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Foreword

A major international debate on alternative forms of energy production is in
progress and will undoubtedly continue. Two of its most important and often
conflicting aspects are on the one hand cost, and on the other health, safety
and environmental considerations. Risk assessment studies have shown that the
older and more familiar forms of energy may, in fact, be more hazardous to
those involved in their production and utilization than is nuclear technology,
even though the older power industries have had a much longer time to estab-
lish and improve safety standards. Yet the public perception of risk is often
different. It is clearly essential that all decisions concerning the potential
effects on human health of different forms of energy production should be
based on adequate scientific data, and it is equally important that accurate
information should be available to the public in an accessible form.

No doubt largely due to economic recession, previous estimates of energy
demand have proved to be excessive in many countries. This respite is at least
allowing time for more thorough appraisal of the health and environmental
implications of the various alternatives.

A particular dilemma faces the developing countries, where traditional
industries often exist side by side with the most advanced technology. There
are unfortunately no "third world'; low -cost solutions to the problems created
by high technology such as nuclear power; effective health protection for
workers and the community by high standards of construction and operation
and by comprehensive monitoring and control procedures must therefore be
regarded as essential, whatever the level of economic development of the
country which decides to adopt them.

This publication is the second of a short series being developed by the WHO
Regional Office for Europe covering the health implications of different aspects
of nuclear power production. The first, dealing with the overall fuel cycle, was
published in 1978, and the present volume has as its subject health aspects of
transuranium elements. A third volume, on highly radioactive waste, is ex-
pected to be published by the end of 1982. All have been prepared on the
basis of the deliberations of expert groups, and the financial assistance of
the Government of Belgium in convening these groups is gratefully acknow-
ledged. Special reference must be made to the wise counsel and support pro-
vided by the late Professor Halter, Secretary- General, Ministry of Public
Health and Family Affairs, Brussels.
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The present volume is intended to provide guidance to public health
administrations and others concerned with this important topic. The dis-
tinguished expert group involved in its preparation, under the chairmanship
of Sir Edward Pochin, in addition to providing guidance on the health con-
siderations at the nuclear power plant itself and in connexion with repro-
cessing facilities, also touched on problems related to transport of materials
and threats of terrorism.

There is no such thing as absolute safety, but all new (as well as old)
technology must attempt to reduce risks to a minimum. In the case of nuclear
power production, safety standards have generally been extremely high and it
is important that, at the very least, these should be maintained. It is hoped that
this volume will help to clarify the public health issues concerning the trans-
uranium elements, which are likely to be of increasing significance in relation
to nuclear energy development.

J. Ian Waddington
Director, Promotion of

Environmental Health
WHO Regional Office for Europe
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Introduction

Public interest in the health aspects of transuranium elements, together with
the need for an outline of the current factual position as regards these ele-
ments, led to the convening of a Working Group by the WHO Regional Of-
fice for Europe in collaboration with the Belgian Government on 6 -9 Novem-
ber 1979. The objective was to consider, discuss and assess the health aspects
of these elements.

This report, which is based on the collective knowledge and experience
of the members of the Working Group, together with the extensive literature
available in this field, provides general guidelines for national public health and
environmental authorities. It does not provide detailed technical data, but
instead broadly surveys the whole field, indicating the present position as
assessed by members of the Working Group.

The meeting was the second in a series organized by the Regional Office
on the health effects of nuclear activities; the first dealt with the health impli-
cations of nuclear power production and a report was issued in 1978 (1).

The meeting was attended by 26 participants from 12 countries. Four
major disciplines (health administration, radiation biology, health physics,
toxicology) and 5 professional categories (physicians, biologists, engineers,
physicists, chemists) were represented, providing a comprehensive multi-
disciplinary approach to the subject. Representatives from intergovernmen-
tal and nongovernmental organizations were also present. The participants
acted in their individual capacities and not as representatives of their own
countries (see Annex 4).

The Working Group considered three major facets: physiological, toxi-
cological and dosimetric aspects of the transuranium elements; the applica-
tion of occupational health control, including health physics; and environ-
mental behaviour together with public health implications associated with
the transuranium elements. The intention was to cover all aspects relevant to
health, with respect both to those who are occupationally engaged in work
with such elements and to the general public who might be affected as the
result of such operations. Consideration was also given to routine and emer-
gency situations.

This report includes a brief summary of the physical and chemical
properties of those transuranium elements considered by the Group to be
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important (Chapter 2). Chapter 3 deals with the radiobiological aspects
of these transuranium elements, including their metabolism, dosimetry
and health effects. This is the most important section since the health
implications of the transuranium elements depend on the fundamental
parameters and assumptions discussed here, and these provide the basis for
a quantitative evaluation of the associated health risks. Consequently, the
data and arguments presented in this chapter are more detailed than in others.
Chapter 4 deals with the sources of human exposure; these are considered
in further detail in Chapter 5, which is concerned with occupational exposure,
and in Chapter 6, in which the environmental aspects arising from possible
releases of transuranium elements are considered. Since the latter topic in-
volves the measurement of radioactivity levels in the environment as a result
of such releases, Chapter 7 is concerned with environmental monitoring.
Chapter 8 briefly discusses control and protective measures.

Sir Edward Pochin was elected Chairman of the Working Group, Dr W. Ja-
cobi, Dr R.O. McClellan and Dr N. Wald Vice -Chairmen, Mr H. Howells Rap -
porteur, and Dr B.G. Bennett and Dr J. -C. Nénot Co- Rapporteurs. Dr M.J. Suess
acted as Scientific Secretary.

On the basis of a preliminary draft prepared by the Rapporteurs and
subsequent comments from the members of the Working Group, a drafting
committee consisting of Dr Bennett, Mr Howells, Dr Nénot, Dr Pochin and
Dr Suess prepared the final report.
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1

Conclusions and
recommendations

Metabolism and health effects

Conclusions

1. On the basis of existing knowledge about the behaviour and ef-
fects of transuranium elements within the body, it is evident that the radio -

toxicity of this group of elements is not unique. The actual and potential
conditions of occupational and environmental exposures of man are com-
plex but, by taking into account the physicochemical properties of the
transuranium elements as well as their metabolic behaviour, the radiation
doses can be evaluated and the risk of health effects estimated with sufficient
accuracy for the purpose of radiation protection. It is unlikely that the risk of
death from cancers in irradiated organs is underestimated by such methods,
and in some cases it may even be overestimated.

Recommendations

1. The development of new techniques and processes has led to the use
of new transuranium compounds. These materials include plutonium- sodium
compounds, finely divided plutonium particulates, and chemical complexes
such as tributyl phosphate plutonium. Further study is needed of the be-
haviour and effects of such materials.

2. Further studies of metabolic processes associated with transuranium
elements would increase the accuracy of predicting health risks under different
circumstances and the capacity to deal more confidently with human ex-
posures. In particular, the effect of human age on the metabolism and tissue
distribution of transuranium elements after inhalation, and especially after
ingestion, should be studied. Such data are needed to determine how the
annual limit of intake varies for individuals of different ages.

3. Further research is needed into the possible combined effects of alpha
irradiation, together with exposure to various other agents. The question of
any such associated risks would be important, particularly for any occupational
groups exposed to alpha radiation and to chemical carcinogens.
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Health physics and occupational aspects

Conclusions

1. The general principles of monitoring industrial operations in which
radioactive materials are used apply also to those operations involving trans-
uranium elements. The techniques adopted must be appropriate to the particu-
lar radionuclides involved.

2. The optimal method for the prevention of significant radiation ex-
posure of personnel working with transuranium elements lies in the provision
of effective containment of the material.

3. For installations where the on -site medical services are unable to
provide for workers exposed to transuranium elements, off -site medical services
can only be expected to provide effective cover if special training, equipment
and medication, including chelating agents, are kept constantly available
in advance of need.

Recommendations

1. For major installations, such as fuel fabrication plants, nuclear power
reactors and fuel reprocessing plants, the public authorities involved in the
event of off -site emergencies should be informed in advance of any procedure
they may be advised to follow. Planning arrangements to deal with off -site
transuranium releases requires close coordination between local management
and those agencies which might be involved.

2. The management of patients occupationally exposed to transuranium
elements requires medical personnel with appropriate preparatory training,
adequate equipment and the necessary medication, including chelating agents,
to deal effectively with such cases.

Environmental aspects

Conclusions

1. The largest releases of transuranium elements to the environment
have come from atmospheric nuclear testing. Releases from all nuclear fuel
cycle operations are much smaller, and are largely limited to those from
fuel reprocessing plants. Releases of transuranium elements from satellites
and consumer devices, such as cardiac pacemakers, are even smaller in nor-
mal circumstances.

2. It is important to estimate the levels of fallout plutonium and americium
in the environment, since any releases in the future from nuclear power installa-
tions or other sources would be superimposed on this background. The use of
isotope ratios may often be useful in delineating contaminated areas.
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3. The transuranium elements behave in the environment in a man-
ner fairly typical of heavy metals; there appear to be no unusual transfers.
The transuranium elements are not readily taken up by plants or absorbed
through the gastrointestinal tract of animals or man, although absorption may
be greater for organically combined forms, such as those that may occur in
foodstuffs. For initially airborne releases, inhalation is generally the pre-
dominant route into the body.

4. Methods have been developed and are widely used to estimate the
transfer of radionuclides through the environment. Fairly good estimates of the
intake by man of transuranium elements, their distribution and retention
by the body, and the consequent dose, can be obtained by proper use of the
various parameters appropriate to the specific environmental situation.

5. Analytical and monitoring techniques are quite sensitive in deter-
mining trace concentrations of transuranium elements in the environment.

Recommendations

1. Precautions regarding the safe utilization of transuranium materials
and the prevention of releases to the environment, which have been generally
effective in the past, must be fully maintained in the future.

2. Although the behaviour of transuranium elements in the environment
has been extensively studied and is fairly well understood, special environ-
mental conditions and certain physical or chemical forms of the transuranium
compounds require further attention.

3. It is particularly difficult to generalize about resuspension, since it
may vary widely according to conditions. There are also many situations
which are not well quantified, such as resuspension from water in spray, from
sediments in intertidal zones, and from sediments into water, and further study
of these processes is recommended.

4. As absorption of plutonium through the gastrointestinal tract may be
greater for organically combined plutonium than for other chemical forms, it is
important to determine the fraction of ingested intake which is in this form.

5. Because of the very long -term persistence of transuranium elements in
the environment, periodic measurements of the amounts present in air, surface
soil, sediments, foodstuffs, and man will be required to assess any change in the
level of such activity reaching man or in levels of accumulation.
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2

Physical and
chemical properties

The transuranium elements are those that occur above uranium in the
periodic table. They include neptunium, plutonium, americium and curium, all
of which are generated in nuclear power reactors and are used in various
industrial and medical products and procedures (see Chapter 4). The trans-
uranium radionuclides are largely alpha particle emitters and generally have
long radioactive half - lives. Their general properties have made them of special
concern in assessing the health and environmental aspects of their utilization.
The more specific physical and chemical properties of the transuranium ele-
ments are summarized below.

Plutonium

Trace quantities of "element 94" were first isolated in 1941 but the name
"plutonium" was not coined until a year later. During the next few years
it was produced in kilogram quantities. There are 15 known isotopes of
plutonium, with mass numbers ranging from 232 to 246. Most of the iso-
topes with even mass numbers are alpha particle emitters, those with mass
numbers 232, 233, 234, 235 and 237 decay by electron capture and those
with mass numbers 241, 243, 245 and 246 decay by beta particle emis-
sion. Many of the isotopes that are alpha emitters also exhibit spontaneous
fission, while in all cases of particle emission from these plutonium iso-
topes the decay schemes include X -ray and gamma -ray releases over a wide
energy range.

Table 1 shows the major physical properties of the plutonium iso-
topes of interest (2,3) and Fig. 1 illustrates their mode of formation from
uranium -238 (4).

Plutonium is a silvery -white metal, similar to nickel in appearance, which
in an atmosphere of moist air rapidly oxidizes to form a mixture of oxides and
hydrides. Under such conditions the metal is highly pyrophoric and con-
sequently the pure metal is handled in inert dry nitrogen or argon atmospheres.
It exists in six allotropic forms; at room temperature it is in the "alpha" phase
with a mass density of about 19 000 kg /m3.

The metal is readily soluble in moderate to high concentrations of hydro-
chloric acid, insoluble in nitric acid, and dissolves only slowly in sulfuric
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Table 1. Physical properties of the major isotopes of plutonium, americium, curium and neptuniuma

Isotope
Radioactive
half -lifeb

(years)

Principal
mode of

decay

Mean alpha
energyb

(J)

Specific
activity

(MBq /kg)

Mass per
unit activity

(kg /MBq)
Relative massc

236 Pu 2.85 a 9.21 X 10-13 1.97 X 1010 5.08 X 10-11 1.15 X 10-4
237Pu 1,25 X 10-1 ECd ECd 4.48 X 1011 2.24 X 10-12 5.08 X 10-6
238 pu 8.78 X 10 a, X-rays 8.75 X 10-13 6.33 X 108 1.58 X 10-9 3.58 X 10-3
239Pu 2,44 X 104 a, X-rays 8.25 X 10-13 2.27 X 106 4.41 X 10-7 1.00
240 Pu 6.54 X 103 a 8.25 X 10-13 8.44 X 106 1.18 X 10-7 2.69 X 10-1
241 Pu 1.44 X 10 ß ß 3.66 X 109 2.73 X 10-10 6.19 X 10-4
242 Pu 3.87 X 105 a 7.83 X 10-13 1.41 X 105 7.08 X 10-6 1.61 X 10

243 Pu 5.66 X 10-4 ß ß 9.62 X 1013 1.04 X 1014 2.36 X 10-8
241 Am 4,32 X 102 a, 7-rays 8.79 X 10-13 1.20 X 108 8.32 X 10-9 1.89 X 10-2
243 Am 7.40 X 103 a 8.44 X 10-13 7.36 X 106 1.36 X 10-7 3.08 X 10-1
242Cm 4.47 X 10-1 a 9.77 X 10-13 1.22 X 1011 8.16 X 10-12 1.85 X 10-5
2a4Cm 1.79 X 10 a 9.29 X 10-13 3.03 X 109 3.30 X 10-1° 7.48 X 10-4
237Np 2.14 X 106 a 7.66 X 10-13 2.61 X 104 3.86 X 10-5 8.75 X 10

a After Nénot & Stather (2).

b After Harte (3).

Mass per unit activity relative to 239 Pu.

d EC = electron capture.



Fig. 1. Formation of plutonium and transplutonium elements

Source: Nénot (4).

acid. The chemistry of plutonium is complex, though generally its proper-
ties are in line with other actinides (the series from actinium to lawrencium).

Plutonium can exhibit five oxidation states from III to VII. In aqueous
solutions, plutonium VI is oxidized to plutonium IV, the most stable. The
chlorides, nitrates and sulfates are all soluble in water. Plutonium dioxide (Pu02)
is the most important compound. It is a highly refractory material, usually
green in colour, which melts at between 2200 and 2400 °C depending on the
nature of the surrounding atmosphere. It is difficult to dissolve by normal
methods but can be dissolved after heating in 85 -100% phosphoric acid at
about 200 °C. If the dioxide is prepared using high temperatures, it is even
more refractory in nature. Because of its refractory properties and chemical
stability this is the preferred form for storage and shipping of plutonium.

The complicated chemistry of plutonium is discussed in some detail by
Wick (5), and Cleveland (6) covers more general aspects.

Americium and curium

The elements americium and curium (atomic numbers 95 and 96 respectively)
were discovered in 1944 -45. Americium has 13 known isotopes (atomic
numbers 232, 234 and 237 -247), of which 241 and 243 are the most
important with half -lives of about 430 and 7400 years respectively; these
have been produced in kilogram quantities. Americium -241 is the isotope
most abundantly produced in nuclear reactors and it arises from beta decay
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of plutonium -241. Americium itself decays by alpha particle emission with
an accompanying gamma photon of energy of 60 keV from 40% of disin-
tegrations. Curium has 13 known isotopes (atomic numbers 238 -250) of
which those of mass numbers 242 and 244 and half -lives of about 163 days
and 18 years, respectively, are produced in significant amounts; these iso-
topes are also alpha particle emitters.

The isotopes americium -241, americium -242 and curium -244 are also
considered to be fissile materials (7). Table 1 shows the principal physical
properties of the important americium and curium isotopes.

Americium is a silvery -white metal which is malleable, ductile and melts
at about 990 °C; it oxidizes slowly in air. Curium is a silvery, hard, brittle
metal which melts at about 1300 °C and oxidizes rapidly in air. The oxides
of both these elements are more soluble than plutonium dioxide. In aqueous
solution the most stable oxidation state of these elements is the trivalent
(i.e., americium III, curium III) and this is the most important state in rela-
tion to biological systems. General aspects of hydrolysis and complex ion
formation are similar to those of plutonium. Several authors have reviewed
the chemistry of americium and curium (8 -10).

Neptunium

There are 11 isotopes of neptunium ranging in mass number from 229
to 239. Most of the isotopes have short half - lives, with the exception of
neptunium -235, which has a half -life of about 396 days, and neptunium -237,
which has a half -life of 2.14 X 106 years. Neptunium -237 is a radioisotope
of some importance since it is used as the target material in a nuclear reactor
to generate plutonium -238, which may then be used as a radioisotopic power
source (11). Further, neptunium -237 is an important component of reactor
waste because of its long half -life and its potential mobility in geological
media after burial has taken place. The physical properties of neptunium
are described in Table 1.

Neptunium was first isolated as a weighable quantity (ti 45 µg of oxide)
in 1944 by Magnusson & LaChapelle. It is a silvery, ductile metal with a
melting point of 637 °C and a boiling point of 4175 °C. It has three allo-
tropic forms below the melting point and at room temperature; in the
"alpha" phase it has a density of 20 500 kg /m3. Neptunium will slowly oxidize
in dry air at room temperature but will rapidly oxidize if the temperature is
raised, especially in moist air. It is readily soluble in hydrochloric acid at room
temperature, and will dissolve in sulfuric acid at elevated temperatures, but has
no visible reaction with nitric acid.

As for plutonium, compounds of neptunium can be prepared in five
oxidation states (III -VII), which can exist in aqueous solutions.
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3

Metabolism, dosimetry
and health effects

Metabolism

The routes of entry of transuranium elements into the body are inhalation,
wound contamination, skin abrasions or burns, and ingestion. From the primary
site of entry a fraction is translocated into the blood and deposited in various
organs (Fig. 2). It is necessary to distinguish between the route of contamination
and the deposition of the absorbed fraction in the organs (12). The kinetics of ab-
sorption, translocation and excretion depend on the physical and chemical
properties of the transuranium elements. The doses of radioactivity administered
to animals have often been well in excess of those likely to be involved in cases
of human contamination. Since it has been shown that the amount deposited
may influence the metabolism of transuranium elements, data from animals
given large amounts of radioactivity must be considered with caution.

