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The content of Th-228, Th-230 and Th-232 was investigated in human tissue from the general
public without known occupational exposure. Twenty-two sets of human tissues from Grand
Junction, Colorado and ten sets from Washington, D.C. were analyzed. Organs included were
lung, pulmonary lymph nodes, liver, kidney, spleen and bone. A radiochemical method was
developed for the determination of environmental levels of alpha-emitting isotopes of thorium in
tissue consisting of tissue digestion, separation of thorium isotopes by solvent extraction,
electrodeposition, followed by alpha-spectrometric measurement using a surface barrier silicon
diode. The method utilizes Th-229 as an internal tracer for radiochemical recoveries, and Th-
228, Th-230, and Th232 are measured simultaneously. Concentrations of Th-230 and Th-232
decrease in the following order: lymph nodes > lung > bone > kidney > liver, and Th-228: lymph
nodes > bone > lung > kidney> liver. As expected, Th-230 and Th-232 were distributed similarly
with about 11-27% of the activity content in lung, and 55-70% in the skeleton. Th-228 was
distributed differently with about 80% in the skeleton and only 5% in the lungs. Thorium-230
and 232 concentrations in bone were found to increase approximately linearly with age. The
observed distribution of thorium among the organs is in good agreement with that recently
adopted by the ICRP (ICRP 30, 1979). The total accumulation of thorium in the human body was
equivalent to the average amount of natural thorium in 1 to 6 grams of soil. The highest median
radiation dose rate for the groups studied from all 3 isotopes of Th was 5 and 0.6 mrad/year
delivered to pulmonary lymph nodes and bone respectively.
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INVESTIGATION OF THE THORIUM CONTENT IN HUMAN TISSUES

EXECUTIVE SUMMARY

The content of natural alpha-emitting isotopes of thorium (Th-228, Th-
230, and Th-232) was determined in 22 sets of human tissue samples obtained at
autopsy from Grand Junction, Colorado and 10 sets from Washington, D.C. Lung,
pulmonary lymph nodes, liver, kidney and bone were obtained for each case.
Personal data for each individual's age, sex, smoking history, and occupation
were obtained in most cases.

A simple accurate analytical technique was developed for the deter-
mination of environmental levels of alpha-emitting isotopes of thorium using
Th=-229 as an internal tracer. The method consists of tissue digestion,
separation of thorium from other elements by solvent extraction,
electrodeposition, and solid-state alpha spectrometric measurements using
Si(Li) surface barrier detectors.

Thorium=229 was successfully employed as an isotopic tracer to determine
the analytical yield. This isotope has been chosen because of its long half-
life and the ability to measure its alpha emission simultaneously with the
natural alpha-emitting isotopes of thorium.

The included table summarizes median organ concentrations, derived
distribution by organ, and calculated median radiation dose rates.

Thorium nuclides were measurable in the following order of decreasing
concentration: 1lymph nodes > lung > bone > kidney > liver for Th-~232 and
Th-230, and lymph nodes > bone > kidney > liver for Th-228. The concentration
of thorium nuclides were more than an order of magnitude higher in lymph nodes
than in lung and the concentration of Th-230 was higher than Th-232 in all
tissues, including bone, reflecting the relative geochemical abundances of the
uranium and thorium series, respectively. On the other hand, the concentra-
tion of Th~228 was higher than Th=232 in bone. This suggests that a portion
of Th=228 in bone is due to the intake of transportable Ra-228, which concen-
trates in bone and then decays to Th-228.

Thorium=230 was significantly higher in lung, lymph nodes, and bone of
two occupational cases (a uranium miner and a hard-rock miner) from Grand
Junction, Colorado. Thorium-230 in skeleton is apparently a good indicator of
lifelong exposure to ore duste.

The median thorium content by isotope for the human body was estimated
from the measured concentrations in organs, the reference weights of organs
for men and women taken from IRCP Report 23, and weighted for the proportion
of men and women in each population. Thorium-230 and Th-232 were distributed
similarly (but not identically), as would be expected, with about 11-29% of
the body content in the lung, and 55-75% in the skeleton. Thorium~-228 was
clearly distributed differently from Th-232 and Th-230, with about 80% in the
skeleton and only 5% in the lungs. The highest total accumulation of the
thorium isotopes was in the skeleton. Thorium=230 and Th-232 concentrations
in bone were found to increase approximately linearly with age.
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The data suggest that even though the non-mining residents from this area
have lived in the vicinity of uranium mine tailings, they do not have clearly
elevated Th-230 concentrations in their lungs, when compared to the residents
of wWashington D.C., who are not exposed to such tailings.

However, the concentration of Th-230 and 232 in the skeleton was
statistically significantly higher in the Grand Junction subjects compared to
Washington D.C. subjects which may be attributed to the higher median age of
67 years for the Grand Junction population compared to 33 years for the
Washington D.C. subjects. It was shown that Th-230 and Th~232 concentrations
in the skeleton increase with age., For Th=-230 and Th-232 after adjustment for
the age differences, the median age adjusted concentration in bone for the
Grand Junction population was higher but not statistically significantly
different.

The liver contained about 3 to 4% of the total body burden of the three
isotopes, in agreement with the distribution assumed in ICRP 30 of ~ 4%; the
latter was based on distribution studies of injected Th-228 in the beagle.
The results reported here are the only sufficiently detailed study in man to
date which allow assessment of the distribution among the organs. Thus the
liver is not a major organ of storage for thorium isotopes accumulated from
environmental sources.,

The total median accumulation of thorium in the human body inferred from
the measurements of tissue was equivalent to the average natural thorium
content in 1 to 6 grams of soil. The highest radiation dose from all of the
thorium isotopes was delivered to the lymph nodes and ranged from 1 to 5
mrads/year. Median doses averaged over bone, lung and liver were 0.41 and
0.23, 0.06 and 0.44, 0.19 and 0.07 mrad/year respectively, in the Grand
Junction and Washington populations sampled, assuming complete equilibrium of
the short lived daughters of Th-228.
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Median Conc.
Isotopes Organs pCi/kg
Grand Junction Wash. D.C.

Organ Distribution

Grand Junction Wash.

Median Radiation Dose Rate

mrad/yr

Grand Junction Wash. D.C.

Th-228 Lung 0.28 0.24
Lymph Nodes 5.1 2.6
Liver 0.07 0.09
Bone 0.54 0.66
Total Body
Th-230 Lung 0.84 0.31
Lymph Nodes 11.0 4.6
Liver 0.15 0.15
Bone 0.92 0.32
Total Body
Th-232 Lung 0.58 0.32
Lymph Nodes 7.8 2.8
Liver 0.03 0.05
Bone 0.16 0.10
Total Body

0.028, 0.17*%

0.51, 3.0

0.0071, 0.042
0.054, 0.32

0.073
0.96

0.013
0.080

0.043
6.58
0.0022
0.012

0.024, 0.14%*
0.26, 0.16
0.0091, 0.054
0.067, 0.40

0.027
0.40

0.013
0.028

0.024
0.21
0.0037
0.0074

*
For Th-228 and daughters in equilibrium.
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THORI™ IN HWAN TISSUES

CHAPTER 1

Introduction and Experimental Approach

Although thorium is a widely distributed element in the environment, its
occurrence and distribution in the human body has not been studied adequately,
and it is certainly incompletely studied compared with the other natural
radionuclides such as radium. This study was designed to determine the amount
and distribution of the major alpha-emitting isotopes of thorium (i.e., Th-
232, Th-230, and Th-228) in the important organs of the human body, so that
the radiation doses associated with their intake can be evaluated. Because
thorium has many chemical and biological properties similar to plutonium, a
study of the distribution of thorium in man should provide useful information
for inferring the potential for the long~term accumulation of plutonium from
the environment. Also, it is of interest to know whether the people who live
in towns that contain uranium mill tailings exhibit levels of Th-230 in their
tissues that are above the levels of non-exposed individuals of the general
population.

In the past decade, a variety of industrial applications for thorium have
been developed. Thorium is used in refractories; as an alloying agent for
magnesium and nickel to which it imparts temperature-resistant qualities. 1t
is also used as an alloy with tungsten for welding electrodes and electrical
filaments, is used in optical lenses, the manufacture of gas mantle tubes, and
as a catalytic agent in the chemical industry. 1In addition, the former
practice of injection of colloidal thorium preparation (thorotrast) for
medical diagnostic purposes has led to a number of cases of liver cancer in
man {Al66). '

Thorium may become an important source of nuclear energy through the
conversion of Th-232, a fertile material, to fissile U-233 in thorium cycle
reactors. In order to analyze the potential consequences of accidental
releases of thorium and uranium isotopes we need a better understanding of the
behavior of thorium isotopes in the environment.

In vivo measurements are not sufficiently sensitive to provide accurate
estimates of the thorium content in normal human tissues (Jo71); radiochemcial
analysis of the tissues is required. Heretofore, no method has been available
for the determination of the multiple Zlsotopes of thorium in biological
tissues. For this reason, a new and accurate analytical technique was deve-
loped for the determination of the alpha-emitting isotopes of thorium that
would be sensitive to the low levels found in the soft tissues and bone of
humans. The method uses Th-229 as a tracer to provide a measure of the radio-
chemical yield for the simultaneous spectrometric measurements of the alpha-
emitting thorium nuclides (Th-232, Th-230 and Th-228).

Human tissue samples were collected at autopsy from 32 subjects, most of
whom were accident victims. Bach set includes samples of lung, liver, kidney,
cortical bone, and spleen. The subjects were selected from populations from



two different geographic locations: 22 sets from a western town near a uranium
tailings pile, and 10 from an eastern city in which no elevated source of
thorium is known to exist. In addition, three lungs were collected from the
New York City area.

The analytical determination of the alpha-emitting isotopes of thorium
was accomplished by using processes of complete digestion of the tissue,
solvent extraction and electrodeposition, which were then followed by alpha-
spectrometric measurements., A limited number of air and soil samples were
also analyzed for Th-232, 230, and 228 concentrations., The isotopic ratio of
thorium nuclides in the tissues, soil, and air can be used to infer
information about the source and likely route of entry of these isotopes.



CHAPTER 2
Review of Relevant Properties of Thorium

2.1 Thorium Distribution in the Environment

Thorium is fairly abundant in the earth's crust and occurs in varying
amounts in more than 100 minerals, in which it is usually found with
uranium. The thorium content reported by Faul (Fa54) indicates a range of 8.1
to 33 ppm for igneous rocks, with a mean value of 12 ppm. The radiocactivity
of the soil is determined by the rock from which the soil is derived.
However, disequilibrium may arise from the differential migration of the
uranium and thorium-series radionuclides via water.

An extensive study, using in situ gamma-spectral measurements at 200 U.S.
locations, showed that the average concentration of natural thorium in U.S.
soil is about 1 pCi/g Th-232 which is equivalent to 9.2 ppm thorium (Lo64).

An estimate of the average concentration in soil on a worldwide basis has
been reported in NCRP Report # 50 (NC 50) as 0.7 pCi/g (6.4 ppm). Typical
values for Th-232 concentrations in soil are reported in the literature to
range from 0.2 (1.8 ppm) to 1.9 pCi/g (17.5 ppm).,

Thorium may become airborne as soil or dust particles. Limited informa-
tion on the concentration of thorium in air exists. Sedlet et al. (Se73)
reported an average annual concentration of 30, 45, and 30 aCi/m~ for Th-228,
Th~230, and Th-232 in air in the vicinity of Argonne National Laboratory. For
a reference atmosphere with 100 Ug/m~ of suspended material averaging 1 pCi/g
the concentrations of all three thorium isotopes would be about 100 aCi/m~ (Ha
79),

In addition to the natural thorium background, there is an additional
source for these nuclides due to conventional power production. Eisenbud and
Petrow (Ei64) concluded that electricity generation from the combustion of
fossil fuels can cause a discharge of natural radioactivity (Ra-226, Ra=-228,
and Th-228) into the atmosphere. Martin et al. (Ma69) found elevated levels
of Th~232 in air (300 aCi/m3) near a coalfired power plant. Beck, et al.
{Be78) have shown that certain more volatile uranium and thorium daughters
concentrate on the fly ash particles. At the present time, there is not
enough information to evaluate the contribution from this source to "normal"
body contents.



2.2 Radiological and Chemical Properties of Thorium

There are 13 isotopes of thorium. Th-228, Th-230 and Th-232 are alpha-
emitting isotopes and, because of their long half-lives, have industrial and
environmental importance as potential health hazards. Th-232 and Th-228 occur
in the thorium minerals. Th-230 is found in association with natural
uranium. Th-227, another alpha-emitting thorium isotope, is present in
uranium minerals as a member of the U-235 decay chain. However, Th-227 is
relatively short-lived and is present in the environment in small amounts (4.5
$ by activity of Th-230 when the uranium chain daughters are in equilibrium
with the long lived parents). Because of the lesser activity and short half-
life (18d), Th-227 should not be present in significant amounts relative to
the other alpha-emitting isotopes in tissue (NC 76). Figure 2.1 shows the
decay chains that contain the thorium isotopes; their alpha energies and half-
lives are noted in Table 2.1. The physical constants are taken from Lederer,
et al., 1978.

Thorium metal is highly electropositive and has a high melting point
(1750°C). Dilute hydrofluoric, nitric, and sulfuric acids and concentrated
phosphoric and perchloric acids dissolve thorium.

Because thorium exists in solution as a small highly charged cation, it
interacts with water and with many anions. One simplification in the aqueous
chemistry of thorium is that it has only one oxidation state and, hence,
oxidation~reduction reactions do not occur. The water-soluble salts of
thorium include the nitrate, the sulfate, the chloride, and the perchlorate.

The common insoluble compounds of thorium suggest a number of precipi-
tates that may be suitable for the removal of tracer amounts of thorium from
solution.

Thorium hydroxide is a highly insoluble compound; when alkali is added to
an agqueous solution of Tht ; a gelatinous precipitate is formed. Thorium
hydroxide dissolves in aqueous solutions that contain such ions as the citrate
or the carbonate which complex the thorium ion. Tracer amounts of thorium
will coprecipitate qguantitatively with a wide variety of the insoluble
hydroxides, such as lanthanum hydroxide, ferric hydroxide and zirconium
hydroxide. Because the hydroxide carrier precipitates are non-specific, they
are usually used only to remove the thorium from a simple mixture of contami-
nants or as a group separation that is followed by more specific chemical
purification procedures (Ha36).



FIGURE 2.1: Mode of Decay of Thorium and Uranium Series

Mode of Decay - Thorium Series

Th-232 Th-228
1.39%10"%yrs. 191yrs.
Ac-228’}z
J 6.13 hrs. '
Ra-228 Ra-224
5.8yrs. 3.64 days
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Po-216
vPb-212
Mode of Decay - Uranium Series
U-238 U-234
45x10%yrs. 2.5x10%yrs.
Pa-234‘fz
1.18 min.
Th-234 Th-230
24.1 days 80x10%yrs.
Ra-226
Rn-22°2
J Po-218

Pb-214



The extractability of thorium from aqueous solutions and its concentra-
tion by organic solvents has been studied for many solvents. Most studies
were done with hydrochloric acid and nitric acid systems.

Organic solutions of the high molecular weight amines and amine salts

have been shown to be excellent extractants for removing thorium from the acid
solutions (RKa57; Hy60).

TABLE 2.1

Half-Lives and Energies of Thorium
Isotopes of Interest to this Study (Le 78)

Thorium Isotopes Alpha Energy Abundance
of Interest Half-Life (MeV) (%)
Th-227 18.7 d 6.04 24,5
5.98 23.4
5.76 20.3
5.72 14.0
Th-228 1.91 v 5.43 72.7
5.34 26.7
Th-229 7340 y 5.05 7.2
4,97 10.0
4,90 10.8
4.84 56.2
4,81 13.2
Th-230 g.0x10% y 4.68 76.0
4.62 24,0
Th-232 1.40x1010 y 4,01 77.0
o 23.0
Th-234 24.1 d B~




2.3 Distribution Pattern of Thorium among Tissues

The distribution of Th-232 citrate in tissues was studied in rats by
Boone (Bo58). The level of deposition in tissues varied slightly according to
the amount administered; an average of 70-80% of the i.v. injected dose was
retained at the time of death, 25-30% in bone and 50-60% in soft tissues.

Half of the latter was found in the liver. Radioautography showed that the
deposition of Th-232 in the liver, spleen, and bone was associated with the
reticuloendothelial cells. Scott (Sc52) administered thorium intravenously to
the rat as a sulfate salt and found 45-68% in the liver and 6-20% in the
skeleton.

