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SYNOPSIS

A comprehensive review is given of the principles and problems
involved in the safe disposal of radioactive wastes. The first part
is devoted to a study of the basic facts of radioactivity and of
nuclear fission, the characteristics of radioisotopes, the effects of
ionizing radiations, and the maximum permissible levels of radio-
activity for workers and for the general public. In the second part,
the author describes the different types of radioactive waste-reactor
wastes and wastes arising from the use of radioisotopes in hospitals
and in industry-and discusses the application of the maximum
permissible levels of radioactivity to their disposal and treatment,
illustrating his discussion with an account of the methods practised
at the principal atomic energy establishments.

Industrial wastes are part of the penalty paid for industrialization,
civilization and a high standard of living. As the industry supporting our
civilization has expanded and produced a greater variety of products,
the waste-disposal problems have become more difficult of solution.
It is indeed remarkable that the generally adopted methods of treatment
and disposal have served so well and have usually solved successfully the
problems which the newer industries have posed.

One of the latest problems is posed by radioactive wastes. It is almost
certain that it will remain with us and will increase as more and more
of the power requirements of the modern world are met by atomic power.
It has been estimated, for example, that the oil, coal and natural gas
reserves of the world will last only for centuries, and in specific countries
the fuel crisis might become acute much sooner.74 Potentially, there is
some twenty times as much energy in the uranium and thorium reserves
of the world as there is in the fossilized fuels. Quite apart from any
military considerations, it is vital that these new fuel reserves should be
developed.21

The prosperity of a nation depends on the prosperity of its industries,
and everything should be done to assist industry to solve its waste-disposal
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problems. In the not-too-distant past it may be that insufficient attention
was paid to environmental hygiene. Today, there is a lively public interest
in pollution by industrial wastes.

The ionizing radiations emitted by radioactive wastes do not affect
the senses, and dangerous amounts of radioactive materials could be
discharged without the public being aware of any hazard. On the other
hand, the prominence given to the effects of atomic explosions and the
fact that innumerable articles, not always well informed, have appeared
about them in popular and semi-popular magazines have made the public
hypersensitive to radioactive effects. It is an attitude to which the sanitary
engineer is bound to pay attention.

He will rely on the technical advice of his colleagues in other fields
-the medical man, the biologist, the physicist, the chemist, the geneticist-
which, as with other wastes with which he has to deal, will be summed up
in tolerances or, as it is preferred to call them in this field, maximum
permissible levels. Then it is his job to devise methods which will ensure
that these levels are met. It will be seen, however, that damage to the
individual does not constitute the only limitation and that when large
populations are involved more stringent levels may have to be specified.

Unfortunately, our knowledge of the genetic effect of radiation is so
meagre that only the most approximate quantitative statement can be
made. The actual amount by which the maximum permissible levels
applicable to the individual should be lowered to take some account of
it will depend on the number of people involved and on what can be
afforded to pay the cost of attaining the lower levels. It is essential that
the sanitary engineer who has to design the treatment plant should under-
stand the reasons for specifying the limits involved.

Also, there are some respects in which radioactive wastes present
quite new problems. The genetic effect has just been mentioned. With
most wastes, there is some possibility of altering the objectionable consti-
tuent by chemical means; but no such possibility exists with radioactive
substances, so that only two general methods of disposal are available-
concentration and storage or dilution and dispersal. Within this limitation,
the general methods for dealing with industrial wastes are available for
radioactive wastes. However, radioactive wastes usually contain several,
and often many, elements, each of which is radioactive and behaves in its
own characteristic way. It is not permissible, then, to speak of the behaviour
of a radioactive waste; rather the behaviour of the individual radioactive
elements comprising the waste has to be considered.

1008



SAFE DISPOSAL OF RADIOACTIVE WASTES

GENERAL REVIEW OF RADIOACTIVITY
AND ITS EFFECTS

Elementary Facts of Radioactivity

A bare listing of facts does not appeal to the average intelligence,
which prefers an explanatory account based on a reasonable hypothesis.
In order to present the facts relevant to the present purpose, it will be
postulated that every element is composed of atoms which are not homo-
geneous indivisible structures but rather consist of a small nucleus sur-
rounded by electrons at a relatively great distance from it. It will be
further postulated that the mass of the atom principally resides in the
nucleus and that all atoms of an element have the same nuclear charge
but their nuclei are not necessarily of the same size. Since elements are
normally electrically neutral, the charge of the nucleus must be equal
to the total charge of the electrons, but opposite in sign.

In chemical reactions an element behaves homogeneously, that is,
it is not found that part behaves in one fashion and part in another under
the influence of chemical reagents. It follows that all the atoms behave
alike chemically; and, if the chemical behaviour is to receive an explanation
in terms of the atomic model postulated, it follows that the chemical
behaviour is determined by the characteristic they have in common,
namely, the electrons.

In physical reactions, it is found that an element does not behave
homogeneously: for example, one part may diffuse more slowly than
another and although both parts behave identically towards chemical
reagents, they differ in physical properties, such as optical spectra and
thermal conductivity. These differences, which although small are real,
are explained on the basis of the difference in the atoms. Although all
atoms of an element have the same nuclear charge, the nuclei differ in
mass; there are several different types of atom of the same element
characterized by the difference in mass and different behaviour under
certain physical conditions. The different types of atom of an element
are termed isotopes; the recognition of the different types and the term
" isotopes " develop from quite simple phenomena and need not share
the mystery and awe which surround the phenomena of radioactivity.

The postulate that the chemical behaviour is determined by the electrons
has proved a fruitful one for modern chemistry. The electrons are considered
to be arranged in shells; the outer ones are most easily removed, e.g.,
by ionization, and partake in chemical reactions. When the outer electrons
are lost, an ion with a quite different chemical behaviour from that of
the parent element is formed, since the chemical behaviour is determined
by the outer electrons.

12
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The isotopes of an element behave alike chemically. This is not only
because they have the same number of electrons arranged in the same
pattern, but also because they ionize with equal facility. Since the charges
on the nuclei are the same and the electrons are arranged similarly, the
energy required for ionization, i.e., removal of the outer electrons, is
practically the same. Consequently, even in chemical reactions where
ionization and valency changes occur, the isotopes behave similarly.
The behaviour is not absolutely identical, because the difference in nuclear
size does lead to a difference in energy of ionization, but except for the
very light elements, the effect is small.

Although an atom may lose electrons easily, the nuclear charge remains
constant. It requires much more violent changes, such as occur when
the atom undergoes a nuclear reaction, to affect the nuclear charge.
The latter is called the atom number and is characteristic of the element,
since all its isotopes have the same nuclear charge. The nucleus is con-
sidered to be made up of uncharged particles (neutrons) and particles
with a single positive charge (protons). The two particles have practically
identical mass, so that the mass of the nucleus is proportional to the total
number of particles (neutrons and protons).

As they exist in nature, most of the elements are not radioactive.
The discovery that the heaviest elements and a few of the lighter are
radioactive started the long and fascinating search for knowledge which
has led to atomic power and radioactive wastes. In this search, it was
discovered fairly early that some elements isolated from natural radio-
active materials, while behaving in an identical manner chemically, differed
in radioactive properties. What were thought to be two different elements,
because they differed in radioactive properties and were isolated separately
from different minerals, were in fact found to be one and the same element:
they were isotopes of the element, or, since they were radioactive, radio-
isotopes.

A radioisotope of an element has the same number of electrons as
the non-radioactive isotopes of that element and behaves chemically in
the same way. The difference in radioactive properties must be attributed
to the nucleus: the nucleus is responsible for the phenomena of radio-
activity. For some reason which is not really understood, an atom of a
radioisotope becomes unstable and the nucleus throws off a small part,
which is usually electrically charged. Since the atom as a whole must be
neutral, the number of electrons must change to compensate for the loss
of charge from the nucleus; either electrons must be lost or electrons
must be picked up from the surroundings.

As a result of the radioactive change, or disintegration as it is called,
the charge of the nucleus changes, so that an atom of a different element
is formed. The mass of the nucleus may or may not change appreciably
according as the particle emitted is or is not massive. The new atom,
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formed in so violent a fashion, is left with considerable energy, which
it must lose if it is to attain a stable condition. Sometimes this is achieved
by emission of electromagnetic radiation of very short wave-length (gamma-
ray); sometimes, a second radioactive disintegration occurs.

Since radioactive disintegrations are nuclear phenomena, they remain
quite unaffected by chemical reactions. Consequently, there is no possi-
bility of destroying the harmful properties of radioactive materials by
chemical treatment. When a radioactive waste is treated chemically, the
purpose is to facilitate disposal by storage or dispersal or both. Similarly,
changes of physical state leave the nucleus undisturbed and do not affect
nuclear properties.

The charged particles emitted by natural radioisotopes are termed
alpha- and beta- respectively.a One or the other is emitted by a given
radioisotope, but not both. The alpha-particle carries a positive charge
equal, but opposite in sign, to that of two electrons, and its mass is four
times that of the nucleus of the lightest hydrogen isotope. It is at once
the most charged and the most massive of the particles emitted by radio-
isotopes. The beta-particle is simply an electron travelling at high speed;
its mass is quite small, not much more than one two-thousandth of that
of the nucleus of the lightest hydrogen isotope.

Originally, the alpha- and beta-particles were termed rays or radiations
and the terms are often used still. The action of the three (alpha-, beta-
and gamma-) radiations emitted by radioactive substances on materials
was very thoroughly studied. Although the principal effect on irradiated
materials is ionization, that is, displacement of one or more electrons
from the atom, occasionally the radiation collides with the nucleus of
the atom. Because the nucleus is so small, this is a relatively infrequent
event. When it occurs, the ray is sometimes absorbed, although sometimes
it merely bounces off. The absorption of the ray, which in a sense is a
reversal of the radioactive disintegration, renders the nucleus unstable
and it returns to stability by throwing off another particle or ray.

Such, somewhat laboriously described, is a nuclear reaction, i.e., the
interaction of a ray and a nucleus. The products of such reactions are a
different ray and a different nucleus. In general, the rays produced in
these reactions are the same as those encountered in the disintegration
of radioactive materials, but in 1932, Chadwick recognized a new ray
or particle which is called the neutron. It is uncharged and has a mass
equal to that of the nucleus of a hydrogen atom.