Properties of biological importance (8 -10)

Plutonium can exist in solution in four main valence states (Pu III-Pu VI) and
under some conditions as Pu VII; in biological fluids the presence of ligands
and complexing entities tends to stabilize the Pu IV state. The stability of
plutonium complexes increases in the order Pu V < Pu VI < Pu III < Pu IV.
This means that most, if not all, of the plutonium that enters the body is
in the Pu IV state. Soluble plutonium, in the ionic form, cannot be present in
biological systems, as it can only exist at very low pH. Plutonium rapidly
hydrolyses and forms polymers at high concentrations; this hydrolysis results in
the formation of relatively insoluble polymers, which are very slowly reversible.
Plutonium can only be translocated after binding with natural compounds. Most
of it (about 90% when in the soluble form), after entry into the systemic circula-
tion, is rapidly bound to transferrin, the protein which normally transports
iron; a much smaller part is bound to low molecular weight species, probably
citrate (2). Recently, it has been shown that very small particles of plutonium
dioxide (less than 1 nm diameter) may form a short -lived intermediate complex
with citrate; then, if not excreted, the particles enter solution, form com-
plexes with transferrin or citrate, and are deposited in tissues in a similar
way to other transportable forms of plutonium.
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Fig. 2. The principal metabolic pathways of radionuclides
in the body
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Source: International Commission on Radiological Protection (12).
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The most common compound of plutonium is probably plutonium di-
oxide; its biological behaviour varies according to many factors such as size
and shape of the particle, age, temperature at which it has been calcined, and
specific activity. Particle size is a particularly important parameter; for
example, particles with a diameter greater than 0.1 pm, which do not dis-
solve readily in biological fluids, have less than 2% of their atoms on the sur-
face, whereas 1 nm particles have about 90% of their atoms on the surface and
can readily be made soluble by biological ligands. Consequently, the biological
effects of particles of the same activity but of varying sizes can be very dif-
ferent. This size effect is of special importance in the assessment of accident
conditions; in the case of a sodium bum, for example, the resulting particles
could be particularly small.

Americium and curium have a simpler chemistry than plutonium. In
solution, the trivalent state is the most stable and the only one of importance
in biological systems. In general, the features of hydrolysis and complex ion
formation are similar to those of plutonium. The most important feature
of their solution chemistry is that they form only weak complexes with serum
proteins and other ligands (10). Americium and curium also have a metabolic
behaviour that is largely independent of their initial physicochemical form;
plutonium, however, has no stereotyped behaviour pattern, since each form
behaves in a particular way. For transplutonium elements, the main parameters
to be considered are relative mass and relative activity; following inhalation of
particle mixtures, the transportability of the different transuranium elements
in the lung seems to depend mostly on the element present in greatest mass.
For instance, the low solubility of plutonium dioxide may limit the trans-
port of americium and curium present in a dust particle containing oxides
of the three nuclides (2).

Neptunium must be considered separately. It has several oxidation
states in solution, in particular the stable Np V state. In contrast to other
transuranium elements, whose valence states are commonly III or IV, nep-
tunium behaves in vivo like elements with valence I and II; its metabolism
is more like that of alkaline earths than that of plutonium, americium
or curium (13). The first implication is that its metabolic behaviour is
almost independent of its chemical form. It also shows fast migration from
the site of entry and relatively high urinary excretion compared with plu-
tonium or transplutonium elements. It appears that neptunium in plasma
is bound to proteins of high molecular weight. These properties explain the in-
efficiency of treatments using chelating agents such as diethylene- triamine-
penta- acetic acid (DTPA).

It is normally assumed that no isotopic differences can exist in the biological
behaviour of all the isotopes of one element if other determining factors, such
as physicochemical properties, routes of entry, animal species and age, are the
same. It has been shown, however, that differences, which could only be related
to the isotopic difference, can occur; one of the best examples is the difference
between inhaled 239 PuO2 and 238 PuO2, the latter showing a more rapid trans -
location from lung to liver and bone and a higher rate of excretion. The different
behaviour of these two isotopes has been attributed to the specific activity of
plutonium -238, which is about 280 times that of plutonium -239. The particles
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of 238PuO2 tend to be reduced in size by radiolytic action and the resulting
small particles may be transported to tissues or even dissolved much more
rapidly than particles of 239PuO2 (14, but see also 15 on plutonium -238 and
plutonium -239 nitrates). Radiolytic activity may also help to mobilize americium
and curium from polymers formed in tissues. The large differences in mass, for
the same level of activity, may also be responsible for different behaviour.
For example, plutonium -239 has a mass 2.8 X 102 times greater than the
equivalent amount of plutonium -238 and 2 X 105 times greater than that of
plutonium -237; this may explain the greater polymer formation of plutonium -
239 in the lungs and /or blood, resulting in longer retention in the lung and /or
greater deposition in the liver and less deposition in bone compared with
plutonium -238 and plutonium -237.

Routes of entry

The routes of entry for transuranium elements are by inhalation, through
breaks in the skin, and through the gastrointestinal tract. Both animal ex-
periments and observations on humans contaminated with plutonium have
shown that the skin is an effective barrier to the entry of plutonium into the
body; the same behaviour probably applies to the transplutonium elements.

Intake of these elements may be considered to consist of two fractions (2).
A transportable fraction rapidly enters the systemic circulation and is deposited
in various organs and tissues or excreted; the size of this first fraction depends
upon the site of entry and the initial physicochemical form. However, tissue
distribution and retention are relatively independent of the route of entry into
the blood. The second fraction is barely transportable, either because a colloid
results from hydrolysis of soluble forms at the site of entry or because of the
presence of relatively insoluble forms such as plutonium dioxide. The behaviour
of this fraction is influenced by physicochemical form, size and mass.

Inhalation. This is the most likely route of accidental intake of plu-
tonium in man. Animal experiments show that particle size distribution of the
inhaled plutonium aerosol can determine the amounts deposited in various parts
of the respiratory tract. The chemical form influences subsequent clearance from
the lung (16). Lung retention curves for inhaled actinides are generally fitted
by two or three exponentials, or by a power function. An initial rapid clearance
phase occurs within the first few days of deposition in the respiratory tract.
This results from rapid absorption of readily soluble actinides into the blood
and from the clearance to the gastrointestinal tract of actinides deposited on
the ciliated epithelium of the respiratory tract; this part is then excreted
in the faeces. In this way, hundreds of milligrams of dust particles can be
cleared in the course of one day. In addition to mucociliary action and trans-
fer into the blood stream there is also a route to bronchial, tracheobronchial
and other thoracic lymph nodes. The inital clearance is usually followed
by a slower second one and, depending on the inhaled actinide compound,
an even slower third clearance phase of material deposited in the alveoli. Most
of the particles that accumulate in the thoracic lymph nodes have probably
been cleared from the alveoli.
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Fig. 3. Autoradiograph of a section of rat lung
one week after inhalation of 239PuO2
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Fig. 4. Autoradiograph of a section of rat lung
one week after inhalation of 241 Am(NO3)3

Provided by R. Masse, CEA, France.

Fig. 5. Autoradiograph of a section of rat lung
one week after inhalation of 244Cm(NO3)3
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The alveolar macrophages, the free - moving cells present in the air sacs that
trap and remove foreign matter, appear to be able to transport transuranium
particles or aggregates from the deep regions of the lungs to the ciliated
epithelium. These cells are then removed in the mucous blanket which is
propelled up the respiratory passage; particles removed in this way are later
excreted in the faeces.

Actinides are not deposited uniformly throughout the lung. Americium
and curium are less likely to form polymers in the body and are cleared from
the lungs more rapidly than plutonium (17). Comparison of autoradiographs
of lungs contaminated with different forms of plutonium, americium or curium
show that americium and curium are more uniformly distributed through-
out lung tissues than plutonium (Fig. 3 -5). Relatively soon after exposure,
americium dioxide (AmO2) is more diffusely distributed throughout the lungs
than plutonium dioxide; this indicates that americium dioxide particles are
unstable and thus americium is more transportable than plutonium.

All studies show the low solubility of plutonium dioxide in the lung (18).
Nitrate and citrate salts are more readily transported (2); and various other
forms of plutonium (e.g. ammonium pentacarbonate, chloride, fluoride)
(19) are also relatively soluble. Other parameters also influence the clearance of
plutonium from the lungs. After inhalation of a mixed aerosol of plutonium
and sodium oxides, for example, the size of the transportable fraction of
plutonium may be similar to that obtained with relatively soluble forms.
238PuO2 is generally cleared from the lungs more rapidly than 239PuO2
because the former has a higher specific activity; this results in radiolytic
activity causing relatively rapid disintegration and "solubilization" of the
particles. Americium and curium compounds are cleared from the lungs more
rapidly than plutonium compounds (Fig. 6 and 7).

Incidents of accidental inhalation of transuranium elements have pro-
vided some information on the retention of these elements in the human
lung. However, the number of incidents of inhalation of plutonium or trans-

plutonium elements in man with detailed measurement of body burdens
and levels in excreta is small. Plutonium deposited in the upper part of the
respiratory tract has a half -time for clearance of less than one day, but the
fraction deposited in the lower part is cleared much more slowly - insoluble
compounds may be retained for hundreds of days. Oxides of americium
and curium are cleared more rapidly from the lung.

A Task Group on Lung Dynamics, acting for Committee 2 of the Inter-
national Commission on Radiological Protection (ICRP), described in 1966,
and reviewed in 1972 and 1979 (20), a model for the deposition and retention
of inhaled aerosols in the human respiratory tract (Annex 1). This model has
been developed for radiation protection purposes and therefore does not neces-
sarily reflect all the behavioural aspects of inhaled transuranium elements. The
respiratory tract is divided into three regions: nasopharynx, tracheobronchial re-
gion, and pulmonary region. The regional deposition of the aerosol is primarily
a function of particle size distribution; the chemical form of the actinide
influences clearance from the lung. Compounds are divided into three classes
according to their retention: those that are avidly retained and are cleared very
slowly, with half -times in the lungs of about one year (Class Y), those with
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Fig. 6. Lung retention in the rat following inhalation of nitrate salts
of various transuranium elements
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Source: Nénot (17).
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moderate retention with half -times of several weeks (Class W), and those
with minimal retention with half -times of a few hours or days (Class D).
Animal studies have demonstrated that plutonium dioxide can be considered to
be Class Y, while the nitrate and citrate are Class W and all compounds of
americium and curium, including the oxide forms, are Class W. After inhalation
of a Class W aerosol (particle size 1 pm AMADa) 12% of the material is trans-
ferred to the blood, compared to 5% for a Class Y compound. Most studies
indicate that this value of 5% is too high for compounds such as 239PuO2 ,
especially when calcined at very high temperatures of 500-1000°C. Reten-
tion in the lungs is exponential, with biological half -times for the long -term
pulmonary component of 50 days for Class W compounds and 500 days for
Class Y compounds. If mixtures of actinides are inhaled, retention in the lung
is expected to be similar to that of the actinide with the greatest mass.

a AMAD = activity median aerodynamic diameter. The term "aerodynamic diameter"
defines the diameter of a sphere of unit density with the same terminal velocity as the
considered particle.
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Fig. 7. Lung retention in beagle dogs following inhalation of various
compounds of transuranium elements
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Source: McClellan (21).
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Wounds. In wounds the behaviour of actinides depends on physicochemi-
cal properties and also on biological factors, such as the depth and site of de-
position, the type of tissue, tissue fluid flow past the deposit, and dispersion
within the tissue. Wound contaminations have been simulated in animals mostly
by intramuscular injection. It has been demonstrated that both soluble actinides
and particles can be translocated from the site of deposition. Soluble materials
reach the circulation more or less rapidly, while particles are moved more
slowly along lymphatic ducts, with accumulation in the regional lymph nodes.
In general, subcutaneous deposits are cleared more readily than intramuscular
deposits. It has been shown in rats that clearance rates of plutonium -238,
americium -241 and curium -242 in the nitrate form from an intramuscular site
are very similar, while plutonium -239 has a much lower rate of clearance
(Fig. 8). The greater retention of plutonium -239 may be related to polymer
formation in the injected solution resulting from its greater mass. On the other
hand, the relatively higher specific activity of plutonium -238, americium -241
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Fig. 8. Retention of transuranium elements at the site of entry
following intramuscular injection of their nitrates into rats
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and curium -242 may enhance their clearance rates. Though comprehensive
information on the clearance of transuranium oxide forms from intramuscular
sites of deposition does not exist, it is thought that clearance is very slow. Lung
clearance data suggest that americium and curium oxides would be cleared
from the wound site more rapidly than plutonium oxide.

The majority of reported cases of human exposure to transuranium
elements through wounds involve plutonium dioxide or the metal, sometimes
in combination with americium. Because accident victims are usually treated
by excision and /or chelation therapy and are often exposed to inhalation, the
available data are difficult to interpret.

Ingestion. After ingestion, most transuranium compounds are not readily
absorbed from the gastrointestinal tract. Over the past few years considerable
effort has been devoted to estimating the doses to populations from dis-
persion of radionuclides to the environment due to routine and accidental
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releases. Consequently, information about gastrointestinal tract absorption of
transuranium compounds is very important. Of special concern is the reliability
of predictions of gastrointestinal tract absorption of transuranium compounds
that could be encountered in the environment, since most of the available
data are from experiments performed with inorganic compounds (14). Trans-
uranium elements in the environment may be in a variety of forms. They may
be incorporated in foodstuffs, such as in plants grown in contaminated soil
and in flesh from animals fed with contaminated food; they may also be
present in drinking- water, in which the plutonium may be oxidized to a more
readily absorbable form.

The absorption factors used by ICRP appear to represent adequately the
absorption of both insoluble (Class Y) and soluble (Class W) plutonium, as
well as other transuranium elements (20), but these factors may not apply in
all other cases of ingestion of organically -bound alpha emitting radionuclides.
However, whether the ingested material is insoluble, soluble or from environ-
mental sources, the ICRP ingestion models can be applied, using the appropriate
absorption factor, XB (Annex 2), and making other necessary adjustment
for the population of interest.

With these considerations, and bearing in mind current experiments,
an absorption factor of 10 -3 may be appropriate for organically -bound
plutonium in foodstuffs (for more details see Annex 3). This factor, which
is one or two orders of magnitude higher than that chosen for workers by ICRP
for soluble and insoluble plutonium respectively, can be considered suitable for
the general public but age distribution and other characteristics that might
influence absorption of transuranium elements from the gastrointestinal tract
must also be taken into account. For other transuranium elements, except
organically -bound plutonium, an absorption factor of 5 X 10 -4 would
probably not underestimate the absorbed fraction. As there is no recorded case
of human contamination by ingestion, all the information on which these
factors are based is from animal experiments. The confidence with which
these animal data can be extrapolated to man is unknown, but interspecies
comparisons provide some assurance of validity.

Translocation to tissues

All the transuranium elements translocated from the site of entry by the
circulating blood are deposited in the same tissues, but the amounts deposited
depend on the physicochemical form of the plutonium entering the blood
and the amount administered. The greatest part of the activity that enters
the blood accumulates in two major organs, namely bone and liver; these
organs accumulate more than 90% of the activity cleared from the blood. The
remainder is deposited in other tissues but these are much less important
in this context because they generally receive low local doses.

Information about plutonium in human tissue comes from autopsy
samples taken from workers or others exposed to fallout. There are now
over 700 reported autopsy cases with plutonium concentrations in the
tissues; more than 50 of these resulted from accidental exposure at work.
A major difficulty in the assessment of organ or whole body content from
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autopsy samples is the problem of extrapolation from measurements on
relatively small tissue samples. Results from 22 autopsy analyses with the
highest concentrations of plutonium show great variation among cases (2). The
information required to relate these measurements to previous contamina-
tion history is often not available, and the results of tissue analyses there-
fore have only limited value.

Data have been published on the distribution of plutonium in human
tissues in the general population (22). In a total of 200 or more specimens
analysed the average specific activities found were: lung, 10 mBq /kg; liver,
21 mBq /kg; and vertebrae, 8.5 mBq /kg. Levels in the kidneys and gonads were
below the minimum detectable level. The values for lung, liver and vertebrae
are all within a factor of 2 or 3. The variations found among the different
tissues for the general population are considerably less than those found in
occupationally exposed workers. A more recent publication (23) has also
been issued on this subject.

The distribution of the transuranium elements after their uptake is much
more accurately known for animals than for man.

Bone. Much of the plutonium transported to bone is complexed with
protein transferrin and deposited on endosteal surfaces, and to a lesser extent
on periosteal surfaces and surfaces of vascular channels in cortical bone. These
bone surface deposits irradiate cells within about 40pm of the bone surface. A
small fraction of plutonium is deposited in the bone marrow; the concentration
in the marrow increases slightly as a result of slow resorption of the bone
containing plutonium. In adult animals, the rate of removal of plutonium
bone surfaces is slow but the rate is higher in young animals. If plutonium
is administered in large doses, the dose to the bone surfaces results in in-
hibition of bone resorption and accumulation of plutonium in the bone
marrow by macrophages. There is always a significant burial of plutonium in
bone, and therefore doses to the sensitive osteoprogenitor cells on the bone
surface, if calculated on the assumption that plutonium remains at the surface,
are overestimated. Americium and curium show heavy deposits on the vascu-
lar channels, and lie deep in the cartilage matrix. Deposition of americium
and curium in the endosteum is lower than that for plutonium. The per-
centage skeletal uptake of transplutonium elements seems to be generally
less than that of plutonium.

In all the mammalian species studied plutonium is retained in bone with
a very long biological half -time. In experimental animals, the half -time of
plutonium in the skeleton is approximately 1 -2 times the mean life span
of the species. On the basis of this, the half -time for plutonium in the skele-
ton of man would be about 100 years, with a range of 65 -130 years. Values
for americium and curium are thought to be similar to that for plutonium
since, in this respect, there are no significant differences in the data obtained
from experimental animals.

Liver. In the liver, plutonium is initially localized in the hepatic cells, uni-
formly distributed throughout the organ. Gradually, activity in the reticuloen-
dothelial cells lining the sinusoids increases and some of these cells eventually
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become points of concentration of the element. The accumulation of plu-
tonium by the reticuloendothelial system results from the necrosis of hepatic
cells, resulting in phagocytosis by Kupffer cells lining the hepatic sinusoids.
Transplutonium elements seem to behave in a similar way.

As there are no human data from which it would be possible to evalu-
ate the half -time for plutonium retention in the liver, the only available basis is
the measurement of plutonium content of human livers obtained from autopsy,
and also the excretion rates that have been measured in experimental animals.
On this basis, the half -time of plutonium in human liver has been estimated to
be 40 years. The same value is also likely for americium and curium.

Kidneys. Since more americium and curium than plutonium is excreted
through the kidney, this organ must be considered potentially at risk, though
it is impossible to relate directly kidney burdens and initial deposits of
americium or curium.