When thorium was injected intravenously into adult beagles as a citrate
complex (St62), 60-93% was found in the skeleton and 3-4% in the liver. This
distribution pattern is similar to that found by Boecker (Bo63) in the rat for
Th-234 inhaled as the chloride; the absorbed thorium was deposited almost
completely in the skeleton.

The relationship between the mass of intravenously injected thorium and
the deposition in the skeleton was studied by Stover (St60) in adult beagles
and by Thomas (Th63) in rats. For thorium administered intravenously in the
range of 10710 o 10715 grams per kg body weight, about 80% of the body burden
is deposited in the skeleton and 20% in the soft tissues, principally in the
liver and kidney. When the thorium administered is > 1073 g/kg body weight,
the amount in the bone decreases by a factor of about 10, and the amount in
the liver increases by the corresponding amount.

This mass effect is dependent on the concentration of the thorium
atoms. Because thorium is readily hydrolyzed, the injection of soluble salts
in high concentration will result in the formation of colloids that are
circulated in the blood and removed by the reticuloendothelial system (liver,
spleen, and bone marrow). When small amounts of thorium are present in the
circulation, the thorium should be in monomeric (ionic) form and, as such, is
deposited primarily on the skeletal surfaces in a manner similar to plutonium
(ste0) .

Relatively few inhalation experiments have been performed with thorium,
but some aspects of this behavior in the lung are reasonably well
established: thorium oxide in the lung behaves as an insoluble material, and
the rate of loss is very slow. When it is removed, it appears predominantly
in the feces, a result of ciliary clearance.

Hodge et al. (Ho60) have shown that in repeated exposures of dogs to Th02
particles which have a median mass diameter of 1 um in a concentration of 5
mg/m3 of air, the lung burden rises steadily with continuing exposure and was
more than six times greater after 14 months than after one month. During this
same period, the amount of thorium in the liver, kidney, and spleen did not
change significantly.



Once deposited in the lung, the persistence of ThO, is great, as indi-
cated by the data from three dogs that were exposed for two weeks to 45 mg of
ThO, per cubic meter of air. The concentration of thorium in the pulmonary
lymph nodes was 50 times higher than in lung tissue seven years post=—-exposure;
only about 2% of the lung burden was translocated to the skeleton.

The build—-up of thorium in the lungs of rats, rabbits, and guinea pigs
exposed to 5 mg Th02/m3 for 14 months was found to be similar to that of dogs
(Ho58) .

Thomas (Th57) studied the metabolism of Th=230 (in the hydroxide form)
administered to the rat by intratracheal injection in doses of 4 mg/kg and
found only small amounts in all tissues except the lung. Practically all the
Th-230 that does enter the circulation from the respiratory tract is
translocated to the skeleton.

The Absorption of Thorium from the Gastrointesgtinal Tract

Maletskos et al. (Ma69) conducted experiments in which normal elderly
subjects ingested radium dial paint that contained Th-228, in addition to
Ra-226, as sulfate compounds. The results on six subjects yielded an average
absorption of 0.02% for thorium. Experiments on rats and guinea pigs yielded
thorium absorption factors equal to or lower than those found in man (Sa51;
Sc52). Transport across the GI tract of adult rats, guinea pigs, and dogs was
recently measured for soluble nitrate and insoluble oxide compounds of the
actinide elements (Su7%9a). Th-228 absorption was lower than absorption of
most of the other actinides studied. Absorption of Th-228 was 0.03%, a value
slightly higher than Maletskos found for man using Th-234 (SO4)2. There was
little variation among specieg; however, solubility and particle size are
important factors in determining absorption. Larger fractions of the actinide
compounds are absorbed from the GI tract of neonatal rats and guinea pigs
(Su79).



2.4 Review of Thorium Measurements in Man

What little information which is available about thorium in hurain tissues
has been reviewed recently (Wr77). Most work has been on human bone samples.

Hill (Hi62) reported preliminary results of spectrometric measurements
that were carried out on the natural levels of a-activity in humans and their
environment. The spectral resolution in his work, using the pulse-counting
ion chamber, was not sufficient to separate Th-230 completely from other
interfering alpha emitters. The range he reported for the Th-232 values in
nine lung samples was between 0.2 and 1 pCi/kg wet tissue.

Petrow and Strehlow (Pe67) measured the thorium content in a composite
sample of ash from the skeletons of several adult individuals and found a
value of 10 ng/g ash. Picer and Strohal (Pi68) reported a value of 23 ng/g
Th-232 in bone ash for an individual of unknown age. The most extensive
series of measurements of thorium in bone were reported by Lucas et al.
(Lu70) , who analyzed thorium from 38 human rib bones and found values between
0.1 and 72 ng/g ash. They observed that the concentration of thorium in bone
increased approximately linearly with age at a rate of 0.16 ng/g of bone ash
per year (the specific activity of Th-232 is 1.09 x 10”7 Ci/g).

Clifton et al. (Cl71) reported on the concentration of Th-232 in bones of
unexposed persons in the United Kingdom. The concentrations in rib ash
reported in this study ranged from 0.8 to 164 ng/g, with a mean of 28.7 + 13.1

ng/g.

Inhalation is probably the main route of thorium uptake by man. The
evidence is summarized in section 2.3.



CHAPTER 3

Experimental Plan

3.1 Tissue Collection

Twenty-two sets of tissues were obtained at autopsy from persons in the
Grand Junction, Colorado area (a town in the western United States with a
uranium tailings pile), and ten sets were collected from persons in Washing-
ton, D.C., where no elevated natural source of thorium is known to exist. 1In
addition, three lung samples were obtained from persons in the New York area.

Samples taken at autopsy were generally from accidental victims, and

subjects were generally long-time residents, as the table below shows. (See
section 6.1 for further characterization of the subjects.)

Residence Time of the Subjects Autopsied
From Grand Junction and Washington, D.C.

$ of cases where

residence time mean residence

is known time in years
Grand Junction 65 45
Washington, D.C. 80 15

From each case, the following organs were collected by a pathologist: the
right lung, a kidney, the spleen, approximately one-half of the liver, and
approximately 200 grams of a vertebral wedge. From a few cases other samples
were obtained, such as the thyroid and the gonads.

At autopsy, specimens were weighed after a short period to allow drainage
of the excess fluids. Prior to the chemical analyses, the weights were
rechecked and recorded.

For each subject, the tissue samples were placed in individual plastic
bags and then packaged in separate labeled containers. The specimens were
frozen after autopsy and transported to our laboratory packed in dry ice.

The age range of the subjects was between 1.5 and 86 years. Most were
victims of automobile accidents in which death occurred immediately or soon
after arrival at the hospital. No subject had a chronic, debilitating disease
or a metabolic disease known to affect liver or skeletal metabolism.

At each location all the autopsies were performed by or under the

direction of a single pathologist, who examined all organs for degeneration or
impairment and for evidence of tumors or carcinomas; any such evidence was
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recorded. The cause of death was determined either by gross inspection or by
histological examination; in addition, some microscopic sections were taken to
determine whether any structural changes not readily apparent could be
ascertained and co-related with the data from the chemical analyses.

The date of death, age at death, sex, race, residential histories,
smoking and drug history, past medical history, and occupational data were
obtained for each case,

The bronchopulmonary lymph nodes were carefully dissected to remove all
visually identifiable lymph nodes along the large and smaller bronchi in the
regions of bifurcation.

The number and the mean weights of the samples analyzed are reported in
Table 3.1.

TABLE 3.1

Mean Weights of the Samples Analyzed
from Grand Junction and Washington, D.C.

Mean of
Number of Range of Sample Sample
Organ Samples Weights in grams Weights in grams
Lung 30 53 - 880 420
Lymph nodes 24 1 - 15 6.5
Liver 26 149 - 850 410
Kidney 25 45 - 210 130
Bone 23 20 - 295 150
Spleen 14 45 - 360 140

Further information about the populations measured is given in
Chapter 6.1.

3,2 The Wilization of Thorium—-229 as an Isotopic Tracer

Th-229 has been successfully tested and used at this laboratory as a
suitable tracer to determine the analytical yield for the radiochemical deter-
mination of natural thorium isotopes (Wr78).

Th-234 has traditionally been employed as an isotopic tracer to determine
the extraction efficiency and the total analytical yield for the radiochemical
determination of "natural™ thorium (Pe74; Si77). Accordingly, a number of
methods have been reported for its preparation (Si77). Also, because Th-234
has a relatively short half-life of 24.1 days, new batches must be prepared
frequently. Furthermore, Th-234 is a B-emitter, whereas most other "natural”
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thorium nuclides emit o-particles. 1In contrast, Th-229 is an o emitter, and
has a long half-life of 7340 years.

For this reason, the tracer (Th-229) and the nuclides being determined
(Th=-232, 230, 228) are deposited in an identical fashion on a single planchet
(i.e., same thickness and uniformity of deposit):; hence, they may be counted
simultaneously with the same detector. With the Th-234 tracer, small changes
in the distribution of deposited activity can cause profound changes in
counting efficiency and hence the accuracy of the measurements (Si77); there-
fore, great attention to these details is necessary if the Th-234 tracer is to
be used accurately.

The increase in accuracy, simplified counting procedures and freedom from
preparation of fresh tracer periodically, in order of importance, are reasons
why Th-229 is an improved tracer for most applications. Since the sample
count rate in the Th-228 region includes some small contribution from Th-228
contamination in the Th-229 tracer, it was necessary to make corrections for
this impurity when Th-228 is determined in the sample.

Th-227, another o-emitting radionuclide, was also considered as a
possible isotopic tracer. However, because Th-227 is a decay product of
U~-235, Th-227 could be present naturally in some biological samples. But more
importantly, in addition to Th-227 having a relatively short half-life (18.2
days), its o energies (Table 3.1) are too close to the decay products of Th-
228 (Ra-224, o = 5,68 MeV and Bi-212, o = 6.05 MeV) to be easily resolved.

FPor these reasons, Th-227 was not suitable as a tracer.

Experimental Materials: The isotopes Th-228 and Th-229 were obtained
from the Oak Ridge National Laboratory, and Th-230 from Isotope Laboratory
Products. Trilaurylamine (TLA) was purchased from Matheson Coleman and Bell
Manufacturing Chemicals (MC/B); a 25% solution was prepared in xylene and
shaken for 10 min. before use with 4 M HNO4 in the ratio of 3:1. Other
reagents and equipment included methyl red indicator, platinum electrodes and
planchets, nickel discs, electrolytic cells (HASL manual specification), and
electrolytic analyzer (Sargent Welch).

Experimental Procedures: Individual o spectra for Th-228, Th-229, and
Th-230 were obtained from the standard solutions, both by direct transfer and
evaporation onto platinum planchets and by electrodeposition. In addition,
o-gspectra were obtained for mixtures of these isotopes, that were prepared in
aqueous solution and from a pre-spiked 200 g sample of beef liver which had
been digested with HNOg, followed by a mixture of HNO3 and HySO04. 1In this
latter determination, the thorium was extracted into 25% TLA in xylene, back-
extracted with 10 M HC1l, converted to a sulfate with H,S04, and finally
electrodeposited onto a platinum planchet.

Results and Discussion

The energies of the thorium isotopes (232, 230, 229, and 228) were listed
in Table 2.1. Because the resolution of the silicon surface barrier detector
was 45-50 keV for a standard source at a source-to-detector distance of 1 mm,
inspection of the o energies show that all four isotopes should be resolved
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without any appreciable interference. Bath the Th-228 and Th-229 have short-
lived daughters that emit a particles; however, the energies of each of their
daughters are higher than 5.68 MeV, so that no spectral interference can
occur.,

Figure 3.1, which shows the o spectrum obtained from a mixture of
Th-228,229,230 electrodeposited on a platinum planchet, demonstrates that, as
expected, the o energy peaks are well resolved for these three isotopes of
thorium.

The radiochemical purity of Th-229 obtained from Oak Ridge National
Laboratory contained about 6%, by activity, Th-228, and 0.3% Th-230 (as of
Feb., 1977). The o spectrum of this tracer is shown in Figure 3.2. 1In spite
of the presence of Th-228, the tracer is useful, provided that the amount of
Th-229 added is such that the adventitiously added Th-228 does not exceed the
Th-228 level in the sample to be measured.

The spectra in Figures 3.1 and 3.2 were obtained at 6.7% counting
efficiency. A further increase in the counting efficiency to 24% did not
cause any resolution problems.

At this time only two disadvantages exist for the use of Th-229. The
first is the contamination of the available Th-229 with approximately 6%
Th-228; this results in a small increase in the lower limit of detection for
this isotope. Second, after long term operation, a recoil problem may cause
contamination of the diode. This contamination, however, occurs in the energy
region 5.68 to 8.78 MeV and does not interfere with the spectra of the thorium
isotopes under consideration (Table 2.1). Furthermore, this recoil
contamination problem can be reduced by using the procedures reported by Sill
and Olson (Si70) and also by good laboratory techniques; namely, by removing
the source of possible contamination from the chamber while not in use, and by
avoiding the unnecessary use of overly active sources. The experience after
two years is that no contamination which would interfere with "natural"®
thorium measurements is evident.

In conclusion, the advantages of Th-229 as an isotopic tracer for the
radiochemical measurement of other isotopes of thorium are the following:

1. The increase in accuracy associated with simultaneous o-~spectrometric
measurement of the tracer (Th-229) and the nuclides being determined
(Th-232,230,228) .

2. Th-229 has a long half-life of 7340 years, and therefore unlike Th-234,
requires neither repeated preparation and the associated time-consuming
processes of purification and standardization, nor decay corrections.

3. Th-229 is an o~emitter as are the naturally-occurring isotopes of thorium
which are of interest; accordingly, the d-spectrum provides, as part of
the measurement, the determination of yield, thereby saving time and
minimizing handling and separate B measuring techniques.
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FIGURE 3.1: Alpha Spectrum of Mixture of Th-228, 229 and 230
Electrodeposited from Agqueous Solution
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3.3 Development of an Analytical Technique for the Determination
of Alpha-Emitting Radionuclides of Thorium in Soft Tissues
and Bone

Introduction

To assess the content of the thorium nuclides Th-228, 230 and 232 in
human tissues, a new analytical technique has been developed. The methods
available for the determination of thorium in tissues are limited. Petrow, et
al. (Pe64) described an indirect technigue for determining Th-228 which takes
a considerable amount of time and is limited to only one isotope of thorium.
Another procedure described by Petrow and Strehlow (Pe67) is a colorimetric
method for total thorium and again does not measure the isotopic composition.
8ill (Si74; 8i77) has reported techniques for determining thorium in soil and
ore samples and Percival and Martin (Pe74) developed a method for assay of
thorium isotopes in environmental and process waste samples. No method has
been available, however, for the multiple isotopic determination of thorium in
biological tissues. Therefore, a simple, precise and sensitive analytical
technique has been developed in this laboratory for the determination of all
o~-emitting thorium isotopes in tissues (Si79%a).

Experimental
Reagents and Apparatus

All the reagents used were of analytical grade. A 25% solution of tri-
laurylamine (TLA), [Matheson, Coleman and Bell (MC/B)] was prepared in xylene
and equilibrated with 4 M HNOj prior to use. A 10% oxalic acid solution was
prepared in distilled, deionized water.2 M Hy80,, 4 M HNO5 and and 10 M HC1
dilute acid were prepared by dilution of concentrated acids with deionized,
distilled water. Th-229 tracer, (having ~ 6% Th-228 on an activity basis) and
methyl red indicator were used. Apparatus used included: platinum planchets,
nickel discs, electrolytic cell, electrolytic analyzer (Sargent Welch) and
muffle furnace.

Sample Preparation

Weighed amounts of tissue were transferred into proper size beakers and
1-2 dpm of Th-229 tracers were added to each beaker. Concentrated nitric acid
was added in sufficient guantity to immerse each tissue. Individual beakers
were then covered with a watch glass and heated gently on a hot plate until
all frothing had ceased. The temperature was raised slowly and heated con-
tinuously without boiling the nitric acid. For bone samples, vigorous heating
and digestion with nitric acid was accomplished until most of the organics had
been removed. BAll tissues were heated further with nitric acid and occasional
additions of Hy0, until the evolution of brown fumes had ceased, indicating
almost guantitative removal of organic materials.

For all other tissues, a 200 ml mixture of 1:1 HNO; and H,S0, was added
and heated vigorously until all the nitric acid had been driven off. A few
drops of HNO, and H,0, were added occasionally with constant heating until the
evolution of brown fumes had ceased and a clear colorless solution remained.
Most of the sulfuric acid was removed by evaporation before proceeding
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further. For lung and lymph nodes, where significant amounts of silica may be
present, the residues of the tissue disolution were heated further with HF and
HNO3 until the tissues were completely dissolved and then the HF was removed
by continuous heating.