Alpha- and beta-particles from radioactive materials are not very
efficient initiators of nuclear reactions. The positive charge of the nucleus
tends to repel the former, whereas the latter is of negligible mass and
does not seriously disturb the nucleus. On the other hand, the neutron

a At this stage, the discussion is confined to natural radioisotopes. Artificial radioisotopes emit also
a positive beta-particle, a particle having the same mass but an opposite charge.
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is an extremely efficient particle in this respect and its discovery led to
a very rapid increase in our knowledge of this type of reaction. The new
nucleus, the product of a nuclear reaction initiated by a neutron, is usually
radioactive, and a whole new area of research was opened up by the
preparation of these artificial radioisotopes.

It may be interpolated here that the great difference in efficiency between
the neutron and other particles in initiating nuclear reactions is the explana-
tion of a fact which often confuses those unfamiliar with the subject.
It is often thought that contact with radiations induces radioactivity.
For all practical purposes this is so only with neutrons. Materials irra-
diated by neutrons become radioactive and advantage is taken of this
fact to manufacture radioisotopes for therapy and other purposes. But
gamma-irradiation does not induce significant radioactivity and could,
for example, be used for sterilization of water or food.

The initiation of a nuclear reaction is not so simple as the above descrip-
tion would indicate. It does not arise just by collision of the neutron
and the nucleus, and the efficiency of reaction depends both on the speed
of the neutron and on the nature of the nucleus bombarded. Moreover,
with the very heavy element, uranium, an entirely different nuclear reaction
occurs: the nucleus splits into two parts. This phenomenon, known as
fission, was discovered in 1939 and is the basis of atomic power and atomic
weapons. It is the cause of all the important radioactive wastes, and
consequently merits detailed description.

The Fission Process

Natural uranium is made up of three isotopes, called U-234, U-235
and U-238, the number referring to the mass of the nucleus in terms of
that of the hydrogen atom. U-238 is much the most abundant (99.3 %),
while the proportion of U-234 is so small (0.0054%) that it can be ignored
for the present purposes. When uranium-235 atoms are bombarded with
neutrons, in addition to the normal phenomena which occur with the
lighter elements (namely, " bouncing off " or reflection of the neutrons
from the nucleus, or absorption to form new elements with emission of
rays and particles), there also occurs the fission process by which the
uranium atoms are split into two parts which separate to form highly
unstable atomic nuclei. Slow neutrons are more efficient than fast in
effecting fission. In the process, also, a considerable amount of energy
is liberated. The newly created, unstable nuclei achieve stability by
emitting rays and particles, including neutrons.

It is this last fact, the emission of new neutrons, which makes it possible
to construct reactors for the continuous generation of atomic energy.
For the new neutrons are capable of initiating secondary fissions, which
in turn initiate further fissions, so that a chain of fissions is set up.
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Of course, not all neutrons induce fission: some may escape from the mass
of uranium without striking a uranium nucleus; only a fraction of those
striking the nucleus cause fission; and some are removed by absorption
in the atomic nuclei of impurities. However, if, on the average, at least
one of the new neutrons resulting from each disintegration induces fission,
the chain reaction will be self-sustaining and there will be a continuous
generation of heat.

The novel principle involved in this method of producing energy is
that the latter is derived from matter: mass (m) is destroyed and energy (E)
produced, the rate of exchange being governed by the Einstein formula

E= C2

where c is the velocity of light. Thus, before the fission reaction there
exists the mass of the uranium nucleus and the neutron; afterwards, that
of the fission products, which is less, and the secondary neutron. From
this equation and from the experimental data concerning fission, it may be
shown that 1 British Thermal Unit (B.Th.U.) is generated by 3 x l013
fissions or 1 gram-calorie by 1.2 x 101 fissions.37 (b)

The fission process, although it liberates considerable amounts of
energy, is still not a very efficient method of converting mass to energy.
The fission products are about equal in mass to the original uranium,
only a very small part of the mass having been converted to energy.
They are the wastes of the atomic power industry for which methods
of safe disposal have to be found.

If the uranium nucleus were to split in the same way every time fission
occurred, the fission products would be just two in number, corresponding
to the two parts into which the nucleus splits. In fact, however, fission
takes place in a surprisingly large number of ways, so that many isotopes,
ranging in nuclear mass from 71 to 162, are formed. Most of them are
radioactive and they belong to about 30 elements.52 Thus, it is not possible
to describe the properties of the fission products as a whole. Each has
its own radioactive properties and its own chemical properties. Moreover,
they differ in their ability to cause harmful effects: the difference is both
quantitative, in that there is a very wide range in their ability to harm,
and qualitative, in that different radioisotopes lodge in different parts
of the body when ingested and consequently affect different organs.

The Characteristics of Radioisotopes

One characteristic of a radioisotope is the nature of the radiation
emitted. Some emit alpha-particles only; some, alpha-particles and gamma-
rays; some emit beta-particles only; some, beta-particles and gamma-rays.
These are the only radiations emitted by natural radioisotopes, but the
artificial radioisotopes, i.e., those formed in fission or by bombardment
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of atomic nuclei, sometimes emit positive electrons (particles of small
mass carrying unit positive charge) or X-rays.

The radiations are not equally energetic. The fact that different radio-
isotopes emit radiations of different energy is an important fact deter-
mining their harmful properties, since the damaging effect of radioisotopes
results from the absorption in the body of the energy they emit.

Each radioisotope disintegrates at its own rate, but the law governing
the disintegration is the same for all-namely, the exponential law.
Consider an assembly of N atoms of one particular radioisotope: then
the rate of disintegration will be

-dN/dt= NA

where A is a constant characteristic of the radioisotope. Thus, after a
time tl, the number of atoms of this radioisotope will be less, some having
decayed or disintegrated into another isotope, which may or may not be
radioactive. If the number at t, is xN, the exponential law requires that
at time 2t,, the number will be x2N, at 3tl, x3N, and so on. The value
of t corresponding to x = 1/2 is called the half-life, t1/2: at the end of a
period of time equal to the half-life, the number of atoms of a radioisotope
will be half what it was at the beginning. It may be shown 37(a) that

=12 0.693/A
It might be thought that no unit is required for a rate of disintegration:

the rate is just so many disintegrations per unit of time. However, there
are historical reasons for the use of the curie (3.7 x 1010 disintegrations
per second) and it is now almost universal practice to describe rates of
disintegration, or activities as they are called, in terms of this unit. The
sub-units millicurie (mc) and microcurie (p,c), respectively one thousandth
and one millionth of the curie (c), are also common.

It follows that the number of atoms in a curie is given by N, where
NA = - dN/dt = 3.7 x 1010, and is, therefore, not a constant but is
proportional to the half-life of the radioisotope. The mass of a curie is
the product of the number of atoms and their weight: it is, therefore,
proportional to the half-life and the isotopic weight. Thus, a curie of
radium-226 is a gram-hence the definition of the curie; of iodine-131
is 0.000008 gram; and of plutonium-239 is 16 grams.

In order to illustrate the application of these equations and units,
suppose that the activity of a radioisotope sample is measured as 1 curie,
that is, the disintegration rate at the moment ofmeasurement is 3.7 x 1010 per
second. The disintegration constant, A, for this radioisotope may be calculated
from the half-life as obtained from a table of isotopes. Then the number
of atoms of the radioisotope present at the moment of measurement is

3.7 x 1010 3.7 x 1010 x tll2N = A
A 0.693
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From tables of atomic weights, the weight of the radioisotope present
may then be calculated.
N is not a constant, of course, but diminishes as the atoms disintegrate.

At any time, t, after the moment of measurement, the number of atoms,
N,, is obtained by integrating the equation

- dN/dt NA
N

i. e., loge N-= At

or Nt= Ne At

The activity at time t is then AN, = ANe-At = 3.7 x 1010 x e-At.
If the average energy of the particles emitted and the number emitted

per disintegration are known, the rate of emission of energy from the
radioisotope can be calculated. The energy of the particle is almost always
expressed in a unit called the million electron volt (Mev.) which is equal
to 1.6 x 10-6 ergs.2 It should be noted that the value quoted in tables for
the energy of the beta-ray is not the average energy but the maximum
energy. Beta-rays emitted by a radioisotope are not of uniform energy
but range continuously from zero to the maximum, which differs for
each radioisotope.

Effects of Ionizing Radiations

The alpha-rays are most easily stopped, a thick sheet of paper being
sufficient to absorb them completely. Beta-rays also are readily absorbed:
a centimetre of bodily tissue is sufficient to absorb completely all but
the more energetic of them. The gamma-rays are very penetrating, like
X-rays, and require considerable thicknesses of material to reduce their
intensity appreciably.

There is an important difference in properties between alpha- and
beta-rays on the one hand and gamma- and X-rays on the other. The
two former have relatively low penetrating power and are completely
stopped by quite small thicknesses of matter. It is possible to determine
experimentally a definite thickness (the range) of a given stopping-material
which will stop the rays and give complete protection from their action.
On the other hand, gamma- and X-rays are never completely stopped:
they do not have a definite range. The law governing their absorption is
exponential, like that governing the absorption of light.

As the rays are retarded or stopped, i.e., absorbed by matter, their
energy is transferred to it. In this general respect, the phenomenon is no
different from the absorption of the better-known rays of heat and light.
The difference lies in the mechanism by which the energy is absorbed;
whereas the energy of heat and light rays is utilized in exciting atoms or
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molecules, i.e., causing them to move, vibrate or rotate faster, that of
alpha-, beta- and gamma-rays is utilized in ejecting electrons from the
atoms or molecules.

Thus the path through matter is a track of electrons and ionized or
disrupted molecules. Small parts of molecules (radicals) may be split off;
often the radicals are chemically very reactive and may initiate disturbing
and unusual changes. Qualitatively, the effects are similar for all the rays.
Quantitatively, however, there is a considerable difference. The total
ionization and disruption from an alpha-ray and a gamma-ray of equal
energy may be about the same, but with the former it will be concentrated
in the very short range of the particle whereas with the latter it will be
spread over a very long distance.