Gonads. Animal studies show that there is little deposition of trans-
uranium elements in the gonads but retention half -times are very long. It
appears that plutonium in the testes is mainly localized in interstitial tissue.
The proportion of soluble plutonium accumulated by the ovaries ranges from
0.1% to 0.001% in various animal species. In general, more activity is accumu-
lated by the ovaries in rodents than in larger mammals, probably because the
ovaries represent a larger proportion of the total body mass in small mammals.
It can be assumed that the ovaries accumulate about 10 -4% of the activity
entering the blood.

Little information is available about the uptake, distribution and reten-
tion of actinides in human gonads. The testes certainly do not selectively
concentrate either plutonium or americium or curium. Based on data from
ICRP (24), if the element was uniformly distributed in the soft tissues other
than the liver, the gonads would accumulate about 0.15% per kg while the
liver would accumulate about 25 %.

Other organs. In recent years, more information has become avail-
able about deposition in other organs as a result of the increasing number of
compounds and elements studied in animals. Besides 239PuO2 and trans-
portable compounds of the same plutonium isotope, which irradiate the
lungs, skeleton and liver, much more soluble compounds of americium and
curium, or even certain compounds of plutonium -238, although they are
mainly deposited in the bone and liver, are dispersed throughout the whole
body, and therefore irradiate a considerable number of cell types (2,14).
Finally, it should be noted that the number of organs or tissues exposed
to alpha radiation, and therefore the number of cell types, is particularly
important for elements that translocate readily in the body.

Excretion

Following intake of actinides some of the activity is excreted via the faeces
and some via the urine. Activity in the faeces originates either from that
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deposited in the lungs, which is cleared via the mucociliary escalator and
swallowed, or from direct secretion into the gut. Plutonium excreted in the
urine is derived from the systemic circulation by ultrafiltration in the kid-
ney glomerulus of the citrate complex formed in the blood. A larger fraction
of the systemic burden of americium and curium than that of plutonium
is excreted in the urine, reflecting the relatively weak binding of these transplu-
tonium elements to plasma proteins. Many studies on the urinary excretion of
actinides in animals have been reported and these have been used in inter-
preting bioassay data. For example, the relatively high rate of urinary excretion
of both americium and curium indicates that the application of equations
based on the excretion of plutonium in man to these higher actinides is likely
to overestimate systemic deposits. Although it may be possible to make some
estimate of the systemic deposit of plutonium from urinary excretion data it
cannot be used to estimate accurately activity in the lungs or at a wound site,
as the rate of movement of activity from the site varies widely depending on
the chemical form of the plutonium deposited.

In 1945 studies on human beings were started in the United States; they
were motivated by concern for the safety of workers, some of whom were
excreting plutonium in their urine. The objective was to develop a metabolic
model relating the plutonium eliminated via the urine to the quantity deposited
in the body. Urinary excretion of plutonium was measured in 18 patients
of short life expectancy who had been injected intravenously with known
amounts of plutonium. These are the only data for man in which the ad-
ministered amount is known. Other data from accidental situations are
difficult to interpret because the most important parameters are unknown. It
was found that 8 of the 18 individuals injected with plutonium survived for
8 years, and 4 were still alive in 1977. In order to obtain data for a longer
period after the contamination event, data for 16 of the original patients
were combined with excretion data for individuals who had been accidentally
contaminated. The equation giving the percentage of the injected quantity
excreted per day has been reported (25) to be:

Daily urinary excretion

Initial intake
- 0.002t -o.74

where t is the time of observation in days post- injection.
Plutonium body burdens estimated from urinary excretion data can-

not be considered to be precise, especially in the case of inhalation of an
insoluble form of plutonium such as 239PuO2. The original model has been
modified, taking account of translocation from the lungs, and giving the
urinary excretion rate û related to the plutonium intake (26):

Yu = (b - 1)0.16ftr b(r 0.66ch.

where r is a function of time which represents the transfer of plutonium from
the lung to the organs, and b is a numerical constant.

However, the assessment of lung burden after the inhalation of insoluble
material by urine analysis is still not very precise.
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In spite of the very limited data on excretion that can be related to a
known intake of a transuranium element, it must be remembered that the
estimated biological half -times in man, principally for bone and liver, are
generally consistent with the various observations. For instance, 20% variation
for the half -time of plutonium in liver would not materially change the com-
mitted dose delivered to this organ; the same variation for plutonium in bone
would have still less effect.

Dosimetry

On the basis of available data and on models developed for radiation protection
purposes (20), it is possible to evaluate doses delivered to various organs
following inhalation or ingestion of a given transuranium element. As these
radionuclides are likely to remain in the body for years, the dose that has
to be taken into account is the committed effective dose equivalent. This dose
will then be compared with the limit recommended by ICRP.

The Commission recommends the use of factors to weight the dose equi-
valent to individual organs after nonhomogeneous irradiation of the body (27).
These weighting factors (WT) reflect the relative risk to the whole body from
radiation of parts of the body. For radiation protection purposes, an assess-
ment of total detriment can be obtained by using the following weighting
factors for the main tissues of the body:

gonads 0.25
breast 0.15
red bone marrow 0.12
lung 0.12
thyroid 0.03
bone surfaces 0.03
remainder 0.30

To calculate the remainder, a value of WT = 0.06 is applied to each of
the five organs receiving the highest dose equivalents; the exposure of the
remaining tissues can then be regarded as unimportant. The gastrointestinal
tract is treated as four separate organs (stomach, small intestine, upper large
intestine, and lower large intestine). The skin, lens of the eye, hands and fore-
arms, and feet and ankles are not included in the remainder.

Combination of the lung, gastrointestinal tract and bone models, together
with the metabolic data for the transuranium elements, permits calculation of
the committed dose summed for the main tissues following the intakes of unit
activity (Tables 2 and 3).

The main bases on which these two tables have been calculated are (27):

- the lung dose and the bone marrow dose are the average for the whole
organ (including associated lymph nodes for the lung);

- the activity deposited in the skeleton (half -time 100 years), in the
liver (half -time 40 years), in the testes and in the ovaries (indefinite
half- times) represents 45 %, 45 %, 0.035% and 0.011 %, respectively,
of the activity that has entered the blood;
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Table 2. Committed dose (50 years) to various tissues in man
following inhalation of plutonium -239

Inhaled plutonium (Gy /Bq)

Tissue

Insoluble Soluble

Lung 1.6 X 10 -5 8.4 X 10 -7

Liver 1.0 X 10 -5 2.6 X 10 -5

Endosteal cells 4.9 X 10 -5 1.2 X 10 -4

Bone marrow 3.8 X 10 -6 1.0 X 10 -5

Lower large intestine 1.6 X 10 -9 1.5 X 10 -9

Gonads 5.9 X 10 -' 1.6 X 10 -6

- the dose delivered to endosteal bone cells is calculated for the osteo-
progenitor cells assumed to be within 10µm of the endosteal surface
of bone; and

- conversion from the absorbed dose to the dose equivalent is made
by means of a quality factor Q = 20.

The conversion factors giving doses versus intakes, as they appear in
Tables 2 and 3, must be used with great care bearing in mind various un-
certainties and assumptions that limit their validity. The following points
should be especially emphasized.

1. The dose that has finally to be considered is the effective whole -body
absorbed dose (or the effective whole -body dose equivalent) using the ICRP
weighting factors.

2. Doses are expressed as committed doses, i.e. those that will be ac-
cumulated over 50 years; this period represents roughly the working life and
may not be valid for the general public.

3. The transposition of these factors, based on occupational conditions,
to the general population is difficult. For instance, for inhalation, differences
arise in the lung model because the parameters are age- dependent. It is also
difficult at present to give a figure for chronic inhalation that could represent a
not negligible risk for the public. For ingestion, the factors given in Table 3
are perhaps more valid, since the absorption factor is assumed to be more
representative of the gastrointestinal absorption of organically bound plu-
tonium by the population than that chosen by ICRP (20) for workers in
relation to plutonium forms normally encountered in the working environ-
ment. It must be emphasized that the absorption factor of 10 -3 for organically
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Table 3. Committed dose (50 years) to various tissues in man
following ingestion of organically bound plutonium,
assuming a gastrointestinal absorption factor of 10 -3

Tissue
Ingested

plutonium
(Gy/Bq)

Liver 2.2 X 10 -'
Endosteal cells 1.0 X 10 -4

Bone marrow 8.4 X 10_8

Lower large intestine 2.7 X 10 -9

Gonads 1.3 X 10 -8

bound plutonium cannot be applied for 239PuO2 , which is insoluble (Class Y);
in this case, the ICRP factor of 10 -5 represents an appropriate value for
the absorbed fraction. The same restriction applies to the soluble forms of
plutonium (Class W) when ingested by adults who are mostly workers since,
in this case, ingestion will generally be related to material cleared from the lung
following an inhalation exposure.

Health effects

Up to now no significant harmful effects attributable to plutonium have been
observed in man and therefore the assessment of human pathological effects is
based on animal experiments that have been performed on transuranium ele-
ment toxicity. Somatic effects can be conveniently divided into early and late
effects, but since the probability of the former is very low in man, apart
from exceptional accidental situations, research has been concentrated on long-
term effects. Extrapolation from animals to man is, of course, very difficult,
especially for estimating the dose -response relationships for cancer induction.
Data from studies of plutonium are often extrapolated to other transuranium
elements, although the metabolic behaviour of plutonium is the most complex.

Early effects

The chemical toxicity of plutonium is occasionally discussed but, because
of the relatively high radiotoxicity of this radionuclide, it is not possible to
demonstrate any such chemical effects, although it is possible to extrapolate
from elements with very low specific activities that do show chemical toxicity.
By comparing effects on liver of neptunium -237 (half -life 2.14 X 106 years)
and of stable cerium, it has been demonstrated (28) that the annual limit of
intake for workers for 239PuO2 (500 Bq) is smaller by a factor of about 106
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than that which would produce a chemical effect. Thus, it is clear that any
chemotoxic effects of plutonium or of the long -lived alpha emitters of the trans -
plutonium series would not be apparent because they are masked by the radio -
toxic effects. Neptunium -239 is an important exception; its chemical toxicity
may not be masked by its radiotoxicity, since death in two days results from
doses of 310 kBq /kg body weight, corresponding to 12 mg/kg (13).

Studies on the acute toxicity of transuranium elements are not numerous,
as they would have little relevance to radioprotection. The acute toxicity of
plutonium is really a subacute toxicity, because effects occur during the month
following exposure (29). The LD50 /30 days of inhaled plutonium -239 in
man, as estimated from animal studies, is about 50 mg, corresponding to
about 110 MBq. Death is caused by a massive pulmonary oedema and pul-
monary haemorrhage. It is difficult to conceive of a situation in which a man
could inhale tens of milligrams of plutonium, but acute toxicity becomes
more likely in the case of isotopes with higher specific activities such as
plutonium -238, for which the LDS0 /30 days would be only 0.2 mg. Using the
same basis of 110 MBq of plutonium -238, the corresponding LD50 /30 days of
inhaled americium -241, curium -244 and curium -242 would be about 1 mg,
0.03 mg and 0.3 µg, respectively. For neptunium -237 the mass of 1.4 g, corres-
ponding to the same activity, eliminates neptunium as a possible inhaled
radiotoxic isotope.

Late effects in animals

Late health effects of transuranium elements can be stochastic or non -
stochastic. It must be emphasized here that for both types of effect almost
all the reported experiments have been performed on the basis of a single
contamination model. This kind of model is certainly more theoretical
than practical, especially as regards the general population, although chronic
exposures to alpha emitters are not exceptional at places of work. It must also
be emphasized that the doses that have been used in animal experiments,
and which are responsible for pathological changes, are much higher than those
encountered at places of work, and several orders of magnitude higher than
those observed in the environment.

Non - stochastic effects. This type of effect has been seen only in animals,
as the required dose has been avoided in all reported human cases. Such effects
result from radiation damage to organs or tissues, depending on the metabolism
of the radionuclide. Certain effects predominate, such as pulmonary fibrosis
after inhalation, or bone marrow depletion after intravenous injection. Res-
piratory insufficiency is always caused by high levels of the order of 4 kBq /g
deposited in the deep lung of rats or dogs with the latter dying in under a year.
In baboons the fibrosis seems to be variable and non - uniform. Toxicity seems
to be related to the manner in which the transuranium element is distributed
in the lung - the more uniform the dispersal, the greater and earlier the effect
(30). In rats, the same effects (alveolar oedema, heavy desquamation, capillary
and arteriolar thrombosis) appear after one month with 175 Gy delivered by
plutonium -239, with 55 Gy by americium -241 and with 35 Gy by curium -244;
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the same changes (chronic interstitial pneumonia, desquamative pneumonia, dis-
organization of the interstitial tissue) are still noted after three months (Table 4).
Curium is distributed in the lung more homogeneously than americium; plu-
tonium has the most heterogeneous distribution. The late lesions are generally
preceded by lesions of bronchiolar and bronchiolo -alveolar metaplasia. Adeno-
matosis occurs after about 6 months in rats. In dogs, death occurs after 2-
14 months with lung doses ranging from 20 to 90 Gy.

Table 4. Doses (in Gy) responsible for pulmonary lesions in rats
following inhalation of nitrates of transuranium elements

239 PU 241 Am 244Cm

Death in the first month 175 55 35

Lesions before the third month 90 45 25

Lesions after the third month 55 35 15

Source: Masse et al. (30).

Non -stochastic effects in the blood vary according to the species. After
inhalation, rats and monkeys show minor blood changes. In dogs, lympho-
penia appears at doses of about 110- 1500Bq /g. The absolute number of
circulating lymphocytes is reduced about one year after inhalation and remains
at this level for the whole lifespan; lymphopenia has been observed about two
years after deposition in the lungs of 37 Bq/g of 23s,239PU02. One possible
mechanism might be irradiation of the blood in the lung parenchyma and
the lymph nodes (31). Production of both lymphocytes and neutrophils is
depressed after the translocation of the soluble material in the skeleton, due to
irradiation of the haemopoietic tissues.

Pathological changes in the bone may also appear after inhalation of trans-
portable compounds or intravenous injection, delivering high dose rates (17).
Bone fractures and other changes, including osteoporosis and necrosis, have
been observed in dogs injected with high levels of plutonium activity (40-
100 kBq /kg). These changes are more marked when the animals are young.
Plutonium may reduce bone growth because it causes changes in the medullary
blood vessels, and hence disruption of ossification.

Stochastic effects. Besides the various known non -malignant types
of damage, the development of cancer, with or without fatal outcome, is
considered to be the most serious consequence of transuranium element
deposition in the body. Cancers occur in the most exposed tissues, i.e. the
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lung, the skeleton, the liver and any other organs in which the transuranium
elements are deposited. The probability of an organ being affected varies
according to the amount of each component deposited and retained. The
lung especially has to be considered, as it is both the site of entry and an organ
of deposition. In various groups of experimental animals transuranium element
deposition has been shown to cause reductions in the mean lifespan without
producing any significant increase in cancer incidence or any other specific
cause of death (31).

Lung cancer. Several species of experimental animal have been used
to study lung cancer induction by alpha emitters deposited in the lung.
Most studies have involved rats and dogs but information is also available
on mice, hamsters, rabbits and monkeys. In rats, lung cancers can be divided
into three types according to the cells in which the tumour originated:
bronchiolo- alveolar carcinomas (pneumocyte II), bronchogenic carcinomas
(epidermoid) and sarcomas. In a given strain of rat, in spite of very different
retention areas, no appreciable difference is observed between cancers caused
by transportable and nontransportable elements. In these experiments, only
about 2% of the lung cancers are sarcomas; of the remainder, about half are
bronchiolo- alveolar and half are bronchogenic carcinomas. Results obtained in
mice and rabbits generally confirm those obtained with rats (32).

Results of experiments in beagle dogs are important since they are the
only animal species other than rodents that have been studied in relatively
large numbers. Early experiments involved relatively large initial lung deposits
but, despite this, a number of the dogs lived for about 12 years. A number
of experiments involving low levels of plutonium -238 and plutonium -239, as
well as oxides and nitrates, have been in progress for about 10 years (18).
Lung cancers have occurred in all the dogs involved and bone cancers have
also occurred, except in dogs exposed only to 239puO2. All the pulmonary
cancers observed in beagle dogs are of the adenocarcinoma type. Several
experiments using primates have recently been started.

In rats, taking into consideration all the transuranium elements, the
frequency of lung cancer increases with the dose up to a maximum (Table 5),
but above a dose of 50 Gy it decreases because of cell sterilization and prema-
ture death of the animal. Experiments with other species confirm these results.

Regardless of the dose, a series of morphological changes can be observed
in the lung tissue, with the last being the confirmed cancer; the actual effect
seems to be relatively constant, but its development time is proportional to the
dose. In other words, the higher the dose, the more quickly the cancer appears.
It should be noted that the same sequence of morphological changes occurs in
control animals, but the changes are so slow that only a very small percentage
develop lung cancer (the normal frequency in rats is less than 1 %). In the
only dog experiment completed, the dogs inhaled relatively high levels of
239pu02, giving a dose range from 20 to 120 Gy; survival times between 2.5
and 11 years were found, with a lung cancer incidence of 82% (34).

Comparison of the results of experiments conducted with different com-
pounds of transuranium elements shows toxicity differences related to uni-
formity of distribution in the lung. The average absorbed dose is a statistical
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Table 5. Lung cancer incidence in rats after
inhalation of compounds of

transuranium elements

Dose to
lung

Cancer
incidence

(Gy) ( %)

1.5 10± 5

3.5 25± 9
10 50 ± 10

30 85 ± 14

Source: Morin et al. (33).

concept, and does not take into account the energy dissipated in cells or groups
of cells isolated in an organ. It is useful to calculate the proportion of lung
tissue affected by alpha irradiation as a function of particle size (35,36). For
a given lung burden, if the diameter of the particle of 239PuO2 is divided by a
factor of 10, the lung volume directly affected is increased by a factor of 1000.
The fundamental problem, therefore, is estimation of the risk of pulmonary
cancer in terms of exposure of a relatively small number of cells to fairly high
dose rates, with the number of particles and dose rate varying in inverse pro-
portion to one another for a given total lung burden. There are experiments
which compare the local effects of a non - uniform distribution of a trans-
uranium element in tissue with those of a uniform distribution of an equivalent
amount of activity (31). These experiments show that plutonium, when
inhaled as particles which are distributed as "hot spots ", may cause slightly
more lung cancers than more soluble compounds. On the other hand, ex-
periments with microspheres show that a uniform distribution of the dose in
the lung is more likely to cause neoplastic lesions than a non - uniform one. In
conclusion, the local risk of cancer formation from inhaled particles would be
greatly overestimated if it were based on the "hot particle" concept; it should
not be much greater than for more homogeneous (or entirely homogeneous)
distribution and, in fact, the risk may even be smaller.

