.

ation of 14 days or |ess,as

Acut e Radi ati on Syndrome -- The synptons whi ch taken together characterize a

person suffering from
wi thin hours or weeks.

Adsor ption Coefficient
adsor bed per

the effects of

i ntense radi ati on.

The effects occur

(Ko -- The ratio of the anmpbunt of a chemica

unit wei ght of organic carbon in the soi
concentration of the chenica

in solution at equi

Adsorption Ratio (Kd)
soil (i.e., the solid
sol ution phase, which
solid/solution ratio.
sorbed per gram of so

Al pha Particle -- A cH
An al pha particle has
nucl eus; i1.e., two prd

Anni hil ati on (El ectr o
el ectron in which they
bei ng converted into ¢

radiation) with two O.
each ot her.

Atonic Mass -- The nmas

The anount of a chem cal
ase) divided by the ancant
in equilibriumwth ttha s
is generally expressed in
or sedi nent.

ph
is
It
|
arged particle eritied from
a nmass charge eque! in magn
tons and two .nieutrons and hdg
An interaction between

)
bot h di sappear; their enerd
| ectronugnetic radiation (ca

51 Mevigamma photons enmitted

s af 9 nantral atom af o Nid
$ Hedtt——a+—at—oei—o+——a—-Hd

terns of "atom c nmss

units.” The "atom ¢ mass un

or sedinent to the

i brium

adsorbed by a sedi nent or
of chemical in the
olid phase, at a fixed

m crograns of chemica

t he nucl eus of an atom
tude to that of a helium
s a charge of +2.

a positive and a negative
y, including rest energy,
[l ed anni hilation

at an angle of 180° to

lide, usually expressed in
t" 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 atonm ¢ nunbers of

a conpound or m xture. An el

enent of this atonmc

nunber would interact with photons in the sane way as the conpound or

m xture. (Symbol:

At omi ¢ Wi ght

2)

-- The weighted nmean of the masses of the neutra

el ement expressed in atomc nass units.

Auger Effect

The eni ssion of an electron fromthe extranucl ear

atoms of an

portion

of an excited atom when the atom undergoes a transition to a | ess excited

state.
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Background Radi ation -
t han that under
natural radioactivity

radi ati on due to the presence of

mat eri al s.

Becquerel (Bq)
one transfornmation (di

Beta Particle --

consi der ati on.

I nt er nati onal
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i s always present.
radi oacti ve subst

si ntegration) per second.

Radi ation arising fromradi oactive materia
Background radi ati on due to cosmic rays and
There may al so be background

beta particle has a mass_and charge equal i n_nmgni
el ectron. The charge fay be either +l or -1

Bi ol ogi ¢ Effectivenesg of Radiation -- (See Rel ati
Ef f ecti veness.)

Bone Seeker -- Any cofnpound or ion which*nigrates
into bone.

Branchi ng -- The occunrence of two.or nore nodes 4

under go radi oactive dd

%Cu or undergo g'f, of

nucl i de exhi biting bra
di sintegrating by a pa
The "branching ratio”
fractions (al so call ed

cay. For exarmie, radium C d

el ectrar.capture decay. An
\nchi ng Gi 31 ntegrates by one
irticul.ar. mode is the "branch
is theeratio of two specifig
mitti pl e disintegration).

Brensstrahlung -- The
negative accel eration

el ectron) undergoes fromthe effect of an electric or
fromthe field of another charged particle (usually a nucleus).

(CEL)

i nstance,

Cancer Effect Level
group of studies, that
cancer

control

Capture, Electron --
orbital electron by it

is designated as "K-el

A node of

etect oragnet i
charged particl

productionmof
that a fast,

produces significant

radi oactive decay
s nucl eus.
ectron capture,

The | owest dose of chem cal

ot her

ances in building

System of Units unit of activity and equals
(See Units.)

Charged particle emtted fromthe nucleus of an atom A

tude to that of the

ve Bi ol ogi cal

in the body preferentially

y whi ch a radionuclide can
an undergo « or g decay,

i ndi vi dual atom of a
node only. The fraction
ing fraction" for that
d branchi ng

node.

c radi ation (photons) by the
e (usually an

magnetic field, for

in a study, or

i ncreases in the incidence of
(or tunors) between the exposed popul ation and its appropriate

nvol ving the capture of an

Capture froma particular el ectron shell
"L-electron capture," etc

by the nucl eus of the

el ectron capture

Capture, K-Electron -- Electron capture fromthe K shel
atom Also |loosely used to designate any orbita
process.

Carci nogen -- A chenical capable of inducing cancer
Carcinona -- Malignant neopl asm conposed of epithelia

their derivation.

cells, regardl ess of
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Cat ar act

t he passage of |ight.

Ceiling Value (DL)
exceeded, even instant

Chroni ¢ Exposure --

Conpt on Ef f ect

whi ch an incident phot

Exposure to a chemi ca
specified 1 n the Toxicol ogi cal
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A concentration of a substance that shoul d not

aneousl y.

Profil es.

on interacts with an orbital

for 365 days or

produce a recoil elect

i nci dent phot on.

Cont ai nnent The cor
is prevented from beir
a specified rate.