It is as well to realize how drastic this effect on bodily tissue is. A dose
of gamma-rays which is capable of killing a higher mammal, including
man, would raise the temperature of the body by no more than a few
thousandths of a degree. If the energy were in the form of heat, its absorp-
tion would produce an utterly negligible effect; but as an ionizing radiation
the same energy is lethal. Again, whereas the lethal dose of tetanus toxin
is about 220,g, 1 ,tg of radium-226-one of the more dangerous radio-
isotopes-retained in the body may be fatal.49

In considering the health hazards which these ionizing radiations
present, the energy absorbed by the body tissue is the important factor.
This is by no means easily measured, and the difficulty of measurement
has led to a similar difficulty in defining the units in which the quantity
is measured. For the purposes of this discussion, the roentgen will be used
to mean an energy absorption of 93 ergs per gram of body tissue and will
be denoted by the symbol r. For many purposes, the rate at which the
energy is absorbed is important; a dose-rate of 1 r per hour means a rate
of energy absorption in tissue of 93 ergs per gram per hour.

When the rays impinge on body tissue, some of the energy is absorbed
and as a result electrons are ejected from the atoms of the tissue. It
frequently happens, especially with organic molecules, that the ionization
of an atom bound in a molecule breaks one or more of the chemical bonds.
Damage results from two causes, therefore: the affected molecule no
longer exists as such, and the charged fragments which may split off the
molecule, being highly reactive, can initiate chemical reactions of an
unusual and perhaps damaging nature.

In a general way, so much is clear, but of the details very little is known.
Two distinct hypotheses have been put forward to explain the damage to
tissue.57 The one concentrates on the damaged molecule and assumes that
damage occurs when a particularly important molecular structure is
disrupted (target hypothesis). The other considers that the diffusion of
charged radicals or the products of their reaction can result in damage
remote from the site of energy absorption.
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It is quite clear that the second effect can occur, since such chemical
changes are demonstrable in aqueous solution and, of course, body tissue
is made up of more than 80% water. It will serve no useful purpose to
pursue the matter further, but it should be noted that the investigation
of the fate of organic compounds when acted upon by irradiated water
is being actively pursued and should eventually throw light on the biological
action of ionizing radiations. Meanwhile, only general observations can
be made.

Not all tissues of the body and not all organisms are equally susceptible
to damage by ionizing radiations. In general, the more complex a cell or
organism the more sensitive it is to damage. Mammals, for example, are
far more sensitive than bacteria. Rapidly developing body-cells are very
sensitive, e.g., reproductive cells or tumour cells.

It follows that considerable caution is needed in extrapolating to man
results obtained with experimental animals. It is preferable, and this is
the course followed, to base permissible exposures on experience gained
in man; it need hardly be said that such experience was gained accidentally,
and is of quite limited extent.

One other effect of ionizing radiations which needs discussion-namely,
the genetic effect-will be dealt with later (see page 1020).

Maximum Permissible Levels

The dangers of exposure to radiation cannot be appreciated directly,
since none of our senses warns us of its presence and pain is not experienced
immediately. It may be years before the injury is apparent, but the injury
nevertheless can be serious and even fatal. The dose of radiation may be
received in several ways: by direct exposure to radiation, by ingestion or
inhalation of radioisotopes, or by absorption of radioisotopes through the
skin or a wound. The last is comparatively rare, but there is direct evidence
in man of the effects of a dose received in the other three ways. It will
be clear that the most dangerous situation arises when radioactive material
is taken into the system, since the radiations are delivered immediately
adjacent to the tissues, some of which may be very sensitive.

(a) Radium poisoning
Some six or seven years after the First World War, it was proved that

workers at a New Jersey, USA, factory employed during the war for
luminous painting of the dials of clocks and instruments, were suffering
from radium poisoning, the material having been ingested through the
practice of pointing the brushes with the lips.65 Some 800 girls had been
employed and it was estimated that from 15 to 200 ,ug of radium could
have been ingested per week. There were at least forty deaths, some from
severe anaemia, others from osteogenic sarcoma. Other workers suffered
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from jaw necrosis, buccal lesions, anaemia and chronic osteomyelitis. On
the other hand, there were many workers who suffered no injury.

Alpha-rays from radium deposited in the bone were the cause of the
injuries to the bone structure and the cells which produce the blood
corpuscles. Once deposited in the bones, radium is eliminated only very
slowly.

It is clear from the foregoing description that there is a wide difference
of individual reaction. This may be due in part to the efficiency with which
it is absorbed or excreted. On the average, 70% of the ingested radium
is excreted in the first day and 95 %in the first five days, leaving 5 % fixed
in the body. Examination of the girls afflicted has shown that chronically
retained burdens of as little as 1 ,uc of radium have resulted in late develop-
ment of osteosarcoma.20

At one period, it was a fashion to inject or ingest radium solutions in
the hope that they might prove a cure for arthritis and certain other diseases.
Some of the patients so treated have been traced and examined. Again,
there is the same wide difference in response, but no clinical damage has
been found with less than 5 ,c retained in the body.60

On the basis of these facts, and applying a factor of safety, the Inter-
national Commission on Radiological Protection (ICRP) 51 has assessed
the permissible body burden at 0.1 bLc.
(b) Inhaled radon

There has been an abnormally high incidence of cancer of the lung or
bronchus amongst the radium miners in Schneeberg, Germany, and
Joachimsthal, Czechoslovakia. Although it is not quite clear that this is
due to radioactive materials in the atmosphere of the mines (and not, for
example, to arsenic in the dust), it seems best to adopt a cautious attitude
and assume that it is. Over a long period, lung cancer has accounted for
about half of the deaths of miners in this region.40

It is not easy to measure the radioactive content of mine atmospheres,
but a review of the published data has led to an average figure of 2.9 x 10-6 Ktc
of radon per millilitre (ml) for these mines.31 The safe limit is obviously
much lower, if it be accepted that radon is the cause of these lung cancers.
In the USA, 10-8 ,uc/ml was recommended, for example, for the atmosphere
of luminizing factories; 92 in Great Britain, the value 5 x 10-8 ,c/ml was
adopted.6 In neither country has an increased incidence of cancer of the
lung been observed amongst these workers. Recently, 10-7 ,c/ml has been
recommended by the ICRP; 51 this limit had been adopted in the USA
and Great Britain a year or so earlier.
(c) External irradiation: radiologists

Many radiologists, particularly those practising in the early days before
the dangers were fully appreciated, suffered atrophic changes in the hands
and cancer of the skin of the hands or disturbances of the blood (aplastic
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anaemia and leukaemia).6' Unfortunately, it proved almost impossible to
estimate what doses these had received, but the gradual recognition of the
dangers resulted in a tightening-up of methods, so that radiologists received
less radiation and made their profession safe. From a study of these and
other workers subjected to X-radiation, it was believed that a continuous
weekly dose of 1 r to the whole body (i.e., every gram of the body absorbs
93 ergs every day) is probably not harmful, but may be just on the thresh-
old.90 This is not now universally accepted and it is rather difficult to
estimate what safety factor is present in the generally accepted maximum
permissible level for whole-body X-irradiation of 0.3 r per week as measured
in air.51 It should be realized, however, that there is now about ten years'
experience of the effects of adopting such a limit. Although it is extremely
improbable that anybody in the atomic energy field has received 0.3 r per
week regularly for ten years, at least it is known that no harm has resulted
from adopting this value as an upper limit.70

It has been thought desirable to describe in some detail the known effects
of radiation and radioactive materials on man because they form the basis
on which the safe levels for all the radioisotopes are based. In addition to
national bodies answerable to their respective governments, there is the
International Commission on Radiological Protection-a body of experts
in their fields chosen without reference to country. Its recommendations may
be taken as quite impartial and uninfluenced by such considerations as
expense in implementing them or expediency in developing bombs or
atomic power. The levels recommended represent those values which are
judged, in the light of present knowledge and with a caution befitting the
subject, to be without harm to the individual; that is to say, an individual
subject to these levels would suffer no effect which his medical adviser
would regard as deleterious.51

The maximum permissible levels listed in the ICRP report 51 apply in the
first instance to the occupational worker, the worker who is exposed to
ionizing radiations while doing his job. The ICRP recommends that for
large populations, the maximum permissible levels should be at most a
tenth of those for occupational workers. In practice, it is believed that in
most countries the lower levels have been applied even when quite small
populations are involved, limits to radioactive discharges to the environ-
ment being set so that no member of the public receives more than a tenth
of the dose allowed to occupational workers.

At these levels, there is no harm to the individual, but there is a genetic
effect, small though it may be. For this reason, the maximum permissible
levels are not to be regarded as levels to be worked up to. Every reasonable
step should be taken to avoid irradiation of human beings, but absolute
absence of irradiation of the general public-or, to put it more accurately,
no increase over natural irradiation-is an impracticable ideal. Each case
needs to be examined on its merits.
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In general, the maximum permissible levels for ingestion and inhalation
recommended by the ICRP are evaluated so that no organ of an average
man, assumed to ingest 21/2 litres of water a day and to inhale 20 000 litres
of air a day, could receive more than 0.3 r per week. In order to perform
such calculations, it is necessary to know:

(1) how much of the ingested or inhaled radioactive material is absorbed
into the body;

(2) where the absorbed radioactive material goes in the body;
(3) how fast the absorbed radioactive material is excreted;
(4) the radioactive characteristics of the material.

The first three are usually deduced from animal experiments, and safety
factors are incorporated in extrapolating the results to man.4

It is important to realize that these levels are not tolerances in the sense
in which that word is normally used in the public-health field. They are
the levels which are considered permissible for occupational exposure and,
of course, it is believed that no harm results from continuous exposure at
these levels. The recommended levels allow 0.3 r per week to one organ.
Usually, the radioisotope concentrates in one particular organ, so that the
other organs of the body are but little irradiated. This fact probably
introduces a factor of safety.

On the other hand, there is still much that is unknown about the effects
of ionizing radiations and consequently it is considered wise to avoid
radiation as far as possible and in any case to reduce the maximum per-
missible levels by a factor of ten in the case of prolonged exposure of the
general population.51 One reason for this is the genetic effect.