Procedures
Bone

After the bone sample was wet ashed with HNO3 and H,0,, 200 ml of 1:3 HCl
was added to the solution. Ammonia was added carefully and neutralized until
precipitate formation started (around pH 4). This solution was heated to
boiling and a calculated amount of 10% oxalic acid solution was added with
constant stirring to precipitate ~ 10% of calcium available in solution, as
calcium oxalate. The precipitate was filtered and washed two to three times
with 1% oxalic acid solution and heated slowly in a muffle furnace by raising
the temperature in short intervals to 550°C.

The resultant calcium carbonate was dissolved in a 1:1 HNO3 and the
acidity of the solution was adjusted to 4 M by titrating 100 ul aliquot with a
0.1 N NaOH and adding the required amount of nitric acid of appropriate con-
centration. Once the solution was finally prepared, the solvent extractions
were carried out as described later in this section.

Soft Tissues

After the tissue was wet ashed and most of the sulfuric acid was removed,
200 mlL of 1:3 HCl was added to the solution. This solution was boiled for
several minutes then allowed to cool. Ten milligrams of iron carrier {as 1 ml
FeCl3) was added and swirled in the beaker. Concentrated ammonium hydroxide
was added gently until the Fe (OH) ; was completely precipitated. The pre-
cipitate was boiled for a few minutes and allowed to settle overnight. The
supernatant was removed by centrifuging the precipitate in a 40 ml or 250 ml
centrifuge tube depending upon the volume size. The precipitate was dissolved
in a minimum volume of concentrated HNO,, Fe(OH)5 was reprecipitated with
ammonia, and a large excess of distilled water was added to a maximum volume
of the tube to remove the sulfate ions. The precipitate was centrifuged and
the supernatent was discarded. The precipitation and dissolution was repeated
until the supernatant was free of sulfate ions. The iron hydroxide precipi-
tate, which coprecipitated plutonium and thorium hydroxide, was dissolved in
1:1 HNO3. The acidity of the solution was adjusted to 4 M as described
earlier., The solvent extractions of thorium were then carried out from this
solution as described as follows.

Solvent Extraction

Thorium was extracted into 25% TLA solution in xylene (pre-equilibrated
with 4 M HNO3) by shaking for ten minutes (aqueous: organic 1:1 volume). The
aqueous phase was removed into another separatory funnel and extracted once
again with an equal volume of 25% TLA solution. The aqueous phase was dis-
carded. The organic phases from both extractions were mixed into one large
volume separatory funnel. An equal volume of 4 M HNO; was added and shaken
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' for ten minutes. The aqueous phase was discarded. Thorium was backextracted
from the TLA phase by shaking with an equal volume of 10 M HCl for ten
minutes. The aqueous phase was collected in a clean beaker. The back-
extraction of thorium was repeated and the aqueous phase contained all the
thorium. The aqueous solution was evaporated, 5 ml of 1:1 H,S0, was added and
the solution was heated. Concentrated HNO3 and 30% H,0, were added dropwise
along the side of the beaker once the organics entrained with HCl were
observed floating on the surface in order to completely decompose the
organics. Following removal of all organics, the solution was ready for
electrodeposition of thorium. 1In the case of bone samples, if large amounts
of calcium are precipitated as oxalate, a white mass on the electrodeposited
platinum planchet (presumably calcium sulfate) was observed. However,
electrodeposition carried out in hydrochloric acid media resulted in cleaner
planchets. WNevertheless, in both cases, larger amounts of calcium caused an
increase in the mass of the planchet which diminished the resolution.

Electrodeposition

~ Apparatus

The electrodeposition apparatus consists of an elongated 22 mm plastic
cap which holds an inverted, one-ounce polyethylene bottle with the bottom
removed. The cap has been designed to accommodate an 18 mm diameter platinum
disc supported by a nickel disc. The polyethylene bottle is firmly screwed
into the cap holding the discs, thus forming a leak-proof plating cell. A
threaded brass bushing is molded into the underside of the cap and establishes
an electrical contact with the platinum disc cathode by clip leads. The
entire cell is supported by a heavy brass base which is designed to anchor the
cell in the ice water bath. The anode consisted of a 1.6 mm platinum—-irridium
rod, four inches long with a half-inch diameter platinum disc riveted at one
end. This disc is provided with a number of 0.3 cm holes. However, these
dimensions for the anode are not critical. The anode rod is connected to a
constant speed stirrer and to the positive outlet of the power supply, which
furnishes a constant current in the range from 0-6 amperes and a voltage
ranging from 0-10 volts.

Procedure

The final solution, obtained in the solvent extraction step, was
evaporated to dryness. One ml 2 M H,S0,4 was added and heated gently at a low
temperature on a hot plate. The solution was transferred to the plating
cell. The beaker, which had contained the solution, was washed two times with
1 ml portions of 2 M H,S0,. The washings were transferred to the plating
cell, One drop of methyl red indicator was added and the solution was
titrated with 1:1 ammonia, by adding dropwise, until a yellow-colored end
point was reached. Extreme caution was exercised not to add an excess of
ammonia. Then 2 M HyS0, was added drop by drop until the red color was
obtained and 2-3 drops extra were added to achieve the required pH of the
plating solution. Electrodeposition of thorium was carried out at an initial
current of 1.2 amperes for one hour. The electrolyte was guenched with 3-4
drops of ammonium hydroxide at the end of one hour. The cell was dismantled
and the platinum disc was rinsed with water and then followed by alcohol. The
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disc was flamed to red hot over a burner. The recovery and the isotopic
composition of the thorium was determined by counting the platinum planchet in
an alpha spectrometer with a solid state surface barrier silicon diode
detector.

Alpha Spectrometry

Once the sample had been electrodeposited, thorium isotopes were
quantitated using state-of-the-~art alpha spectrometry equipment. The detector
systems employed were "ruggedized" 300 mm? silicon, surface barrier detectors
(Ortec, Inc.) which possess a typical resolution of 50 KeV (FWHM) with a
counting efficiency of 25-30%. The background count rate in the thorium
energy regions of interest averaged less than one count per 1000 minutes of
counting time. The data reduction and acquisition systems used were designed
for long-term alpha counting and consist of NIM bin electronics incorporating
a 4096 channel multi-channel analyzer with dual floppy disc storage and
readout capability. The detector electronics are built into a dual vacuum
chamber module which incorporates a preamplifier, power supply and linear
amplifier into a single NIM module. The system also incorporates a built-in
pulse generator for internal electronic stability checks. A simplified
schematic of the counting system is given in Figure 3.3.

Results and Discussion

This solvent extraction technique for the determination of thorium was
successfully employed for all organs except for bone where difficulties were
encountered due to the presence of calcium and phosphate ions. However, once
the phosphate ions were removed by calcium oxalate precipitation, coprecipi-
tating thorium and leaving phosphates in solution, the method was as good as
for the other organs. The schematic diagrams for soft tissues and bone are
given in Pigures 3.4 and 3.5, respectively. Figure 3.6 shows alpha spectrum
of a human lung containing Th-228, Th-230, Th-232 and added Th-229 tracer.
The radiochemical recoveries for thorium in each organ are given in Table
3.2, There were no significant differences in the radiochemcial yields
between organs. There is no spectral interference from one isotope to another
nor from any other element.

The alpha energies for Po-210 (5.30 MeV) and Th-228 (5.43 MeV) are very
close and therefore polonium must be separated during the chemical analysis.
The extraction of polonium from nitric acid at moderate concentrations (up to
8 M), using high molecular weight amines, has been reported to be poor
(Fi61). 1In this method, the discrimination against polonuim exceeded 5 x 103
as determined from the addition of known amounts of Po-208 (alpha energy of
5.11 MeV, and half-life of 2.93 Y). The electrodeposition of polonium from
sulfuric acid was poor (~1.7%) due to its low solubility in this media.
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FIGURE 3,4, SCHEMATIC FLOWSHEET FOR THE DETERMINATION OF THORIUM
IN SOFT TISSUES.
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FIGURE 3,5, SCHEMATIC FLOWSHEET FOR THE DETERMINATION OF THORIUM
IN BONE.
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FIGURE 3.6: Alpha Spectrum of a Human Lung Containing Th-228, Th-230,
Th-232, and the Added Th=-229 Tracer
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Recovery of Po-208 Tracer for Different
Experimental Conditions

Experimental Condition Po-208 in dpm
Added Recovered % Recovery

(1) Direct transfer to a

platinum disc and flamed

over a burner 7.652 0.102 1.33
(2) Electrodeposited from

sulfuric acid as

described in the procedure 20.113 0.352 1.70
(3) Extracted from acid blank

spiked with Th-229 as

described in the general

procedure 27.293 0.136 0.50

TABLE 3.2
Recovery (%) of Thorium
in Different Organs

Thor ium
Organs Mean £ 1 ©
*
Lung 41 + 15 (29)
LN 38 + 16 (24)
Liver 39 + 16 (26)
Kidney 53 + 23 (25)
Bone (Vertebra) 43 £ 19 (23)
Spleen 48 £+ 15 (14)
Gonads 64 + 22 ( 4)

* The number in the bracket indicates the number of samples
analyzed for each organ.

3.4 Data Presentation and Associated Error

The activity of each isotope of thorium was determined after integrating
the counts in the appropriate energy regions of the nuclide of interest. Each
energy region or channel spread was determined by counting a mixed standard
source containing Pu-242, Pu-239,240, and Pu-238 which provided an energy
calibration of the system. Identical procedures were used for determining
counter background and reagent blank counts in the thorium and plutonium
energy regions.
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Counter background and reagent blank counting rates seen in the energy
regions of interest were subtracted from the gross sample count rate before
arriving at a net count-rate estimate. This sample count-rate estimate was
then divided by the product of counter efficiency x chemical yield x sample
mass in kilograms to arrive at an estimate of activity in the sample:

R
A= Y-ﬁ - (1)
where A = sample activity

R = net count rate (cpm in the energy region
corresponding to the isotope being measured)

E = detector efficiency (cpm/dpm)
Y = radiochemical yield

Y = factor to convert dpm to activity.

The propagated random error in A can be obtained from Equation 1 by the
standard techniques of propagating error (Be68) for products and quotients and
is: )

2 2 2
A
82 =SR_'_S(EY) 2)

R2 (EY)2

Since the count rate (R) in the Th-228 region includes that contributed by
Th-228 contamination of Th-229 tracer, which is added in order to make a
radiochemical determination of yield (Th-228/Th-229 = (0.0814 on an activity
basis) and also the background. Hence,

R=R1-R2-R3 (3)
where: Ry = total count rate in the Th-228 region,

R2 count rate in the Th-228 region due to tracer, and
R, count rate in the Th-228 region due to background.

The count rates of sample and background are simply:

C C
1 3

— and R, = — (4)

1 t1 3 t3

and the estimate of the standard deviation
s (R)) = /C1/t1, S(Ry) = v’c3/t:3 (5)
where Cjy is the total number of counts in the Th-228 region in counting time
t .
1-

R, = FR; (6)
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where F is the ratio Th-228/Th-229 established from measurement of the tracer
(F = 0.0814 and s(F) = 0.0038 for this work), and Ry is the count rate in the
Th-229 region, and Cy = total counts in the Th-229 region in time ty.

Again propagating the error for Equation 6 gives:
2 2
s (Rz) sz(F) s (RO)
7 T2 ° 2 ‘ (7
R2 F R0

Ry is the background count in ~1000 min (the average counting time used
for background); background counts are less than 1, so that 32 (R3) is of the
order of 1070 and can be neglected for our system.

By the standard rules for propagation of error for sums and differences,
the random error associated with R from Equation 3 is:

s2(R) = s2(r)) + s2(Ry) + s?(Ry) (8)

and sz(R) can now be readily calculated by combining Equations 5 and 7 with 8.

The cpm observed/dpm added is the product EY, so that if E is known, then
Y may be calculated. In fact,

The error is propagated in the usual fashion for products and guotients.

In short, the error in A (Equation 2) consists of two terms, comprising
the contributions from the error in observed count rate and the product of
yield and efficiency. The relative importance of the two as sources of error
depends on the activity in the sample and the amount of added tracer.

3.5 Critical Level for Detection of Net Activity

Measurements of environmental levels of radioactivity in human tissues
are sometimes difficult because of the relatively low activity concentration
and the small size of some organ of interest, e.g., lymph nodes, thyroid and
gonads.,

Considering samples whose activities produce low count rates, it is
important to define a minimum detection limit (i.e., the count below which the
sample activity is not distinguishably different from the background counting
rate) .

This level is what has been defined by Altshuler and Pasternack as the
minimum significant measurable activity or critical level (Lc). The critical
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level (L) is defined in terms of: 1) o, the probability of concluding
activity is present when it is absent and 2) g, the standard deviation of a

net count when the true mean of the sample, Hgr is zero,. L is thus defined
as:

L =K o
c o s
where the constant K is the upper percentile of the standardized normal
distribution. The values for K, can be found in tables of the normal distri-
bution function (for a selected a = 0.05, Ka is 1.645).

To calculate 0, the standard deviation of a net count when u_ the true
mean of the sample is zero, one must consider that for a zero activity sample

the observed sample counts can be described as:

R

s o BL BK
where: us = the observed sample counts
Hy, = the mean of a zero activity sample
UBL = the mean of a net blank
uBK = the mean background.

The variance of y_ can therefore be described as:

2 2 2 2
g © = +
s Go + GBL 0BK
where: 052 = the variance of the observed sample counts
002 = the variance of the zero activity sample counts
OBLZ = the variance of the blank counts
OBKZ = the variance of the background counts.

Since four different radioelements were determined in this study, there are
four separate critical levels which need to be calculated based on each
nuclide's background and blank counts. Table 3.3 lists the mean counts plus
or minus the variance for the background and blank measurements for each of
the nuclides measured for a 2500 minute counting time.

From the values in Table 3.3, the total variance for each nuclide
measurement can be calculated from:
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For the inidividual nuclides this becomes:

Th-228 Ss2 =542+ 1=8 counts
Th-230 SS2 =24+ 1+ 1 = 4 counts
Th-232 ss2 =24+ 14+ 1=4 counts

1.645 and the critical level can be calculated to be:

For o = 0.05, ko

1.645Y8 = 4.7 counts
1.645/4 = 3.3 counts
1.645/3 = 3.3 counts

Th-228
Th-230 ILc
Th-232 Lc

&

]

If an estimate is made assuming:

1. an average chemical yield of 50% for thorium;

2, an average detector efficiency of 25%;

3. an averadge counting time of 2500 min.; and

4, the average count rate of the background and net blanks as listed in
Table 3.3;

Then the Ic for each nuclide can be calculated as follows:

9.4
(2500) (.25) (.5)

Th~-228 e =

= (0,030 dpm/sample
0.0136 pCi/sample

Th-230 and Th-232

3.3

Le = 1535000 (.25 (o)

= 0,010 dpm/sample
0.005 pCi/sample

Most of the samples analyzed in this study contained activity well above the
critical level; the number of samples below that level are summarized in the
following table and are marked with an asterisk in Appendix A. They
adequately describe the distribution of each sample type, all measured values
were reported regardless of their relationship to the critical level.
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Number of Samples Below the Critical Level

Nuclide Lung LN Liver Kidney Bone Spleen Gonads

Th-228 3/29 4/24 6/26 17/25 3/24 9/14 4/4
Th-230 - 1/24 - 2/25 1/24 - 1/4
Th-232 - 2/24 2/26 12/25 3/24 2/14 3/4

3.6 BAnalytical Quality Control

During the course of this study, an internal quality control program and

participation in interlaboratory comparisons were in effect to document the
validity of the analytical results. The data obtained for the quality control
program included:

1.

Blind Duplicates

A number of replicate analyses were performed on large beef liver
samples. Each sample was dissolved in nitric acid, divided into three to
seven portions, spiked with tracer, and submitted for analysis with 4if-
ferent identification numbers. Since these samples are not carried
through the analytical procedure together, they are not affected similarly
by laboratory conditions, and hence give a good estimate of laboratory
precision. The results on three different beef liver samples are
summarized in Table 3.4. The precision of the analytical technique is
seen in the results. The standard deviation for the mean of each pooled
sample was within the error of an individual analysis.