Radi oag
i's not

Cont am nati on,
pl ace where it
har nf ul

Cosmic Rays -- High-er
ori ginate outside the

Count (Radi ati on Measl
radi ati on- neasuri ng dg

refer to a single det

ron and a scattered photon.g

finement of radioactive-mat€d
g dispersed into the environ

tive -- Depositicerof radiod
desired, particuiarly where

ergy particulate and el ectrd
earth' s “at nosphere.

renents) -- The external ing
viice designed to enumnerate

cted event to the total nu

-- A clouding of the crystalline I ens of the eye which obstructs

be

nore, as

-- An attenuation process observed for x or ganma radiation in

el ectron of an atomto
f energy less than the

rial in such a way that it
ment or is released only at

ctive material in any
its presence may be

magneti ¢ radi ati ons whi ch

ication of a
oni zi ng events.
er

It may
registered in a given

period of time. The termoften is erroneously used to designate a

di sintegration, ionizi

Counter, Ceiger-
radi ati on- neasur

ng event, or voltage pul se.
Muel l er -- Highly sensitive
i ng devi ce.

to produce aval anche ionization

Count er,
t ube,

Scintillation -- The conbi nati on of phosphor
and associated circuits for counting light em ssions produced in

t he phosphors by ionizing radiation.

gas-filled

It operates at voltages sufficiently high

photrmul tiplier

Curie -- Aunit of activity. One curie equals 3.7x10" nucl ear

transformati ons per second.

curie are in conmobn usage.

(Abbreviated C.) Severa

fractions of the

Megacurie -- One mllion curies. Abbreviated M
Mcrocurie -- One-millionth of a curie (3.7x10%di sintegrations per
set) Abbrevi ated 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 ssi on gf—chargetd—partetes—andfor—mhot ons.

Decay Chain or Decay $eries -- A sequence of radiqactive decays
(transformati ons) begilnning with one nucl eus.. Thel|initial nucleus, the
parent, decays into a|daughter nucleus that~differls fromthe first by

what ever particles were emtted during the decay. |[If further decays take
pl ace, the subsequent |nuclei are also u<uxlly callled daughters. Sonetines,
to distinguish the sequence, the daughier of the flirst daughter is called
t he granddaughter, etq.

Decay Constant -- The|fraction of/the nunber of atlonms of a radi oactive
nucl i de which decay in unit tine: (Synmbol A). (Seq Disintegration Constant).

Decay Product, Daughtegr Procuct -- A new isotope florned as a result of

radi oactive decay. A nuclide resulting fromthe rgdioactive transformation
of a radionuclide, forqnmed either directly or as the result of successive
transformations in a rfacioactive series. A decay groduct (daughter product)
may be either radi oactive 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 radiat)ion dose to an individual or
a popul ation graup usually by neans of rridi|ctive nodeling techniques,
soneti nes suppl énented by the results_cf’ nmegsurenent.

Dose Equivalent |(DE) -- A quantity“used in rladi ation protection. It
expresses all radiations on a cormen scale flor calculating the

ef fecti ve absorhed dose. It is deiined as tHe product of the absorbed
dose in rad and|certain nodifying factors. (|The unit of dose
equivalent is the rem In Sli/units, the dosq equivalent is the
sievert, which equals 100'.rem)

Dose, Radiation|-- The awount of energy inpdrted to natter by ionizing
radi ati on per ungit nmesc of the nmatter, usual|lly expressed as the unit
rad, or in Sl units, 100 rad=l gray (Gy). ($ee Absorbed Dose.)

Maxi mum Per m ssilbl'e Dose Equivalent (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 e¢lenentary particle having Aan electric charge

equal to +1.60210x10"°[C (Coul onbs) and a rest mass equal to 9.1091x10° kg. A
positron is a positively charged "el ectron." {'Sce |Positron.)

El ectron Volt -- A unilt of energy equival ent to the energy gai ned by an

el ectron in passing through a potential «xiiferencg of one volt. Larger
multiple units of thelelectron volt are¢ frequently used: keV for thousand or
kilo electron volts; MV for mllion.ar -<rega el ectfron volts.

eV, 1 ev=1.6x10" erg,
(Abbrevi at ed:

Enbryot oxi city and Fetlotoxicity.-- Any toxic effedqt on the conceptus as a
result of prenatal exposure_to a chem cal; the diqtinguishing feature

between the two ternms|is the stage of devel opnment |during which the insult
occurred. The ternms, gs used here, include nal forrati ons and vari ati ons,
altered growth, and in urero 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|remains constant.

Secul ar Equilibnium-- If a parent eleneni has a very much | onger

hal f-1ife than fthe daughters (so there 'i's ndt appreciable change in its
amount in the time interval required:for |atler products to attain
equilibrium then, after equilibritmi1s readhed, equal nunbers of atons
of all nenbers of the series disintegrate i unit tinme. This condition
is never exactly attained, but {s-essentiallly established in such a case
as radiumand itls series to RadiumD. The hglf-life of radiumis about
1,600 years; of |radon, approxiimately 3.82 ddys, and of each of the
subsequent nenbers, a few.ninutes. After abqut a nonth,

essentially thelequilibriiumanmunt of radon|is present; then (and for a
long tine) all nenmbers. ¢f’ the series disintgdgrate the same nunber of
atoms per unit tine.

Transi ent Equilifbrium-- 1If the half-life ofl the parent is short enough
so the quantity lpréesent decreases appreciablly 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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tion of energy to a system
to an excited state. Excitat

thereby transferring it
ion of a nucleus, an

atom or a nolecule can result from absorption of photons or frominelastic

collisions with other

net astabl e state and w ||

ener gy.

Exposure -- A neasure of the ionization produced in air
is the sumof the electrical
el ectrons |iberated by photons in a vol une el enent

radi ation. |t

produced in air when al

of air are conpletely

particl es.

char ges

stopped in air, divided by t

vol urme el ement. The sy

A
| eas

Fi ssi on, Nucl ear
a nucleus into at
amount of energy.