Genetic Effects

The material responsible for the inheritance of bodily and mental
characteristics is carried in the nucleus of the body cells by microscopically
visible structures called chromosomes. The latter are divided into thousands
of sub-microscopic units known as genes, which control the development
of the inherited characteristics. The genes occur in pairs, one of each pair
being derived from each parent.
A mutation is a change in inherited characteristics. A mutated gene may

be either dominant or recessive; in the former case, the particular character-
istic will show if received from either parent, but in the latter case only
if received from both parents, i.e., only if both genes of the pair have mutated.

Gene mutations occur naturally and are, in part at least, due to the irra-
diation which we receive naturally. The rate of gene mutation can be
increased by increasing the temperature, by certain chemical reagents and
by radiation. The mutations produced artificially by these means are not
different from those which occur naturally.
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Man is a difficult animal to study from the genetic point of view and it
is not surprising, therefore, that there is so much uncertainty and difference
of opinion. For this reason, a detailed account will not be given here. All
that need be said is that animal experiments indicate that any dose of radia-
tion, however small, increases the probability of genetic mutations. It is
only prudent to assume that the same is true of man and it follows that those
responsible for the public health have a duty to restrict the irradiation of the
public to the lowest degree practicable.

Background Radiation

Whatever limits are set, we cannot entirely avoid the effects of ionizing
radiations, for we are irradiated continuously by natural events. Our own
bodies and our surroundings, including the air we breathe, are radioactive,
and we are being bombarded continually by cosmic rays from outer space.
The result of all this may not be beneficial, but it is obviously not catastrophic.
Moreover, the dose we receive from these causes varies quite considerably
with latitude and altitude, yet no very obvious difference in the different
populations can be attributed to the different levels of irradiation.

The cosmic-ray dose increases with latitude and altitude; it may be only
about 0.03 r per year at sea-level in low latitudes but as much as 0.45 r per
year at, say, 20 000 feet in high latitudes. The dose received from the earth's
surface is due principally to the potassium, radium and thorium it contains.
Since these elements are more abundant in granite than in sedimentary rocks,
the dose varies with the geological formation: on granite it may be an extra
0.1 r per year, on other formations only 0.04 r per year. The dose we
receive from our own bodies is due to its potassium and amounts to about
0.02 r per year.58

By choosing our habitat, we may reduce the dose received naturally by
perhaps a factor of five (from, say, 0.5 r to 0.1 r per year). Most of us,
however, will probably not worry sufficiently about the genetic effect to
do so. Indeed, we shall probably increase the dose we receive. The luminous
dial of a wrist watch can deliver about 0.04 r per year. Some diagnostic
procedures deliver a few roentgens to certain parts of the body.48 Workers
in atomic energy establishments are set a limit of 15 r per year, but it need
hardly be said that few, if any, receive this regularly.70

Recently, an additional source of involuntary irradiation has resulted
from the explosion of nuclear bombs. Although individuals near the sites
of explosion have received significant doses, the dose to the population of
the world has been quite small, well below that received naturally.58

Natural waters contain varying amounts of radioactivity derived from the
rocks and minerals with which they have been in contact. It is practically
all radium and radon. A study of the water supplies of 41 communities
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in the USA gave results ranging from 0.09 x 10-1O to 65.4 x 10-1o ,uc/ml, the
proportion of radium removed by treatment varying considerably.50
London's raw water supply has a radium content of 5 x 10-10 ,c/ml.4
Some deep-well supplies near Chicago gave results between 30 x 10-10 and
80 x 10-10 [c/ml.82 These results may be compared with the ICRP recom-
mended maximum permissible level for radium in drinking water-namely,
4 x 10-8 ptc/ml, or 4 x 10-9 ,tc/ml for large populations. It will be seen that
some natural waters exceed the latter level, but, of course, such waters are
drunk by relatively few people.

Some spring waters, especially those from volcanic regions, contain a
considerable amount of radioactive material, but it is usually radon, not
radium. There has not always been a clear distinction between them in
published works, especially those of older investigations. These results
should be examined carefully and quoted only when this has been done.

In sea water, the radium content seems to be of the same order as that
in surface waters. The uranium content is about 10-9 g/ml.68

The natural radon concentration in the atmosphere varies from about
5 x 10-10 jtc/ml in mountainous regions to about 10-12 ,c/ml over the ocean.59
Radon is a product of the disintegration of radium and its presence in the
atmosphere is due to its release from radioactive minerals. Another radio-
active gas, thoron, arises from thorium but its concentration is much lower.
The levels are well below the maximum permissible levels (10-7 ,uc/ml for
radon) but the atmospheres of some mines contain radon in excess of this
concentration.40 The radioactive material in the atmosphere is washed out
by rain and dispersed by winds. It tends to be greatest on still, dry days.

The levels recommended by the ICRP are in addition to these back-
ground levels.

TREATMENT AND DISPOSAL OF RADIOACTIVE WASTES

Application of Maximum Permissible Levels to Waste Disposal

Most ICRP maximum permissible levels are calculated to give a dose
of not more than 0.3 r per week to any organ of the body, which means
in practice that most organs of the body would receive far less.

There are two exceptional classes of maximum permissible levels which
are not so calculated:

(a) Alpha-emitting radioisotopes for which the critical organ is bone.
These include most of the so-called trans-uranium elements, like plutonium.
Their maximum permissible levels are calculated by analogy with radium,
whose level can be deduced from human experience.
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(b) The rare-gas radioisotopes whose breathing tolerances are not
calculated to give such a dose to the lungs but are based on the assumption
that a person is submerged in a cloud of the gas.

The levels recommended by the ICRP relate to:

(1) whole body exposure (0.3 r per week);
(2) drinking water (each radioisotope having its own level);
(3) breathing air (each radioisotope having its own level);
(4) immersion in a cloud (for the rare gases only).

For prolonged exposure of large populations, the maximum permissible
levels are a tenth of those for occupational workers.

There will be many occasions when maximum permissible levels relating
to other circumstances will be required; for example, in the case of disposal
of liquid wastes to a river not used for drinking water, when the application
of maximum permissible levels for drinking water would be unreasonably
restrictive. In such cases, permissible levels should be calculated on the
same principle, i.e., that no organ of the body should receive more than
0.3 r per week (0.03 r per week for large populations).

To calculate permissible levels for swimming water, the equations given
in Handbook 52 of the US National Bureau of Standards 94 may be used;
for water, the maximum permissible level for total immersion is

1.6 x 10-6/kIc/ml

where k is a constant peculiar to the radioisotope and has a very wide
range. The constants are given in the reference cited. For many radio-
isotopes, the level is 10-5 or even 10-6 ,uc/ml, but it should be remembered
that the values apply to continuous immersion. To apply these levels
to a particular case, an estimate would be made of the average time spent
swimming and an appropriate higher level could be estimated. Such levels
might be several hundred times greater. It should also be remembered
that there may have to be reduction by a factor of ten if a large popula-
tion is involved, but in most cases this will not be so.

Food such as fish may be contaminated as the result of the disposal of
radioactive wastes, and, of course, there may be considerable concentra-
tion of some radioisotopes in particular foods. Fortunately, as in man,
when concentration does occur it is usually in the non-edible part, e.g.,
the skeleton. In calculating the maximum permissible level in water, a
daily intake of 2500 ml or g is assumed. If the daily intake of the food
in question is y g, the maximum permissible level of a particular radioiso-
tope in the food would be 2500/y of its value in water. The principal assump-
tion involved in such a comparison is that the proportion of the radioisotope
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absorbed from the gut and its metabolism are the same whether it is ingested
in food or in water.

The maximum permissible levels for the radioisotopes of iodine in air
are calculated so that the dose to the thyroid, which is the critical organ
for this element, is not greater than 0.03 r when iodine is inhaled. However,
there is another route by which iodine can get into the thyroid from the
atmosphere. It may fall on grass, be taken up by cows, be excreted in their
milk and finally be ingested in the milk. Because of the large daily surface
grazed by cows, more radioiodine may be absorbed in this manner, parti-
cularly by infants, than by breathing. It has been suggested ° 72 that
the ICRP maximum permissible level in air might require reduction by
three hundred to a thousand times because of this; that is, the permissible
level in air over pasture would be lower by this factor than the permissible
level in air breathed.

It will be recalled that the maximum permissible levels are fixed in
general on the basis that the dose to any organ of the body does not exceed
0.03 r per-week (or its biological equivalent). If a particular medium is
contaminated by several radioisotopes, each of which is allowed to reach
its maximum permissible level appropriate to that medium, a particular
organ of the body may receive more than 0.03 r per week owing to the
contributions from all the radioisotopes.

Suppose, first, that the radioisotopes concentrate in one particular
organ of the body. If the actual concentration of the radioisotope, i,
having a maximum permissible level, Mi, is mi, this radioisotope will
contribute

'-- x 0.03 r per week
Mi

to the irradiation of the organ. The requirement that the organ shall
not receive more than 0.03 r per week will be met if the sum of all these
contributions from all the radioisotopes present does not exceed 0.03 r.
This may be written

vmi

Although a particular radioisotope delivers the biggest dose to the organ
in which it concentrates, it also delivers a dose to other organs of the
body. It is clear, however, that if this condition is met, no organ of the
body could receive more than 0.03 r per week.

Even if the radioisotopes concentrate in different organs of the body,
this condition would still ensure that no organ received more than 0.03 r
per week, but it might be unnecessarily restrictive. What is required is a
calculation of the dose delivered to every organ of the body and the setting
of limits so that these should not exceed 0.03 r per week. In general, the
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dose delivered by a particular radioisotope to an organ other than the
critical one in which it concentrates is negligible, but this needs to be
checked in each case and often the data are not available.

As simple examples of these arguments, 4 x 10-9 ,uc/ml a of radium and
6 x 10-6 ,tc/ml of iodine-131 could be allowed simultaneously as continued
contamination of water without harm to the consumers, since the former
concentrates in the bone and the latter in the thyroid. But 4 x 10-9 ,uc/ml
of radium and 7 x 10-6 ,uc/ml of strontium-89 could not be allowed simul-
taneously: the allowable concentrations (mRa and MSr ,uc/ml, respectively)
would be interrelated and fixed by the condition

mRa mSr~+ 'l~
4x10-9 7x10-6

In practice, of course, the conditions adopted in a particular case might
be more restrictive than these considerations would indicate. In estimating
the amount of contaminated food eaten, for example, a high value would
no doubt be obtained. The restriction imposed by the genetic effect may
necessitate a further reduction, and doubtless different countries will hold
different views on this difficult question.