Reagent Blank Samples

The main purpose of analyzing reagent blanks was to detect any
external contamination., One blank was analyzed with each group of samples
and counted for 300 minutes. A total of 15 reagent blanks were
measured. The blanks gave average counts of 2 + 2 for Th-228, 1 + 1 for
Th-230, and 1 + 1 for Th-232.

Interlaboratory Comparisons

Internal quality control programs of replicate analyses gave the
precision of the analytical technique; however, the accuracy of the method
was determined by participation in interlaboratory comparison studies run
by the U.S. Dept. of Energy Environmental Measurements Laboratory (EML).

In this program samples were prepared by the incorporation of care-
fully calibrated amounts of nuclides (at their environmental levels) and
distributed among participating laboratories. The data from analyses are
reported in a special EML publication annually.

The results for natural Th-228 concentration in a sample of animal bone

ash reported for the guality control program by this laboratory was within 6%
of the EML reference value.
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. TABLE 3.3
Mean Counts for Net Reagent Blank and Counter Background
Over Counting Time of 2500 min
(Counts % S%)

Net Counts Background
Radionuclide Reagent Blanks Counts
Th-228 28 & st 2 31
Th-230 1+ 1 1 £ 1
Th-232 11 11

* All reagent blanks and counter background counts represent the
mean of 15 determinations. Reagent blanks were run with tracer.

T Th-228 counts contributed by the contamination of Th-228 (6%)
resulted from the addition of 1-5 dpm Th-229 tracer.
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TABLE 3.4

Results of Replicate Analyses of Thorium-228 Content in Beef Liver

I¢

. Natural Natural
Sample Percent Recovery Total Th-228 Th-228 in Th-228 pCi/kg

# Tracer Th-229 (dpm) Liver (dpm) Beef Liver
A-I 24+1 1.6540.05 0.464£0.22 1.59+0.78
A-II 76+4 0.6240.06 0.32+0.08 1.1240.29
A-III 28+4 0.76+0.04 0.54+0.16 1.8610.56
A-1IV 75+6 0.51%0.06 0.381£0.08 1.6140.33
A-V 9314 0.5040.01 0.27+£0.06 1.14£0.25
A-VI 9314 0.66+£0.04 0.30+£0.07 1.274£0.30
A~VII 8143 0.76+0.05 0.29+0.08 1.2040.35

Mean 67% = 1.40+£0.29
B~-I 9015 1.134£0.07 0.89+0.10 2.85%0.33
B-II 4943 1.0940.09 0.84%0.14 2.714£0.44
B-III 7844 1.1510.07 0.911£0.11 2.9210.37
B-IV 59+4 1.38+0.10 1.14+0.16 3.65£0.50

Mean 69% = 3.03+0.42
c-I 6714 0.70+0.05 0.45%+0.08 1.4610.26
Cc-1I 69+4 1.101£0.07 0.85%0.11 1.374£0.17
C-I1I 714 1.651£0.08 1.391+0.14 1.1240.11
Mean 69% Mean 1.3240.18

Total Th-228 represents that naturally occurring plus that added as a contaminant
in the tracer.



CHAPTER 4

Stable Calcium Determination in Tissues

There have been some reports on the thorium content of human bone
obtained from different anatomical bone samples (i.e., rib, vertebrae)
(Lu70a, Hi62, Cl71). Some of these data were reported by wet weight, others
by ash weight.

The ratio of calcium to ash weight among the various bone types has been
shown not to vary greatly (Ho63). Thus the knowledge of the calcium
concentration allows one to infer the ash weights from the wet weights with
reasonable precision.

The calcium determination by atomic absorption is essentially that
reported in EML manual (Ha78). The measurements of calcium were performed on
1% aliquots of the samples (lung, lymph nodes, liver, kidney, and bone) after
they were wet ashed and solubilized. Each aliquot was diluted with 1%
lanthanum solution (La,04 in nitric acid). Lanthanum is used as a releasing
agent to eliminate chemical interference of phosphorus, aluminum, silicon and
sulfur and their anions in the analysis of calcium. Reagent blanks were also
processed in the same manner. The instrument calibration was adjusted using a
number of standard calcium solutions containing 0, 1, 2, 5, 8, 10 and 20 ug of
calcium/mf. The mean absorbance value for each calcium standard was used to
prepare a calibration curve by plotting absorbance vs. concentration of the
standard.

The calcium concentrations of the tissue samples were obtained using the
calibration curve corrected for dilutions, calcium in the blank, and the
sample weight, and expressed as ugrams of calcium per gram of tissue fresh
weight.

Results

The median concentrations for stable calcium in the lung, lymph node,
liver, kidney, and vertebrae samples are summarized in Table 4.1. The highest
calcium concentration was found in the vertebrae, followed by lymph nodes and
lung. The calcium concentrations measured in this study are consistent with
other published data (Fi79, IC75, An71, Ne72).

From this study, the wet vertebrae contains about 5.5% stable calcium,
compared to 10% for the composite skeleton (ICRP75 and An71). However, on the
basis of 14% dry ash in anatomical vertebrae sections (Bo74), the ratio of
calcium to ash weight in the vertebrae obtained from this study was 0.39.

This ratio is consistent with the following information compiled from the
report of the task group on reference man:
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Calcium

Contents (g) Calcium

Wet Wt.(g) Ash Wt. (g) (g) Per (g) Ash
Total skeleton 10,000 2,800 1,000 0.36

Mineralized

bone 5,000 2,700 1,000 0.37
Cortical 4,000 2,200 800 0.36
Trabecular 1,000 500 200 0.40
Marrow 3,000 12 - -

Cartilage and
Connective
Tissues 2,000 82 - -

From this information, the calcium contents of the ash from different
bones is reasonably invariant at about 37%. Mineralization of bone is a
gradual process, and bone calcification is known to depend on age and diet (IC
75) .

The concentrations of Th-228, Th-230, and Th-232 were expressed on the
bases of the calcium concentrations in tissues (pCi/g Ca). The results
indicate no obvious relationship between calcium and thorium concentrations in
tissues.

TABLE 4.1
Median and Range of Calcium Concentration
Measured in Human Tissues
(g calcium/g wet tissue)

Tissue

Type {n) Median Low High
Lung 20 204 99 443
Lymph Nodes 10 782 156 1341
Liver 17 62 33 141
Kidney 19 162 95 351
Bone (vertebrae only) 16 58,000 7,200 119,000
Gonads 4 137 91 224
Spleen 9 132 17 617
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CHAPTER 5

Thorium Concentrations Measured in Soil and Air

5.1 Results of Measurements of Thorium in Grand Junction Soil

Thorium isotopes were determined in six soil samples collected in 1978
from three different locations in Grand Junction. Two samples were obtained
from each site; one from the surface (0-2 cm in depth) and the other at a
depth of 10-15 cm. Each sample consisted of ten portions of a 1-2 £t“ area
taken with a small top soil cutter. The ten portions were composited to make
a single sample weighing from 4 to 10 pounds, In addition, two samples of
tailings were collected in 1979 from Grand Junction by the local DOE office.
One was from the sand cover of the pile, and the other was taken from the
slime. Figure 5.1 shows the location of the tailings pile and the soil
sampling sites. Figure 5.2 shows a descriptive map of the tailings pile.

Before the analysis, samples were oven dried (90°), crushed and mixed to
obtain uniformity. An aliquot of a few grams was weighed and spiked with
Th-229 tracer. Duplicate samples were decomposed completely using the method
described by Sill, et al. (Si74). The residue was dissolved in dilute
hydrochloric acid and the thorium was then coprecipitated by the addition of
ammonium hydroxide. The radiochemical analysis was performed using the method
described earlier in the general procedure.

The results obtained from the analysis of the soil and tailings samples
are summarized in Table 5.1. Mean concentrations were found to be 1.0, 1.1,
and 1.2 pCi/g of soil for Th-228, Th-230, and Th-232, respectively. The
values for Th-232 in the soil samples are similar to the average reported for
thorium (1 pCi/kg) in soils from various locations in the United States
(NC76) . The variation of thorium concentration in soils is treated in more
detail in Chapter 2. The Th-230/Th-232 ratio in soil was 1.1 with a range
from 0.5 to 1.9. The Th~230 concentration in the slime sample taken from the
pile was about 2000-fold higher than in the soil.

The error associated with Th-228 measurement in tailings was high because
a large amount of Th-229 tracer (contaminated with about 6% Th-228) was
required to measure the elevated Th-230 concentration. Note also that the
error reported on the Th-232 concentration is also high because of the limited
count rate that is associated with the small sample size and with the
interference from the Th-230 in this sample.

The Th-230/Th-232 ratio in the tailings was about 400 (ranging from 265
to 1070) indicating that the thorium isotopic composition in the tailings pile
is two to three orders of magnitude higher than normal in soil from Grand
Junction. The ratio Th-230/Th~232 in the sand-cover sample from the uranium
tailings pile over about 75 times higher than the normal soil.

Thus, Th-230 and Th-~232 concentration and ratios in the 3 Grand Junction
soils sampled appear in the range of normal U.S. reported values; the
concentration of Th-230 is elevated in tailings 2000-fold and the ratio of Th-
230/232 about 400-fold.
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5.2 Results of Thorium Measurements in Air Samples and
Human Lungs from New York City

Three week long air samples were collected during the winter (December-
February) of 1978-1979 from New York City. The total suspended particulate
(TSP) was collected on 8 x 10" Gelman type A-E glass fiber filters mounted on
a high=volume air sampler. The vacuum source was a roots pump designed to
produce a nearly steady flow. The system included a pressure-sensing device
(photohelic gage) calibrated to adjust flow to about 50 cfm. The average air
volume sampled through each filter was about 5000 m”. The sampler was placed
on the roof (above the 14th floor) of New York University-Medical Center,
located in downtown Manhattan, 150 feet west of the East River. The sampling
train and instrument calibration has been described in detail by Bernstein, et
al. (Be76). The filters were wet ashed and leached with a mixture of
concentrated nitric and hydrochloric acids (3:1); the leach solution was then
analyzed as described in the radiochemical procedure. It was not possible to
obtain air samples from Grand Junction and Washington, D.C. as part of this
study.

The results of thorium isotopic concentration of the air samples are
summarized in Table 5.2. The average concentrations of leachable thorium in
air were 36 £ 14, 36 £+ 22, and 37 % 31 aCi/m3 for T™-228, Th-230, and Th-232,
respectively. The results are similar to that reported by Sedlet, et al.
(Se73) for the annual average concentration near Chicago of 30 & 15, 45 + 23,
30 &+ 15 for Th-228, Th-230, and Th-232, respectively.

The mean of the Th-230/Th-232 concentration ratios in suspended particles

in New York City air was 1.0 % .2; this ratio is similar to that found for
three human lungs analyzed from the same area (0.9 % .2) as seen in Table 5.3.
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TABLE 5.1

Thorium Isotopic Concentrations in Soil and Tailings Samples

from Grand Junction

(in pCi/g)

Sample Identification Ratio of
and Location Th-228 Th-230 Th-232 230/232
Soil A: surface 0.35 £ 0.02 0.63 + 0.03 0.34 + 0.02 1.9 + 0.14
Soil A: at 15-cm depth 0.38 £ 0.02 0.46 + 0.03 0,34 £ 0.03 1.3 £ 0.14
Soil B: surface 1.6 £ 0.07 1.0 + 0.04 1.9 0.06 0.5 0.03
Soil B: at 15-cm depth 1.2 £ 0.04 0.72 + 0.04 1.3 0.05 0.6 0.04
Soil C: surface 1.1 £ 0.05 2.6 £ 0.06 2.0 0.05 1.3 0.05
Soil C: at 15-cm depth 1.7 £ 0.07 1.6 £ 0.05 1.5 0.05 1.0 0.04
Average concentration % 10 1.05 %+ 0.57 1.1 £ 0.78 1.2 0.73 1.1 0.52

Sand cover of the ,
tailings pile 2.00 % 0.1 158 + 10.3 2.1 1.1 75 39
Slime sample from the
tailings pile N.A, 2250 ¢+ 19 5.3 3.2 400 256
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TABLE 5.2

Thorium Isotopic Concentrations
in New York City Air and a Blank Filter

Concentration Ratio of Ratio of
Filter Isotope aCi/m3 Th-230/Th-232 Th-232/Th-228
1 Th-228 251+9.9
Collected Th-230 22+3.8 1.0£0.2 0.940.4
Dec. 1978 Th-232 2243.8
2 Th-228 31+£8.5
Collected Th-230 2243.2 1.340.2 0.7+0.2
Jan. 1979 Th-232 17£2.7
3 Th-228 52422
Collected Th-230 64117 0.920.3 1.2£0.5
Feb. 1979 Th-232 72415
Blank Th-228 0.03+0.02 pCi/filter
Filter Th-230 0.0240.01 pCi/filter
Th-232 0.01£0.01 pCi/filter
Meantlo Th-228 36+14
Th-230 36+22 1.0£0.2 1.0+0.3
Th-232 37431
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TABLE 5.3

Thorium Concentration in Three Lung Samples
Analyzed from the New York Area

(pCi/kg)
Lung

Sample Concentration Ratio of Ratio of
Number Isotope pCi/kg Th~230/Th-232 Th~-232/Th-228
N.Y. 1 Th-228 0.09£0.02
age 68y Th~-230 0.17£0.07 0.640.4 : 3.040.6
F smoker Th-232 0.2740.09
N.Y. 2 Th-228 0.33£0.04
age 68 y Th-230 0.37+£0.03 0.940.1 | 1.240.2
M non- Th~232 0.40£0.04
smoker
N.Y. 3 Th-228 1.00+£0,17
adult Th~230 1.4040.11
male 1.1320.1 1.320.2

Th~232 1.30£0.11
meanti o Th-228 0.5040.50

Th-230 0.66£0.60 0.940.23 1.8£0.6

Th-232 0.66+0.50




CHAPTER 6

Results of Thorium Measurements in Human Tissues

Introduction

The main objective of this study was to determine the concentration of
naturally-occurring thorium isotopes Th-228, Th-230, and Th-232 in human
tissues. The tissues generally included lung, lymph nodes, liver, kidney, and
bone. To establish this background concentration in the general population,
two locations in the Uhited States were selected: a western town (Grand
Junction, Colorado) in which there is a uranium tailings pile associated with
an inactive mill, and a location in the east (Washington, D.C.) where no
unusual sources of thorium are believed to exist. The results of the tissue
analysis for thorium obtained from Grand Junction will be compared with the
results from the eastern group. As will be seen, the two groups are not
comparable in age or occupation; thus the Washington, D.C. group is not an
optimal control.

6.1 Characteristics of the Populations Sampled

The tissue samples were collected at autopsies from 32 cases during 1977,
1978, and 1979 from two locations in the U.S. Ideally, when two populations
are compared, variables such as age, sex, occupation, and smoking history
should be as nearly matched as possible. However, close matching was not
practicable. The differences between the two groups are as follows: The age
at death of the persons considered in this study was an uncontrolled variable.
The individuals from Washington, D.C. were much younger; this may be due to
the fact that they are largely from traumatic deaths which occur more fre-
quently in younger males. The Grand Junction subjects were older than the
Washington, D.C. subjects (median age 67 vs. 33 years); the number of smokers
was 50% vs. 80% and contained a greater proportion of males (77% vs. 60%).

The age distribution is particularly important because the concentration in
human bone has been shown to increase with age (Lu70a).

Age Group Grand Junction Washington, D.C.
1-15 - 1
16-30 1 2
31-45 1 5
46-60 5 1
Over 60 15 1
Median Age 67 a3
% Males 77 60
$ Smokers 50 80
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Information on the age, smoking, occupation, and residence time were not
available in all cases. The urban population sampled from Washington, D.C.
with a mean residence time of 15 years was a more transient one than that of
Grand Junction, with a mean residence time of 45 years.

6.2 Estimates of Central Tendency and the Appropriate Statistical Test

For the purpose of comparing populations, the median (50th percentile)
has been used to describe the central tendencies because it is not sensitive
to extreme values (large or small). The geometric standard deviation (og) is
reported as a measure of the dispersion. 1In addition, the arithmetic average
and the standard deviation are occasionally reported to show the degree of
skewness of the distribution. The medians were used in the radiation dose
calculations,

Samples from persons with an occupational history suspected to produce
high Th-230 exposure (i.e., mining and/or milling) were excluded from the
population under study.

Since most of the data was found to be adequately fit by a log normal
distribution, statistical tests based on the normal distributions were applied
to the log transformed data in some case as an adjunct to the non-parametric
tests.