Ganma Ray -- Short wa
(range of energy from

Cenetic Effect of Radi
produced by the absor{

ecial unit of exposure is tH

transformati on char g
nucl ei and ‘the r

nucl ear
t two other

el ength el ectromagretic rad
10 keV to 9 MeVi.

ation -- Inheyitabl e change,
tion of ionizing radiation b
edge these effects are pure

f aksorbed dose. One gray ed

basi s of present know
recovery.

Gay (GQy) -- SI unit ¢
Units.)

Hal f-Li fe, Biological

of any absorbed substance by regul ar
Approxi mately the same for

particul ar el emrent.
Hal f-Life,

decay and bi ol ogi ca

The excited state of an atomis a
return to ground state by radi ation of the excess

by x or gamm

on all ions of one sign
he mass of the air in the
e roentgen.

cterized by the splitting of
el ease of a relatively large

ation of nuclear origin

chiefly mutations,
y germcells. On the
y additive; there is no

ual s 100 rad. (See

-- The tine required for the body to elimnate onehalf

processes of

Effective -- Tine required for a radioactive el ement
body to be di ninished 50% as a result of the conbined action of
el i mnation.

el i m nati on.

both stable and radi oactive i sotopes of a
This is sonetines referred to as half-tine.

in an ani nal
radi oacti ve

Effective half-life: = Biological half-life x Radi oactive half-life
Bi ol ogical half-life + Radi oactive half-life
Half-1ife, Radioactive -- Tine required for a radioactive substance to |ose

50% of

| mredi at el y Danger ous

to Life or Health (IDLH)

its activity by decay. Each radionuclide has a unique half-life.

The maxi mum envi r onnent al

concentration of a contam nant from which one could escape within 30 m nutes

wi t hout any escape-inpairing synptons or

irrevers

ble 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
perpendicular to the |line of propagation at the point in question

I nternedi ate Exposure|-- Exposure to a chemical{fdr a duration of 15 to 364
days as specified in tthe Toxicol ogi cal Profiles

Internal Conversion -{ One of the possibl e nechani|sns of decay fromthe
netastable state (isoneric transition) itiwnich tHe transition energy is

transferred to an orbiftal electron, causing its ejlection fromthe atom The
rati o of the nunber off internal conveZsiion electrgns to the nunber of gama
guanta emitted in the|de-excitation 9 the nucleug is called the "conversion
ratio."

lon -- Atomic particlg, atom _crechem cal radical |[bearing a net electrica
charge, either negatiVve or positive.

lon Pair -- Two parti ¢l esaf opposite charge, usudlly referring to the
el ectron and positive|atam c or nol ecul ar residue |resulting after the
interaction of ionizing iadiation with the orbitall el ectrons 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 radioactive properties. Conmonly the isoner of

hi gher energy decays tlo one with | ower energy by. tlhe process of isoneric
transition.

| sotones -- Nuclides having the sane nunber_¢f’ nedtrons in their nuclei

| sotopes -- Nuclides having the sane nuniter of prdqtons in their nuclei, and
hence the sane atonic|nunber, but differiing in thg nunber of neutrons, and

therefore in the mass |nunber. Al npst {uentical chgmcal properties exist

bet ween i sotopes of a|particular el.ement. The term should not be used as a

synonym for nuclide.

St abl e | sotope -

A nonr.zaioactive isotope df an el enent.

Joule -- The unit for |work_.and energy, equal to orle newton expended al ong a
di stance of one meter [(I J=iNxI ny.

Label ed Conpound -- Alcoipound consisting, in partl, of |abeled nolecul es.
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.
Hi gh-LET -- Radiation characteristic of protons or fast neutrons,
Average LET -- ils specified to even out theleffect of a particle that is

sl owi ng down near the end of its path and tq allow for the fact that
secondary parti¢les fromphoton or fast-neut/ron beans are not all of the
sane energy.

Lowest - Cbser ved- Adver ge- Ef fect Level (lLQ&eL) -- ThHe | owest dose of chemical in
a study, or group of d4tudies, that prodtces statidtically or biologically
significant increases]|in frequency o severity of |adverse effects between the
exposed popul ation and its approptiiate control

Li near Hypothesis -- The assurution that a dose-ef|fect curve derived from

data in the high dose|and hi gh~dose-rate ranges ngy be extrapol ated t hrough
the | ow dose and | ow dose range to zero, inplying|that, theoretically, any
amount of radiation wi|ll .Cause sone danage.

Mal f ormati ons -- Per nanent—structural changes in dn organi smthat my
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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fect Level (NQOAEL) --
cally or biologically signif

The dose of chem cal

at which

icant 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 nuclear constitution is specified by the nunber of protons
(2), nunber of neutrons (N), and energy content;_.dr, alternatively, by the
atom c nunber (Z), mags nunber A=(N+Z), and atcaid mass. To be regarded as
a distinct nuclide, the atom nust be capable «f eXisting for a neasurable
time. Thus, nuclear igomers are separate nuclides,| whereas pronptly

decayi ng excited nucl e
reacti ons are not so ¢

Cct anol -Water Partitid
concentrations of a cli

Pair Production -- An
t he incident photon i4
absorbing atom wth 3
This reaction only ocq

ar states and unstable“inter

onsi der ed.

n Coefficient

em cal in n-cctanol and wat g
absor ption. process for x ang
anni hil.ated in the vicinity
ubsequent’ production of an €
urs f.ore i nci dent photon ener

nmedi ates 1 n nucl ear

(Xow)” — The equilibriumratio of the

r, in dilute solution.
ganma radi ation in which
of the nucleus of the

| ectron and positron pair

gi es exceeding 1.02 MV.