These experiments, carried out on several species, conclusively demon-
strate the carcinogenic action of transuranium elements on the lung. Mathe-
matical and statistical analysis can permit a dose -effect relationship to be
established, but unfortunately these data do not provide an adequate basis for
a precise description of the form of the relationship at low doses. They cannot
be used to predict the effects of inhaled transuranium elements, but are of
value in assessing the validity of risk coefficients obtained from exposure of
human lungs to radiation sources other than transuranium elements.
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Although the thoracic lymph nodes accumulate relatively large concentra-
tions of insoluble transuranium elements from the lung, no significant increase
of cancers originating in these nodes has been observed after inhalation of plu-
tonium, americium or curium. All the lymphosarcomas which have developed
were observed in the lung, originating from lymphoid tissue diffusely distributed
in the organ. In a few dogs that have inhaled 239PuO2, primary tumours of
blood vessels and lymph vessels have occurred in thoracic lymph nodes, but no
primary tumours have been observed in germinal tissue.

Cancers of skeletal origin. The most useful technique for studying induc-
tion of neoplastic changes in the skeleton is the intravenous injection of
soluble salts or complexes of transuranium elements. Although this method
allows many aspects to be investigated and permits inter- species comparison,
it does not provide a realistic model for accidental contamination. For this
reason the intravenous ingestion experiments must be supplemented by experi-
ments in which the transuranium element translocates to the skeleton from a
realistic site of entry, such as the lung, the gastrointestinal tract or a wound.

The skeleton consists of two main tissues: calcified or cortical bone and
the bone marrow. As plutonium, americium and curium are bone surface
seekers, cortical bone is at much greater risk of developing cancer. Various
types of cancer may develop, but osteosarcomas, chondrosarcomas and fibro-
sarcomas are the most common (37). Sensitivity to radiation- induced bone
cancer varies with the species; the dog appears to be the most sensitive animal
with an estimated induction rate of 38% per Gy, compared with a rate of 6%
per Gy for the rat (38). Among the transuranium elements, plutonium seems
to give the highest incidence (39), probably because of differences in the way
plutonium and the other actinides are deposited on the bone surface. Mono-
meric plutonium, which is deposited in greater amounts on the surface of the
endosteum than the polymeric form, resulting in a more uniformly distributed
dose, gives a higher incidence of cancers.

To express the risk of osteosarcoma, the rate of translocation from the site
of entry to the bone must be taken into account (31,40). A clear relationship
between the transportability of the actinide and the probability that an osteo-
sarcoma will be induced has been demonstrated in rats (Table 6).

A feature common to these bone cancers is that they are of the osteo-
genic sarcoma type and often metastasize to various organs or tissues, of which
the lungs are the most important. Results from dogs confirm the data obtained
from rats. It is to be noted that mixtures of plutonium and sodium may
represent a risk to bone since these mixtures are readily transportable and
difficult to remove with chelating agents (2,14).

Leukaemia resulting from deposition of actinides in the bone marrow has
been seen only rarely in animals. Even after intravenous injections, leukaemia
always occurs with a much lower frequency than bone cancer (37).

Liver cancer. Liver tumours have been seen very rarely in animals ex-
posed to transuranium elements (41) but, in spite of this lack of observed neo-
plastic effects, the liver should be examined closely as plutonium is supposed
to be deposited in man in equal proportions in the skeleton and the liver. From
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Table 6. Proportion of bone cancers to lung cancers
after inhalation by rats of various compounds

of transuranium elements

Compound Bone cancers/
lung cancers

239PUO2 o

239 PU(NO3)4 0.09
238 PUO2 0.12
238 PU(NO3)4 0.66
241 AmO2 0.16
241 AM(NO3)3 0.25

Source: ICRP (31).

a metabolic point of view dogs and hamsters are good models for man. In
these two animal species, liver tumours affect only the bile duct, and have
never been found after inhalation. The relatively low sensitivity of the liver is
probably due to slow renewal of the cells. It is probable that americium and
curium are more toxic than plutonium since they are retained in larger pro-
portions in the liver (2). Thus, despite the absence of experimental evidence, it
seems reasonable to consider the liver as an organ potentially at risk in man.

Cancers originating in other organs. The possibility of neoplastic changes
in organs other than the lung, the bone and the liver must not be neglected,
especially when the radionuclide is readily translocated into soft tissues and
retained there for long periods. Only a few data are available and they are
mostly from experiments performed with rats. One example is the inhalation
of crushed microspheres of 238Pu02 which resulted in a large increase of
peripheral cancers. With a dose to the lung of 0.09 Gy, cancers of the soft
tissues are three times more frequent than those in the lungs (42) even though
the doses to these tissues were much lower than the lung doses. There is no
known explanation for these results.

Each of these other organs receives a low dose and the number of organs
involved might increase the overall risk. However, it is not possible to identify
any of these as a special organ at risk.

Reduction of lifespan due to late effects. This can be considered as a
separate effect and it can also be used to express the overall risk related to
late effects. Death may, however, result from massive tissue damage before
cancer appears but this effect may be non -stochastic. As the highest incidence
of cancer is observed at the end of life, the two phenomena are related, if
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not linked. In rats, there is no evidence of lifespan reduction from deposits
of 23913u02 less than 370 Bq /g (31), but at doses above about 370 Bq/g life -
span is shortened in relation to dose. This level of lung deposition corres-
ponds to high absorbed doses, especially when expressed over the whole
lifespan, ranging from 10 to 30 Gy. Inter - species comparison is difficult be-
cause of the lack of data at low doses for dogs and primates. In conclusion
it seems that lifespan, without considering specific causes of death, can be
shortened only by doses much higher than those likely to be received by
workers in nuclear power plants.

Transuranium elements deposited in the gonads may cause genetic
effects in the offspring of a species, but no experimental evidence has yet
been reported. Possible genetic effects have rarely been considered, since
it has been shown that only very small amounts of the transuranium elements
are deposited in the gonads (see page 23). The only experimental approach
which has been developed is in relation to various cytogenetic effects. These
effects - frequency of fragmentation, translocation and formation of domi-
nant lethals per gamete per unit of dose - seem to be similar to those occurring
after fission neutron irradiation, and much higher (13 -38 times) than after
gamma irradiation (14).

Any estimate of effect which can be derived from these studies may
not apply to humans. Genetic effects are expected to be very rare, how-
ever, because, even with doses causing lifespan reduction and increased incid-
ence of cancers in mice, no significant increase was observed in the frequency
of mitotic chromosome aberrations in spermatogonia (43). In recent ex-
periments chromosome aberrations were observed in the circulating blood
of Rhesus monkeys at high doses, distributed by a nontransportable com-
pound (239PuO2) (44).

Late effects in man

A limited amount of information on the effects of transuranium elements
has been obtained from studies of plutonium workers. The data are difficult
to interpret because many workers are also exposed to external radiation and
possibly to other internally incorporated radionuclides.

The only studies which have demonstrated some effects are cytogenetic
studies, carried out on plutonium workers. It must be emphasized that observed
chromosome effects need not be considered pathological as they are not
known to have any influence on human wellbeing. It must also be stressed that,
in most cases where chromosome aberrations have been found in plutonium
workers, the cytogenetic state before exposure was unknown, as were the plu-
tonium exposure level and possible effects of exposure to other toxic agents. A
survey of chromosome aberrations in workers who excreted detectable amounts
of plutonium in their urine showed that they had a higher incidence of aberra-
tions than could be accounted for by background radiation (45). More recent
studies suggest a correlation between the frequency of structural aberrations
and estimates of plutonium body burden (14,46). Finally, the fundamental
problem is that, in all the reported human observations, external irradiation
may have made a large contribution to the observed aberrations (47).
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From the small number of workers who have incorporated plutonium or
transplutonium elements there is no evidence of lifespan reduction or malignant
disease attributable to these intakes. In the United States in 1974, it was esti-
mated that about 17000 people had worked in the plutonium industry since
the beginning of the Manhattan Project in 1943. Accidental intakes of plutonium
by humans have been recorded since its discovery in 1942. The number of inci-
dents involving accidental inhalation of plutonium or other actinides in man are
small. The only reported finding was the development, within a few months to
several years, of fibrous nodules around the site of plutonium deposits of 0.15 -
7.5 kBq in wounds. One such lesion developed in the palm of the hand of a
worker four years after a puncture wound (48). The site, at the time of the
excision, still contained 0.15 kBq of plutonium -239. The histological changes
were similar to known precancerous epidermal cytological changes. Any
potential development was prevented by its excision. The dose delivered to the
soft tissue around the puncture was estimated to be about 750 kGy.

The most comprehensive follow -up evidence concerns 26 workers who,
between 1943 and 1945, worked on the Manhattan Project at Los Alamos
(49,50) and were exposed to plutonium aerosols. Exposures were estimated
to be between 0.19 and 15.5 kBq. The only clinical observations were such as
might be expected in any similar group of unexposed males of the same age.
This study has been extended, and will include a further 232 individuals with
body burdens of plutonium in excess of 0.15 kBq.

At the Windscale reprocessing plant in the United Kingdom, 14 workers
were found to have an estimated body burden of over 1.5 kBq but no patho-
logical effects related to plutonium have been found (2).

The number of people working in the nuclear industry is increasing, how-
ever, and long -term follow -up studies could provide valuable information. Of
special interest is the continued surveillance of humans who have been exposed
occupationally. The US Transuranium Registry has collected all the available
human data in the United States over the past 30 years; in 1975 some 850 trans-
uranium workers had agreed to postmortem examination, and many more are
expected to cooperate in this way. From the first 30 autopsies reported in the
Registry (51), data are available on the distribution of plutonium in tissues.
Another specific study covering approximately 1000 workers with body
burdens above 140 Bq was started in 1978 (52). This study of cancer morbidity
in Los Alamos County males, now extended to cover mortality from all causes,
does not reveal an excess of lung cancer in this population. The differences
observed for cancers of other organs seem to be linked to social and cultural
factors rather than to occupational exposure.

Risk estimates

The general population as well as nuclear industry workers may be exposed to
transuranium elements. Members of the public may inhale particles containing
actinides, either following airborne releases or their resuspension, or they may
consume contaminated foodstuffs or water. These intakes would result in ir-
radiation of either the lung or gut and a fraction of these incorporated radio-
nuclides would be translocated from the entry site to other tissues of the
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body where irradiation would also occur. Individuals accidentally exposed
in the course of their work may also inhale or ingest transuranium elements;
these may also enter the body through cuts, abrasions or other wounds.

Depending on the radiation dose, pathological effects may occur in
the exposed individuals as well as hereditary effects in their offspring. The
development of dose -effect relationships is based on the limited infor-
mation available on humans exposed to radiation, supplemented by ex-
perimental data from animals. The severity of tissue damage depends on
the type of radiation: the biological effectiveness of alpha irradiation has
been shown to be greater than that of beta or gamma irradiation. For the
calculation of dose -equivalent in tissues for radiological protection purposes,
ICRP recommends that the absorbed dose from alpha radiation should be
multiplied by a "quality factor" of 20 (27). As there are no human data
to support any value of this quality factor for alpha particles, it is neces-
sary to resort to animal data. The comparison of the risk estimate for the
inhalation of various compounds of transuranium elements and for beta -
gamma emitters gives an "equal effectiveness ratio" of about 30 for inhaled
alpha emitters (31). When comparing the doses which coincide with maxi-
mum tumour incidence, however, the estimation of the equal effectiveness
ratio is in good agreement with the value of 20 recommended by ICRP for
alpha radiation. This factor, although it cannot be used for assessing the
consequences of severe exposures, can be applied to both late pathological
effects and hereditary effects.

The major late somatic effect that has to be considered in man is cancer.
(No clinical distinction can be made between cancers induced by radiation and
those caused by other factors.) Using the linear, no- threshold dose /incidence
model (27), the absolute cancer estimates can provide an appropriate indica-
tion of the impact on a given population, as they specify directly the num-
ber of persons affected.

As the types of cancer that occur in experimental animals differ very
often from those commonly observed in man, and as species vary in rela-
tion to their radiosensitivity, animal data must be used with extreme caution.
The only alternative approach is to use human data, even though there are
no data on the development of cancer in man following incorporation of
plutonium, americium or curium. Therefore, estimates of risk can only be
based on the available human epidemiological data; this includes inform-
ation on cancer in man after the incorporation of alpha emitters (radium,
thorium and radon daughters) and information on cancer in persons exposed to
external radiation.

It may be concluded that health effects caused by deposition of trans-
uranium elements in the body can be predicted using standard and accepted
methods which take into account the physicochemical properties and bio-
logical behaviour of the elements. The deposition and retention of the trans-
uranium elements in man for given levels of intake can be estimated and used
to evaluate the radiation doses delivered to organs and tissues. The health
effects related to the calculated doses can be derived from risk coefficients.

The approach for estimating the risk coefficients for cancer development
after intake of transuranium elements is the same as for any other radioactive
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material released which may become available for human intake. In short,
the transuranium elements do not have extraordinary properties which might
result in either an unusual kind or number of health effects.

Estimates of risk coefficients have been made for death from cancer of
the lung, bone, liver and gastrointestinal tract, and from leukaemia (2). These
have been derived from the number of cancers observed in excess of those
expected in a population of known size exposed to known doses to the organs.
Risk coefficients are expressed in terms of cancers induced per man - sievert
(man-Sv) of collective dose, the assumption being made that the number of
cancers depends linearly, without threshold, on the size of the population and
on the mean dose to the tissue of interest.

Lung cancer. Analysis of data from exposed groups, such as uranium
miners, Japanese atom bomb survivors and tuberculosis patients, leads to
a risk coefficient of 10 -40 lung cancer deaths per 104 man -Sv. A value of
20 cancers per 104 man -Sv can be used for risk estimates, although it may
increase with longer follow -up of the exposed populations.

Bone cancer. Based on long -term studies of over 1700 persons exposed to
radium between 1910 and 1930, a risk of 53 bone sarcomas per 104 man -Gy
has been obtained by fitting a linear function to the available data on average
bone doses below 100 Gy. If the risk is related to the dose to sensitive cells
which received about half the average dose, this value would be equivalent
to a risk of about 100 bone cancers per 104 man -Gy. A risk coefficient for
bone sarcoma of 5 cancers per 104 man-Sv seems realistic, when the dose is
calculated for the osteoprogenitor cells (27,31). This evaluation may over-
estimate the risk in case of deposition of transuranium elements in the bone,
since doses to the sensitive osteoprogenitor cells are overestimated because of
progressive burial of the transuranium elements in bone.

Liver cancer. From data available from patients treated with Thorotrast
(suspension of thorium -232 oxide enriched with thorium -230), a risk coefficient
of 5 cancers per 104 man -Sv is not likely to underestimate the risk.

Gastrointestinal tract cancer. There is very little available information
from which an estimation of the risk of cancer in the gastrointestinal tract
could be made. From data available from cancers developed after therapeutic
irradiation a value of 20 cancers per 104 man -Sv would be appropriate.

Leukaemia. Many epidemiological studies have demonstrated the induc-
tion of leukaemia by ionizing radiation. From studies on, among others, the
Japanese bomb survivors and patients treated for ankylosing spondylitis, a risk
coefficient of 20 cases of leukaemia per 104 man -Sv seems reasonable.

Hereditary effects. The hereditary effects of an intake of transuranium
elements depend on the age at exposure. (Reproductive life is considered
to continue to the age of 30 years, on average.) There is no information
on hereditary effects in man or animals resulting from the deposition of
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transuranium elements in the gonads; genetic consequences must, there-
fore, be inferred from information on the effects of gamma radiation. In a
population exposed to ionizing radiation from radioactive releases in the
environment, it has been calculated that 15 and 9 cases per 104 man -Sv of
serious hereditary disease would appear in the first and second generations,
respectively, and a total of 57 cases per 104 man-Sv would occur over many
generations (2 7,53). The ICRP estimation is roughly in agreement: ICRP
suggests that a value of 40 cases per 104 man -Sv for the first two generations
and a further 40 cases for all future generations is appropriate.

The problem of the associated risks of radiation exposure and other en-
vironmental factors has been examined and many studies have been carried
out to estimate the risk of the association between the inhalation of trans-
uranium elements and tobacco smoke or any other carcinogenic substance
(2,14). The results of these studies are inconclusive and have not demonstrated
decisively the potential synergistic effects of combinations of radioactive and
chemical materials in cancer production.
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4

Sources of
human exposure

Natural background

The transuranium elements are not normally considered to be present in the
natural environment, but spontaneous fission of naturally occurring uranium
releases neutrons which, when captured by atoms of uranium -238, produce
trace amounts of transuranium elements. The total inventory of natural
plutonium -239 is considered to be quite low, because the measured values for
the plutonium -239 : uranium -238 ratio are in the range 10- 11- 10 -12. The
amounts of naturally produced neptunium -237 are even smaller.

The availability of naturally produced plutonium -239 and neptunium -237
as sources of exposure of man can be considered negligible, since the radio-
nuclides are for the most part contained within uranium ore deposits.

Non -power industry

Greater amounts of transuranium elements are present in the environment
as a result of human activity. The main source has been the atmospheric
testing of nuclear weapons; nuclear debris was widely dispersed in the at-
mosphere of the northern hemisphere, where most of the testing was con-
ducted, and to a lesser extent in the southern hemisphere. Most of this
release of radioactivity occurred in tests conducted during 1954 -58 and
1961 -62; since 1964 tests have been less frequent, but some have produced
high yields of radioactivity. The last large atmospheric nuclear test occurred
in November 1976.

The isotopic composition and amounts of transuranium radionuclides
produced in nuclear testing are summarized in Table 7. The most important plu-
tonium isotopes are plutonium -239 and plutonium -240, comprising 99%
of the total amount by weight. The plutonium isotopes are alpha emitters,
except for plutonium -241 which decays by beta emission (half -life 14.4 years)
to form americium -241.

Maximum deposition of fallout plutonium occurred in the mid latitudes
of the northern hemisphere (80 Bq /m2 average in the 40 -50 °N latitude band
(55)). Deposition in the temperate region of the southern hemisphere was
about one fifth of the northern hemisphere maximum. There are regional
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Table 7. Transuranium isotopes produced during the
atmospheric testing of nuclear devices

Isotope Composition
(% by weight)

Activity
(Bq)

238 pu 0.01 3.3 X 1014
239Pu 84 7.4 X 1015
240 Pu 15 5.2 X 1015
241 Pu 0.65 1.7 X 1017
242 Pu 0.33 1.6 X 1013
241Am

Oa 5.5 X 1015b

a Produced only indirectly by decay of plutonium -241.

b On complete decay of plutonium-241.

Source: Bennett (54) and Hardy et aI. (55).

variations in the accumulation of plutonium in soil which depend on de-
position patterns, mostly related to rainfall.

Transuranium elements, in particular plutonium -238, have been used as
power sources in satellites. In 1964 a satellite failed to achieve orbit and burned
up in the upper atmosphere. In the process 6.3 X 1014 Bq of plutonium -238
was widely dispersed and mostly deposited in the southern hemisphere. More
recent power sources are designed to withstand burn -up should either acci-
dental or planned re -entry occur.