As an example, to test the hypothesis that the the ratio of Th-230/Th-232
in lymph-nodes in the subjects of Grand Junction and Washington, D.C. is
different, two different statistical approaches were used:

a. A non-parametric method (Wilcoxon Rank Sum Test)

b. Normal-based statistical tests with logarithmic transformation of
data. The "Student's” t test and the one factor analysis of
variance were used.

As a result of the above testing, the hypothesis was rejected by both
tests. Nonparametric procedures were used for most cases because of their
independence of the population distribution.

The Wilcoxon Rank Sum Test is designed to test the hypothesis that two
random samples were drawn from populations having identical distributions.
The Rank Sum Test does not depend upon assumptions of normality or equal
variances. The Rank Sum Test does not use the actual values of the
observations, only their relative magnitude. 1In spite of this, theoretical
investigations have established that even when normality and equal variance
are obtained, the rank sum procedure has power only slightly less than that of
the t Test (Re70).
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6.3 Concentration of Thorium in Tissues for the Cases Without Known
Occupational Exposure

The tissue samples were analyzed radiochemically. The method is
discussed in detail in Chapter 3. The o-emitting thorium isotopic activity
measured in each sample was converted to a concentration (pCi/kg), by dividing
the activity by the weight of the fresh tissue. The detailed data for the
individual tissue samples analyzed are given in Appendix A,

The concentration of thorium isotopes in the organs sampled was found to
be adequately fit by a lognormal distribution, using the Kolmogorov-Smirnov
Goodness of Fit Test (Ma51). The cumulative frequency distribution of the
measured tissue concentrations is shown graphically in Appendix B.

The range, 50th percentile (median), and mean concentrations of Th-228,
Th-230, and Th-232 by organ are given in Tables 6.1, 6.2, and 6.3. The 50th
percentile concentration of the thorium isotopes in tissues in order of
decreasing concentrations were:

Isotope Location Order of Decreasing Concentration
Th-228 Grand Junction Lymph nodes>bone>lung>kidney>liver
Washington, D.C. Lymph nodes>bone>lung>kidney>liver
Th-230 Grand Junction Lymph nodes>bone>lung>kidney>liver
Washington, D.C. Lymph nodes>lung>bone>liver>kidney
Th-232 Grand Junction Lymph nodes>lung>bone>kidney>liver
Washington, D.C. Lymph nodes>lung>bone>liver>kidney

The concentration of Th-228 in the Grand Junction subjects was highest in the
lymph nodes followed by bone and lung with medians of 5.1, 0.54, and 0.28
pCi/kg, respectively. In the Washington, D.C. subjects, the corresponding
median concentrations were 2.6, 0.06, and 0.24 pCi/kg for the pulmonary lymph
nodes, bone, and lung, respectively.

The concentration of Th-228, Th-230, and Th-232 in liver, kidney, spleen,
and in four. testicles appears to be smaller than that found in other
tissues. On the other hand, the concentrations of Th-228, Th-230, and Th-232
in one thyroid sample from Grand Junction were 0.3340.5, 0.82+0.37, and
0.65+0.33, respectively. The concentration of thorium isotopes in thyroid
(based on one measurement) is higher than that found in other soft tissues
except the lymph nodes and lung.

The data shows that thorium isotopes are concentrated in the pulmonary
lymph nodes more highly than other tissues. The fact that thorium is highly
discriminated against at the GI tract and that its isotopes are retained in
the lymph nodes at a similar isotopic ratio to that found in air and soil
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suggest that inhalation is the primary pathway of intake by man for Th-230 and
Th-232.

The higher concentration of Th-228 in bone than lung is evidence of the
ingrowth from ingested Ra-228. There is direct evidence that Th-228 and Th-
232 in the air are in radioactive eguilibrium (Se73 and this study). The
ratio of Th-228/Th-232 concentration in human tissues would be expected to be
similar to that found in air if inhalation were the only route of thorium
uptake. This ratio, if elevated in human tissues, is likely to be due to the
ingrowth of Th-228 from unsupported Ra-228.

The Th-228/Th232 concentration ratio has been calculated for the tissues

from each individual, and the median of the ratios for both the Grand Junction
and Washington, D.C. populations are:

Median of the Ratios of Th-228/232 in Tissues

Tissue Washington, D.C. Grand Junction
Lung 0.81 0.61
Lymph Nodes 0.86 0.53
Liver 1.9 1.5
Kidney 2.4 1.2
Bone 3.8 4.0
Spleen NA 0.90

The median Th-228/Th-232 concentration ratio in lung and lymph nodes were
less than one. The median ratio for liver, kidney and bone ranged from 1.5 to
4.0, The data suggests that Ra-228 from ingestion is contributing to the
higher Th-228 concentration in all tissues except lung and lymph nodes. The
difference in Th-228/Th-232 concentration ratio by organ between the Grand
Junction and Washington, D.C. populations is not significant.

6.4 Thorium Concentration in Two Occupational-Exposure Cases

Two of the cases analyzed from the western location showed clearly
elevated Th-230 concentrations in all tissues, compared to the rect of the
subjects. The first was a hard-rock miner (age: 72 years); the concentration
of Th-230 in his tissues was almost an order of magnitude higher than the
median concentration of the other cases analyzed from the same location. The
second case had been a uranium miner for 15 years (age: 59 years); his Th-230
concentration was more than two orders of magnitude higher than the median of
the general population as shown in Table 6.4. In both cases, Th-228 and Th-
232 concentrations were slightly elevated when compared to those of the rest
of the subjects. The highly elevated Th-230 concentration is presumably
caused by the higher exposures to uranium-bearing minerals. Nevertheless, the
tissue distribution among organs for the thorium isotopes remains the same for
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these cases as for the rest of the Grand Junction subjects; the highest
concentration was in lymph nodes, followed by lung and bone.

The results obtained from these two cases were eliminated from the
calculation of the 50th percentile concentrations previously because their
exposures were clearly of an occupational origin. The elevated Th-230
concentration in both cases reflects the great relative abundance of Th-230 in
their working environments.

It can be concluded that occupational exposure to uranium and to other
mining activities can be a source in a significant elevation of Th-230 in
tissues as compared to background amounts. When there was any evidence of
occupational exposure from the autopsy information sheet, the case was
classified as such and does not appear in statistical analysis of the data.
Clearly, the inclusion of tissue from persons having had occupational
exposures but unidentified as such can greatly change the average results in a
group of samples.
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TABLE 6.1

Concentration of Thorium-228 in Autopsy Samples

4 Samples
Organ Analyzed Range

Grand Junction Subjects

Lung 20 0.02-1.8
Lymph node 14 1.1-17.0
Liver 16 (-)0.01-0.51
Kidney 17 0.02-0.3
Bone 16 0.04-1.8
Testicles 4 {(~)0.09-0.09
Thyroid 1 -
Spleen 14 (-)0.07-0.37

Washington D.C. Subjects

Lung 10 0.04-0.40
Lymph node 10 (-)0.01-9.4
Liver 10 0.01-0.30
Kidney 8 0.03-0.36
Bone 7 0.20-1.4

(pCi/kg wet weight)

Mean

0.37
6.1

0.13
0.12
0.70
0.06
06.33
0.09

0.23
3.4

0.12
0.12
0.77

Stand. Dev.

of Mean 0

0.40
4.3

0.14
0.10
0.50
0.15

0.13
2.5

0.10
0.10
0.40

Median

0.28
5.1

0.07
0.07
0.54
0.02
0.33
0.06

0.24
2.6

0.098
0.09
0.66

Geom.
Dev.

Stand
g
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TABLE 6.2

Concentration of Thorium-230 in Autopsy Samples

4 Samples
Organ Analyzed Range

Grand Junction Subjects

Lung 19 0.10-6.0

Lymph node 14 5.5-25.0

Liver 16 0.02~-0.57
Kidney 17 0.01-0.63
Bone 17 0.10-2.7

Testicles 4 0.02-0.15
Thyroid 1

Spleen 14 0.05-0.43

Washington, D.C. Subjects

Lung 10 0.08-0.71
Lymph node 10 0.35-11.0
Liver 10 0.03-0.70
Kidney 8 0.03-0.37

Bone 7 0.17-0.85

{pCi/Kg wet weight)

Stand. Dev.

Mean of Mean o
1.4 1.4
12.0 5.3
0.20 0.18
0.33 0.18
1.2 0.87
0.088 0.046
0.82 -
0.28 0.30
0.36 0.20
5.6 2.5
0.24 0.23
0.18 0.12
0.42 0.31

Median

0.8
11.0
0.15
0.29
0.92
0.09
0.82
0.13

0.36
4.6

0.11
0.17
0.32

Geom.

Dev.

Stand

%
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Organ

$# Samples

Analyzed

Grand Junction Subjects

Lung

Lymph node
Liver
Kidney
Bone
Testicles
Thyroid
Spleen

19
14
16
16
16

4

1
14

TABLE 6.3

Concentration of Thorium-232 in Autopsy Samples

Range

0.02-2.8
2,0~23.0
0.01-0.38
0.01-0.23
0.03-0.33
0.02-0.07

0.02-0.27

Washington, D.C, Subjects

Lung

Lymph node
Liver
Kidney

Bone

10
10
10
8
7

0.07-0.52
0.12~-5.8

0.01-0.20
0.01-0.12
0.00-0.20

{pCi/Kg wet weight)

Stand. Dev.

Mean of Mean g
0.60 0.60
9.7 5.9
0.08 0.11
0,11 0.09
0.16 0.09
0.05 0.02
0.65 -
0.10 0.08
0.25 0.16
3.1 1.8
0.06 0.06
0.05 0.04
0.097 0.064

Median

0.58
7.8

0.03
0.07
0.16
0.05
0.65
0.09

0.32
2.8

0.05
0.03
0.10

Geom. Stand.

Dev.

%
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TABLE 6.4

Thorium Isotopic Concentration in Two Occupational Cases

and the General Population of Grand Junction, Colorado

(pCi/kg)
Lung Lymph nodes Liver
Th-228 Th-230 Th-232 Th-228 Th-230 Th-232 Th-228 Th-230 Th-232
1.1 £0.18 54.0£0.81 1.4 %0.13 NA , NA NA 0.2540.04 32.0 #0.36 0.1240.2
0.7040.24 12.0+0.79 0.61+0.18 12.0+2.4 37.043.9 4.6 1.4 0.05£0.01 0.82%0.07 0.06+0.02
0.21 0.88 0.37 4.8 13.0 8.1 0.08 0.13 0.07
Spleen Bone Ridney
Th~228 Th-230 Th-232  Th-228 Th~230 Th-232 Th~228 Th~230 Th-232

0.6910.18 32.0+1.0 0.80£0.15 0.2440.3 132.041.1 0.42+0.06 0.11+0.05 10.04£0.40 0.0910.04
0.06+£0.02 1.5%0.16 0.12+0.04 0.54%0.13 10.0+0.40 0.32+£0.07 0.09%0.02 1.420.15 0.1120.04
0.06 0.13 0.09 0.54 0.89 0.20 0.09 0.23 0.07

[

Uranium miner.

Hard-rock miner.

50th percentile for the general population.



CHAPTER 7

A Comparison of Thorium Concentration in
Tissues from Grand Junction and Washington, D.C.

The median for Th-230 and Th-232 in Grand Junction tissues (see Chapter
6.1 for details) exceeded those from Washington, D.C. Hypotheses about the
reasons for the variability of the concentration of thorium isotopes between
tissue samples from the two populations can be tested with the observed data.

Hypothesis 1:

The concentrations of Th-230 and Th-232 in Grand Junction samples by
organ are significantly different from those from Washington, D.C.

Test of Hypothesis 1:

The results of application of the Wilcoxon Rank Sum Test is summarized in
Table 10.1. The hypothesis was accepted for Th-230 and Th-232 for lung, lymph
nodes, kidney, and bone, and rejected for Th-228 for all tissues except lymph
nodes at the P values specified in the table.

The median concentration of Th-=-230 and Th-232 in the lung, lymph ncdes,
kidney, and bone of Grand Junction subjects exceeded those of the Washington,
D.C. subjects as indicated in Table 7.2.

One likely reason might be that the age distribution of the two groups is
different; the median ages were 67 and 33 years for the Grand Junction and
Washington, D.C. subjects, respectively. It will be shown in a latter section
that both Th-232 and Th-230 in bone increase with age; thus, a higher concen-
tration of both isotopes was expected in the Grand Junction samples than in
those from Washington, D.C., particularly in bone. The concentration of Th-
230 and Th-232 in bones from the subjects of both groups can be reasonably
compared, even in the presence of age differences, by extrapolation based on a
linear model of accumulation which is consistent with the information obtained
in this study (see Section 11). For comparison, Washington, D.C. subjects had
a median age of 33 and a median concentration of 0.32 pCi/kg, and 0.10 pCi/kg
for Th-230 and Th-~232 in bone, respectively. If the concentration in bone is
extrapolated in a linear fashion to that expected at 67 vears (the median age
for Grand Junction subjects), a median concentration in bone of 0.64 and 0.2
pCi/kg for Th-230 and Th-232 would be expected. This estimate is comparable
to that of Th-232 (0.16 pCi/kg) and slightly less for Th-230 (0.92 pCi/kg)
observed in Grand Junction bones.

Concentration in pCi/kg

Grand Junction Washington, D.C.
Organ Isotope Median Age 67 y Median Age 33 y Age Adj. at 67 y
Bone Th-230 0.92 0.32 0.64
Bone Th~232 0.16 0.10 0.20
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The accumulation of thorium as a function of age or exposure to dust
should not affect the ratio of Th-230/Th-232 in tissues, particularly in the
integrating organs, if the source of exposure does not change throughout the
lifetime.

Hypothesis 2:

The ratios of Th-230/Th-232 in organs are significantly different between
Grand Junction and Washington, D.C.

Test of Hypothesis 2:

The ratio of Th-230/Th-232 concentrations in the tissue samples from the
two groups was calculated for each individual sample. The ratio should be
independent of biological variations between individuals, and should be age-
independent, but will depend on the source of the exposure.

The Wilcoxon Rank Sum Test, performed using the Th-230/Th-232
concentration ratios for the individuals of the two groups, showed no
significant difference in this ratio between the two groups in any tissues
except in bone at P < 0.1 which indicates marginal significance at best.
Table 7.3 summarizes the mean and median of the Th-230/Th-232 ratio in the
tissues for both groups, and for the same ratio calculated from tissues of a
uranium miner. The median ratio was 3.7, 8.4, and 310 in the bone samples
from Washington, D.C., Grand Junction, and the uranium miner, respectively.

Because the skeleton should accumulate thorium throughout life, and the
lung and lymph nodes reflect more recent exposures, the elevated ratio of Th-
230/232 observed in the skeleton (but not lungs) of the Grand Junction
subjects may be a result of past exposures to an elevated Th-230 source. The
elevated Th-230/Th-232 ratio from tissues of the uranium miner are an example
of a substantially elevated Th~230 source relative to Th-232,

The elevated Th-230/Th-232 ratio in Grand Junction bone samples may have
been caused during the years of active uranium mining or before the tailings
pile was stabilized (by the sand cover), or both. To explore this hypothesis
further, the concentration ratio of Th-230/Th~232 was calculated for the bone
and lung sample from three younger subjects (age 26, 38, and 47 years) from
Grand Junction. The average ratios were 3.5 and 1.9 for the bone and lung,
respectively. These ratios are comparable to those found in the Washington
D.C. subjects who had similar ages (see Table 7.3); thus, this may be
considered as evidence to support the hypothesis that a slightly elevated
Th-230/Th-232 ratio found in bone samples from Grand Junction may have been
caused by past exposure to a source with elevated Th-230/Th-232,

If unknowingly slight occupational exposure may have occurred in some of

the Grand Junction subjects, such an inclusion would contribute to a higher
Th-230 concentration in their skeletons.
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TABLE 7.1

Wilcoxon Rank Sum Test for Significance of Thorium
Concentrations in Tissues: Grand Junction
vs. Washington, D.C.

Isotope Tissue Type Results
Th-228 Lung not significant, P » 0.1
Lymph nodes significant, P € 0.1
Liver not significant, P 2 0.1
Kidney not significant, P > 0.1
Bone not significant, P > 0.1
Th~230 Lung significant, P € 0.1
Lymph nodes significant, P € 0.1
Liver not significant, P > 0.1
Kidney significant, P € 0.1
Bone significant, P < 0.1
Th-232 Lung significant, P € 0.1
Lymph nodes significant, P € 0.1
Liver not significant, P > 0.1
Kidney significant, P < 0.1
Bone significant, P < 0.1
Th-230/Th-232
ratio Lung not significant, P » 0.5
Lymph nodes not significant, P > 0.5
Liver not significant, P » 0.5
Kidney not significant, P > 0.5
Bone significant, P € 0.5
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TABLE 7.2

The Median Concentrations of Thorium Isotopes

in Autopsy Samples from Grand Junction, Colorado, and Washington, D.C.