Parent -- A radionuclilde-wnich, upon disintegratiqn, yields a specified
nuclide--either directly—or as a later nenber of 4 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 ati on in which an
atomdelivering all of
scattered photon.

Positron -- Particle equa
havi ng an equal but

El ectron).

Potential lonization -

froman atom

Power ,

i nci dent photon interacts w

its energy to produce a recoi

- The potenti al

energy of a charged particle passing through it.

el ectron of an
but with no

th an orbital
el ectron,

in mass to the electron (9.1091x10-31 kg) and
positive charge (+1.60210x10-1g Coul onbs).

(See

_ _ _necessary to separate one electron
resulting in the formation of an ion pair

Stopping -- A neasure of the effect of a substance upon the kinetic
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so be radi oactive,

stable nuclide is forned.

radi oacti ve
a

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 determ ned by the nultistage procedure.

cal cul ate an estinate

of carcinogenic potency, the

ri sk per unit of expos
ug/ nB for air).

Quality -- A term desg
particle along its tra
ionization per unit irn

Quality Factor (QF)

absorbed doses are nul
guantity that expresse
ef fecti veness of the

4

[«

Rad -- The unit of abg
Absor bed Dose.)

ure (usually ug/L for water,

ribing the distributiccn of t
iIck; radi ations that (produce
tensity are said tic -have dif

The |inear-energy-transfer-
tiplied to oktain (for radid

S - on a cemwn scale for a
ibsor bed dase.
orbed_dese equal to 0.01 J/K

Radi ation -- (1) The ¢

through a nmaterial ne

propagati on of el ectromagneti c waves,
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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).

I oni zi ng Radi atifon -- Any el ectromagnetic or| particulate radiation
capabl e of producing ions, directly or indiitlectly, in its passage
t hrough matter.

Monoenergeti ¢ Radi ation -- Radiation-9i a gilven type (al pha, beta,
neutron, gamm, |etc.) in which all “warticleq or photons originate with
and have the sare energy.

Scattered Radi atli on -- Radi at.i*oin which during its passage through a
subst ance, has leen deviated/in direction. It may al so have been
nodi fi ed by a dgcrease in‘.energy.

Secondary Radi atli on -- Radi ation that result|s from absorption of other
radiation in matjter. .J'tt may be either el ectrlomagnetic or particul ate.

Radi oactivity -- The prcperty of certain nuclides|to spontaneously emt
particles or gamm radiail iati ing 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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Rel ative susceptibility of cells,
or any living substance to the injurious action of
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equal
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to the absorbed dose in rad nultiplied by the quality factor
and any ot her

necessary nodi f

-- The quantity of a hazardous substance that
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specifically, it is the
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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 out cones,

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/kil ogranisecenrd—urits—wi-th—speetal—quantities for radiation

i ncludi ng the becquergl, gray, and'sievért.

Si ckness, Radiation -{ (Radiation Therapy): A zelfl-limted syndromne
characterized by nausga, voniting, diarrhea; .and gsychi c depression
foll owi ng exposure to|appreci able doses of ronizirng radiation, particularly
to the abdom nal regi¢n. Its nmechani sm i -«unknown [and there is no

sati sfactory remedy. Ift usually appear¢ @ few hourls after irradiation and
may subside within a day. It may be sufficiently devere to necessitate
interrupting the treatinent series ¢r {0 incapacitdte the patient.

(Ceneral): The syndrore associatedmMth intense aqute exposure to ionizing
radi ati ons. The rapidijty with which synptons devellop is a rough neasure CE
the | evel of exposure.

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

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

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

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

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

the standard so that an SMR of 100 neans that the test popul ation has 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 chenicdl that causes structural Geflects that affect the
devel opnent of a fetus.

Threshold Limt Valuel|(TLV) -- An all owabl¢. exposyre concentration averaged
over a normal 8-hour workday or 40-hour orkweek.

Toxi ¢ Dose (TDsg) -- A]cal cul ated dos¢. of a chem cal, introduced by a route
other than inhalation,| which is exrecied to cause|a specific toxic effect in
50% of a defined | aborjatory ani nei‘popul ation

Transformati on, Nucledr -- The process by which a|nuclide is transforned
into a different nuclilde by_absorbing or emtting|a particle.
d

Transition, Isoneric {- The process by which a nudlide decays to an isoneric
nuclide (i.e., one of |[the sane nass nunber and atqmi c nunber) of | ower quantum
energy. |somneric transtt+ons—often—abbreviated—-T., proceed by gamma ray

and/ or internal conversion electron enission

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 ¢y

Curie 1ci = 3.7x1010 disintegrations per second = 3.7x1010 Bgq
Gray* 1 Gy =1 J/kg = 100 rad

Rad 1|Rad = 100 erg/g = 0.01 Gy

Rem 1|Rem = 0.01 Sievert

Sievert¥* 1|Sv = 100 rem

*International Unifs are designated( (5I).

Working Level (WL)|-- Any combii:ation of short{lived radon daughters in 1
liter of air that yill result{ia the ultimate dmission of 1.3x10° MeV of
potential alpha energy.

Working Level Month (WLM) -- Inhalation of air |with a concentration of 1 WL
of radon daughters|foi 170 working hours resulgs 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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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,
biology is inportant to the evaluation and interpretation of
adverse health effects and to the derivation of

princi pl es.
physics, chem stry,

of Mettler and Mosel ey (1985),
Hendee (1973),

Ei chhol z (1982),

B. | RADI ONUCLI DES AND

and Early et al.