Other actual or potential sources of transuranium element contamination
are local or, at most, regional in nature. These have resulted from releases
from nuclear fuel or weapons fabrication or reprocessing installations and from
erosion or seepage from waste disposal areas. Accidents involving aeroplanes
carrying nuclear weapons have also resulted in localized contamination of
the environment.

A further potential source of contamination is from the use of trans-
uranium elements in consumer products - for example, americium -241
in smoke detectors and plutonium -238 in cardiac pacemakers. The radio-
activity content of such devices is quite small, however, and the individual
sources are of minor environmental importance. Significant releases into
the environment might occur at the manufacture and final disposal of large
numbers of such sources.

The characteristics of the aerosols resulting from such releases vary
widely and this may affect both environmental transfer and behaviour in
humans after inhalation or ingestion. In particular, the particle size distribu-
tion, the specific activity and the temperature history of the primary particle
formation process are important.
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Nuclear power industry

Significant amounts of transuranium elements are generated and used in
nuclear power reactors. The transuranium radionuclides are retained within
the fuel elements and only traces could be released in airborne or liquid efflu-
ents in normal operation; only in the case of accident could releases be of
any significance. Trace amounts of transuranium radionuclides could be
released from fuel fabrication plants, but the most important source of dis-
charge in the nuclear fuel cycle is from fuel reprocessing plants.

Plutonium is formed in the fuel during reactor operation by neutron capture
in uranium -238. Relatively rapid beta decay of uranium -239 and neptunium -239
results in plutonium -239. Generally more than half of the plutonium -239 under-
goes fission, thus contributing to the energy produced by the reactor (56). A
small amount is transformed by successive neutron capture to plutonium -240,
241, 242 and 243. Beta decay of plutonium -241 and 243 produces americium -

241 and 243. Neutron capture by americium isotopes and subsequent decay
produces curium isotopes. The isotopic composition of transuranium elements
in reactor fuel varies with time and with reactor type. Representative values at
time of discharge from the reactor are given in Table 8.

Spent reactor fuel may be reprocessed to recover reusable uranium and
plutonium. In this operation, the fuel containers are sliced open, the fuel is
dissolved, and chemical procedures are followed to separate the uranium
and plutonium from the accumulated fission products. Measures are taken to

Table 8. Isotopic composition of alpha emitting transuranium
elements in reactor fuel at time of discharge,

assuming an average thermal energy generation
of 33000MW(e)d /t of uranium

MBq per tonne of fuel charge to:

Isotope
pressurized water

reactor
fast breeder

reactor

238 PU 8.1 X 10' 4.1 X 107
239Pu 1.1 X 10' 1.3 X 107
240 Pu 1.9 X 10' 1.6 X 107
242 Pu 6.6 X 104 4.7 X 105
241 Am 3.8 X 106 5.5 X 10°
242 Cm 1.4 X 109 2.7 X 109
244 Cm 5.7 X 10' 4.6 X 107
237Np 1.1 X 104 3.2 X 103

Source: Oak Ridge National Laboratory (57).
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limit the discharge of transuranium elements in waste processing streams.
Discharges of liquid and airborne effluents depend on environmental con-
siderations and plant design. Reported releases of effluents are summarized
in the report of the United Nations Scientific Committee on the Effects
of Atomic Radiation (56).

Low activity solid wastes have been placed in earth fills, old mines or in
the deep sea. Wastes with significant transuranium nuclide contamination are
segregated and stored retrievably.

The high activity liquid waste generated in fuel reprocessing contains
less than 1% of the plutonium and uranium present in the fuel. At present,
this waste is mainly stored in liquid form, but it is likely that it will be solidi-
fied in some way to render its handling, transport and storage safer, and
to facilitate its eventual disposal.
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5

Occupational
aspects

Occupational exposure to transuranium elements arises primarily in the
processes associated with the nuclear power cycle and, to a much smaller
extent, in the manufacture of various devices, such as fire and smoke detec-
tors and cardiac pacemakers.

The transuranium elements are produced by irradiation of uranium in
nuclear reactors; whatever type of reactor is used, the operations of the nuclear
industry will involve some work with transuranium- bearing materials and
consideration must always be given to this aspect in the operation of such
reactors. These elements are, however, intimately bound in the fuel, which in
turn is clad in order to seal it, so that the transuranium elements are very
effectively contained after irradiation of the fuel.

Subsequent to fuel irradiation in nuclear reactors, the spent fuel elements
are, in the uranium /plutonium recycling operation, sent away for reprocessing.
This involves initial storage of the fuel to permit decay of the short -lived
fission products, removal of the fuel cladding, and chemical treatment of the
fuel to separate out the three components, namely, the uranium forming
the bulk of the fuel, the plutonium, and the waste products.

The fabrication of nuclear fuel elements, from the mixed oxides of
uranium /plutonium, is a further operation in which occupational exposure
to transuranium elements might occur.

Plutonium, americium and curium, and to a lesser extent neptunium, are
the important transuranium elements in relation to occupational exposure,
since all the radioisotopes of these elements decay primarily by emission of
alpha particles. The prime safeguard is the containment of the material to
prevent it entering the working environment.

It is most important in this field of occupational health to keep in pers-
pective the potential hazards of the transuranium elements. It must be re-
membered that nearly all the operations carried out after irradiation of the fuel
require safeguards to protect workers from gamma radiation, which consti-
tutes the major source of radiation exposure of personnel. Estimates of the
occupational exposure of personnel engaged in operations on light- water-
cooled nuclear power plants are of the order of 10 man -Sv /GW(e)a (58,59) and
for reprocessing plants it is likely to be much lower; the contribution from
transuranium elements will be a minute fraction of such values.
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Plant design

The design and construction of plants to handle plutonium benefited enor-
mously from the lesson on industrial hygiene learnt from the tragic experience
of the radium dial painters. Also, the time between the discovery of plutonium
in microscopic quantities and its manufacture in kilogram quantities was
very short. These two factors contributed to the adoption of stringent safety
standards from the outset.

Containment

The fundamental principle of protection from the predominantly alpha -
emitting transuranium elements is simply the isolation of the material from
the operator. To achieve this the following aspects must be considered in the
design of any installation containing such materials:

- the process adopted should be simple, with a minimum of operations,
and it should be well tried and use established techniques;

- direct handling of material should be limited and remote control used
where possible;

- consideration must be given to reliability and the frequency and com-
plexity of maintenance needed for the final plant.

For effective containment to be achieved, particularly in large plants,
multi- barrier techniques will be essential. These involve containment of the
process material within plant vessels which, in turn, are sealed within glove
box units or cells and the whole within a further sealed room (i.e., primary,
secondary and tertiary containment).

All these facilities will require carefully controlled ventilation arrange-
ments. The working areas must be supplied with filtered air and the pressure
differentials balanced so that in case of leakage air flow is directed towards
areas of potentially higher contamination. Highly efficient filtration systems to
remove airborne particulates will be required for exhaust air from the ventila-
tion systems. Where possible, filter units should be sited close to potential
release sources and provision made for ease of filter replacement with mini-
mum direct handling.

The plant should be designed with adequate shielding provisions, with
low fire risk, and with good vision of the process area, either directly or by
use of television. Material transfer operations need special attention to mini-
mize contamination and to ensure that there is no unintentional accumulation
of material at some point in the plant.

Criticality

Criticality may be defined as the attainment of physical conditions such that
the material will sustain a neutron chain reaction. All materials capable of this
reaction are known as fissile materials. Many of the isotopes at the upper
end of the periodic table are theoretically capable of spontaneous nuclear
fission but, in general, the likelihood of this is extremely small. When fission
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occurs the nuclei of the fissile material split, releasing energy in the form of
radiation and forming fission products. If such a process occurs outside a re-
actor during the handling or processing of fissile material the consequences
to personnel may be serious.

All operations with transuranium elements, especially plutonium -239,
require consideration of criticality and plants should be designed to safeguard
against unintentional criticality. This can be achieved in a number of ways: the
quantities handled in a section of the plant can be kept below prescribed
amounts; the concentration in solutions can be limited; the geometry of
the plant can be designed to prevent criticality; or various combinations
of these can be used. The techniques for safeguarding against criticality are
highly specialized and any plant design must be scrutinized by specialists
before it is accepted.

External radiation

Reference has been made to the potential occupational exposure which may
arise due to the inhalation, ingestion or wound injection of transuranium
materials during processing of these elements. It should be noted, however, that
with relatively long irradiation of fuel in reactors there are changes in the
transuranium isotope content which accentuate the external radiation problem.
Some of the plutonium -239 produced from fission undergoes fission itself
but some also captures neutrons to yield plutonium -240, which in turn
may be converted to plutonium -241 and 242. Secondary chains then lead to
plutonium -236 and 238 and also americium -241. In these circumstances, the
following X -ray and gamma -ray sources have to be considered.

1. The penetrating radiations coincident with alpha decay from plu-
tonium isotopes other than plutonium -238 are weak, but with americium -241
the energy of emission is 60 keV.

2. The principal photon emissions from plutonium -238, 239, 240 and
242 are due to X -rays generated by internal conversion. The high surface dose
rate of plutonium -238 is almost entirely due to this process. The energy range
of these radiations is 10 -20 keV, so that they are easily shielded.

3. Certain of the transuranium radioisotopes, such as plutonium -240,
undergo spontaneous fission, so producing some fission products in the
material. The photon emissions from these are of high energy and require
thick shields for adequate attenuation but, since in general the yield will be
low, such shielding is only required in special operations involving prolonged
manipulation of the material.

The other potential external radiation problem is the emission of neutrons
from the material. Certain compounds of transuranium nuclides containing
light elements, such as fluorine, give rise to a -n reactions. For instance, when
plutonium fluoride is processed in any quantity the neutron dose rate in close
contact can be of the order of 50 mSv /h.
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Consequently, in plant design consideration must be given to external
radiation shielding, both for X- and gamma- radiation and for neutron emission.
The latter may require the use of hydrogenous materials loaded with a neutron
absorber such as boron. The extent and degree of all such shielding will be
dictated by circumstances, such as the quantities, composition and possible
length of exposure to the processed transuranium materials.

Organization

Medical services

Any plant processing transuranium elements requires health physics and medical
divisions to provide the following services:

(a) monitoring of the working environment to ensure that the design
features of the plant and its mode of operation are such that personnel are
adequately protected from exposure, both internally from contamination and
externally from penetrating radiation;

(b) monitoring of personnel occupationally exposed to ensure that the
total exposure for each individual is within the prescribed limits and as low
as is reasonably practicable for the operations involved;

(c) a monitoring service for waste discharge, measuring both the effluents
discharged and the resulting levels of radioactivity in the environment around
the installation;

(d) records of all such measurements to permit analysis of the radiological
detriment incurred by those employed in the process and the general public;

(e) safety services, such as protective equipment, to safeguard the plant
operators and advice on operating procedures for both normal and abnormal
conditions; and

(f) medical staff to carry out surveillance of workers, including pre-
employment medical examinations and periodic subsequent examinations
to monitor those involved.

The health physics and medical services must work in close collabora-
tion with each other. For plants dealing with transuranium elements this
is particularly important because of the special need to control internal radia-
tion exposure.

Training

Work with radioactive materials always requires adequate personnel train-
ing which will involve explanation of the potential hazards associated with
such work; in the case of transuranium materials special emphasis must be
placed on the significance of contamination. Personnel engaged directly on
the process must be trained in the techniques of material transfer and pro-
cessing methods to ensure containment of the material within sealed enclosures
at all times. Such techniques should be perfected using inactive materials
prior to starting work.
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Radiation limits

The International Commission on Radiological Protection (ICRP) has been
generally recognized as the appropriate international body to recommend
limits for radiation exposure, both for those working with radioactive materials
and for the general public. The ICRP (27) specifies a system of dose limitation
based on three major principles.

1. No practice shall be adopted unless its introduction produces a
positive net benefit.

2. All exposures shall be kept as low as reasonably achievable, economic
and social factors being taken into account.

3. The dose -equivalent to individuals shall not exceed the limits recom-
mended for the appropriate circumstances by the ICRP.

The dose -equivalent limits applicable to workers in the industry are
intended to prevent non -stochastic effects and to limit stochastic effects
to an acceptable level.

The ICRP believes that non -stochastic effects will be prevented by apply-
ing a limit of 0.5 Sv in a year to all tissues except the eye lens, for which a
limit of 0.15 Sv in a year is now recommended (60).

For stochastic effects, the concept of the "effective dose -equivalent" has
been introduced. This concept is based on the principle that, at a given level
of protection, the risk should be equal whether the whole body is irradiated
uniformly or whether there is non- uniform irradiation. The effective dose -
equivalent HE is given by:

HE = ETwTi

where wT is a weighting factor representing the fraction of risk resulting
from tissue T when the whole body is irradiated uniformly, and HT is the
dose -equivalent in tissue T. The ICRP weighting factors have been discussed
in Chapter 2.

Furthermore, ICRP recommends that the total annual effective dose -
equivalent be limited so that

Hwb + ETwTHT "wb,L

where Hwb is the annual dose due to uniform whole body irradiation by
external radiation sources, and Hwb L is the annual dose -equivalent limit for
uniform irradiation of the whole body, i.e. 50 mSv.

Monitoring of the working environment

Air monitoring

Since exposure of those employed in industrial processes with transuranium
elements is most likely to occur through inhalation of airborne particulates
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contaminated with such materials, special attention must be given to assessing
airborne concentrations at the place of work. The usual method of measuring air
concentrations is to draw air through a filter paper at a known flow rate
for a known period of time. The paper collects the fine particulates present in
the air and the "alpha" activity associated with this can be measured. Present
air monitoring devices of this nature are designed so that an alpha activity
detector, usually a solid state device, is permanently located nearby and is
therefore "viewing" the filter paper during the operation of the sampler.
The electrical signal output from such a device provides a measure of the
integrated alpha activity collected on the filter paper.

It should be noted that, in addition to alpha activity which may be present
from transuranium contamination, there will also be the natural alpha activity
of decay products from radon and thoron which are always present in the
air. This unfortunately produces a highly variable background against which
the transuranium signal has to be measured. It is possible to improve the signal
noise ratio by means of suitable solid state detectors and associated electronics
to help discriminate between the transuranium alpha activity and that due to
daughters of radon and thoron. Such an arrangement can provide a display,
after suitable calibration, of the time integral of airborne transuranium activity
for the measuring location in the work area. This can be related to the derived
air concentration, a limit derived from the annual limit of intake provided by
ICRP (20). This quantity has the unit of Bq /m3, so that the integral will
be in Bqh /m3. Such a measuring device can be used to trigger an alarm at
some prescribed level, the choice of which is to some extent dependent on the
ambient natural activity level, otherwise spurious alarms will be initiated.

A further complication arises in the use of these air monitoring devices
because contamination of air in a process area is likely to be extremely spatially
heterogeneous, with the concentration being high close to the source of con-
tamination and falling off rapidly with distance from the release point. This
can, to some extent, be offset by strategic placement of detectors near to the
operators and, in sensitive areas, by the use of many such monitoring devices.

An alternative method of assessing environmental contamination is to attach
a simple portable system to each operator with the detector close to his breathing
zone; this is often known as a personal air sampler. Such a device does not en-
able the actual intake of the individual to be determined; his specific respiratory
cycle, the average volume intake, the particle size of the dust collected and the
proportion of nose and mouth breathing will all affect the intake value. It can,
however, provide a good measure of conditions in the work area.

In summary, it is considered that both static and personal air samplers should
be used in work areas where there is potential airborne transuranium activity.

Surface contamination

In those plants where transuranium elements and compounds are handled in
quantity there should be a check on the activity deposited on surfaces in work-
ing areas, caused by acute or chronic releases from the sealed enclosures. Such
activity can be spread by surface transfer and resuspended in the air, making
contamination of operators by inhalation possible. Routine surface monitoring
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may be carried out both by alpha detection probes and by smear testing (wiping
surfaces to be tested with a paper tissue to remove any loose activity for measure-
ment). Derived limits have been formulated to prescribe satisfactory and unsatis-
factory conditions; for transuranium alpha contamination a common reference
level is 4 X 104 Bq /m2 of surface tested. This control must also be exercised
on items removed from areas in which transuranium elements are processed, to
ensure that there is no spread of contamination to other areas.

The frequency and intensity of such monitoring operations will be
dictated by the particular conditions of each facility. It is considered that
surface contamination monitoring is an essential feature of work with trans-
uranium elements.

Penetrating radiation

Transuranium materials processed in industrial quantities can emit significant
levels of penetrating radiation, i.e. X -rays and gamma -rays and neutrons
caused by a -n reactions, as well as spontaneous fission in radioisotopes such
as plutonium -240. Consequently, the operating lines must be surveyed to
ensure that the shielding provided is adequate. Such surveys can be made
with conventional gamma -ray survey meters, although where the minimal
shielding for the soft, 17 keV X -rays is not provided special detectors will
be required. In the same way, the neutron dose rates can be measured using
fast and thermal neutron detectors.

Criticality

In industrial processing of fissile transuranium materials a criticality detection
system is required. This monitors the work area in order to detect a criticality
event if this should occur as a result of any failure of criticality control. De-
tectors are placed strategically in the working areas to detect the emitted
radiation. These detectors, which should preferably be neutron meters but are
often gamma meters, are designed to trigger audible alarms. One feature of
such systems is that of adequate redundancy so as to guarantee a response at
all times. It is essential that the operators react quickly to such alarms by
prompt evacuation of the area affected. It is essential to test such equipment
frequently on a regular schedule. Some systems have been designed with an
inbuilt continuous checking facility to validate the integrity of the system.

Effluents

The discharge of waste which may contain transuranium elements must be
monitored, and discharge points for exhaust air and gases must be monitored
for any particulates entrained in the exhaust effluent. This will usually entail
extraction of a representative sample of the effluent to be filtered and assayed
for specific alpha activity, either continuously or at regular intervals. Since
the alpha signal will always be superimposed on the natural background due to
radon /thoron decay products, this background must be eliminated, either
by using discriminating detection arrangements or, more simply, by subsequent
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counting after the natural alpha activity has decayed from the sample. If
precise information on the spectrum of transuranium elements present in the
effluent is necessary, the collection filters will have to be radiochemically
analysed to evaluate the airborne concentrations of the specific radionuclides.
Similarly, liquid effluents must be sampled prior to release to assess the dis-
charge rate of the transuranium elements present.

Solid waste contaminated with transuranium elements will also have to
be accounted for. In some cases, where the waste is homogeneous, this may be
achieved by sampling, but most waste is likely to be heterogeneous and of low
specific activity. In the latter case it may be possible to define an upper limit based
on knowledge of the source of the waste or, alternatively, to monitor drummed
waste using the emission of associated X -rays or gamma -rays as a means of evalu-
ating the transuranium content; equipment for this is commercially available.

The monitoring of effluents discharged to the environment and the provision
of an inventory of the transuranium solid wastes accumulated are a necessary
requirement for industrial plants processing transuranium elements.