(in pCi/kg fresh weight)

$ of $ of

Samples Grand Junction, Colorado Samples Washington, D.C.
Organ Analyzed Th-228 Th-230 Th-232 Analyzed Th-228 Th-230 Th-232
Lung 19 0.28 0.84 0.58 10 0.24 0.31 0.32
Lymph node 14 5.1 11.0 7.8 10 2.6 4.60 2.8
Liver 16 0.07 0.15 0.03 10 0.09 0.15 0.05
Kidney 17 0.07 0.29 0.07 8 0.09 0.17 0.03
Bone 16 0.54 0.92 0.16 7 0.66 0.32 0.10
Testicles 4 0.02 0.09 0.05 - - - -
Spleen 14 0.06 0.13 0.09 - - - -
Thyroid 1 0.33 0.82 0.65 - - - -




TABLE 7.3
Median and Mean of Th-230/Th-232 Ratio in Organs from
Grand Junction and Washington, D.C. and in a Uranium Miner

Washington, D.C. Grand Junction
Organ Median Mean S.D. Median Mean S.D. Uranium Miner

*

Lung 1.2 1.4 0.57 1.9 2.1 1.4 46
Lymph

nodes 1.8 1.9 0.65 1.4 1.5 0.77

Liver 2.7 3.9 3.2 3.6 4.5 3.4 270
Kidney 5.8 5.8 3.5 3.1 3.9 3.0 110
Bone 3.7 4,2 2.4 8.4 7.5 4.5 310

* Lymph nodes were included in the lung sample.
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CHAPTER 8

A Comparison of Thorium Concentration
in Lungs from Smokers and Non-Smokers

Naturally-occurring o-activity in cigarette tobacco was first reported by
Turner and Radley in 1960 (Tu60). Since then other investigators have
measured the levels of Po-210, Ra=-226, Th-228, Th-230, Th-232 and natural
uranium in domestic and foreign tobacco (Tu64; Lu70; Ne79). Table 8.1
summarizes the results of these studies. Neton and Ibrahim (Ne78) have shown
that Th-228 activity exceeds its parent Th-232 in tobacco by a factor of 10 to
20, This is presumably because Ra~228 is taken up from soil more avidly than
Th-228 or Th-232 and subsequently Th-228 grows in from its immediate parent,
Ra-228,

Various in vivo studies have been performed in man to determine the
possibility of the presence of excess thorium in the lungs of cigarette
smokers vs. those of non-smokers. To date, however, the data have been
equivocal. Joyet (Jo71) reported measurable levels of thorium in the lungs of
smokers, while the level of his non-smoking group was below his detection
limit. Scott (Sc75) attempted to duplicate Joyet's findings, but he found no
statistical differences in the levels of lung concentrations for thorium
between smokers and non-smokers.

Kolber (Ko77) concluded that the normal variability among in vivo
measurements for lung burdens of Pb-212 is too great to detect any difference
between smokers and non-smokers.

To determine whether cigarette smoking effects the concentration of
thorium in lung, the subjects were divided into two groups: first, the heavy
smokers (which has been defined for the purpose of this analysis as those
consuming at least one pack per day for ten years or more); and second, the
group that included all known non-smokers. The data for the subjects from
only Grand Junction were used in this test. Insufficient data was available
to perform the statistical analysis for the Washington, D.C. subjects.

Smoking habits were obtained from the individual information forms submitted
by the pathologist with each autopsy case. The rank test was used to evaluate
whether thorium concentrations found in the lungs of heavy smokers and of non-
smokers were (statistically) significantly different.

Table 8.2 summarizes the median concentrations of Th-228, Th-230, and
Th-232 in lungs of smokers and non-smokers. The median concentrations of
these isotopes of thorium in lungs from non-smokers exceeded those for
smokers, although the differences were not statistically significant
(p > 0.1). The ratio of Th-228/Th-232 in lung was slightly higher for the
non-smokers than the smokers.

On the basis of this limited information, cigarette smoking has no effect
on the concentration of thorium isotopes in lung.



TABLE 8.1

Natural Alpha-Emitting Radionucides
in Cigarette Tobacco

Mean Range
Nuclide (pCi/kg) {(pCi/kg) Reference
Po-210 430 150-480 Ts64
Ra-226 210 59-390 Ts64
U (natural) 113 35-127 Lu69
Th-228 130 77-200 Ne78
Th-230 10 9-13 Ne78
Th-232 12 8-14 Ne78
Th-228/Th-232 11 9-15 Ne78
TABLE 8.2

The Median Concentration of Th-228, Th-230, and
Th-232 in Lungs of Smokers and Non-Smokers

(pCi/kg)

Smokers Non-smokers
Nuclide (n=7) (n=7)
Th-228 0.22 0.37
Th-230 0.56 0.84
Th-~232 0.43 0.60
Ratio of Th-228/ 0.51 0.62

Th-232
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CHAPTER 9

The Distribution of Thorium in the Human Body

The distribution of the thorium isotopes has not been measured in a
complete human body; however the distribution can be constructed from thorium
concentrations in autopsy samples, the "standard” organ weights in reference
man, and data on relative tissue distribution in animals. Organ weights for
reference man are summarized in Table 9.1. Based on animal studies the soft
tissues most likely to contain thorium are lung, lymph nodes, liver and
kidney. Stover et al. (St65) found around 10% of injected Th-228 was in
muscle in the beagle. Therefore we assumed for man that 10% of the body
burden would be found in soft tissues such as muscle, which we did not
analyze.

The estimate of the thorium burden in the skeleton, based on the
analytical results of a relatively small portion of the skeleton, is
uncertain. In the absence of any information on the macro distribution of
thorium (particularly at environmental levels) in different bones, it was
considered reasonable although possibly incorrect to assume that thorium was
distributed uniformly among all types of bones. Since we used vertebral wedge
containing mineral bone and bone marrow in our analysis, the weight of the
skeleton was taken as 8 kg for males (5 kg mineral, 3 kg marrow) and 5.8 kg
for females.

The average population organ reference (w) weight was calculated by:

+
MW1 FW2

W= "y+7

where M is the number of males, F is the number of females, W and W, are the
ICRP-23 reference organ weights for males and females respectively (See Table
9.1). The total organ burden was then calculated by multiplying the median
concentration by the average reference weight for the organ. The results are
given in Table 9.2. The highest organ burden for all thorium isotopes was
found in the skeleton followed by lungs. The body burden for both Th-230 and
Th-232 was higher for the Grand Junction subjects than the Washington D.C.
subjects. On the other hand, the total body burden for Th-228 in the
Washington D.C. subjects was subsequently higher than that found in the Grand
Junction subjects. This could be due to dietary differences in the Ra-228
concentrations between the two locations. The median total values of
accumulation of thorium in the human adults were equivalent to the amount of
thorium in 1 to 6 gms of normal soil.

The fractional distribution of the thorium isotopes in the different
organs is presented in Table 9.3 for the Grand Junction and Washington, D.C,
subjects.

Based on the animal work, an estimated fraction of 10% for the thorium
was assumed to be in the body muscles (St60,65). Thorium-228 was present
primarily in skeleton (83%); the remaining fraction was found in the pulmonary
compartment (4-6%) and in liver (3%). Thorium=-230 was distributed similarly;
however, the skeletal fraction was lower (68-72%) and the fraction retained in
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the pulmonary compartment was higher (13-15%) than that of Th-228. Thorium-
232 was distributed to a lesser degree (58%) in the skeleton and to a higher
degree (26%) in the pulmonary compartment.

The distribution of Th-230 and Th-~232 between the skeleton and the
pulmonary compartment, relative to that for Th-228, suggests that inhalation
is the major route of uptake by man for these isotopes. On the other hand,
the higher Th-228 fraction found in the skeleton, relative to that for Th~230
and Th~232, is presumably a result of ingrowth from Ra-228 taken up by man
through diet.

The Th-232 percentage found in the lung and lymph nodes were higher than
those of Th-230. Thorium-230 is a decay product of the uranium series, and
the chemical and physical characteristics of its minerals may be considered
different from those of thorium minerals which contain Th-232. Consequently,
the differences in the extent of retention of Th-=232 in the pulmonary compart-
ment relative to Th-230 may be explained by: a) the selective in vivo
solubilization of Th-230 (in the uranium minerals) is more rapid than natural
thorium, and subsequently its preferential removal from the lungs and
translocation to the skeleton; b) differences in the particle size distribu-
tion of the uranium and thorium minerals in the inhaled air. Larger and more
dense particles tend to be removed or translocated to the lymph nodes,
particularly in terms of insoluble materials, and this may be the case for the
thorium minerals.

For the two occupational cases (the hard-rock miner and the uranium
miner), although they had an elevated concentration of Th-230, their organ
distribution patterns were similar to those of other non-occupational
subjects.

The organ distribution pattern of thorium in man obtained in this study
is in good agreement with the recommendations of ICRP Publication No. 30.
This publication was based on the results of Stover, et al. (St60,65) in their
study of the retention and distribution of injected thorium in adult beagle
dogs (i.e., 80% in bone and 5% in liver). However, this is in contrast to the
values suggested in ICRP Publication No. 19 based on the metabolic model for
plutonium.
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TABLE 9.1 .
Organ Weights of Reference Man

Tissue or Organ Organ Weight (grams)
Male Female
Kidney 310 275
Liver 1,800 1,400
Lung 1,000 800
Lymph nodes 15 15
Spleen 180 145
Thyroid 20 20
Gonad-Testes (2) 35 -
Skeleton (wet with marrow) 10,000 6,800
(wet de~fatted) 8,000 5,800
(mineral bond) 5,000 3,400

* ICRP Publication No. 23 (1975).
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TABLE 9.2

Median Organ-burden Estimates

for the Thorium Isotopes (pCi/Organ)

Organ

Grand Junction Subjects

Lung

Lymph nodes

Liver

Kidney

Spleen

Gonads (testicles)
Thyroid

Skeleton

Washington, D.C. Subjects

Lung

Lymph nodes
Liver
Kidney
Skeleton

Th-228

0.25
0.08
0.13
0.02
0.01
0.0007
0.007
4.70

0.21
0.04
0.15
0.03
4.70

Th-230

0.80
0.16
0.25
0.09
0.02
0.003
0.01
6.89

0.36
0.07
0.19
0.04
2,28

Th-232

0.50
0.12
0.05
0.02
0.02
0.002
0.01
1.20

0.30
0.06
0.08
0.01
0.71
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Median Derived Organ Distribution for the

TABLE 9.3

Thorium Isotopes (percent)

Organ

Grand Junction Subjects
Lung
Lymph nodes
Liver
Kidney
Spleen
Gonads (Testicles)
Thyroid
Muscle
Skeleton
Total Thorium Contents
of Body

Washington, D.C. Subjects

Lung .

Lymph nodes

Liver

Kidney

Muscle

Skeleton

Total Thorium Contents

of Body

Th-228

e ° o

COCOOOON~WUM
®
NO =N OO

°

O -

(5.05 pCi)

1
8

(5.70 pCi)

Th-230

®

~ -
O OO OO N -
e © o o
B O =20 NO 3w
- B - D

(9.14 pci)
11.0
2.1
5.8
1.2
10.0
68.7

(3.27 pCi)

Th-232

[3¢)

® L] e

° o
~N @0

ANOOCOoOOoOCOoOMNGW
L
- OO WO WA

Ji -

(2.14 pCi)

1
5

(1.29 pCi)

* Estimated fraction based on the animal studies (Stover et al.,

1965) .
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CHAPTER 10

Radiation Dose from Environmental Thorium to Major Organs

The average dose rate to the soft tissues can be calculated in a
relatively simple manner; Harley (Ha74) derived the following formula in
convenient units for environmental work:

D = 18.7 CE,

where D is the dose rate in mrad/yr, C is the activity concentration in tissue
in pCi/g, and E is the energy absorbed per disintegration in MevV.

It is not possible to calculate the average dose rate accurately without
some information about the degree of equilibrium of the Th-228 daughters.
Accordingly, the calculations were made based on two extreme assumptions,
namely, that no daughters were present, or that all the daughters were present
in equilibrium. The effective energy absorbed per disintegration for a-
emitting thorium isotopes are summarized in Table 10.1. The radiation dose
rate from all thorium isotopes in the non-occupationally exposed subjects were
calculated on the basis of the median concentration of thorium present in the
analyzed tissues; the data are presented in Table 10.2.

The highest radiation dose from any thorium isotope was delivered to the

lymph nodes, and was on the order of 1 to 5 mrads per year, assuming
equilibrium of Th-228 and the daughters.

62



TABLE 10.1

The Effective Alpha Energies for the Thorium Isotopes (Le78)

Isotope

Th-230

Th-232

Th-228

Ra-224

Rn=-220

Po-216

Bi-212

Po-212
Th-228 through
Po-212

Energy
(MeV)

4.68
4.61

5,19
5.45
5.68

6.28

5.60
5.62
5.72
6.05
6,09

Abundance

(%)

*
76
24

76t
24"

28t

> O
°
N b

95
100
100

0.37
0.05
0.68
23.8
2.2

66

Ef fective Energy (MeV)

3.56
1. 11

4.67

0.02
0.25
5.40

0.02
0.003
0.04
1.44
0.56

5,79
31.96 MeV

* Relative to total U-238 radiation.
Relative to total Th-232 radiation.
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TABLE 10.2

Median Dose Rate in mrad/yr for Thorium Isotopes in Tissue

In Grand Junction Subjects

%9

Total Dose Total Dose
Th-228 Rate Assuming Rate Assuming

Th-228 with Daughters No Th-228 Equilibrium of
Organ alone in Equilibrium Th-230 Th-232 Equilibrium Th-228 Daughters
Lung 0.028 0.17 0.073 0.043 0.14 0.23
Lymph node 0.51 3.0 0.96 0.58 2.1 4.5
Liver 0.0071 0.042 0.013 0.0022 0.022 0.057
Kidney 0.0071 0.042 0.025 0.0052 0.037 0.072
Skeleton 0.054 0.32 0.080 0.012 0.15 0.41
In Washington, D.C. Subjects
Lung 0.024 0.14 0.027 0.024 0.075 0.19
Lymph node 0.26 1.6 0.40 0.21 0.87 2.2
Liver 0.0091 0.054 0.013 0.0037 0.026 0.071
Kidney 0.0091 0.054 0.015 0.0022 0.026 0.071

Skeleton 0.067 0.40 0.028 0.0074 0.10 0.44




CHAPTER 11

Accumulation of Thorium in Bone with Age

The relationship between the thorium isotope content in bone samples and
the ages of the subjects has been examined.

The primary mode of intake for Th-230 and Th-232 by man is most likely
inhalation. According to the general actinide model given in ICRP No. 19
(IC72), the inhaled activity in the lung and lymph nodes should reach a state
of equilibrium with the concentration in the atmosphere after a few years of
normal intake and the concentration will not increase as a function of age.
This is not the case, however, for the skeleton where the concentration is
expected to increase as a function of age. The skeleton is considered the
best integrating organ because of the long biological half-time of 8000 days
(St60,62). For this reason, bone is the tissue that best reflects the
accumulation of activity with time.

The concentration of Th-232 in bone has been measured in human rib
samples by a few investigators (Lu70; Be67). In this study, the concentration
of thorium isotopes was measured in samples which consisted of three or four
vertebrae from the vertebrae column. The concentration of thorium isotopes in
the bone samples analyzed were presented in Chapter 6.

Because measurements by previous investigators were reported in nanograms
of Th-232 per gram of bone ash, their data were converted to pCi/g wet weight
for comparison with the data obtained in this study. The ash weight of the
human rib has been determined to be about 17% of the wet weight (La78). Using
this factor and the specific activity for Th-232, the data from Lucas et al.
(Lu70) and Petrow and Strehlow (Pe67) in pCi/Kg wet bone were:

Th-232 Conc.

Study Bone Type No. Samples Median Age (Y) pCi/Kg wet
Lu70 Rib 38 54 0.12
Peé67 Composite

Skeletons 1 unknown 0.19

This Study

Grand

Junction Vertebrae 16 67 0.16
Washington

D.C. Vertebrae 7 33 0.10

Thus, the median concentrations of Th-232 in this study are similar to
those reported by Lucas et al. and Petrow.
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The Th=232, Th=-230 and Th-228 concentrations in bone from the Grand
Junction and Washington, D.C. samples were plotted against age at death and
are shown in Figures 11.1, 11.2, and 11.3. The data obtained from
occupationally-exposed individuals have been omitted from these plots. The
scatter of thorium concentrations in bone according to age is observed from
these figures; similar scatter was also noted by Lucas et al. The cause of
this marked scattering may be explained by the physiological variations among
the individual subjects and variations in the degree to which they were
exposed to thorium inhalation in dust in their environments.