(
RADI OACTI VI TY

The substances we call
are nmade up of neutror
nucl eus and el ectrons
the general termrefeq
The nuclide is charact
t he nunber of protons
have the sanme nunber
have different nunbers
atom c wei ght of the ¢
sane atoni ¢ nunbers af

The nunerical cg
such that the atomis
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undergo a process refg
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el ements are conposed of
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in a cloud of orbits around
ring to any nucl eus &l ong w
erized by the compgsition of
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f protons (this{is’'given by
of neutrons {this is refleg
lement). Atornc'with differen
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at
i

S

nbi nati ¢n' of protons and nel

sai d_ .t.¢ be stable; however,
nucleus of the atomis unst
rred to as radi oactive trans

abre atons are called radiorf

are called ionizing radiation

chem stry, and
radi ati oni nduced

radi ati on protectiol
Thi s appendi x presents a brief overview of the areas of
and biology and is based to a |large extent on the reviews
Hobbs and Mcd el l an (1986),

radi ati on

1979) .

ons. Atons in turn
eutrons and protons in the
the nucleus. Nuclide is
th its orbital electrons.
its nucl eus and hence by
Al atoms of an el ement
the atom ¢ nunber) but may
ted by the atonic mass or
t atom c nass but the
an el erment .

trons in nost nuclides is
if there are too few or
abl e. Unstabl e nuclides
formation in which energy
uclides; their em ssions

and the whole property is called

radi oactivity. Transfornation or decay results in the fornation of new

nucl i des sone of which nay thensel ves be radionucli des,
This series of transformations is called the decay chain
radionuclide in the chain is called the

st abl e nucli des.
of the radionuclide.
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I n general
radi onucl i des: natural
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unst abl e state.
occurring,
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Nat ur al
usual | y heavy el ements,

products of the transfornat
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background exposures are frequently used as a standard of
conparison for exposures to various man-nade sources of

i oni zi ng radiation.

Man- made radi oactive atons are produced either as a by-product of

fission of uraniumatons in a nucl ear
such as neutrons,
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reactor or
directed at the
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er radi cactive species callqg
g raditation. If there are e
urmber. of protons, the result
ne.ei enents, a chain of daug

be produced until sta

le atons are forned. Radion

characterized by the type and energy of the radiation enmitted,
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Table B. |
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conbi nati ons do not effect

be possible to predict exactly which
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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 ecm  Identical to electron
(negatron) 0.51 Mev
Positron 5.48x10'4 amu + - c=1'm 0-1 cm Identical to electron
(B positive) 0.51 Mev except for charge
Proton 938.26 Me} + - - - -
1.0073 al
Neutron 1.0086 a 0 0-15 Nev 0-100 m 0-100 cm Free half life: 16 min
939.55 Me
X - 0( ev-100 keVv 0.1-10 m?| 0-1 m® Photons from electron
(e.m. photon) transitions
. - 0 10 KeV-3 Mev 0.1-10 m\®| 1 mm-1 m  Photons from nuclear
(e.m. photon) transitions

8 xponential 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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how many atons will

materials it
he source activity,

the activity of one gram of

transform during any

radi ati on.

is customary to describe the source
whi ch i s defined as the nunber
unit tinme occurring in a given
The unit of activity is the curie (C) which was

of

radi um but is now defined

1 curie (G) = 3x710"
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The SI unit of activit
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radi oactive materi al
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ial te.decay to half its iniftial activity.

a . radionuclide at tine t
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A = Ae” 693t/ T.ad

where Ais the activit

time at whi ch neasured,

radi onuclide. It
The tinme when the acti
ori gi nal
unit of tine.

The specific activity is the radioactivity per

y in dps, A, is the activity

vity of a sanple of radioact

and T.ad is the radiol ogical
is apparent that activity exponentially decays with tine.

at time zero, t is the
hal f-1ife of the

ivity becones one-half its

value is the radioactive half-life and is expressed in any suitable

unit weight of material.

This activity is usually expressed in curies per gramand nay be cal cul ated by

curies/gram= 1.

where T.ad is the radiol ogica

In the case of
addi ti onal
to regul ar
bi ochem cal

cal l ed t he biol ogical

3x10% (T.ad) (at oni ¢ wei ght)

hal f-1ife in days.
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consideration is nmade for the reduction in observed activity due
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an

or

he tine required for
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processes to elimnate one-half of the activity. This tine is

both stabl e and radioactive isotopes of any given

Under such conditions the tine required for a radioactive elenment to be

hal ved as a result of
bi ol ogi cal

Tett = Toiot X Trad)

Tabl e B.2 presents repre

t he conbi ned action of

I (Toiol + Trad).

rocant at 1 va aof fact i v hal £ 1
>€ ot T—y-e—e et 1+—v-E—riart

i nterest.
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The nmet hod by wh
cause ionization nmay |
and gamma photons) arée

Radi ation with Matter

d noni oni zi ng radi at¥an will
ki netic energy tocny solid,
ariety of mechanisirs. The tr
romagneti c or particulate ra
ions. This pracess is called
on that mayv~be absorbed, sug
\di ati on depesits a rel ativel

i ch incident radiation inter
e airect or indirect. Electr

indirectly ionizing; that
Ll 1 e | 1

Al i X i
S vttt CtrTorar norectourtsS;

in various interactior

utilized to produce a fast-noving charged particle such as an el ectron
the electron that then secondarily nay react with a target
medi um and directly react with
These particul ate radi ations are
Exanpl es of directly ionizing particles include

particles, in contrast
target nol ecul es,
directly ionizing rad
al pha and beta particl

such as oxygen or water

, Sstrike the tissue or

ations.
es. Indirectly ionizing rad

radi oactive decay and
elimnation is the effective half-Ilife:

hives of particular

interact with materials,
liquid or gas through
ansfer of energy to a
di ation may be sufficient
i oni zation. Conpared to
h as ultraviol et
y large anmount of energy

acts with the nediumto
omagnetic radi ati ons (Xrays
s, they give up their energy
nd the energy is then

It
Char ged

is
nmol ecul e.

ations are always nore

penetrating than directly ionizing particulate radiations.