Personnel monitoring

ICRP Publication 12 (61), on the general principles of monitoring for radiation
protection of workers, states that in plants processing transuranium elements
there should be individual monitoring of personnel engaged on such operations.
Attention should be given to the selection of such individuals to ensure that all
those potentially at risk are included, but because of the heavy technical and
scientific load involved, the numbers should be controlled.

There are two basic methods of monitoring internal contamination - assess-
ment of excreta by radioanalysis, and external measurements. Urine analysis is
the conventional method for routine measurements and estimation of systemic
uptake; levels of nontransportable materials deposited in the lung and thoracic
lymph nodes are deduced from changes in the estimated content of the rest of
the body, from faecal sampling or from external measurements. This last method
involves direct detection of radiation outside the body from the internal con-
taminant and has limited application in relation to transuranium elements be-
cause of the low photon yield and, in some cases, the low energy of emissions.

Urine monitoring

This has become the standard routine method for internal contamination
control and has been adopted at all major establishments processing trans-
uranium materials. Urine samples are obtained routinely at a selected frequency
which may, for instance, be monthly, 6- monthly or annually. Each "sample"
can be normalized to a "24- hour" excretion value, either by collecting an
equivalent 24 -hour voiding over a 2 -day period, or by measuring the creatinine
content and relating it to the norm for creatinine excretion of 1.7 g per
day. The measured value at a particular time may be the mean of a series
of samples taken at that time. This permits the detection of adventitious
contamination which may have occurred, caused by non - metabolized trans-
uranium material in the sample.
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These data provide the basis for estimating the systemic uptake of trans-
uranium elements. Equations have been formulated relating urinary excretion
of plutonium to the body content resulting from intermittent exposure; these
include those of Lawrence (62), Snyder (63) and Beach & Dolphin (26). ICRP
Publication 30 (20) states that, based on the findings of the Task Group on
the Metabolism of Compounds of Plutonium and other Actinides (64), the
metabolic model for plutonium should also be applied to other actinides
including americium and curium. Consequently, the excretion pattern for a
particular body content would be very similar.

Equations have also been developed to estimate the deposition of trans-
uranium material in the lung by reference to urinary excretion. These were
put forward by Healy (65) in 1957 and by Beach et al. (66) in 1966, but such
estimates may be subject to considerable error.

Faecal analysis

When transuranium particulates are inhaled they are usually deposited in the
upper respiratory passages and then, in part, transferred by ciliary action to the
digestive tract. The greatest part of this material will then appear in the faeces,
in particular the less soluble substances such as oxides. Most of the activity
will be excreted in the first four or five days after exposure, with a peak value
in the second- or third -day sample.

Faecal sampling is not generally carried out on a routine basis, although
in France, for instance, such sampling is conducted at a low frequency to
monitor possible chronic exposure in some workers. Radioassay of faecal
samples provided at an early stage after a possible acute exposure provides
useful information about unmetabolized material which may be retained in the
lungs. Such data are of importance in the interpretation of in vivo monitoring
of the lung (referred to later), since this information provides a means of
identifying the spectrum of radioisotopes in the contaminant.

Nasal smears

Nasal smear samples are taken from workers if it is believed that they have been
exposed to airborne transuranium materials; at some establishments nose blow
samples are taken as well. Such samples can be rapidly assessed for the presence
of alpha activity, thus enabling detection of inhalation exposure to alpha -
emitting transuranium elements. In the case of plutonium oxide contamination, a
reasonable correlation has been obtained between nasal smear level and lung
deposition (67); similar information can be obtained from nose blows (68).

Such rapid screening techniques can occasionally provide semi -quantitative
data but, in fact, their use is really limited to providing a trigger for initiating
further monitoring, such as in vivo counting or bioassay measurements.

Lung monitoring

The detection of transuranium material in the lung depends on measuring
photonic radiation emitted by the radioactive elements present; this form of
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monitoring is primarily used for the detection of plutonium and americium.
Direct assessment of deposited plutonium -239 entails detection of low -
energy X -rays (13- 20keV). These, however, are strongly attenuated by
tissue - every 6 mm of soft tissue produces an attenuation factor of 2 - and,
because of this, ultrasonic measurements of chest -wall thickness are often
made to enable estimation of the attenuation. Special counters are placed
close to the chest to measure the photons escaping between the ribs. These
detectors are used inside a specially built steel shielding room to reduce the
background components of cosmic and terrestrial radiation; potassium -40,
which is naturally present in the body, and caesium -137 from nuclear test fall-
out also contribute to the background noise and these cannot be reduced. The
transuranium signal is therefore superimposed on the background from these
sources and, since the signal is small, long counting times are required for such
measurements - about 30 minutes for the subject and twice this time for the
background level. A further common complication is skin contamination,
hence careful decontamination and alpha monitoring of the skin must take
place prior to measurement.

Calibration of the system to convert the measured signal into an esti-
mate of the deposited material is critically dependent on the nature and
thickness of the chest -wall tissues and the distribution of contamination
in the lungs. In addition, the minimum detectable plutonium activity will
depend on the physical build of the subject. Because such factors vary widely
from subject to subject, detectors have to be calibrated for subjects of differ-
ing physical build. For an average sized person an estimated plutonium -239
lung content, based on a single measurement of about 500 Bq, indicates with
a 68% probability that some plutonium is present. Reactor grade plutonium is
likely to contain the isotopes 238,240 and 242, together with americium -241,
and these enhance the photon emissions; furthermore, americium -241 emits
60 -keV gamma -rays, which are readily transmitted through tissue. These
factors improve the sensitivity of the technique, possibly by a factor of three,
provided data are available on the isotope components of the contaminants
so that the measurements can be interpreted satisfactorily.

To estimate the dose -equivalent commitment due to deposition in the
lung, the effective half -time of residence must be known. If possible this
should be measured directly by repeated assessments on the same person.

It will be appreciated from the foregoing that direct assessment of
transuranium contamination of the lungs requires the use of highly sophisti-
cated equipment followed by careful data analysis by an expert in this
specialized field.
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6

Surveillance and
medical care

Surveillance

In addition to the usual pre -employment and periodic medical examina-
tions already discussed, special attention should be paid to various aspects of
clinical history, initial physical and laboratory studies, and special surveillance
procedures related to work with transuranium elements. For example, a
history of any severe liver or kidney disease might be relevant if chelating
agents have to be used, since the potential effects of such therapy involve
those organs in particular. Similarly, it is useful to record any respiratory
or other conditions which would make the emergency use of respirators diffi-
cult. The results of haematological examinations are also useful for reference if
the need arises to evaluate accidental overexposure.

If the nature of the job is such that workers may be exposed to neutrons
in particular, initial and periodic examinations of the eye, performed by
an ophthalmologist using a slit lamp, are desirable. In view of the possible
need to wear gloves and to scrub accidentally contaminated skin with soap
and other chemicals, it is helpful to examine the entire skin in sufficient
detail to exclude acute or chronic skin lesions. Any worker with evidence
of radiation damage to the skin, such as atrophy or hyperkeratosis, should
not incur additional exposure.

In the case of female workers, they must understand the need to in-
form the medical division promptly if they think that they are pregnant,
in order to ensure that the foetus is not exposed to more than the regula-
tion radiation limit.

Finally, for both sexes, evaluation of emotional stability and psychological
attitude towards radiation work and emergencies should be assessed.

Preparation for medical care

It is inappropriate to provide any more than general guidelines for manage-
ment of radiation accidents. The enormous variation in radiation hazards, in
populations at risk and in administrative structure of sectors of the nuclear
industry, as well as in methods of providing medical care, preclude more
detailed guidance
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Planning the management of radiation accidents should involve arrange-
ments for medical care at three levels.

Site care involves the procedures which can and should be done in the
vicinity of the accident. Of course, the first step is to remove the individual
from the contaminated area; emergency treatment of life- threatening haem-
orrhage or respiratory impairment is equally important, followed by adequate
decontamination, if necessary, and other first -aid procedures. For most
workers decontamination, with or without the use of diethylene- triamine-
penta- acetic acid (DTPA) or other chelating agents, will be done at the site
of the accident, and transfer to hospital is unlikely to be needed.

In some cases, however, surgical procedures may be required. It is im-
portant, therefore, to arrange with local hospitals for the possible admission
of contaminated patients requiring intermediate care, including surgery.

In a very few cases, the occurrence of serious radiation exposure will
necessitate transfer to hospitals equipped to provide the specialized care for
such patients, including assessment of exposure, and specialized techniques of
decontamination and treatment of radiation injury.

To achieve these objectives, arrangements must be made to have person-
nel, facilities and equipment available. The general principles governing the
treatment of individuals contaminated with transuranium elements are sum-
marized in Fig. 9. Detailed requirements for each of the three care levels
are as follows.

Site care (Table 9)

Providers of first aid, including an industrial nurse, a health physicist, and an
industrial hygienist or physician, are responsible for emergency care. Installa-
tions dealing with transuranium elements usually have a resident physician,
but if not these people must be immediately available at the site of an accident.
The health physicist, who should be fully trained, must be responsible for
radiation protection at the plant.

The facilities indicated in Table 9 are those required in addition to the
usual ones found at a place of work. Although a shower is generally use-
ful, the waste water from it would only need to be specially contained in
those facilities dealing with large amounts of hazardous material. Equip-
ment should be appropriate for every anticipated problem at each estab-
lishment. Respirators are needed to prevent inhalation of radioactivity when
dealing with highly contaminated objects. DTPA should always be avail-
able and, since its effectiveness may depend on the speed with which it is
first administered, it is important not to delay initial treatment until the
patient reaches hospital; long -term treatment with DTPA would then be
continued (69 -72).

Intermediate care

Hospitals which might occasionally need to admit contaminated patients
for surgery should designate certain rooms which, in an emergency, could
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Fig. 9. General principles for the treatment of people contaminated
with transuranium elements
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Source: International Atomic Energy Agency (70).
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Table 9. Site care

Personnel Facilities Equipment

Providers of
first aid

First -aid kit

Shower with waste
Health physicist containment

a,13 and 'y monitors

Respirators

Disposable clothing

Excreta containers

High- activity waste
containers

Special medications
(such as DTPA)

be made immediately available for the treatment of such patients, and be
adaptable for subsequent decontamination if necessary. Ideally, there should
be a special entrance for such patients with direct access to the specified
rooms. Any standard operating theatres equipped for work under aseptic
conditions are likely to be suitable for typical operations on such patients. The
staff and equipment for monitoring and decontamination would normally be
provided by the plant rather than by the hospital.

If studies are required on the metabolism or excretion of radionuclides
in contaminated individuals, these will probably need to be continued during
the period of intermediate care, by urine, faecal, blood or other sampling.

Specialized care (Table 10)

Any facility providing specialized care must have all the resources of a
major medical centre. In addition, there must be a specific commitment
to provide the highly specialized personnel, facilities and equipment needed
for the diagnostic and therapeutic management of all types of contaminated
patient. With the help of suitable and efficient transport, a specialized care
facility can serve a large region which might comprise an entire country or
even a group of countries.

Specialized facilities or equipment include: a whole -body counter for
measuring transuranium elements deposited in the body (the accuracy of
such measurement is discussed in Chapter 5); a radiochemistry laboratory
for detailed analysis of the radionuclides excreted in urine and faeces, and
possibly in blood or other samples; and alpha and gamma spectrometers
for identifying the specific radionuclides which may be present in wounds
or within the body.
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Table 10. Specialized care

Personnel Facilities Equipment

Radiation medicine
specialists

Radiological or health
physicists

Radiation chemists

Trained medical and
surgical specialists;
nursing and
administrative staff

Transportation receiving
area

Contamination control
area for evaluation
and decontamination

Whole -body radiation
counting room

Isolated patient rooms

Radiochemistry
laboratory

a, ß and y monitors

Disposable clothing

Excreta containers

High- activity waste
containers

a and y spectrometers

a, ß and y wound counters

Special medications
(such as DTPA)



In addition, special medications such as DTPA should be available and
kept in sufficient stock so that prompt administration is never impeded. The
possible use of lung lavage to remove insoluble pulmonary deposits of trans-
uranium elements would require advance planning and an experienced team.

Since the major treatment centre of this type is an expensive resource to
develop and maintain, and as cases of contamination needing such treatment are
likely to be rare, it is necessary to employ the personnel, facilities and equipment
for routine patient care, as well as for research, teaching and training.
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7

Environmental
aspects

Following release, radioactive material disperses in the atmosphere or in the
waters it enters. For specific forms of the released material, the physical
transport does not, in general, depend on the radionuclide. This is particularly
so for non -reactive particulate forms of low volatility, which includes most
forms of transuranium elements. The concentrations at various distances from
the release point will depend, for a release to the atmosphere, upon the release
rate and duration, release height, wind speed and direction, atmospheric
stability, nature of the surrounding terrain and rainfall during dispersion.
If the release is to water, the concentrations will depend on the release rate
and duration, the volume and flow rate of the receiving waters, and the poten-
tial for sedimentation.

Radionuclides in the environment may follow several pathways to man.
Fig. 10 shows a general scheme of potential pathways. Activity in air may be
deposited on soil, water and plants by dry or wet deposition processes. Activity
in surface soil or shoreline sediments may be transferred to air by resuspension
or to plants through the roots. Activity in water may be transferred to aquatic
plants and animals and to sediments or to terrestrial plants and soil by irriga-
tion. Transfer to animals is by inhalation of air and ingestion of water, plants,
soil and sediments. Transfer to man is by inhalation of air and ingestion of
drinking -water and edible plant and animal products.

It is generally recognized that, for an initially airborne release of trans-
uranium radionuclides, the inhalation pathway is the main contributor to
the body burden in man. Most of the inhalation intake occurs when the radio-
active material is initially airborne. Subsequent to deposition, radioactivity
may be resuspended by winds from the soil surface and further contribute
to the inhalation intake. This may be an important long -term consideration,
but in most situations it is not expected to make a significant contribution to
intake. Downward migration of deposited activity in soil reduces availability
of the radioactivity for resuspension.

Transfer of transuranium radionuclides to man via the food chain is
generally much less than the associated transfer by inhalation. Uptake by
plants is quite low, and subsequent absorption from the gastrointestinal tract
in animals and man is very low. The generally low solubility of the actinide
compounds is the main factor limiting their availability. Their long half -lives
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Fig. 10. Pathways of contaminants through the environment to man
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enable long -term transfer to diet from residual contamination. Therefore,
ingestion pathways must also be carefully considered in assessing the conse-
quences of actual or potential release situations.

The measurements of fallout radioactivity from atmospheric weapons
testing have provided relevant information about the transfer of plutonium
and americium through the general environment to man. It is appropriate to
review these data before considering in detail a few specific aspects of the
environmental behaviour of these elements. Localized contamination by
transuranium elements has occurred following releases from nuclear fuel
or weapons fabrication or reprocessing installations, erosion or seepage from
waste disposal areas, accidents involving aeroplanes carrying nuclear weapons,
and satellite re -entry. Observations of the behaviour of radionuclides in the
environment in these situations, and also in laboratory and field studies, have
contributed to a general understanding of the environmental transport of
the transuranium radionuclides.

Fallout from atmospheric nuclear tests

Atmospheric testing of nuclear weapons has caused widespread dispersal of
plutonium and americium throughout the world. A large number of measure-
ments have been made of fallout plutonium and americium in the environment.
These investigations provide information about behaviour of actinides in the
environment and their potential for transfer to man.

Estimates of globally dispersed plutonium and americium from weapons test-
ing are given in Chapter 4. The activities of plutonium -239 and 240 in environ-
mental media are usually reported together, since these isotopes cannot be dis-
tinguished by alpha spectrometry. The decay of plutonium -241 is resulting in in-
creased levels of americium -241 in soil. The americium -241 /plutonium- 239,240
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activity ratio in soil is currently about 0.25 and will eventually increase to 0.4
(73). Deposited activity per unit area in the 40 -50 °N latitude band is, on
average, 80 Bq /m2 of plutonium -239 and 240 and 20 Bq /m2 of americium -241.

Downward migration in soil of plutonium and americium occurs very
slowly. Measurements indicate that most of the deposited plutonium (^- 80 %) is
in the top 5 cm in undisturbed soil, but measurable concentrations can be
found at a depth of 20 -30 cm (74). Depth profiles at various locations can be
accounted for by assuming the downward migration rate from the surface
layer of the soil to be at least 10% per centimetre per year (75). There are
exceptional areas however, particularly deserts, where much less penetration
with time is observed (76).

The concentrations of plutonium -239 and 240 in ground -level air have
been measured at several locations, for example in New York since 1965 (77).
The measurements have been extended to the previous fallout period by
comparisons with strontium -90 measurements (54). The maximum concentra-
tion in air in 1963 in New York was 6.3 X 10 -5 Bq /m3, and the integrated
activity concentration from 1954 to 1975 was 2.2 X 10 -4 Bq year /m3.
From the resultant deposition of plutonium -239 and 240 in soil in the same
area, 96 Bq /m2, a deposition velocity of 1.4 cm /s can be inferred, reflecting
both wet and dry deposition processes. Assuming fractional interception
and capture by foliage of 0.2, this corresponds to a deposition velocity onto
vegetation of 3 X 10 -3 m /s.

The concentrations of fallout plutonium and americium in the diet have
been determined from samplings conducted in New York in 1972 and 1974
(78, 79). The highest plutonium concentrations were found in shellfish, followed
by grain products, and fresh fruit and vegetables. Lower concentrations were
found in meat, eggs, peeled potatoes, and canned or processed foods. There was
little change in concentrations from 1972 to 1974. Total ingestion of fallout
plutonium was estimated to be 60 ± 10 mBq per year (79). The same occur-
rence pattern in foods was observed for americium -241. The estimated intake in
the diet during 1974 was 15 ± 2 mBq (54). The ratio of americium intake to
plutonium intake was thus 0.25 ± 0.05, which is similar to the soil ratio.

Uptake by plants of plutonium in soil has been reported in various studies
to be of the order of 10 -5 to 10 -3 Bq /kg (wet weight) per Bq /kg (dry soil)
(75). From the total diet studies mentioned above, total plant- derived food
items contributed 40 mBq per year of plutonium -239 and 240. The estimated
consumption of this food is 310 kg per year, corresponding to a concentra-
tion of 0.13 mBq /kg. Assuming this concentration results from deposition
in soil of 96 Bq/m2 distributed to a depth of 0.2 m with a dry density of
1400 kg/m3, the equivalent plant uptake factor (ratio of concentration in fresh
vegetation to that in dry soil) is 3 X 10 -4. A similar result would be obtained
for fallout americium (54).

From the record of fallout plutonium and americium in air and diet,
the amounts transferred to man have been estimated (54). About 6% of the
inhalation intake is retained in the body, but only 10-4 to 10 -5 of the in-
gestion intake is absorbed. Total body burden for adult man in 1978 is esti-
mated to be 70 mBq of plutonium -239 and 240 and 20 mBq of americium -241
(54). Analyses of human tissue samples for plutonium -239 and 240 show
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general agreement with the computed organ burdens (80). No data are avail-
able to check the estimated americium -241 levels from fallout.