There is also the psychological aspect. Undoubtedly, there is a fear of
the effects of radioactivity and it may be necessary to restrict radioactive
effluents to take this into account. Setting aside the genetic effect, however,
it does seem worth remarking that, although it is proper to be cautious,
all the evidence indicates that the levels incorporate adequate factors of
safety and that there is no real need to incorporate additional ones. More-
over, the levels are kept constantly under review as new data accumulate.

Types of Radioactive Waste

Before proceeding to a detailed examination of the limits which have been
imposed in practice, it is desirable to give a brief description of the nature
of radioactive effluents. It is convenient to divide them into: (a) those
arising from atomic reactors and the atomic power industry; (b) those
arising from the use of radioisotopes in hospitals; and (c) those arising
from the use of radioisotopes in industry. In each class, there will be
gaseous and particulate wastes, liquid wastes and solid wastes.

(a) Wastes from reactors

A reactor is a device for accomplishing fission of atomic nuclei in a
controlled manner. In each fission about 200 Mev. or 3.2 xlO4ergs are

a This and subsequent values in the paragraph are the ICRP maximum permissible levels divided by
ten for application to a large population.
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liberated, so that 3.1 x 1010 fissions per second produce energy at the rate
of 1 watt. A megawatt (MW) corresponds roughly to the fission of 1 gram
per day.37 (b) Although energy is obtained by the conversion of mass, the
rate of exchange is so high that there is very little loss of mass and accord-
ingly about a gram of fission products per day is produced for every mega-
watt.

The fissions may be brought about by slow- or fast-travelling neutrons
or by neutrons of intermediate speed. Only a slow fission chain can be
sustained in natural uranium; fast reactors require enriched uranium or
pure fissile material such as plutonium. Since the neutrons which are formed
in fission and which sustain the chain reaction are initially fast, they must
be slowed down by a moderator in slow reactors: graphite and heavy water
are the most popular moderators. Whatever type of reactor is used, it will
change in at least three ways:

(1) The continual production of energy will make it hot and a coolant,
usually water or air, will be necessary.

(2) Owing to the continual production of fission products, which on the
whole have greater neutron-absorbing powers than the uranium which they
replace, progressively less and less neutrons will be available for fission.
Eventually, the reaction would cease. Periodically, therefore, the fission
products must be removed.

(3) Owing to the continual destruction of the fissile material, the
neutrons will have fewer targets for fission; the deficiency must be made
good by provision of new fissile material.

Thus, the general picture of the atomic power industry emerges.22' 53
There is a factory for the processing of uranium ore to produce pure uranium
or uranium oxide. This purified material is assembled with moderator
(graphite or heavy water) and coolant (air or water) in a reactor where the
chain reaction, started by neutrons from cosmic rays, develops and is
controlled by neutron-absorbing materials. Periodically the uranium, now
containing plutonium and fission products, is removed from the reactor
and processed to remove the fission products and to separate the pluto-
nium.34 The uranium is now depleted in the fissile isotope, U-235, and is
processed at another factory, where it is converted into uranium hexa-
fluoride, from which the heavier U238F6 is diffused out through membranes,
leaving an " enriched" (in U235F6) hexafluoride which is converted back
to uranium and restored to the slow reactor. The plutonium, on the other
hand, can be used for a new fast reactor. For all these processes, there will
be research and control laboratories. The wastes arising from the various
processes, which are shown diagrammatically below, will be described in turn.
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SUMMARY OF PROCESSES INVOLVED IN ATOMIC ENERGY INDUSTRY

The daughter isotope formed when uranium disintegrates naturally
(as distinct from fission) is itself radioactive; in fact, a chain of disintegra-
tions succeeds the uranium disintegration, each daughter being radioactive.
One of the members of this disintegration series is radium and another is
radon; both are, therefore, present in all uranium ores. In working up the
ore, the radon is liberated; to avoid danger to the workmen, good ventila-
tion is provided and the radon is taken away through stacks. There is no
danger to the general public when the gas is discharged to the atmosphere
and only quite short stacks are needed to effect satisfactory dispersal in the
atmosphere. Radium is still, despite the competition from artificial radio-
isotopes, a very valuable element. It is, therefore, extracted from the ore

before the latter is processed by precipitation with barium sulfate.
In order to work up the ore, it is first crushed for easy dissolution.

This could create a dust hazard both in the factory and in the immediate
surroundings, but with ventilation of the buildings and simple filtration of
the effluent gas, the uranium content can be reduced sufficiently for the

wHo 6274
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maximum permissible level in air (3 x 10-11 ,uc/ml) not to be exceeded at
ground level. Since this discharge is confined to a small area surrounding
the factory, which will usually be fairly isolated, it is hardly necessary to
reduce this by a further factor of ten.

In the chemical processing of the ore, several operations are involved-
e.g., precipitation of uranium hydroxide with peroxide and extraction of
uranyl nitrate with ether."1' 47 At each of these stages, a waste water arises.
The uranium and most of the other impurities can be removed by treatment
with ammonia. Ammonium diuranate precipitates as a sludge. Since
uranium is now a valuable commodity, it is profitable to return this and other
uranium wastes to the main process. Thus, the final aqueous effluent from
these processes need contain no more than one or two parts per million
(p.p.m.), which is below the maximum permissible level for drinking water
(2 x 10-6 ,tc/ml). Thus, this effluent gives no trouble.

The sludge from these processes does not present a radioactive hazard.
It is, of course, less radioactive than the original ore, so that if it were put
back in the place where the ore was mined, the area would actually be safer
from the point of view of the radioactive hazard. There is no problem then
in disposing of this sludge.

The uranium now goes either to a reactor or to the enrichment plant.
For the latter, it is converted to uranium hexafluoride, which is a gas at
somewhat above room temperature and is caused to diffuse through mem-
branes in a closed circuit. Thus, any wastes arise, as it were, by accident.
For example, at valves or glands in the circuit there may be slight ingress
of moisture, which hydrolyses uranium hexafluoride to uranium oxide.
Periodically, to prevent blockage, this has to be washed or dissolved out.
Normally, the uranium washings are so small that the final effluent, which
is largely made up of cooling water, contains no more than one part of
uranium per million. Thus no hazard can arise.

In the reactors, uranium is converted to fission products by fission and
to plutonium by absorption of neutrons. When the object is not the pro-
duction of power, as in the experimental reactors, the heat generated by
these nuclear reactions is removed by coolants and dissipated to the sur-
roundings. The cooling medium becomes radioactive for two reasons:

(1) The atoms of the medium absorb neutrons with an efficiency varying
with the particular atom, and radioisotopes are produced.

(2) Despite physical barriers between the coolant and the uranium
(which is usually sheathed) there is some leakage of fission products from
the latter to the former.

If air is the coolant, argon becomes radioactive and some of the gaseous
fission products, e.g., the rare gases and iodine, are taken up. Unless the
air is efficiently pre-filtered, and the interior of the reactor is quite clean,
the effluent air will also contain radioactive dust particles. It has been the
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practice to filter the particulate matter from the exhaust air and to disperse
the latter into the atmosphere through tall stacks. It is also possible to
remove the radioactive gases by specific processes, e.g., scrubbing for iodine
and adsorption on charcoal for the rare gases.8' Normally, simple filtration
and dispersion will be sufficient to ensure that maximum permissible levels
are not exceeded. Although these reactors have been built in remote
areas, it has been the practice to reduce the levels to a tenth, i.e., to achieve
the levels appropriate to a large population. In addition to direct measure-
ment of the concentration of radioactive materials both in the effluent air
and at ground level, there have been fairly extensive checks of, for example,
the radioactivity of herbage, of cow's milk and of human urine, to ascertain
that the emission, slight though it is, is causing no trouble.72

The same principles apply if water is used as coolant. It may be treated
before use by alumina or ferric hydroxide coagulation to remove material
which would become unduly radioactive. Before discharge to a river, the
water may be held up for a period to allow decay of the short-lived radio-
isotopes present. It is also possible to give a final coagulation which will
remove many fission products. It is necessary to site water-cooled reactors
so that sufficient dilution is available.72

When the reactor is used for power production, the coolant operates
in a closed circuit, so that its radioactivity is confined and not continually
discharged to the surroundings. From time to time, it may be necessary
to discharge the coolant, e.g., during maintenance or removal of fuel: it
is not expected that the activity will prevent discharge to the environment.

Periodically, uranium must be removed from the reactor for chemical
processing and replaced by fresh uranium. The object is to separate the
fission products, the plutonium and the uranium into three separate streams.
The plutonium and uranium streams are further worked up to obtain the
elements in a pure state so that they can be used in reactors. In these
operations, waste waters containing small amounts of plutonium, uranium
and fission products arise. There is also left for disposal the fission product
stream, which is enormously radioactive and is the most important radio-
active waste.

Normally, this processing is done in a plant separate from the reactor;
indeed, it may be done on a separate site. But there is one type of reactor,
the homogeneous reactor, for which this is not possible. In this type,
fissile material, moderator (if any) and coolant are in one phase-usually
the liquid phase. Thus, a solution of uranyl sulfate in heavy water is a homo-
geneous reactor, provided that it is sufficiently big. Imagine such a solution
circulating through a core (the reactor where fission occurs); when it is
outside the core, the fission products can be removed, or at least substan-
tially removed, in a suitable chemical process, the solution being returned to
the core. The whole can be made continuous in operation, an attractive
possibility.
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Thus, there are two liquid wastes from the chemical plants associated
with reactors: the low activity, high volume wastes and the high activity,
low volume wastes, comprising practically all the fission products.99 It is
probable that even with very efficient separation processes, the former
wastes would be too active for disposal to rivers, but they can be discharged
to sea after treatment by conventional coagulation methods. It may be as
well to outline the principles on which the limits applicable to such a
discharge are based.25

When an effluent is discharged to sea through a pipe-line on the bed,
it first rises and undergoes an immediate dilution, which can be determined
experimentally by using dyes or radioisotopes. The " cloud " so formed
then slowly disperses by diffusion and wave action, and also moves as a
body with the tides. In addition, particular radioisotopes are removed
from the cloud by adsorption on the mud at the bottom, on the sand of
the shore and on suspended matter; by fish and shore-life; and by sea
plants. Consequently, the hazards to health in the following operations,
amongst others, require consideration: bathing in the sea; sun-bathing
and walking on the shore; handling of fishing-tackle and fishing-boats;
consumption of sea fish, shell-fish and seaweed; swallowing sea water;
consumption of crops fertilized by seaweed.