The lines shown in Figures 11.1, 11.2 and 11.3 have been obtained by
standard least=-squares analysis. The solid line in each graph represents the
age-concentration relationship for bone for both the Grand Junction and
Washington, D.C. samples combined, and the dashed line represents the Grand
Junction samples only.

The linear accumulation of the Th=-232 and Th-230 in the vertebrae is
given by the following equation:

Y =AT + B

where Y = the nuclide concentration in pCi/Kg fresh bone weight

A = the slope of the regression line (pCi/kg/year)
T = age in years
B = the y~intercept at T = 0

The data for Th-232 and Th-230 show a generally increasing concentration
with increase in age; if this relationship is assumed to be linear, then the
Th-232 and Th-230 burdens are clearly very low at birth as indicated by the Y
intercepts. The latter is reasonable based on the work of Sikov and Mahlum
(8i68) which describes the placental discrimination of monomeric and polymeric
plutonium; by analogy it is believed that the same discrimination may occur
for the chemical congener thorium, and the newborn is portected against
accumulation of Th-~232 anmd Th-230 by this placental discrimination {(wWr 77).
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The annual rates of Th-230 and Th-232 increase represented by the slope

of the regression line (A) and the Y-intercept (B) were:

Nuclide

Th-232

Th-232

Th-230

Th-228

Populatién

Grand Junction
subjects only

Grand Junction &
Washington, D.C.
combined

From
Lucas et al.

Grand Junction
subjects only

Grand Junction &
Washington, D.C.
combined

Grand Junction
subjects only

Grand Junction &
Washington, D.C.
combined

()
Rate of Increase

in vertebrae content

(pCi/kg/year

0.0020£0.0009"

0.0022+0.0006

0.0030+0.0004

0.0150£0.0090

0.0170%£0.0070

0.0002+0.0002

-0.0008+£0.0006

(B)
Concentration
at T =0
(pCi/kg)

0.02

0.00

0.51

0.79

* The + represents the standard error of the slope,

In contrast to Th-232 and Th-230, Th-228 shows no age dependence, which
is reflected by its high initial concentration (0.5 and 0.8 pCi/kg in Grand
Junction and the total population combined) and the very small slope of the
In fact this regression against the populations combined is
negative which probably reflects the slightly higher content found in the
Washington D.C. subjects.

regression.

That Th-228 should not depend strongly on age is reasonable, since Ra-228

which decays to Th-228 is ingested in food and water and is readily absorbed
In addition little or no placental barrier

from the gastrointestinal tract.
is suggested for Radium, and the skeletal concentration of the membrane should
reflect the endogenous Ra/Ca content of the mothers.
is consistent with the results obtained.
a 1.5 year old child from Washington, D.C. was 0.57 pCi/Kg fresh bone compared

An age independent model
The Th-228 concentration in bone of

to a median concentration of 0.66 pCi/Kg for the Washington, D.C. subjects,
An age independent model for Th-228 in
skeletal was predicted by Wrenn (Wr 77).

with an average age of 33 years.
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CHAPTER 12

The Biological Half-Life (tb) of Thorium in Lung

For known intake rates by inhalation, the ICRP lung model can be used to
estimate the expected concentrations of thorium in lung and also skeleton if a
metabolic model is used to describe transport to skeleton via blood.

There is no published experimental information on the clearance rate of
thorium compounds from the lungs of man or animals.

Formerly ICRP used biological half-times (tb) of 1 and 4 years for
plutonium and thorium, respectively (IC59) to derive concentration limits in
air. More recently ICRP has suggested that insoluble plutonium and thorium
compounds be classified as Class Y with t, = 500 days applicable to the long-
term pulmonary region.

In this section, we estimate the biological half-life of thorium in the
human lung using two approaches. First, from the data obtained from
measurements of air samples and human lungs from New York City (presented in
Section 5.2). The assumptions made are:

1) The radiocactive decay for Th=230 and Th-232 may be neglected.

2) Inhalation is the main route of intake;

3) Equilibrium is established between the radionuclide in the inhaled
air and in the lung; and

4) The intake rate does not vary.

Therefore, the rate of elimination is equal to the amount deposited per unit
time, and the biological half-life may be expressed as:

_ 0.693 mC
t, =TT ‘£ (1Cc59) (12.1)

in which:
t;, = biological half-life in years
m = mass of the organ of reference in grams (the lung in this case)

C = the average concentration of the radionuclide in pCi/g in the
organ of reference (the lung)

I = average yearly intake of the nuclide in pCi

f_ = fraction of that taken into the body by inhalation that remains in
the organ of reference (the lung).

Class Y parameters have been assumed because environmental thorium is most
likely to be in insoluble form.
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Let: Dg stand for the fractional deposition in the pulmonary region. This is
taken as 0.32 (Be74)

and 1—Ff stand for the portion of the deposition in the pulmonary
compartment which clears with a long half-time. This is taken, per
ICRP"'30, as 0.60

Then: f_ = (1-Fg¢) Dg is the inhaled fraction which remains in the pulmonary
compartment with slow elimination.

Let:

I stand for yearly intake by inhalation. This equals the product of
average air concentration and volume breathed/year; the breathing rate
is 20 m3/d (7300 m3/y) for Reference Man (ICRP-23) and the mean concen-
tration measured in 3, week-long samples for both Th-230 and Th-232 was
4x107° pci/m3.

mC stands for the lung burden. The average of three New York lungs was
0.66 pCi/kg for both Th-230 and Th-232 including the amounts in lymph
nodes, and the lung weight was assumed to be 1 kg.

Substituting these values into equation (12.1) leads to an estimate of B years
for the biological half-time for Th-232 and Th-230, well in excess of any
previous estimates. There is a large uncertainty in this estimate because of
the small number of samples, both for lungs and air, and it is questionable
whether the outdoor air samples were representative for long-term averages.

No analyses of the air from Grand Junction or Washington, D.C. were
available; however, ty, can be inferred using human metabolic models, from the
ratio of the amounts observed in lung and skeleton, without knowledge of
Th-230 and Th-232 concentrations in air or the volume of air inhaled.

One can calculate the mean residence time in the lung by assuming intake
by inhalation only and adopting reasonable values of transfer coefficients
from lung to blood and to skeleton, in an appropriate metabolic model.

The ICRP lung model is adopted here except that the pulmonary retention
time is considered unknown. In addition, we make the simplifying assumption
that the mean residence time in the lymph nodes is the same as in the long-
term pulmonary compartment. The amount measured in the lung was taken as
equal to that in the pulmonary region plus lymph nodes or:

_ _ At
(mC) , = IE_T,(1-e™"2") (12.2)

at sufficiently long times Alt >>1 and the eqguation simplifies to:

(mC)z = IfaT (12.3)

,Q,.
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where TR is the effective mean life in lung.

Also, the amount in skeleton may be expressed as:

-\t

(MC)g = IfTg (1-e "5°) (12.4)

where £ is the fraction of the long term inhaled material deposited in
skeleton.

Then by taking the ratio of equations (12.3) and (12.4) and assuming that
the mean llfi %n the skeleton is long compared to lifespan
(ieee, 1i-e EEDY st) we obtain the mean-life in lung, T4:
?
+ +
(mC)Z [D3Fa D4Fc DSFe] fzst

T = (12.5)
2 (mC)SD5(1-Ff)

The numerical values of D's and F's used are shown in Figure 12.1, f'zs,
the fractional transfer from blood to skeleton, is taken as 0.7 consistent
with the distribution we observed and that adopted by the ICRP (IC 79).

Now taking (mC), = lung + lymph node burden, and (mC), for skeleton as
the means from Table 12.2, and t = 67 years for Grand Junction subjects and 33
years for Washington, D.C. subjects, we obtain estimates of ty in lung as
follows:

Half-Times (tb) in Lung in Years

Mean
Th-230 Th-232 Age (v)
Grand Junction 1.4/1.0 5.3/3.9 67
Washington, D.C. 1.0/1.4 2.6/3.8 33

*
The first value assumeg infinite residence time in bone, and the
second 100 years mean life in bone,

The estimated t; for Th-232 is similar to the 4 years used in the early
ICRP report (IC59). However, the estimated half-time for Th—-232 is about 3
times greater than for Th-230. Because the physical and chemical nature of
the material inhaled will influence the clearance rate from lung, this
difference between the t, values for Th-230 and Th-232 is probably real and
may be due to the association of each isotope with a different type of matrix
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since Th=-230 is found in uranium-bearing minerals and Th-232 is in thorium-
bearing minerals.

Thus, the range of inferable long-term half-times in the lung is
therefore 1 to 8 years. Since these estimates depend on other assumptions
about the metabolism, i.e., effectively infinite retention in the skeleton,
the range of estimates is not surprising, and the higher values may
overestimate the half residence times in the lung.
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CHAPTER 13

Summary and General Conclusions

The major objectives of this research were to:

1) OQuantitatively establish the amount, distribution and age dependence of
o-emitting, thorium isotopes in human tissues.

2) Investigate whether the tissues of subjects who lived in areas where
uranium mill tailings were present exhibit a higher Th-230 concentration
than in a control population.

3) Estimate the long-term potential for accumulation of plutonium from the
environment by man using the information obtained on thorium metabolism.

To achieve these objectives, 32 sets of human tissues were collected
at autopsy. Each set included: right lung, liver (one-half), spleen,
kidney, and vertebrae. Pulmonary lymph nodes were separated from the lung
and analyzed separately. Radiochemical analyses of the natural alpha-
emitting isotopes of thorium were performed using tissue digestion,
solvent extraction, and electrodeposition, followed by alpha spectrometric
measurements. To do this we developed suitable radiochemical procedures
which included:

a) Selection of a suitable tracer to determine the analytical yield and
the radiochemical determination of natural thorium. Th-229, prepared
by the Oak Ridge National Laboratory, was successfully tested as an
isotopic tracer. Th-229 is a more advantageous tracer than Th-234,
primarily because of its long half-life and the ability to measure
its alpha emission simultaneously with the natural alpha-emitting
thorium isotopes, Th-228, Th-230, and Th-232.

b) The determination of thorium isotopic contents in soft tissues and
bone with sufficient sensitivity and specificity.

The general conclusions of this investigation are:

1) The thorium isotopic concentration, and the ratio of Th-230/Th-232 in
Grand Junction soil appear in the range of normal U.S. reported values;
however, the concentration of Th-230 is elevated in tailings 2000-fold and the
ratio of Th-230/232 about 400-fold.

2) The ratio of the thorium isotopes in human lungs analyzed from New York is
similar to that found in the air samples taken from the same location,
suggesting equilibrium between the pulmonary system and inhaled air.

3) Thorium nuclides were measurable in lung, lymph nodes, liver, bone

(vertebrae), kidney and spleen, in the following order of decreasing
concentration:
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Lymph nodes > lung > bone > kidney > liver for Th-232 and Th-230, and
lymph nodes > bone > lung > kidney > liver for Th-228 (Fig. 13.1).

4) The concentration of Th-230 was higher than Th-232 in all tissues,
including bone, reflecting the relative geochemical abundances of the uranium
and thorium series.

5) The concentration of Th-228 was higher than Th-232 in bone. This suggests
that the major portion of Th~228 in bone is due to the intake of transportable
Ra-228, which concentrates in bone and then decays to Th-228.

6) The concnetration of all thorium nuclides are more than an order of
magnitude higher in lymph nodes than in lung.

7) Two of the cases from Colorado showed clearly elevated levels of Th-230
caused by higher exposures to uranium~-bearing minerals. In the hard rock
miner, the concentration of this nuclide was almost 10 times higher than in
the other cases. The second case had been a uranium miner; his Th-230
concentration was more than two orders of magnitude higher than the median of
the general population.

8) The limited conclusions to date suggest that even though the residents
from this area have lived in the vicinity of uranium tailings, they do not
have clearly elevated Th-230 concentrations in their lungs, when compared to
the residents of Washington, D.C., who are not exposed to such tailings.
However, Th-230 concentration in the bone of Grand Junction subjects was
slightly higher than that of Washington, D.C. subjects after suitable age
adjustment. This increase may suggest an old exposure.

9) The relative distribution of all three isotopes among the organs was found
to be different. For example, the lung including lymph nodes contained 5 to
7% of the Th-228, 10 to 13% of Th-230 and 28 to 29% of Th-232. Similarly,
skeleton contained 80 to 82% of Th-228, 70 to 75% of Th-230 and only 55 to 56%
of Th-232, The higher proportion of Th-228 in the skeleton may be due to
intake of Ra=228 which decays to Th-228. Th-230 from the uranium series may
have a more soluble mineral matrix than Th-232 or may be inhaled in smaller
particles. Table 13.1 summarizes the likely routes of entry of thorium
isotopes into man, and Figure 13.2 shows their suggested transport pathways.

10) The organ distribution pattern of thorium obtained in this study is in
good agreement with that recently adopted in ICRP No. 30, based on the results
of Stover et al. (St60,65) in beagles.

11) The total median accumulation of thorium in the human body (0.7 to 7 pCi
for each nuclide) was equivalent to the amounts of thorium in 0.7 to 7 grams
of soil.

12) The total dose rate from all three thorium isotopes in the
occupationally-exposed former miner is between 4.8 and 10.5 mrads per year in
lymph nodes, and 1.2 and 1.5 mrads per yvear in lungs. In non-occupationally
exposed individuals from Grand Junction and Washington, D.C., the dose rate to
lung ranged from 0.06 to 0.23 mrads per year, assuming equilibrium of the
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Th-228 daughters. In the skeleton, the dose rate estimates ranged between 0.1
and 0.6 mrads per year; here the reasonable assumption of equilibrium is

made. The highest dose rate from any of the thorium isotopes was delivered to
the lymph nodes, and ranged from 1-5 mrads/year.

13) The highest total accumulation is in the skeleton. The skeleton is
accordingly hypothesized to be a good integrator of the total lifetime input
to the human body. The data for Th-232 and Th-230 show a general trend
towards an increasing concentration with age, and this relation was fitted to
a linear accumulation model.

14) The biological half-life of thorium in the lung was inferred from
measurement, The data suggest a longer retention of Th-232 in the lung than
Th-230. This may be related to the chemical and physical nature of the
aerosols bearing both the thorium and uranium minerals, or to statistical
variations due to the small sample size measured.

15) The half-times inferred for the long-term elimination from lung were
different from the values accepted by ICRP Committee 2 for Class Y

compounds. Although the ICRP model may be accurate for certain particle sizes
and chemical forms, however, this data suggests that environmental Th isotopes
do not behave strictly as Class Y but are probably retained with half times
of a year or greater.

TABLE 13.1

Likely Route of Entry and Origin

Nuclide of Thorium Isotopes in Human Tissue
Th=-232 Inhalation: soils, suspended
particlates
Th-~230 Inhalation: Tailings piles, soils
Th-228 Ingestion in food and water: ingrowth
in body of Th-228 daughter from Ra-228
parent




FIGURE 13.7: 50th Percentile Concentration of Thorium-Autopsy Samples from
Grand Junction and Washington, D.C.
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FIGURE 13.2: Principal Pathways of Thorium Transport to Man
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APPENDIX A
Tabulation of history, organ mass, chemical yield, and concentration

of Th-228, 230, and 232 in tissues of Grand Junction and Washington,
D.C. subjects.
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Case No.
Location
Age (Y)
Sex
Occupation
Smoking

Case No.
Location
Age (Y)
Sex
Occupation
Smoking

Case No.
Location
Age (Y)
Sex
Occupation
Smoking

Case No.
Location
Age (Y)
Sex
Occupation
Smoking

Case No.
Location
Age (Y¥)
Sex
Occupation
Smoking

77-7

G.J.

81

M
Construction
None

77-8

G.J.

86

M

Farmer

1 pk/day for
50 years

77-11

G.J.

83

M

Carpenter

Yes -~ unspeci-
fied

77-25
G.J.

76

F
Housewife
None

77-36
G.J.