Terrestrial environmental behaviour

Resuspension

Because of relatively low transfer by other pathways, the possibility of re-
suspension of soil particles by the wind contributing to inhalation intake has
been considered for the transuranium radionuclides. Resuspension can be
expected to be considerable in dry, sparsely vegetated areas, but not in damp,
densely vegetated regions.

It is generally assumed that the radioactive material is more readily re-
suspended shortly after initial deposition. As the deposited material becomes
more intimately associated with the soil particles, only the uppermost fine
particulate dusts are likely to be resuspended. This "weathered" situation is
reached within a few weeks, and most probably after rainfall.

For larger areas of contamination, the use of the "resuspension factor" is
generally considered to be adequate to assess the contributions to concentrations
in air over longer time periods. The resuspension factor is defined as the ratio
of the concentration in air to the concentration in the surface deposit in soil.
Representative values are of the order of 10-5/m for freshly deposited activity
and 10-9/m for aged deposits applied to the activity in surface soil (81).

For areas with an average dust loading in air of 40µg /m3, a soil density
of 1400 kg /m3 (both commonly encountered values) and a surface layer of
10 mm, an estimate of the resuspension factor is obtained directly, assuming
the specific activity of dust in air and on resuspendable soil particles is similar:

40 µg /m3

(1400 kg /m3)(10 mm)

An implicit assumption here is that the soil and contaminant are equally
resuspended. The contaminant, being initially associated with finer particles,
may be somewhat enriched in the airborne particulates. Some analyses have
taken this into account in applying this mass loading approach (82).

More complex analyses of resuspension are being investigated relating
more closely to the mechanisms of the process and featuring such factors
as wind speed and direction, surface roughness, and source area. There is a
wide range of conditions to be encompassed but, as experience accumulates
at specific sites or from specific experiments, reasonably valid prediction
of the contribution to air concentrations and of the spread of deposited
activity should be possible.

If one assumes that radioactivity deposited on the soil surface decreases
only by radioactive decay, a very long -lived emitter would begin to make a
significant contribution to the integral air concentration. This, however,
is an unrealistic assumption since with time there is fixation in soil and down-
ward movement of radionuclides. For a 10% per year removal rate from the
top centimetre of soil due to downward movement, as observed for fallout

Pe, 3 X 10-9/m
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plutonium (75), the integral concentration of plutonium in air is increased
less than 0.5% by resuspension.

Various physical disturbances other than wind may cause resuspension of
soil particles, such as ploughing, construction work and traffic. These are
usually considered to be localized effects of particular interest to specific
individuals, such as those occupationally involved in the activities.

Chemical aspects of behaviour

The oxidation state of the transuranium elements plays a role in plant uptake
and subsequent behaviour in biological systems. Their availability to plants
in general follows the valency order V > VI > III > IV. Americium and
curium are usually encountered in the trivalent state and plutonium in the
tetravalent state. Other valency states, particularly of plutonium, cannot
be disregarded. Larson & Oldham (83), for example, have pointed out that
chlorination of water can result in plutonium VI formation with potential for
higher absorption when ingested by man.

The tendency for plutonium to hydrolyse decreases in the valency order
IV > VI > III. As hydrolysis proceeds the monomeric species aggregate to form
polymers. At the pH of normal environmental systems, it is expected that the
hydrolysis and uptake of plutonium IV would be the most important process.

Because the transuranium elements oxidize readily, it is the oxide forms that
are encountered in fallout and from high temperature releases. The oxide forms
are relatively insoluble. The more soluble compounds, and therefore those that
would more readily be transferred to man, include nitrates, chlorides and citrates.

The higher specific activity of plutonium -238 compared to plutonium -239
can increase its dissolution rate and affect slightly the rate or extent of uptake
by plants and animals, but this is not always apparent because of many other
variations that can occur in environmental situations.

Bulman (84) has discussed the formation of complexes of the actinides
with naturally occurring organic substances, which could be an important
aspect of behaviour. Chelating agents can stimulate the transfer of actinides to
plants. Iron chelating agents occur naturally and are widespread and may lead
to chelation of plutonium in soil. Microorganisms also produce chemicals
which act as chelating agents. Uptake of plutonium from aged deposits or from
sludge- supplemented soil has not been found to differ markedly from situa-
tions where complexing is less likely (85,86).

Chelating agents, such as DTPA, are used in agriculture in special cir-
cumstances, particularly to remedy iron deficiencies in fruit trees. It has been
noted that the stimulating effect does not last long (87) and that the chelating
agents are degraded by soil bacteria (88).

Transfer to plants

Radioactive material is transferred to plants by direct deposition from air
onto the foliage and by root uptake from the soil. The amount transferred
varies considerably, depending on the radionuclide, the plant type, the weather
and soil conditions.
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Direct deposition occurs while activity remains in air, but plant surfaces
may also become contaminated by activity resuspended from the soil surface
or by contact with the soil. Particulates on leaf surfaces are generally removed
in time by weathering. Translocation to edible seeds and fruits may occur, but
this has not been shown to be very significant for the transuranium elements
(89). Washing and processing of foods may further reduce the levels of radio-
activity which reach man.

Uptake of radioactivity from soil by plant roots is an important long-
term consideration in relation to radionuclide transfer to the diet. The process
can continue for as long as the radioactivity remains in the root zone. Various
authors have reviewed transuranium element uptake by plants (75,84,90 -94).
Experimental studies have shown that there is a large range in the concentra-
tion factor (10 -2 -10 -6), defined as the ratio of activity per unit wet weight of
plant to activity per unit dry weight of soil. These experiments were carried
out under greenhouse conditions using spiked or contaminated soil, or in areas
where a localized contamination incident had occurred. For the highest values
of plant uptake obtained there were questionable contributions from external
contamination. The lowest uptake determined was for wheat and barley grain.

Somewhat greater uptake of americium is sometimes observed in com-
parison with plutonium uptake. This is particularly true of those experiments
in which the radionuclide is introduced to the soil in solution. Americium
uptake by plants is generally observed to be of the order of 10-3 to 10 -4,
about one order of magnitude greater than for plutonium -239 under the same
conditions. Uptake to grain is less than uptake to leaves. Soil conditions can
affect uptake with slightly higher concentration ratios obtained for acidic soils.
The difference between uptake of americium and plutonium might not be so
great in fallout contaminated soil because they tend to be closely associated
with the same soil particles (54,95).

In the review by Linsley et al. (94) the following representative concentra-
tion factors were proposed - 10 -3 for root vegetables, 10-3-10-4 for grass
and green vegetables, and 10-5-10-6 for grain, with the higher value in each
case applying to americium and the lower value to plutonium.

Radioactivity is removed from the root zone of vegetation by down-
ward migration and radioactive decay; a small amount may also be removed in
harvested crops. The radioactive decay time of the actinides is long and thus
will not be an important factor in reducing the amounts available to plants. For
the longer -lived fallout fission products strontium -90 and caesium -137, for
which data are available, the rates at which these become unavailable for root
uptake are several per cent per year for most foods, discounting radioactive
decay (53). Penetration of plutonium and americium in soil has been observed
to be similar, and comparable to the movement of caesium -137 (54). Linsley et
al. (94) selected a residence half -time of 500 years for both plutonium and
americium in the available soil compartment for their transport model calcula-
tions, derived from analyses of plutonium profiles in soil by Krey et al. (96).

The possibility of increased uptake with time of actinides in soil has
been discussed. It is thought that microbial action could lead to altered bind-
ing properties and increased uptake but this is only one of several competing
processes. Romney et al. (97) noted a slight change in the uptake of plutonium

64



by clover over a period of five years, attributed to root development and
increased contact with soil. Other heavy elements in soil, such as natural
uranium or lead, do not show significantly enhanced uptake despite their
long presence in soil, and it is thought that the actinides will mostly remain
excluded from incorporation in plant tissues as well.

Transfer to man

The transfer to man of transuranium radionuclides depends on the con-
centrations in the air and diet and the inhalation and ingestion rates. Deposi-
tion in the lung depends on particle size. For long -range dispersion of airborne
released material, the radionuclides will become attached to ambient aerosol
particles, largely of respirable size. In localized areas where resuspension could
be contributing, the respirable fraction could be somewhat less (-25%) (98).

Methods of estimating the retention and transfer to the body of inhaled
material, and the absorption of transuranium elements from the gastro-
intestinal tract, have been discussed in Chapter 3.

Aquatic environmental behaviour

The behaviour of the actinide elements in the aquatic environment is an
important consideration, since releases from nuclear installations or waste
disposal sites often take place directly into this medium. Plutonium and
americium appear to become rapidly associated with particulate matter in
water, first with suspended solids and then in sediments (99,100). The very
high transfer of transuranium elements to sediments limits their mobility and
subsequent transfer to man.

Models for estimating the dispersion of radionuclides in the aquatic
environment, along with suggested parameters to be used for transuranium
elements, have been developed (56,100,101). The complexities and variabilities
involved mean that estimates can have only representative validity. Important
parameters are the suspended sediment load in water, the rate of sedimenta-
tion, the flow rate or turnover time of the water mass, the concentration
factors, and the amounts of fish and shellfish obtained in the region.

Concentration factors commonly used, defined as the ratio of the con-
centration in the organism to that in filtered water, are for plutonium about
10 for freshwater and marine fish, 100 for crustaceans and 1000 for molluscs,
and 2 -3 times higher for americium and curium (101). High concentration
factors are noted for seaweed - 1000 for plutonium and 2000 for americium
and curium. It is uncertain whether measurements of these factors actually
represent a state of equilibrium. The decline in concentrations in water and
the retention of activity in plants and other organisms can result in apparently
high values. These organism -water associations may not always be the most
significant. Special attention should be given to sediment -biota interactions,
where higher concentrations or longer -term transfer may be involved.

Resuspension should not only be considered for radioactivity deposited
on soil. Releases to the sea may also give rise to airborne amounts by resus-
pension from the sea surface in spray and from sediments in intertidal zones
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at low tide. These phenomena have not been shown to be significant path-
ways for released transuranium elements, for example near reprocessing plants,
but the possibilities are under investigation.

Transfer to man

Pathways of transuranium radionuclides from the aquatic environment to man
include the ingestion of fish, shellfish and drinking -water, the use of water for
crop irrigation, transfer from spray to air, and resuspension from sediments
along shorelines. Water treatment generally removes a large proportion of
particulate- associated activity before consumption (102). The possibility
of altering the oxidation state of plutonium by chlorination and thus changing
uptake potential has already been mentioned. Secondary pathways of acti-
nides from the aquatic environment to man include the use of marine resources
for feed, fertilizers, drugs and minerals. The specific situations would have to
be considered separately to determine the significance of transfer for each.

For both the aquatic and terrestrial environments, methodologies have
been developed and are widely used to estimate the transfer of radionuclides
to man. It would seem that fairly good estimates of intake of transuranium
radionuclides, their distribution and retention in the body, and the consequent
dose can be obtained by proper selection of the various parameters appropriate
to the specific radionuclide. For specific situations of planned or potential
release of actinides to the environment, evaluation of the usual pathways
leading to inhalation or ingestion will be required, including consideration of
any special pathways or unusual use of local resources.

Environmental monitoring

Great care is taken to contain transuranium elements at the sites and installa-
tions where they are handled or stored. Monitoring is conducted to ensure that
any releases of effluents to the environment are within preconsidered limits.
The objectives and design of monitoring programmes and the measurement
techniques available have been discussed elsewhere and an extensive literature
provides suitable guidance (103,104), therefore only brief general comments
are given here.

Primary monitoring is accomplished by direct sampling of the gaseous or
liquid effluent streams of nuclear installations. This monitoring is most ef-
ficient, as the activity is not yet diluted in environmental media and response
can be quick in order to correct process control or contaminant retention or
recovery systems.

Since long -term build -up of concentrations can occur, even after very
low -level releases, secondary monitoring of environmental sinks (soil or sedi-
ments) is conducted at less frequent intervals. If the result of this monitoring
warrants it, more extensive ecological monitoring may be conducted to deter-
mine the extent of contamination spread in the environment, including the
primary pathways of transfer and the accumulation of activity or exposures
to plants, animals and man.
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Environmental monitoring may be carried out on a routine basis to detect
the dispersion of intended or unintended low -level releases from a nuclear in-
stallation. More detailed monitoring may be necessary in special situations,
including accidents, or for research purposes. The number, type and frequency
of measurements are determined by the objectives of the programme.

The general objectives of environmental monitoring for normal situations
include assessment of the adequacy of controls on releases of radioactive
material into the environment, assessment of actual or potential exposures
of man, demonstration of compliance with the relevant regulations, environ-
mental standards or other operational limits, and the possible detection of
any long -term changes or trends in the environment resulting from operation
of the installations (103). The monitoring programme should provide data on
the environmental behaviour of elements, and should increase the reliability of
correlating release data with environmental effects. The routine monitoring
system will provide at least the initial capability for dealing with foreseeable
emergency situations.

Emergency environmental monitoring must include rapid compilation of
information to determine the magnitude and extent of the possible hazards and
to define the countermeasures or other emergency procedures to be imple-
mented. The radiation doses received by members of the public must be assessed,
taking into account any countermeasures that have been applied. Measurements
made during emergencies are often helpful in checking the adequacy of monitor-
ing and accident mitigation systems, and in providing additional information
on the environmental behaviour of the released radioactive material.

Identification of critical population groups and critical pathways per-
mits the development of effective and economic environmental monitoring
programmes. Critical groups are those members of a population who, because
of individual factors, their location or intake characteristics, would be expected
to receive the highest dose. The critical pathway is the exposure route which
will contribute most of the dose received by members of the public.

Methodology

The character of the source, chemical properties of the released transuranium
elements and environmental features in the vicinity of the installation will
determine the methodology of monitoring. The sampling patterns must be ad-
justed to the engineering design of the installation and to the meteorological
and hydrological conditions of the site.

For releases to the atmosphere, measurements of the concentrations
of radionuclides in air and, if possible, size determination will be useful in
assessing the dose from inhalation. Air concentrations can fluctuate rapidly and
therefore continuous measurements are preferable. Large volumes of air must
be drawn through the filter if the concentrations in air are low.

Measurements of the deposition of transuranium elements onto the soil
surface will allow estimation of the levels that may accumulate in foodstuffs.
The collection of representative food crops, native vegetation and surface soil
should be undertaken periodically. It may be advisable to analyse bulk samples
initially to determine the need for more extensive analysis.
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For releases to fresh or coastal waters, the routes of human exposure may
include the ingestion of drinking - water, fish, shellfish or irrigated foodstuffs.
Analysis of sediment samples can indicate the extent of long -term accumula-
tion of radionuclides.

There are problems in detecting the low- penetrating alpha particles emitted
during radioactive decay of most of the transuranium nuclides. Direct counting
of samples, such as on air filters, may be feasible using large -area semicon-
ductor or gas proportional counters. Correction may be required for radon
daughter interference, either by delayed counting or by energy resolution or
lifetime analysis techniques.

Survey monitoring methods are based on the detection of the low -energy
X -rays emitted during decay of plutonium isotopes, or the 60 -keV photons
emitted by americium -241. Such techniques are generally only useful in
assessing the relative degree of contamination. Sodium iodide and also semi-
conductor detectors made of silicon or germanium have been used as survey
instruments. They offer high energy resolution and good sensitivity, even
though the active area of the detector can only be about 10 cm2.

Radiochemistry provides the most sensitive method for transuranium
element detection. This involves complete dissolution of the sample, chemical
separation, electrodeposition and alpha spectrometry. The analysis must be done
carefully, particularly for low -level samples, and the work is time consuming.

Alpha spectrometry provides information on the isotopic composition of a
sample and isotopic ratio analyses based on these data provide a means of dis-
tinguishing among contaminants arising from different sources.

Quality control

The data from environmental monitoring programmes can be used with confi-
dence only if the degree of their reliability is known and documented. To en-
sure the quality of the data they provide, monitoring laboratories should con-
tinuously evaluate the precision and accuracy of their analytical work (103).

Precision can be tested by duplicate analyses. It is important that the
sample is well mixed and that aliquots are representative.

Accuracy can be demonstrated by analysis of standardized samples
and by intercomparisons with other laboratories, different analysts and
different methods. Standard reference materials are distributed by the Inter-
national Atomic Energy Agency (IAEA). The samples include soil, sedi-
ments, water and biological materials containing radionuclides at environmen-
tal concentrations. Intercomparisons are organized by the IAEA and by the
WHO International Reference Centre for Environmental Radioactivity at
the Swedish National Institute of Radiation Protection, Stockholm. The
objective of the latter programme is to strengthen national institutions
and to ensure proper collection, measurement and analysis of data relating
to environmental radioactivity (103).
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8

Protective
measures

Siting of nuclear facilities

There are important local geographical, topographical, hydrogeological and
meteorological factors which can influence the environmental impact of the
release of transuranium elements from nuclear facilities. Under normal and
accident conditions the possible release of radioactivity is likely to be pre-
dominantly that of fission products, and therefore siting policies are primarily
influenced by their possible impact. The IAEA has issued a document dealing
with many of the aspects of site selection criteria (105).

Since the separation of transuranium elements occurs in fuel reprocessing
plants, the risk of accidents involving such material is predominantly confined
to these plants, and there is no risk of such an occurrence with nuclear power
reactors. It should be noted, however, that operations in reprocessing plants
do not require high pressures and temperatures and involve much lower
energy densities than in power reactors; consequently, the potential for acci-
dental release of activity into the environment is small. It is considered un-
likely, therefore, that concentrated releases to the environment could occur
that would lead to public health consequences similar to those which might
follow a major reactor accident.

Transport

For a number of years considerable attention has been paid to the pack-
aging and transport of radioactive materials, including the shipment of trans-
uranium elements. The IAEA, for example, has issued advice in the form
of regulations for the safe transport of radioactive materials (106). The prin-
ciple adopted in these regulations is that safety should be achieved by a com-
bination of (a) limitations on the contents of a package according to the
quantity and type of radioactivity, (b) package design, and (c) simple hand-
ling and storage precautions to be followed during shipment. The regula-
tions include provisions for the containment of the radioactive material,
safeguards against radiation emitted by the material, safe dissipation of
any heat generated by the emissions, and prevention of criticality for fissile
materials. Primarily, safety is provided by means of suitable design and
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construction of the packaging, with minimal control by the carrier. There
is a considerable literature on this topic (107,108).

Waste

Because of the long half -lives of some of the transuranium elements, there
is concern about the storage and disposal of waste containing these elements.
The transuranium elements are generated in nuclear reactor fuel elements. The
spent fuel elements are, at present, either stored or reprocessed to recover
the uranium and plutonium and to separate out the waste component. Stored
spent fuel will contain all the transuranium elements produced by the ir-
radiation, and the fuel may either be reprocessed at some future date or
be regarded as waste which will at some time require disposal. In reprocessing,
most of the plutonium will be extracted from the fuel; the remainder, to-
gether with the other transuranium elements, will be present in the fission
product waste. At present the practice is to store this waste but there are many
studies being undertaken of possible disposal techniques for future use. These
include disposal of solidified forms of such waste in various geological media or
disposal on or under the deep ocean bed.