This is not a problem for theoretical study or laboratory experiments.
The only way of determining the magnitude of the possible hazards is to
make a steady small discharge and measure the consequent radioactivity
in fish, mud, sand, seaweed, sea water and so on. These levels are then
compared with the maximum permissible levels (if necessary, reduced by a
factor of ten for large populations). Gradually, the level of the discharge
is raised, and eventually the level is found where the maximum permissible
levels are approached but not exceeded.33

Clearly, it is not possible to measure the concentration of every radio-
isotope in every medium: there are some two hundred radioisotopes in
the fission products and half a dozen or more media. How then is one to
know whether the maximum permissible levels are not exceeded ? One
way is to use the recommended levels for fission product mixtures, 10-7,uc/ml
in water and 10-9juc/ml in air.5' Another is to analyse for the most dangerous
or most numerous radioisotopes and then to assume that the remaining
alpha-radioactivity and the remaining beta-radioactivity are due, respect-
ively, to the most dangerous remaining (unanalysed) alpha-emitting and
beta-emitting radioisotope.

One further complication then remains. A fisherman living in the area
of a fuel-processing factory situated on the coast might receive irradiation
(a) from handling fishing-tackle, (b) from eating fish and (c) from breathing
gaseous fission products liberated when irradiated uranium is dissolved
and dispersed, in the usual way, through tall stacks. If maximum per-
missible levels are used to fix limits for all these avenues by which he receives
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a radiation dose, some organs of his body might receive more than 0.3 r
per week. It is probably better, therefore, to use a tenth of the maximum
permissible levels (large population levels) for fixing limits, so that at most
no organ would receive more than three tenths of 0.3 r per week (in this
particular case).

But the fission products which can be so discharged to sea are only a
small fraction of those which are produced in the reactor. Since the rate
of decay of a radioisotope is NA, where N is the number of atoms and A a
constant characteristic of the radioisotope, the net rate of production of a
fission product being produced at a constant rate, R, is

dN/dt = R - NA
whence N = R[l - exp(-At)]/A

Thus, the number of atoms of a particular fission product in a reactor
increases to the limiting value R/A = Rtl/2/0.693, where t112 is the half-life
of the product.
A 100 MW reactor would produce about 100 grams of fission products

per day. The equilibrium values of the longest-lived fission products
would be of the order of millions of curies. It has been calculated that the
strontium-90, the most dangerous fission product, produced by an estimated
world installed capacity of 750 000 MW in A.D. 2000 would need about
5 % of the volume of the oceans to dilute it to drinking-water tolerance.76

Even if the difficulties of obtaining uniform dispersal in the ocean could
be overcome, such a method would not be regarded very favourably.
Long-term storage is the only alternative. In order to reduce storage costs,
this waste is evaporated to a small volume.99 Other possible methods of
reducing the volume are by ion exchange89 and electrodeionization.96
Perhaps the ultimate solution of this problem will be to remove some of the
dangerous fission products by chemical precipitation and then discharge
the remainder to sea after storage for ten to fifteen years to allow decay
of much of the radioactivity.38

One disadvantage of long-term storage of highly radioactive liquids is
that it is difficult to guarantee leak-free storage. On the other hand it
is relatively cheap. However, methods of fixing this waste in solid form
have been investigated.62 The evaporation can be carried to the stage
of solidification and the solids fused and stored. Or the liquid can be
mixed with cement and allowed to set. Or it can be formed into a glass
or ceramic. The solid still presents difficulties of disposal, since burial
in ground would have to be done at selected sites, to avoid contamination
of underground water which it is difficult to believe will not occur as a
result of slow leaching.

An attractive possibility is absorption on clays with subsequent roasting
by which process the fission products are fixed in the clay and cannot be
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leached out. A development of such a method would be direct disposal
to ground clays, the heat of the fission products being used to fix them-
selves. But there are many problems to be overcome before such a method
could be confidently recommended.44

It will be a matter for regret if such highly radioactive solutions, which
are sources of considerable energy, remain unused. Possible uses are for
sterilization of food 43 and water and sewage; 24 for batteries; 1 as static
eliminators; for thickness gauges; as teletherapy units; and so on. It
seems unlikely, however, that all the fission products produced in a world-
wide power programme could be utilized. Almost certainly a serious
storage or disposal problem will remain. Indeed, in the widest sense,
such uses do not relieve the disposal problem; at most they disperse the
radioactivity in relatively less serious amounts.

The wastes from the establishments concerned with the design and
production of atomic weapons are mainly plutonium and uranium, with
some other radioisotopes. It may be expected that all efforts will be made
to reduce the loss of the very valuable fissile materials, so that the effluents
will not be unduly radioactive. A minor difficulty arises when the wastes
contain chemical complexing or sequestering agents used for decontamina-
tion of clothes. These materials, fulfilling their object, hold plutonium
in solution so that it is not easily removed by flocculating agents. However,
they are easily broken down by biological methods. Plutonium is readily
removed either by biological methods 15, 27, 69, 75, 78 or by coagulation, e.g.,
on ferric hydroxide.15' 69

The research establishments of an atomic power programme present
quite a different problem. The character of the work will be varied and
will be changing continuously. We are dealing in the effluent with an
unknown and varying mixture of radioisotopes. It has already been
described how the limits appropriate to such a mixture can be set. If
treatment is needed to achieve them, it will be of the most general sort,
not a specific treatment to remove a particular radioisotope. For this
reason, phosphate precipitation is often used, since most elements form
insoluble phosphates in nearly neutral solution.

Studies with fission products, which form an important part of the
radioactive material in wastes from atomic energy establishments, show
that about 70% can be removed by coagulation 87 or by activated-sludge
treatment.36

In all establishments concerned with atomic energy, there arises a
miscellaneous assortment of solid radioactive waste, ranging from conta-
minated filter-papers, absorbent tissues used for mopping up spills, and
contaminated laboratory ware and furniture to contaminated ventilation
ducts, air filters and column packings. Most of it is not highly contaminated.
The disposal of this material can present awkward problems, mainly
because of its bulk.
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It is important that this material should not be salvaged for re-use.
Serious problems could occur if the material turned up as a packing for
photographic material or as a tooth filling. There have been several cases
already of contaminated material finding its way back through normal
channels and upsetting delicate radioactive measurements. It is, therefore,
desirable to segregate combustible material and burn it. There are a few
radioisotopes which are volatilized in the incinerator, e.g., iodine and
polonium, but for the most part the radioactivity remains in the ash.
The volatile radioisotopes are almost always present in such small amounts
that no hazard arises from the exhaust gases. The ash presents some
problem, however, since it is often light and tends to fly about, presenting
a hazard to the worker. For this reason, there have been proposals to
incorporate it in melts.9'

(b) Hospital wastes

Radioisotopes are used in diagnosis and therapy. Great hopes have
been entertained, at least in popular writings, that radioisotopes would be
widely used and would cure many troubles. There has indeed been an
almost complete replacement of radium by artificial radioisotopes, e.g.,
radiocobalt and radiocaesium, for use as solid sources in teletherapy
units, but other therapeutic uses of radioisotopes are quite limited.

The solid sources of teletherapy units present no waste-disposal problem
in normal use. They are enclosed in sealed containers and housed in a
permanent installation. In the bigger units, thousand of curies are used,
so that there is a considerable potential danger if by accident, e.g., fire,
the source should find its way to the sewers. Fortunately, it is possible,
firstly, to construct the installation so that it is almost fire-proof and,
secondly, so to seal the containers that even if a fire occurred, the radio-
active material would probably not escape. With these precautions, the
possibility of the radioactive material being washed into the sewers is remote.

The use of radioisotopes in therapy depends on the ability of the radia-
tions to kill tissue. In order that cancer cells shall be destroyed with little
damage to healthy tissue the radiations must be concentrated in the can-
cerous tissue. When this is done by oral administration, the radioisotope
must be concentrated in the cancerous tissue by normal metabolic processes.
Apart from iodine, there are very few elements which are so concentrated.
Considerable research has been devoted to discovering chemical compounds
which would concentrate in cancerous tissue. Although some slight success
has been obtained, no compound which concentrates sufficiently in can-
cerous tissue to be used for therapy has been found.

The internal use of radioisotopes in therapy is restricted principally
to radioiodine, radiophosphorus and colloidal radiogold, although radio-
bromine, radiosodium and radiopotassium, amongst others, have had
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minor uses.66 Radioiodine is used for the treatment of cancer of the
thyroid; unfortunately, only a rather small proportion of such cancers
concentrate iodine and the treatment is restricted to these. It is also used
for control of over-active thyroid glands; since a gradual destruction of
the tissue can be achieved by regulating the dose, a finer control is possible
than is obtained by operation, but even so there is still a considerable
body of medical men who would prefer the latter treatment, especially
for the young, for fear of long-term effects of irradiation. Radiophosphorus
has a limited use for alleviating the symptoms of polycythaemia vera,
and in this limited field has conferred considerable benefit. Radiogold
is injected into body cavities, e.g., to control pleural effusions.

The amount of the radioisotope used for therapy is about 5-10 mc
for radiophosphorus or radioiodine for over-active thyroid, and 100 mc
or more for radiogold or radioiodine for cancer of the thyroid. Radioiodine
and radiophosphorus are taken into the metabolic processes of the body
and excreted. If the dose is small (5-10 mc), 100% or 150% may be excreted
in the first day, 5 % in the second and progressively less thereafter. With
the large doses of radioiodine, as much as 600% or 700% may be excreted
on the first day, 5 % or 10% on the second, and so on. Radiogold does
not enter into the metabolism and is usually withdrawn from the cavity
after use.