Mass, charge,
i oni zation occurs.
vel ocity,

charged particles,
di stance and, therefor
i nteraction processes
until it

B.2.4 Characteristics

B.2.4.1 Al pha Em ssion

and velocity of a particle al
The hi gher the charge of the particle and the | ower the
the greater the propensity to cause ionization
such as al pha particles,

e, do not penetrate deeply.
is a gradual slow ng down of

is brought to rest or "stopped" at the end of

of Emtted Radi ation

I n al pha em ssi on,

affect the rate at which

Heavy, highly

| ose energy rapidly with

The result of these
any incident particle
its range.

an al pha particle

consi sting of two protons and two neutrons is emtted with a resulting

decrease in the atonm c mass numnber

by four and reduction of the atomc
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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 4
(Tritium)

Iodine-131 Thyroid § 138 d 7.6 d

Strontium-90 Bons 28 50 y 18 vy

Plutonium-239 Bong 24,400 200 y 198 y
Lung 24,400 500 d 500 4

Cobalt-60 Whole bodiy 5.3 99.5 d 9.5 d

Tron-55 Splgen 2.7 600 d 388 d

Iron-59 Spleen 45.1 600 d 41.9 d

Manganese-54 Liver 303 25 d 23 d

Cesium-137 Whole body 30 70 d 70 d

8d = days, y = years.

PMixed in body water as tritiated water.
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nunber by two,

al pha particle is identical

and two protons. It
el ements such as uran

particles have a | arge mass as conpared to el ectrons.
in the emssion of severa
A radi onuclide has an al pha enmission with a discrete al pha

radi onucl i des may result

particl es.
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t hereby changing the parent to a different el enent.
to a heliumnucl eus consisting of two neutrons
results fromthe radi oacti ve decay of sone heavy

um plutonium radium thor

The

um and radon. Al pha
Decay of al phaemitting

different alpl

energy and characteristic pattern of al pha energy emtted.

The al pha particle has an electrica
doubl e positive charge,

char ge
al pha particles have great

large size results in
particle cannot penetr
that is, the distance
to its resting point,

a fewmcroneters int
hazardous only if thern
i s ingested, inhaled,

B.2.4.2. Beta Ef

decay by pdecay. A be
froma disintegrating

charged el ectron, terr

termed a positron (f+).

refers to both g and
t he negative particle,

very little penetrating pows
ate a sheet of paper. Thelrd
the charged particle trzaval s
is about 4 cmin air,_which
i ssue. These properties caus
e is internal contanination
or ot herw se abseipead).

[i ssion. Nucl ei~ which are exg
ta particle- (5 is a high-ve
nucl eus. The particle may be
fed a negairon (f) or a posi

Al t heugh the precise defin
B,

as di stinguished fromthe g

refers to the g+ parti

cle

of +2. Because of this

i oni zi ng power, but their
r. In fact, an al pha

nge of an al pha particle,
fromthe point of origin
decreases considerably to
e al pha emtters to be
(i.e., if the radionuclidc

essively neutron rich

locity electron ejected
ei ther a negatively

tively charged el ectron,
ition of "beta em ssion"

common usage of the termgenerally applies only to

ositron em ssion, which

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 Em ssion
protons in the nucl eus,

In cases in which there are too nany
positron emi 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
energy.
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Emi ssi on. 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 nucl eus.
None of these excited nucl ei
rel ease this energy returning to ground state or to the | owest
The energy released is in the formof ganmma radiation

| evel .
Nucl ei
stabl e energy | evel.

(hi gh energy phot ons)
state of the nucleus.
origin;
orbital

As a result,
can remain in

and has an energy equal tot
Ganma and X-rays behave sim

B. 3 ESTI MATI ON OF ENEHR
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external. The term exj
emtted fromthe radic
body. An exposure can

i ndi vi dual or organ ig
when radi onucl i des, wh
i nhal ation, ingestion

resulting in the depog
exposures occur when i
out si de the body, such
surfaces, dissolved if
exposures are from mat
penetrate the skin ang
external sources are f

the nucleus is raised to an excited

this high-energy state
possi bl e

he change in the energy
larly but differ in their

ganma eni ssions originate in the nucleus while X-rays originate in the
el ectron structure

RGY DEPCSI TI ON I N HUMAN TI SSUES

ential radiation exposures ¢
osure denotes physical ‘inter
active material withocells 3
be "acute" or "chrirnic" depe
exposed to the rediation. |
i ch have entered ithe body (&€
or dermal patthways), underg
ition of energy to interna
adi ation enters the body dir
as radiation emitters from
wat er, “or dispersed in the
erial emtting ganm radi at

i ntternal organs. Beta and 8
ar.\l'ess penetrating and depdg

on the skin's outer |4

vei. Consequently, their con

dose of the total
be negli gi bl e.

body dose,

conpared to that deposited by gamma rays,

an result i nternal and
action of the radiation

nd tissues of the hunman
ndi ng on how |l ong an

nt er nal exposures occur
.g., through the

o radi oactive decay
organs. Externa

ectly fromsources | ocated
radi onucl i des on ground
air. In general, externa
on, which readily

| pha radiation from

sit their energy primarily
tribution to the absorbed
nay

Characterizing the radi ati on dose to persons as a result of exposure to

radi ation is a conplex issue.
t he amount of energy actually transferred to an organic nateri al
correl ate any observed effects with this energy deposition
for and predict secondary processes,
biologically triggered effects,

It is difficult to:

such as col |

primary interaction event.