Security

The control of proliferation of nuclear weapons comes within the Treaty
on the Non - Proliferation of Nuclear Weapons, which has now been accepted
by over 100 nations. Furthermore, the nuclear exporting countries have
coordinated measures to reduce the probability of nuclear proliferation by
exercising control over movements of fissile material. However, because of the
increasing quantities of fissile material which will be available in the future,
there is a continuing commitment to establish controls to minimize public risk
arising from diversion of fissile material from the nuclear power cycle. The
IAEA has issued a number of publications in this field (109 -111).

In addition to proliferation in the form of an increase in the number of
independent states with access to nuclear weapons, there is also the possibility
of small terrorist groups illegally obtaining and using nuclear explosives to
further their aims. Assessments have been made of the feasibility of such
projects and the efforts needed to construct crude nuclear weapons. Such
speculations are necessarily wide- ranging, from a few months of effort by
a small dedicated group to some tens of years of skilled effort (112,113).
There are two important factors in evaluating the likelihood of such actions -
obtaining the necessary materials, particularly the fissile component, and
then constructing the device. Both are very unlikely to succeed, and it has been
concluded from one such study that theft of an actual nuclear weapon from
one of the nuclear weapon states is more likely.

Studies have also been made of possible sabotage at nuclear sites. These
have indicated that nuclear plants are far less vulnerable than most other
industrial targets. Evaluation of possible sabotage actions has led to the con-
clusion that these are likely to be of much less consequence than the maxi-
mum impact of an accident at a nuclear power reactor.
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Although it is apparent that there is no way of providing absolute assurance
against theft of fissile material for the possible production of a crude nuclear
device, or against sabotage, the risk to the public from such acts would not
increase substantially above that already existing in contemporary society
from more conventional acts of terrorism. Furthermore, curtailment of the
expansion of nuclear power generation and the consequent reduction in
the production of transuranium elements would not significantly reduce the
overall possibility of terrorist threats.
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Annex 1

MATHEMATICAL MODEL FOR DESCRIBING
CLEARANCE FROM THE RESPIRATORY SYSTEM

(From ICRP, 20)°

Class

Region Compart-
ment

D W Y

T F T F T F
day day day

N-P a 0.01 0.5 0.01 0.1 0.01 0.01
(DN_P = 0.30) b 0.01 0.5 0.4 0.9 0.4 0.99

T-B c 0.01 0.95 0.01 0.5 0.01 0.01
(Ot e = 0.08) d 0.2 0.05 0.2 0.5 0.2 0.99

P e 0.5 0.8 50 0.15 500 0.05
(DP = 0.25) f ma. n.a. 1.0 0.4 1.0 0.4

g n.a. n.a. 50 0.4 500 0.4
h 0.5 0.2 50 0.05 500 0.15

L i 125 1.0 50 1.0 1000 0.9
n.a. n.a. n.a. n.a. 0.1

>v

ON P

a b

cl

Lympl
nodes
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The respiratory system is divided into three distinct regions - the nasal
passage (N -P), the trachea and bronchial tree (T -B) and the pulmonary paren-
chyma (P). Deposition is assumed to vary with the aerodynamic properties of
the aerosol distribution and is described by the three parameters DN -P, DT_B
and Dp which represent the fractions of inhaled material initially deposited
in the N -P, T -B, and P regions, respectively. For a log- normal distribution of
diameters, which seems typical of aerosols, the pattern of deposition can be
related to the activity median aerodynamic diameter (AMAD) of the aerosol.

To describe the clearance of inhaled radioactive materials from the lung,
materials are classified as D, W or Y, which refer to their retention in the pul-
monary region. This classification applies to a range of half -times for D of
less than 10 days, for W from 10 to 100 days, and for Y greater than 100 days.
The three regions, N -P, T -B and P, are each divided into two or four com-
partments. Each of these compartments is associated with a particular path-
way of clearance for which the half -time of clearance is T days and the fraction
leaving the region by that rate is F. Thus, compartments a, c and e are associ-
ated with absorption processes, whereas b, d, f and g are associated with
particle transport processes, including mucociliary transport, which translocate
material to the gastrointestinal tract. The pulmonary lymphatic system (L) also
serves to remove dust from the lungs. It is associated with compartment h in
the P region of the lungs from which material is translocated to compart-
ments i and j in the pulmonary lymph nodes. Material in compartment i
is translocated to body fluids but that in compartment j is assumed to be
retained there indefinitely. This compartment is only considered appropriate
for class Y aerosols; for class D and class W aerosols the fraction of material
entering compartment j from compartment h (Fi) is set equal to zero.

The values for the removal half -time Ta_j and compartmental fractions
Fa_i are given in the tabular portion of the figure for each of the three classes
of retained materials. The values given for DN_p, DT_B and Dp (left column)
are the regional depositions for an aerosol with AMAD = 1 µm. The schematic
drawing identifies the various clearance pathways from compartments a -i in
the four respiratory regions N -P, T -B, P and L. n.a. = not applicable.
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Annex 2

MATHEMATICAL MODEL FOR DESCRIBING THE
KINETICS OF RADIONUCLIDES IN
THE GASTROINTESTINAL TRACT

(From ICRP, 20)

Section of Mass
gastrointestinal

tract

of
walls

(g)

Mass of
contents

(g)

Mean
residence

time
(day)

1+ /day

Stomach (ST) 150 250 1/24 24

Small intestine (SI) 640 400 4/24 6

Upper large
intestine (ULI) 210 220 13/24 1.8

Lower large
intestine (LLI) 160 135 24/24 1

Ingestion

V
Stomach (ST)

SST

Small intestine (SI) Body fluids

Tsi

Upper large
intestine (ULI)

TU Li

Lower large
intestine (LLI)

- XLLI
Excretion
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This model is based on the biological model developed by Eve .° For the
purposes of radiological protection, the gastrointestinal tract is taken to con-
sist of four sections - stomach, small intestine, upper large intestine and lower
large intestine. Each of these sections is considered as a single compartment
and translocation from one to the next is taken to be governed by first -order
kinetics. The coefficient XB is the rate of transfer of activity to body fluids
from the small intestine, assumed to be the only site of absorption from the
gastrointestinal tract to body fluids. The value of XB can be estimated from fl,
the fraction of a stable element reaching the body fluids following ingestion.

a Eve, I.S. A review of the physiology of the gastro -intestinal tract in relation to
radiation doses from radioactive materials. Health physics, 12: 131 (1966).
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Annex 3

COMPOSITE OF DATA ON THE ABSORPTION OF
ALPHA - EMITTING RADIONUCLIDES FROM

THE GASTROINTESTINAL TRACT
(From Bair, 14)

As shown opposite, most of these radionuclides have been tested in new-
born animals of several species, including pigs, rats and guinea pigs. In nearly
all cases, the absorption in the gastrointestinal tract of newborn animals is
1 -2 orders of magnitude greater than in adults. This could be an important
factor in assessing radiation doses to the public from environmentally dis-
persed radionuclides, although it should be remembered that this high absorp-
tion factor rapidly decreases within a few months after birth.

84



228Th nitrate o

232U +233U nitrate o o 0i.---ß
237Np nitrate + - - - --+
238Pu nitrate IV

nitrate VI
nitrate in biol.
biol. incorporation
oxide

o

1- -,I

I--- -I
-1

239 Pu citrate
nitrate IV
nitrate VI
biol. incorporation
oxide

o

I

I oI

co 0

o+

237Pu nitrate
241 Pu nitrate

o

o
24' Am citrate

nitrate
chloride
biol. incorporation
oxide 1- o

or-- --I
1----1

I

244 Cm nitrate
oxide

253 Es nitrate
co

o

I 1

252 Cf nitrate

Adults single value A A f
I I All other trans -three or more

Newborn O single value
Pu class Y

uranium ouncom p ds ICRP fi values

I- - --I three or more Pu class W

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 l 11111 1 1 1 1 1 W 1 1 1 1 1 1 1 1 I 1 1 1 1 111

10-7 10 -6 10-s 10-4

Fraction absorbed

10-3 10 -2 10 I



Annex 4

PARTICIPANTS

Temporary advisers

Dr W.J. Bair, Manager, Environment, Health and Safety Research Program,
Pacific Northwest Laboratory, Battelle, Richland, WA, USA

Dr Z.M. Beekman, Health Inspector, Radiation Sector, Ministry of Health and
Environmental Protection, Leidschendam, Netherlands

Dr B.G. Bennett, Monitoring and Assessment Research Centre, Chelsea College,
University of London, United Kingdom (Co Rapporteur)

Mr K. Buijs, Head, Health Physics Department, European Institute for Trans-
uranium Elements of the CEC, Karlsruhe, Federal Republic of Germany

Dr G. Burley, Chief, Environmental Standards Branch, Criteria and Standards
Division, Office of Radiation Programs, US Environmental Protection
Agency, Washington, DC, USA

Dr G.F. Clemente, Director, Radiation Toxicology Laboratory, Casaccia
Centre for Nuclear Studies (CSN), National Committee of Nuclear Energy
(CNEN), Rome, Italy

Mr R. Coulon, Chief, General Studies on Protection, Radiation Protection
Department, Nuclear Studies Centre (CEN), Atomic Energy Commission
(CEA), Fontenay- aux -Roses, France

Dr K.E. Edvarson, Director of Research, National Institute of Radiation
Protection, Stockholm, Sweden

Dr M. Faes, Head, Medical Department, Nuclear Energy Centre (CEN /SCK),
Mol, Belgium

Mr H. Howells, Consultant, British Nuclear Fuels Ltd, Risley, Warrington,
United Kingdom (Rapporteur)

Dr W. Jacobi, Professor and Director, Institute of Radiation Protection, Society
for Radiation and Environmental Research, Neuherberg, Federal Republic
of Germany (Vice -Chairman)

Dr A.T. Jakubick, Research Scientist, Department of Radioactive Waste Treat-
ment, Nuclear Research Centre, Karlsruhe, Federal Republic of Germany

86



Dr J.R. Johnson, Head, Medical Research Section, Chalk River Nuclear Labora-
tories, Atomic Energy of Canada Ltd, Chalk River, ON, Canada

Dr P. Kotrappa, Scientific Officer, Health Physics Division, Bhabha Atomic
Research Centre, Trombay, Bombay, India

Dr A. Lafontaine, Professor and Director, Institute of Hygiene and Epidemi-
ology, Brussels, Belgium

Dr J. Lafuma, Director, Radiation Protection Department, Nuclear Studies
Centre (CEN), Atomic Energy Commission (CEA), Fontenay- aux -Roses,
France

Dr J.R. Maisin, Head, Radiobiology Department, Nuclear Energy Centre
(CEN /SCK), Mol, Belgium

Dr R.O. McClellan, Director, Inhalation Toxicology Research Institute, Love-
lace Biomedical and Environmental Research Institute, Inc., Albuquerque,
NM, USA (Vice- Chairman)

Dr J.-C. Nénot, Deputy Director, Radiation Protection Department, Nuclear
Studies Centre (CEN), Atomic Energy Commission (CEA), Fontenay-
aux- Roses, France (Co Rapporteur)

Dr G.A. Nowotny, Head, Human Protection Division, Department of Radia-
tion Protection and Safety, Atomic Energy Commission, Buenos Aires,
Argentina

Sir Edward Pochin, National Radiological Protection Board, Chilton, United
Kingdom (Chairman)

Dr J. Schubert, Professor of Environmental Health Sciences, Hope College,
Holland, MI, USA

Dr V. Volf, Institute of Genetics and Toxicology for Fission Material, Nuclear
Research Centre, Karlsruhe, Federal Republic of Germany

Dr N. Wald, Professor and Chairman, Department of Radiation Health, Gradu-
ate School of Public Health, University of Pittsburgh, PA, USA (Vice-
Chairman)

Dr M. Yasumoto, Chief, Division of Training, National Institute of Radio-
logical Sciences, Chiba -shi, Japan

Dr R.E. Yoder, Director, Health, Safety and Environment, Energy Systems
Group, Rocky Flats Plant, Atomics International Division, Rockwell
International, Golden, CO, USA

87



Representatives of other organizations

International Commission on Radiological Protection (ICRP)

Dr W. Jacobi

International Radiation Protection Association (IRPA)

Dr Z.M. Beekman, Vice - President

United Nations Scientific Committee on the Effects of Atomic Radi-
ation (UNSCEAR)

Dr V. Lyscov, Scientific Secretary, Vienna International Centre, Austria

World Health Organization

Headquarters

Dr E. Komarov, Scientist, Environmental Health Criteria and Standards,
Division of Environmental Health

Regional Office for Europe

Dr M.J. Suess, Regional Officer for Environmental Hazards (Scientific
Secretary)

88



WHO publications may be obtained, direct or through booksellers, from:
ALGERIA: Société Nationale d'Edition et de Diffusion, 3 bd Zirout

Youcef, ALGIERS
ARGENTINA: Carlos Hirsch SRL, Florida 165, Galerias Giiemes,

Escritorio 453/465, BUENOS AIRES
AUSTRALIA: Mail Order Sales: Australian Government Publishing

Service, P.O. Box 84, CANBERRA A.C.T. 2600; or over the counter from
Australian Government Publishing Service Bookshops at: 70 Alinga
Street, CANBERRA CITY A.C.T. 2600; 294 Adelaide Street, BRISBANE,
Queensland 4000; 347 Swanston Street, MELBOURNE, VIC 3000; 309
Pitt Street, SYDNEY, N.S.W. 2000; Mt Newman House, 200 St.
George's Terrace, PERTH, WA 6000; Industry House, 12 Prie Street,
ADELAIDE, SA 5000; 156 -162 Macquarie Street. HOBART, TAS 7000 -
Hunter Publications, 58A Gipps Street, COLUNGWOOD, VIC 3066 -
R. Hill & Son Ltd, 608 St. Kilda Road, MELBOURNE, VIC 3004;
Lawson House, 10-12 Clark Street, CROW'S NEST, NSW 2065

AUSTRIA: Gerold & Co., Graben 31, 1011 VIENNA I
BANGLADESH: The WHO Programme Coordinator, G.P.O. Box 250,

DACCA 5 - The Association of Voluntary Agencies, P.O. Box 5045,
DACCA 5

BELGIUM: Office international de Librairie, 30 avenue Marnix, 1050
BRUSSELS - Subscriptions to World Health only: Jean de Lannoy, 202
avenue du Roi, 1060 BRUSSELS

BRAZIL: Biblioteca Regional de Medicina OMS /OPS, Unidade de
Venda de Publicacbes, Caixa Postal 20381, Vila Clementino, 04023
SAO PAULO, S.P.

BURMA: see India, WHO Regional Office
CANADA: Single and bulk copies of individual publications (not sub-

scriptions): Canadian Public Health Association, 1335 Carling
Avenue, Suite 210, OTTAWA, Ont. KIZ 8N8. Subscriptions: Subscrip-
tion orders, accompanied by cheque made out to the Royal Bank of
Canada, OTTAWA, Account World Health Organization, should be
sent to the World Health Organization, P.O. Box 1800, Postal Station
B, OTTAWA, Ont. KIP 5R5. Correspondence concerning subscriptions
should be addressed to the World Health Organization, Distribution
and Sales, 1211 GENEVA 27, Switzerland

CHINA: China National Publications Import Corporation, P.O. Box 88,
BEUING (PEKING)

COLOMBIA: Distrilibros Ltd, Pio Alfonso Garcia, Carrera 4a, Nos 36-
119, CARTAGENA

CYPRUS: Publishers' Distributors Cyprus, 30 Democratias Ave Ayios
Dhometious, P.O. Box 4165, NICOSIA

CZECHOSLOVAKIA: Artia, Ve Smeckach 30, 11127 PRAGUE I
DENMARK: Munksgaard Export and Subscription Service, Norm

Segade 35,1370 COPENHAGEN K
ECUADOR: Libreria Cientifica S.A., P.O. Box 362, Luque 223,

GUAYAQUIL
EGYPT:Osiris Office for Books and Reviews, 50 Kasr El Nil Street, CAIRO
EL SALVADOR: Libreria Estudiantil, Edificio Comercial B No 3,

Avenida Libertad, SAN SALVADOR
FIJI: The WHO Programme Coordinator, P.O. Box 113, SUVA
FINLAND: Akateeminen Kirjakauppa, Keskuskatu 2, 00101 HELSINKI

10
FRANCE: Librairie Arnette, 2 rue Casimir -Delavigne, 75006 PARIS
GERMAN DEMOCRATIC REPUBLICS Buchhaus Leipzig, Postfach

140, 701 LEIPZIG
GERMANY, FEDERAL REPUBLIC OF: Govi - Verlag GmbH, Ginn -

heimerstrasse 20, Postfach 5360, 6236 ESCHBORN - W. E. Saarbach,
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GREECE: G. C. Eleftheroudakis S.A., Librairie internationale, rue
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B, PORT -AU- PRINCE
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ICELAND: Snaebjern Jonsson & Co., P.O. Box 1131, Hafnarstraeti 9,
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House, Indraprastha Estate, Ring Road, NEW DELHI 110002 -
Oxford Book & Stationery Co., Scindia House, NEw DELHI 110001;
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P.O. Box 3105 /Jkt., JAKARTA

IRAN: Iranian Amalgamated Distribution Agency, 151 Khiaban Soraya,
TEHERAN
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P.O. Box 2942, KUWAIT
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Coordinator, P.O. Box 343, VIENTIANE

LEBANON: The Levant Distributors Co. S.A.R.L.. Box 1181, Makdassi
Street, Hanna Bldg, BEIRUT
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MALAWI: Malawi Book Service, P.O. Box 30044, Chichiti, BLANTYRE 3
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trick Building, Jalan Raja Chulan, KUALA LUMPUR 05-02 - Jubilee
(Book) Store Ltd, 97 Jalan Tuanku Abdul Rahman, P.O. Box 629,
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MEXICO: La Prensa Médira Mexicana, Ediciones Cientifi Paseo de
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MOROCCO: Editions La Porte, 281 avenue Mohammed V, RABAT
MOZAMBIQUE: INLD, Caixa Postal 4030, MAPUTO
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NETHERLANDS: Medical Books Europe BV, Noorderwal 38, 7241 BL
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NEW ZEALAND: Government Printing Office, Publications Section,

Mulgrave Street, Private Bag, WELLINGTON I; Walter Street, WEL-
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CHRISTCHURCH; Alexandra Street, P.O. Box 857, HAMILTON; T & G
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SWEDEN: Aktiebolaget C. E. Fritzen Kungl. Hovbokhandel, Regerings-

gatan 12, 10327 STOCKHOLM
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ALEPPO
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