83

M
Unknown
Unknown

Tissue Type

Lung

LN
Liver

Kidney
Lung

LN
Liver

Kidney

Lung

LN
Bone

Spleen

Lung

LN
Liver
Kidney
Bone

Lung

Liver
Kidney

Mass
(9)

470
5.0
420
100

550

10.5
590

160

125

290

3.5
435
115

70

450

440
120

Th-228
pCi/kg

0.37+0.10

6.9 1.3
0.22+0.06

0.31£0.10
0.48+0.09

12.5 3.5
0.04£0.01

0.0440.01

0.22+0.04

1.61£0.92
0.71+£0.21

0.3740.08

0.32+£0.07

6.9 £2.0
0.15%0.6
0.0740.03
1.8 +0.50

0.37+£0.08

0.06+0.01
0.0310.01

Th-230
pCi/kg

0.3910.08

12.0 £1.7
0.26+0.05

0.63+£0.16
1.2 £0.13

12.5+£3.4
0.15+0.04

0.04+0.08

0.20+0.04

10.8 +4.5
0.22£0.11

0.234£0.07

1.2 £0.11

7.6 £3.4
0.19+0.07
0.2740.10
0.70+0.31

1.0 £0.10

0.1210.02
0.11+£0.04

Th-232
pCi/kg

0.60+£0.10

8.7 £1.5
0.32£0.06

0.20+£0.09
0.78+0.10

17.944.0
0.03+0.02

0.03£0.02

0.24+0.05

6.5 3.7
0.11+0.08

0.10+£0.05

0.61+£0.08

7.4 3.6
0.11+0.05
0.06+9,94
0.28+0.19

0.64+0.08

0.03%£0.01
0.0910.04

Recovery
2

39.6

36.5

54.5

52.5

54.0
12.1
33.3
43.0

37.9
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Case No.
Location
Age (Y)
Sex
Occupation
Smoking

Case No.
Location
Age (Y)
Sex
Occupation
Smoking

Case No.
Location
Age (Y)
Sex
Occupation
Smoking

77-44

G.J.

63

M

Mining Engr.
2 pk/day for
25 years

77-48
G.J.

26

F
Housewife
Unknown

78-8 -~

G.J.

57 -

M

Auto mechanic
None

Mass
Tissue Type (9)
Lung 430
LN 9.0
Liver 430
Kidney 170
Bone 112
Lung 265
Liver 575
Kidney 130
Bone 100
Spleen 115
Lung 502
Liver 570
Kidney 95
Spleen

154

Th-228
pCi/kg

0.36+0.05

17.4 £2.9
0.5120.17

0.0240.01
0.0440.01

0.06+0.01

0.0240.01
0.03£0.03

0.16+£0.04
0.13+£0.03

0.06+£0.13

0.01+£0.004
0.1740.004

0.03%0.01

Th-230
pCi/kg

2.0 £0.10

19.6 £2.2

0.46+0.13

0.37x0.10
0.9810.12

0.09+0.07

0.08+0.02
0.05%£0.02

0.101£0.09
0.2440.06

2.7 £0.17

0.04£0.01
0.07£0.04

0.11£0.06

Th-232
pCi/kg

0.431+0.04

5.7 £1.2
0.15+0.08

0.17£0.07

0.02+0.01

0.02+0.01

0.0240.01
0.03+0.01

0.10+0.10
0.15+£0.05

1.1 £0.10

0.05+£0.05
0.04%0.03

0.03+£0.03

Recovery
3

30.4

35.0
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Case No.
Iocation
2ge (Y)

Cocupation
Smoking

Case No.
Iocation
BAge (Y)

Gccupation
Smoking

Case No.
Location
Age (¥)

Cccupation

Case No.
Iocation
Age (¥)

Cccupation
Smoking

78-12
G.J.
56

Rancher

1 pk/day for
40 years

78-14
G.J.
87

Blacksmith
Pipe

78-19
G.J.
47

Farmer

1 pk/day for
25 years

78-20
G.J.
69

Pipe

Spleen

Mass
@

530

850
201

124
160

620

13.3
490

131
122
160

880

210

123
240

69

Calcium
ug/g ww

99.4

61500

202

BB

0.9540.11

118

160

91.3

95.2

237

132

Th-228 Th-230 T™h-232
pCi/kg £Ci/kg £Ci/kg
0.1540.03 0.56+0.06 0.25+0.04
0.25+0.18 0.5740.19 0.3840.15
0.06+0.04 0.4510.07 0.0840.03
0.364£0.10 1.8 £0.20 0.2340.07
0.1040.08 0.43+0.14 0.1410.08
0.254¢0.01 1.1 £0.16 0.7510.13
4.5 £1.1 7.6 £1.4 12.3 £1.7

Iost Iost Iost
0.20+£0.15 0.450.07 0.0810.03
0.8610.10 0.33£0.06 0.3340.06
0.12¢0.07 0.17+0.06 0.1440.08
0.19+0.03 0.48+0.04 0.3440.03
5.6 £1.3 7.7 £1.4 6.1 £1.3
0.06+0.04 0.2940.10 0.06+0.04
0.20+0.03 0.48+0.06 0.1440.03

Iost Iost Iost
0.08£0.03 0.15£0.13 0.04+0.02
0.11£0.03 0.3340.04 0.02+0.01
0.074£0.05 0.450.12 0.09+0.03
0.38+0.07 1.4 £0.13 0.1040.03
0.32£0.15 0.13+0.09 0.10+0.08

Thorium
Recovery
%
39.4

20.2
17.7

46.3
62.3

38.3

20.2

27.7
46.3
33.2

22.3

63.8
44.4
59.9

46.8
21.9

30.4
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Iocation
Age (¥)

COccupation

Swoking

Case No.
Iocation
Age (Y)

Ocaupation

Case No.
Iocation
Age (Y)

Occupation
Smoking

78-23
G.Jd.
63

Machine Shop
worker

78-65
G.J.
38

Teacher

78.71
G.J.
60

Spleen

Mass

@)

385

6.0
520
124

260
107

58
110
137

280

115
150

165
10.0

270

4.1
440
85
250
60

Calcium T™h-228 Th-230
19/g ww ¥Ci/kg ECi/kg
175 0.02£0.01  0.22+0.03
NA 1.1 £0.82 5.5 1.1
100 0.1610.07 0.0610.03
235 0.11£0.08  0.20+0.10
7231 0.4440.13  0.35:0.07
NA -0.0740.03 0.1040.10
126 -0.0940.04 0.09+0.04
116 -0.0440.03  0.1540.04
NA -0.1540.18  0.0640.08
154 0.2440.03 0.8410.04
403 : Lost Iost
63000 0.64+0.08 0.60+0.06
64.7 0.03+0.02 0.0540.02
550 0.3340.50 0.8240.37
NA 1.8 $£0.09 6.0 +0.15
1340 7.2 £3.3 24.6 £6.2
62.1 0.0610.02 0.50+0.05
188 0.0840.06 0.60£0.17
42800 0.3740.08 2.3540.18
122 0.12+0.08 0.30£0.07

Th-232

pCi/kg

0.131£0.02

2.0 £0.64
0.06+0.03
0.1620.07

0.03£0.02
0.08+0.03
0.07+0.03
0.08x0.03
-0.02£0.07

0.4410.03

Iost
0.104£0.02

0.03£0.01
0.6510.33

2.8740.11

22.9 16.1
0.0610.02
0.05+0.03
0.2210.05
0.13+0.05

Thorium
Recovery
%

41.0

34.1
48.0
44,2

39.7
38.2
82.7
37.0
17.0

63.9

21.9

30.4
43.5

64.9

8.1
32.9
39.0
58.8
65.3
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Case No.
Iocation
Age (Y)
Occupation

Smoking

Case No.
Iocation
Age (Y)
Cccupation

Smoking

Case No.
Iocation
Age (V)

Occupation
Smoking

78-80

G.J.

65

M

Moving
estimator

2 pk/day for
50 years

78-110
G.J.
84

M
Welder

78-125
G.J.

75

M

Coal Miner

Bone
Spleen

Mass

)]

720
8.8
760
210
73
165
367

5.3
708

124
290
98
61

630

8.5
450

81
167

Calcium Th-228 Th-230 Th-232
/g ww ECi/kg ECi/kg £Ci/kg
199 0.1840.02  0.41+0.04 0.58:0.04
NA 2.2 $#0.84 7.8 1.3 5.9 1.0
62.2 0.2740.01  0.03+0.01 0.02+0.01
199 0.11£0.03  0.0940.02  0.04+0.01
37400 1.03:0.18  2.71£0.30  0.30%0.10
NA 0.04£0.01  0.0740.02  0.0440.02
248 0.4140.08  4.15£0.18 0.1040.08
NA 4.6 +4.0  15.7 3.1 8.7 £2.7
46.3 0.0240.01  0.1440.01 0.0240.01
352 0.0940.10  0.33+0.10 0.0140.01
43800 0.2940.08  2.2140.14 0.1840.04
149 0.04+0.06  0.12£0.04 0.27+0.07
225 -0.0440.07  0.0240.03  0.0240.01
280 0.7740.07 1.5 £0.07  0.78+0.05
NA 4.7 £1.6  14.0 2.3 8.9 1.9
81.0 0.05:0.02  0.0240.01 0.0240.01
65900 1.1 £0.24 2.3 $0.23  0.17+0.06
130 0.0240.04 0.0940.02  0.03+0.01

Thorium
Recovery
65.7
23.2
47.6
69.8
22.2
47.3

21.4

13.8
65.5

19.6
26.0
46.2
81.8

33.7

43.0
31.1

25.6
68.0



Case M.
Iocation

e ()

€6

Cccupation
Smoking

Case No.
Iocation
Age (¥)

Occupation
Smoking

79-1
G.J.
61

Salesman

79~2

G.J.

79

M
Electrician
None

Tissue Type

Mass
(9)

487

4.0
533

157
205
170

579

5.1
283

160
285
120

85

Calcium Th-228
uw3/g ww ECi/kg
269 0.02+0.01
NA 3.6 £3.2
A -0.0120.01
162 0.23£0.27
53200 0.4040.14
NA 0.010.03
213 0.45+0.10
NA 6.9 2.9
141 0.07+0.03
159 0.0440.10
56700 0.91£0.09
227 0.08+0.08
214 0.0740.09

Th~230 Th~232
£Ci/kg pCi/kg
0.2940.03 0.05:0.01
12.4 6.4 6.5 +3.6
0.05£0.01 0.01%0.01
0.27+0.10 0.12&0.08
1.2 #0.14 0.1210.04
0.1940.03 0.0240.01
0.67+0.08 0.86+0.09
8.3 +2.6 8.3 2.6
0.1940.02 0.03+0.01
0.01+0.01 0.01+0.01
0.284+0.04 0.104+0.02
0.1040.04 0.06£0.03
0.09+0.05 0.06+0.03

Thoriun
Recovery
36.8

16.4
55.3

58.0
18.6
51.6

32.7
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Case No.
Iocation
kge (V)

Occupation
Smoking

Case No.
Iocation
Ige (V)

Cccupation
Smoking
Case No.
Iocation
Ige (V)
Occupation
Smoking

Case MNo.
Iocation
Age (Y)

Cccupation
Smoking

1
Wash., D.C.
26

M
(onstruction
Unknown

2

vash., D.C.
40

F

Govt.
enployee
Yes -
Unspecified

3

Wash., D.C.
29

F

Bank clerk
Yes -

Unspecified

4

Wash., D.C.
39

M
Construction
Yes ~
Unspecified

Iymph nodes

Liver

Kidney

Iymph nodes

Liver

Kidney

Iymph nodes

Liver

Bone

Lymph nodes

Liver

Kidney

270

3.3

220

120
59

409

7.8
315

120

39

240

5.5
250

38

300

6.4
290

115
81

175

1120
33.2

122
76300

244

705
80.6

198

79200

250

1000
37.0

71100

206

859
69.0

127
73900

0.40£0.04

9.4 +2.8
0.0540.01

0.0840.01
0.8740.12

0.04+0.03

1.1 +0.84
0.24+0.07

0.1440.06
0.6640.18
0.20£0.05

5.3 1.3
0.3040.07

1.3 £0.25

0.04:0.04

1.9 $0.57
0.09+0.05

0.05£0.02
1.2 40.15

0.71£0.04

7.1 £2.1
0.0710.02

0.03£0.01
0.3440.07

0.0740.02

2.7 +0.50
0.4740.09

0.1940.06
0.45+0.11
0.4140.06

11.0 £1.4
0.4510.09

0.17£0.09

0.1940.03

5.7 £0.75
0.1910.03

0.14£0.03
0.2940.06

0.5240.04

4.6 £1.7
0.0410.01

0.02+0.01
0.04+0.04

0.07+0.01

1.1 £0.34
0.1040.04

0.0840.04

0.1410.07

0.2440.05

5.8 £1.0
0.1940.06

—.00&00 06

0.15£0.03

2.6 0.5
0.0540.01

0.0240.01
0.0640.03

66.6

22.5
67.2

45.4

79.8

18.3

45.2
71.6

65.4

26.5

62.2
27.8

79.0
85.8
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Case No.
Iocation
Age (Y)

Occupation
Smoking

Case No.
Iocation
Age (¥)

Smoking

Case No.
Location
Age (Y)
Sex
Occupation
Smoking

Case No.
Iocation
Ige (¥)

Gccupation
Smoking

Case No.
Iocation
Age (¥)

Cccupation
Smoking

5

Wash., D.C.
32

M
Construction
Yes ~

thspecified

6

Wash., D.C.
1.5

M

None

7

Wash. , D.C.
61

F
Housewife
Yes -
Thspecified

8

Wash., D.C.
48

F

Thknown
Yes -
Thspecified

¥Wash., D.C.
35

Painter
None

Tissue Type

Iymph nodes
Liver

Kidney

Iymph nodes

Liver

Lymph nodes

Liver

Kidney

Lymph nodes

Liver

Kidney

Lymph nodes

Liver

Kidney

Mass

9)

395
12.5

225
135

53
1.2

180
20

340

3.9
128

70
29

400

8.7
172

69

350

7.1
305

110
49

Calcium Th=-223
ug/g wW £Ci/kg
202 0.2840.05
440 2.4 +0.76
50.2 0.03+0.01
95.0 0.10+0.03
138 0.20£0.11
NA ~0.01+£0.02
51.0 0.01+0.04
36500 0.5740.18
443 0.2940.03
365 1.6 £2.1
71.1 0.18+0.05
130 0.3640.27
119000 0.5610.33
250 0.34+0.05
632 2.7 $1.1
138 0.1840.07
186 0.10+0.09
249 0.1340.04
NA 2.8 +0.81
NA 0.05+0.03
166 0.07+0.04
36700 0.2040.07

Th-230 Th-232
ECi/kg ECi/kg
0.36£0.04  0.32£0.03
4.8 £0.79 3.0 +0.62
0.0540.01  0.02+0.01
0.10£0.02  0.02+0.01
0.31£0.10  0.33+0.04
0.3540.23  0.1240.12
0.0940.03  0.0940.03
0.20£0.20  0.10£0.10
0.6610.03  0.31+0.02
1.6 $2.1 0.6610.66
0.1140.03  0.0740.02
0.3740.21  0.1240.12
0.85+0.36  0.2010.20
0.3740.04  0.45+0.04
6.7 1.3 3.9 £1.0
0.23+0.05  0.0310.02
0.09£0.03  0.01£0.03
0.18+0.04  0.0840.03
4.4 10.74 2.6 10.57
0.03:0.01  0.0140.01
0.35£0.05  0.03+0.01
0.3240.09  0.140.07

Thorium
Recowvery
36.7
46.6

63.9
40.7

72.0
48.6

38.7

33.0
31.5

84.9

14.6

45.0
38.2

84.6
38.0



Case No.
Iocation
2ge (V)

QOccupation
Smoking

96

10

Wash., D.C.
31

M

Clerk

Yes -

Unspecified

Tissue Type

Lymph nodes

Liver

Mass

(9)

410

4.2
177

Calcium Th-228
u3/g ww pCi/kg
111 0.35+0.04
881 3.6 1.7
62.2 0.0810.04

Th-230 Th-232
PCi/kg ECi/kg
0.36:0.03  0.3340.03
3.0 #1.0 5.7 £1.5
0.70£0.09  0.0610.03

Thorium
Recovery
40.5

48.1
21.5



APPENDIX B
Cumulative frequency distribution for thorium isotopes in lung, lymph nodes,

liver, kidney, spleen, and bone of Grand Junction and Washington, D.C.
samples.
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Cumulative Probability Distribution of Measured Thorium Concentration in Lymph Nodes
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pCi Thorium /kg of Wet Liver
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Cumulative Probability Distribution of Measured Thorium Concentration in Kidney
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Cumulative Probability Distribution of Measured Thorium Concentration in Bone
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