In addition to these therapeutic uses, there are the diagnostic uses.
Therapy of the thyroid is usually preceded by a study with a small diagnostic
dose of radioiodine to estimate the activity of the thyroid or to determine
whether the cancer takes up iodine selectively. Circulation studies with
radiosodium are useful to determine where a limb should be amputated,
where skin can be grafted, and so on. The amount of radioisotope so
used is always small, say, 10-100 ,c, and does not add significantly to the
radioactivity in the hospital effluent.

In order to estimate the effect of radioactive effluents from hospitals,
consider the situation now obtaining in Great Britain with a population
of rather less than fifty million. The present use of the three principal
radioisotopes is about 10 000 millicuries of Au'98 per month; 5000 mill-
curies of I 131 per month; and 500 millicuries of P32 per month (H. Seligman
& W. P. Groves-personal communications, 1955). Assuming a water
consumption of 35 gallons (160 litres) per head per day, the average
concentrations of these radioisotopes in sewage would be 4x 108 ,c/ml,
2 x 109 ,uc/ml and 2 x 10-10 ,uc/ml. These are at least ten thousand times
lower than the respective ICRP drinking-water tolerances (6 x 104 /c/ml,
6 x l0-5 c/ml and 2 x 104 ,tc/ml).

Actually, of course, the radioactive hospital wastes are not discharged
uniformly to the country's sewage, but it is difficult to see how the actual
figures can be anything like ten thousand times the average, and, of course,
the safe concentration in sewage is many times the permissible level for
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drinking water. It is possible to perform these calculations individually for
the principal cities and show that the concentrations in sewage are normally
well below drinking-water levels.54 7 There are, in fact, other considera-
tions which show that the situation must be far more satisfactory even than
this calculation would show.

For example, there is the decay of these radioisotopes, which are all
rather short-lived (2.7 days half-life for Au198, 8 days for 1131 and 15 days
for p32), so that appreciable decay would occur before the radioisotope
reached a water supply. Then, there is removal at the sewage works. The
removal of radiophosphorus on activated sludge decreases with increase of
phosphorus content in the sewage, and with most sewages will be no more
than 20%.3 Trickling filters remove 70% or more 3 and removals of over
90% can be obtained by coagulation.84 The extent of removal of radio-
iodine by biological methods depends on the iodine content of the sewage.9 27
Finally, there is removal in the receiving stream and, if this is used as a
water supply, in the water treatment. Slow sand filtration and normal
coagulation are not very effective, but radiophosphorus is removed by
phosphate precipitation and radioiodine, as iodide, by precipitation of
insoluble iodides, e.g., copper or silver, or by adsorption on carbon.28'87

The effect of such concentrations of radioactive materials on the biologi-
cal processes used in sewage treatment is quite unmeasurable.42

Of course, the radioactive waste does not arise continuously and there
may be occasional levels considerably greater than the average. Thus, as
much as 75 mc of 1I31 may be excreted in one day, and rarely 100 mc or
more of 1131 or Au198 may have to be wasted when, for example, a patient
dies just before treatment. Handbook 49 of the US National Bureau of
Standards 93 recommends that if such discharges are made in one batch,
they should be limited to 10 mc Of P32 or J131 per million gallons of daily
flow in the sewerage system, and if made continuously and uniformly over
a six-hour period, to 100 mc in the period per million gallons of daily flow.

These limits are based on the assumption that the concentration in the
hospital sewer should not be greater than 0.1 [tc/ml. If a worker became
accidentally immersed in such a concentration

(1) he would need to swallow a litre before ingesting the " tracer dose"
which is given without visible effects for diagnostic purposes, and

(2) he would receive a dose of no more than 0.2 r/hour for P32 or
0.1 r/hour for 1131.
In the author's opinion, these limits are more than adequate to safeguard
the sewage workers, and could be extended to the other main radioisotope,
radiogold.

There also arises a certain amount of solid radioactive waste from
hospitals, mainly contaminated glassware or tissue papers used for mopping
up. The combustible waste can be handled in the hospital incinerator.
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Some hospitals have their own burial grounds or pits for the non-combustible
wastes. The problems which arise are similar to those presented by in-
dustrial wastes and will be discussed in the next section.

(c) Wastes from industry

Radioisotopes are one of the new tools available to industry to increase
efficiency. Their uses have been described in numerous articles.'6 It is the
intention here to give an outline of the types of uses so as to illustrate the
nature of the wastes which arise. Although quite active closed sources are
commonly used, open sources are usually only weakly radioactive, since
otherwise considerable precautions may have to be taken to protect the
workers. Thus, the liquid waste does not often present a problem, while the
only trouble which need arise from the solid sources is from accidental loss.

The use of X-rays and radium or radon for flaw detection in metals and
welds is well known. It has been extended by the use of artificial radio-
isotopes, e.g., thulium-70, iridium-192 and cobalt-60, which have displaced
the older methods to a considerable degree. When the radiographic source
has decayed to an inconveniently low value, it can often be returned to the
reactor for reactivation and no waste need arise. However, if the source is
a separated fission product, it cannot be reactivated; the available methods
of disposal are storage or dissolution and discharge after treatment, probably
at the establishment which supplied it.

The use of radioactive thickness-gauges, e.g., of thallium-204 and
strontium-90, has been widely adopted, especially for the control of material
manufactured in continuous strip, e.g., cigarette paper. Here again no
waste need arise. The same applies to the static eliminators, often made of
the same radioisotopes, which are permanent installations in certain textile
manufacturing processes. It seems desirable, however, that each country
should keep a record of solid closed sources and should have a system of
inspection to ensure that spent sources are returned for reactivation or
disposal and are not discharged with the refuse.

The ease of detection of ionizing radiations and their penetration
through materials makes them ideal tracers or markers. Thus, radioactive
sources can be attached to pipe scrapers, so that they may be located if
they become stuck. Often, as in this case, no radioactive waste arises.
Sometimes, however, for instance, when radioactive gases or vapours are
used to study the ventilation of a room or when leaks are detected in pipes
by means of radioisotopes, a waste does arise. Usually, these wastes do
not arise continuously but are " once-for-all" discharges, so that special
arrangements can, if necessary, be made for their disposal. Thus, radio-
active water from a pipe might, provided that no well or water supply
could be affected, be discharged to waste ground, which could be roped off
until decay reduced the contamination to a safe level.
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Apart from uses such as those mentioned, in which millicuries or curies
of radioactivity may be used, there are innumerable uses in which only
microcuries of radioactivity are employed. These are the great majority.
The wastes which arise are trivial and in most cases can be discharged to
the sewers without trouble. If one surveys such uses in a given area, one
finds almost invariably that the radioactivity used for industrial purposes
which can produce a liquid waste is less than that used for therapy. Usually,
it is considerably less.54 Although this situation may change as radioisotopes
become more popular, at the moment all that seems to be required in any
country is:

(1) a list of radioisotopes supplied and their location, so that the
concentrations in sewers and at sewage works can be estimated, and

(2) a list and occasional check of closed radioactive sources.

The behaviour of radioisotopes at sewage works is similar to that of
their inactive isotopes in the same chemical form. This generalization,
although useful as a guide, is of limited use because the behaviour of many
chemical elements in sewage works is often unknown. It seems clear from
the work which has been done with radioisotopes that a further useful
generalization can be made, namely, that trivalent (and higher valent)
cations are almost completely retained on trickling filters or on activated
sludge and are precipitated by the usual flocculating agents. On the other
hand, univalent cations pass through with the effluent. The behaviour of
bivalent cations is more like that of univalent cations, but there are con-
siderable variations.

Thus, plutonium, as already described, and the rare earths-the latter
comprise a considerable proportion of the fission products-are retained,87
but the widely used radiosodium will pass through.3 On the other hand,
radiocaesium-a univalent cation-is efficiently adsorbed on clay slurries.55
An important case is radiostrontium, one of the most dangerous of the
artificial radioisotopes. Perhaps only 10% is retained by normal methods
of sewage treatment and the rest goes out with the effluent,27 87 but phos-
phate precipitation at rather high pH can remove 95 % or more.87

There is very little specific information on the behaviour of radioisotopes
in streams. If the sewage effluent were discharged to a river used as a
drinking-water supply, it might be important to estimate such effects so as
to apply realistic limits to the effluent. The most satisfactory course is to
assume conservative values for removal, perhaps based on laboratory work,
and then to increase the levels with constant monitoring. What information
does exist shows that there is considerable removal of most radioisotopes,
particularly fission products.

In the processes of water treatment, the same generalizations can be
made as for sewage treatment. Where softening is practised, however,
some removal of radiostrontium will be achieved. If the hardness is preci-
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pitated, strontium precipitates with calcium and the percentage precipita-
tion of the two elements is about the same, so that 50% removal may be
achieved.28 If the hardness is removed by ion exchange, strontium is
removed completely with the hardness and then comes through with the
calcium as the ion-exchange capacity is utilized.23

It is clear that considerable removal of many elements occurs in these
processes, although precise data for all of them is not available.86 Since
sewage generally contains considerably less than a tenth of the ICRP
permissible levels, such removal as occurs serves to increase the large safety
factor which already exists. If, in future, some widespread use for radio-
isotopes were discovered so that as a result this situation no longer obtained,
individual treatment of radioactive effluents might be necessary, just as
trade effluents are treated. At present, this is not necessary. An interesting
small-scale filtration unit for the decontamination of small volumes of
water may be noted.56

From all these uses of radioisotopes, both industrial and medical, there
arises solid contaminated material for disposal. As a rule, and except when
accidental spills occur, the contamination is not serious. It is important
to ensure that this material is not salvaged. Combustible material is best
burnt. Non-combustible material should be buried or dumped at sea or
stored indefinitely at selected sites.