B.3.1 Dose Units

B.3.1.1 Roentgen

t he anmpbunt of ionizat

The roentgen (R) is a unit
on caused in air by ganma or

(1) measure internally
and to
and (2) account
sion effects or

that are an indirect consequence of the

of exposure related to
x-radi ation. 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,

t he energy

deposition in tissue for a dose of 1 Ris about 0.0096 joules(J)/kg of

tissue.
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radiation interact dif
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ferently with any material t

Since different typesof
hrough whi ch they pass, any

attenpt to assess their effect on humans or animals should take into account

t hese di fferences.

any nedium The SI un
J/kg. Internal and ext

radiation to a unit mass

100

t

ernal exposures fromradi at

is the gray which is equivalent to 100 rad or

The absorbed dose is defined as the energy
i mparted by the incident
The unit of absorbed dose is the rad; 1 rad

of the tissue or organ
erg/gram= 0.01 J/kg in
1
on 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 snal
is referred to as the absorbed dose rate in units of

vol unme of mass
rad/unit tinme.

B. 3.1.3 Wrking
units that have been
air in terns of potent
short-lived radon daug
wWill result in the em
concentration of 100 g
daught ers, corresponds
concentration of 1 W.
In this case, 1. 3x10°
daughters in equilibri
exposure of mners is
(WJf). One WLM corr eg
reference period of 17

Level s and Worki ng Level .t
sed to describe the radcn de
i al al pha energy. It is.def

hters (through pol onium 214)
ssion of 1.3x10° Mev of al ph
C radon-222/L of Jair, in edg

approxi matel y <vo ‘a potenti g
The WL unit can al so be use

MeV of al phavenergy (1 W)
umw th 75 pC thoron/L. Th
conmonl y_expressed in the un
ponds «t.G exposure to a concs
0 heurs.

B. 3. 2 Dosinetry Model g

ths. Working levels are

cay-product activities in
ned as any conbination of
per liter of air that

A energy. An activity
uilibriumwth its

| al pha-energy

d for thoron daughters.

5 rel eased by the thoron
e potential al pha energy
it Wrking Level Month

ntration of 1 W for the

Dosimetry nodels are used to estimate the internally deposited dose

from exposure to radi oactive substances.
radi onucl i des entering the body,
noverment or transport through the body,
and the energy deposited in organs

consi der the quantity
affecting their
retention of radionuc
and tissues fromthe r
processes. The nodel s
to organs of

The nodel
of

ides in the body,
adiation that is emtted dur
for external dosinetry cons

The dose pattern for

s for internal dosinetry
the factors

di stribution and

i ng spont aneous decay
der only the photon doses

i ndividuals who are inmersed in air or are exposed to a
cont am nat ed ground surface.

radi oactive materials in

the body nay be strongly influenced by the route of entry of the material.

For industrial

wor kers,

i nhal ati on of radioactive

particles with pul nonary

deposition and puncture wounds w th subcut aneous deposition have been the

nost frequent.
i nhal ation of

B. 3.2.1 Ingestion.

occur

The gener al

popul ati on has been exposed via ingestion and

| ow |l evel s of naturally occurring radi onuclides as well as
man- produced radi onuclides from nucl ear weapons testing.
I ngesti on of radioactive naterials is nost likely to
from contam nated foodstuffs or water or eventual ingestion of inhaled
I ngestion of radioactive nateri al

conpounds initially deposited in the |ung.
intoxic effects as a result of either absorption of the
irradiation of the gastrointestina

may result
r adi onucl i de or

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 ypon the physical and
chem cal properties off the dust and the physiol.ogilcal status of the |ung.
The retention of the particle in the lung depenas [on the |ocation of
deposition, in additign to the physical and_ chem qal properties of the
particles. The converge of pul monary reteriion is |pul nonary cl earance.
There are three distingct nmechani snms of clearance vhi ch operate
simul taneously, G lianly clearance acts,criy in thg upper respiratory tract.
The second and third fechanisnms act maiit!y in the |[deep respiratory tract.
These are phagocytosi § and absorpti.on Phagocytosils is the engul fing of
forei gn bodi es by al vgol ar nacrophages and their qubsequent renoval either
up the ciliary "escalator” or by entrance into thg | ynphatic system Sone
i nhal ed sol ubl e partigul ates avie-absorbed into thg bl ood and transl ocated to
ot her organs and tissyes. Dosiwetric lung nodels gre reviewed by Janes
(1987) and Janmes and Roy (16&7).

B.3.3 Internal Emtterns

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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B. 4.2 Radi ation Effect
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s at the Organ Level

death, which if extensive,

may result

exposure include the dose
pattern of the exposure.
age, sex, and tile

revi ews of the biol ogica

is referred to these
| CRP 1984; Mettler

r eader

acute doses up to 10 rad
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In nost organs and tissues the injury and the underlying mechanismfor

t hat
and severity of this t
of the various cel

injury are conplex and nay involve a conbination of events.
upon the radiosensitivity

i ssue injury are dependent

types in that organ system Rubin and Casarett

The extent

(1968)

descri be and schenmatically display the events following radiation in severa

organ system types.
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mucosa; a sl ow renewa
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system such as the

system such as the pul nonary
system such as neural
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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
renewal and nonr enewa
parenchymal cells, but

HHB) ,
systens, the radiation may
ul ti mate parenchymal

whi ch may progress to fibrosis.

In sl ow
have little effect on the

atrophy and deat h over severa

nmonths result fromHHB fibrosis and occlusion of the mcrocircul ati on

B.4.3 Acute and Chron

c Somatic Effects

B.4.3.1 Acute Ef
commonly referred to &
after exposures to rel
expected to occur int
stages of acute radi at
illness stage, recover
nausea, vomting, nal 3
changes. The | atent st
synpt ons nay subsi de,
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i n nedical
gn conditions or
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cancers in irradiated organs (BEIR 1980, 1990; UNSCEAR 1977, 1988).

Cancers,

such as | eukem a,

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 induce cancer in nearly any tissue or organ in the body. Radi ationi nduced
cancers in humans are|found to occur in the henbngietic system the lung, the
thyroid, the liver, the bone, the skin, and other |tissues.

Laboratory animgl data indicate that icwnizirg radiation is carcinogenic
and nutagenic at relatlively high doses usucliy dellivered at high dose rates.
However, due to the uncertainty regardi ny tnhe shage of the dose-response
curve, especially at Ilow doses, the comntenly hel d|conservative position is
that the cancer may oqcur at dose rates-that exterld down to doses that could
be received from envinonnmental expcsures. Estimatgs of cancer risk are based
on the absorbed dose ¢f radiation. 1 an organ or t|lissue. The cancer risk at a
particul ar dose is the sanme regardiess of the sourjce of the radiation. A
conpr ehensi ve di scussilon of radiation-induced canger is found in BEIR IV
(1988), BETR V (1990), and UNSCEAR (1982, 1988).

B.4.4 CGenetic Effects

Radi ati on can induce genetic danmage, such ad 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
difference in biological effectiveness of various kinds of ionizing
radi ation. The I CRU has defined the dose equivalert, H as the product of
t he absorbed dose, D, [the quality factor, Q ana.dll other nodifying
factors, N, at the poilnt of interest in biologicall tissue. This
relationship is expregsed as foll ows:

H=Dx QxN.

The quality factor is|a dinmensionless{guantity thdt depends in part on the
st oppi ng power for chgrged particles, rand it accoynts for the differences i
bi ol ogi cal effectivengss found amnng the types of |radiation. By definition
it is independent of tli ssue and'.ki ol ogical end poilnt and, therefore, of
little use in risk asgessnment vow. Originally Relgtive Biolotica

Ef fecti veness (RBE) was used. rather than Qto defilne the quantity, rem

whi ch was of use in rilsk assessnment. The generally accepted val ues for
quality factors for various radiation types are prlovided in Table B.3. The
dose equivalent rate ils«the tine rate of change of| the dose equivalent to
organs and tissues and_L3 expressed as remunit tilme 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 ionizirg particles

Average IET in Water

(Mdv/cm) N0 _QF
35 o1 less 1
35 td 70 1 to 2
70 tq 230 2 to 5
230 tq 530 5 to 10
530 td 1750 10 to 20

For practicall purposes, a QF of 10 is often used for alpha particles®
and fast neufirons and protons up to 10 Melv. A QF of 20 is used for
heavy recoil laueled-

4The 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 0.5 0.7 1
4 C.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 thnermal 4-5 3
1.0 20 2-10 10

These values are general and approximat
with different measures of biological i

MeV = Megaelectron volts

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

LET Linear energy transfer

e. RBE and QF values vary widely

njury.
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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 ¢stimated proportion or the gtochastic risk resulting
fromtissue, T, to thg stochastic risk when the-wfjole body is uniformy

i rradi ated for occupat/i onal exposures under certailn conditions (ICRP 1977).
Weighting factors for |selected tissues are lilsted|in Table B.5.

The I CRU (1980), ICRP (1984), and MCeP (198%) now reconmend that the
rad, roentgen, curie and rem be replaces 0y the SI| units: gray (G),
Coul onb per kilogram (C kg), becquerel~{Bq), and gievert (Sv), respectively.
The rel ati onshi p betwgen the customery units and tlhe international system of
units (SI) for radiol ggical quantiii2es 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 marfrow 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 1 becquerel (Bq) s
transformations s
Absorbed Dose (D)  rad (rad) 10"2ykg™! gray (Gy) kg !
Absorbed Dose 2 1. 11
Rate (D) rad pef1second 107°Jkg 's” gray P?r second Jkg 's
(rad s ") (Gy s )
Dose Equivalent 2 1 -1
(H) rem [(rem) 10 “Jkg sievert (Sv) Jkg
Dose Equivalent 5 i1 11
Rate (H) rem pef1second 10 %0g s sievefE per second Jkg 's”
(rems ') (Svs )
Linear Energy kiloplectron volts 1.602x107 10yp"1 kiloelectron volts 1.602x10" 1041
Transfer (Ly) per icrometer per migqometer
(keVpM ) (kevum )
8'1_? per second
Jkg 1 =_Joules per kilogrpm
Jkg; s'1 = Joules per kilogram per second
Jm ' = Joules per meter
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