Recently, regulations for burial sites have been proposed by the US
Atomic Energy Commission. They require that the site should be devoid
of edible plant life and should be marked and fenced; that the soil should
not be subject to pronounced erosion or leaching; and that the depth of
burial should be at least four feet (1.2 m). The following limits are set per
cubic foot:

(1) 0.1 mc of strontium-90, plutonium-239, radium-226 and polonium-
210;

(2) 10 mc if the half-life is greater than 180 days and the radioactivity
is not due to the radioisotopes specified in (1);

(3) 100 mc if the half-life is less than or equal to 180 days and the
radioactivity is not due to the radioisotopes specified in (1).

The danger to underground and surface water supplies would need to
be assessed for each site.
A special case of burial arises when the material is put into holes already

existing, such as mines, gravel pits, etc. This method has not been widely
practised, probably because of the danger to underground waters.

Dumping in the ocean is now used extensively, and the need for interna-
tional agreements or regulations can be foreseen. At present, there is
no control. Handbook 58 of the US National Bureau of Standards 95

recommends that disposal shall be in regions where the water depth exceeds
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1000 fathoms (2000 m). Before disposal to the ocean, radioactive waste
is drummed and loaded with concrete so that the material sinks rapidly
(density, say, 1.2 g/cm3). It seems desirable to use only recognized dumping-
grounds, so that the danger of fishermen recovering the waste is minimized.

Storage in protected areas from which rainwater is either excluded or
conducted away to safe disposal is a satisfactory method by which the risk
to the public can be made negligible. Compression before storage may be
worth while. Where a disused site with buildings could be taken over,
no great expense would be involved, but even if buildings had to be put
up, they could be of quite simple, cheap construction.
A summary of this section is given in the Annex (see page 1054). It is

not exhaustive, but is intended as a brief review of the important points

Monitoring Radioactive Wastes

It is not always realized how extremely minute are the amounts and
concentrations of radioactive materials as normally encountered. Thus,
a curie of iodine-131, the isotope used so extensively in hospitals, is no
more than eight micrograms; a concentration of 6 x 10-5 ,c/ml, the ICRP
maximum permissible level, is only 5 x 10-11 p.p.m., i.e., fifty parts in 1 mil-
lion million million (trillion) parts.

The number of grams to the curie varies with the half-life but, even
for the common long-lived isotopes, the maximum permissible levels are
generally less than 1 p.p.m. The measurement of such small concentra-
tions, which is most readily done (and usually can only be done) by radio-
active methods, calls for some remarks.

The usual method of measuring radioactive concentrations in waste
waters is to evaporate an aliquot to dryness and measure the radioactivity
of the solid. 19, 39, 80 To measure concentrations in air, either a monitor-
ing instrument can be inserted in the exhaust, e.g., of a pile, or a known
volume can be drawn through a filter-paper and the radioactivity of the
collected dust measured. 32, 46, 97 Radium may be estimated via its gaseous
daughter, radon. 50, 82

At the low concentrations corresponding to permissible levels, it is
very important to ensure that a fair sample is obtained and that loss by
adsorption on surfaces is reduced to a negligible level. If the nature of the
radioisotopes is known, the latter can often be achieved by adding inactive
radioisotopes of the same element (carriers). If it is not, it is a good practice
to add carriers of a few typical elements which between them simulate the
behaviour of most of the elements, unless these elements are already present.

However, setting aside such obvious sources of error as loss during
evaporation, by adsorption, and so on, which present problems with which
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most chemists are familiar, one difficulty peculiar to radioactive measure-
ments will be discussed. It results from the absorption of ionizing radiations
by matter.

The radiations emitted are absorbed in the solid residue from evapora-
tion itself, in the intervening air between it and the measuring instrument
(Geiger-Muller tube) and in the material separating the sensitive volume
of the latter from the air (usually called the window). The extent to which
they are absorbed depends on the nature of the radiation and on its energy,
which varies considerably from isotope to isotope. Not all the emitted
radiations will enter the sensitive volume; the proportion, determined
principally by the solid angle subtended by the window at the solid, is also
dependent on the number of radiations scattered back from the material
on which the solid is mounted, and this again depends on the energy of the
radiation. Finally, the efficiency with which the radiations are counted
when they enter the sensitive volume is dependent on their energy.

Now the instrument will record so many responses or counts during
the period of measurement. To convert the experimental result to curies,
i.e., disintegrations per second, it should be multiplied by some factor
incorporating the corrections required. The factor clearly depends on the
energy of the radiation; thus, each radioisotope has its own correction or
conversion factor.

One way of overcoming this, at least in part, would be to separate the
elements present by chemical means and estimate their radioisotopes
separately, using the conversion factor appropriate to each. This would
generally be a formidable undertaking and, in any case, losses by adsorp-
tion during the separations would limit the accuracy.

In practice, therefore, it is usual to assume that the correction factor
is that pertaining to the most toxic radioisotope assumed to be present.
If there is reason to suspect the presence of radioisotopes emitting very
weak radiations, which could be seriously underestimated by this method,
a special test for them should be made, using windowless instruments after
appropriate chemical separations.

The above observations on the difficulty of measuring the radioactivity
of mixtures of radioisotopes are made to illustrate the difficulties involved:
they do not pretend to be exhaustive. Fuller discussions have been published.18

An instrument for the continuous monitoring of liquid radioactive
wastes has been described. 29 It consists of a Geiger-Muller tube surrounded
by ion-exchange material, through which the waste flows and which con-
centrates the radioactive ions in the waste. The instrument must be cali-
brated by determining the activity by another method and strictly can be
used only when the nature of the radioactive constituents does not change
appreciably.

Although, as the discussion in a later section will show, the amount
of radiation received by employees at sewage works and waterworks is
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insignificant and hardly above background level, a brief description may
be given of the methods available for measuring such a dose. The sanitary
engineer may find it the simplest course to persuade employees of the
truth of these statements by making actual measurements.

The simplest method is the photographic badge, which consists simply
of a piece of photographic paper covered with dark paper, which ordinary
light cannot penetrate but which ionizing radiations can. If the film and,
therefore, the worker carrying the film has been exposed to ionizing radia-
tion, the film will be dark when developed. The amount of radiation received
can be deducted from the amount of darkening, being read off from the
calibration curve.

Workers in atomic energy establishments who may be subject to higher
levels of radiation sometimes wear pencil-type electroscopes fixed to their
lapels. Gamma- or X-radiation ionizes the air surrounding the charged
fibre and as the electroscope discharges, its movement can be read on a
calibration scale which converts it to dose. The sanitary engineer is not
likely to require these instruments, which are designed for much higher
doses than would be received at sewage works or waterworks.

In order to detect long-term trends, the early establishment of monitor-
ing systems is important. Around most atomic energy establishments,
careful surveys were made to determine the natural (or background)
radioactivity in order to detect as early as possible long-term build-up of
radioactive material.

For determination of gamma-radiation under these circumstances,
ionization chambers are used.32 The number of electrons produced in the
chamber is proportional to the gamma-ray dose: these are measured by a
suitable electronic system to give a direct reading on the scale of the
instruments.

For determination of the beta-radioactivity of natural materials, the
material is either loaded directly on a metal tray (e.g., soils, muds) or
evaporated on it (water, sewage, urine) or pre-treated by chemical methods
to extract the suspected radioisotope in a concentrated form which can be
mounted on the tray (animal organs, plants). The tray is mounted under-
neath the window of a Geiger-Muller counter. The beta-rays pass through
the window (with greater or less absorption, depending on their energy)
into the counter, which contains gas under reduced pressure and a central
charged wire. The voltage of the wire and the composition and pressure
of the gas are adjusted so that each ray produces a momentary discharge
and, therefore, a pulse of current. The pulses are counted by an appropriate
electronic circuit.

For alpha-ray counting, scintillation counters are now widely used.
In suitable crystals, ionizing radiations produce minute flashes of light
which can be magnified by a photo-multiplier and recorded by an electronic
circuit.

14
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Hazard to Sewage Workers

Let us now imagine a community of 100 000 souls with a water consump-
tion of 30 gallons (140 litres) per head per day or, say, 1000 litres each per
week for the whole community. This is probably a low figure for an actual
community, but will introduce a factor of safety. It is unlikely that there
would be one therapeutic use of radioisotopes requiring 100 mc a week,
and probably in most weeks the amount of radioisotopes used would not
average more than 30 mc at the hospital. At the moment, industrial and
research uses of radioisotopes (except, of course, at atomic energy establish-
ments) are usually less than those in hospitals. Not all the radioisotopes
used will be discharged to the sewers and no doubt considerable decay will
occur before discharge. Thus, on the average throughout the year, the
discharge of radioisotopes is unlikely to exceed 10 mc per week.

The average concentration of radioisotopes in the sewage will therefore
probably not be greater than 10-7 ,uc/ml. The radioisotopes discharged will
probably be entirely beta-emitters, since no alpha-emitters are used for
oral therapy or for industrial purposes. Reference to Table C.VIII of the
ICRP recommendations 51 will show that this level is below the maximum
permissible level for every beta-emitting radioisotope except strontium-90,
for which the level for the general public is 8 x 10-8 uc/ml.

Suppose now that this sewage after treatment is discharged to a small
stream which is used for drinking by cattle just below the outfall and which
ultimately flows into a river used as a public water supply. Before the radio-
isotopes, already below drinking-water permissible levels in the sewage,
are ingested by humans there is a further reduction in concentration:

(a) by removal of radioisotopes at the sewage works;
(b) by dilution of the sewage effluent in the receiving stream;
(c) by removal of radioisotopes by adsorption on silt, algae, etc., in

the stream;
(d) by removal of radioisotopes at the waterworks;

(e) by decay.
Altogether, it is easily seen that such a sewage presents no hazard to the
public water supply downstream.

The permissible levels for cattle are greater than those for humans and
the milk derived from cattle drinking water containing radioisotopes is
not more concentrated in radioisotopes than the feed water. Thus, the stream
is safe for cattle. It would also be safe for bathing; and fish taken from the
stream could be eaten safely.

The radioisotopes will not be discharged uniformly to the works and
occasional flushes of sewage containing ten or a hundred times the average
amount of radioactive material may arrive at the works. Such flushes would
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soon be diluted in the sedimentation tanks, but in any case they would not
be hazardous to the sewage workers.

Let us now examine what happens if the radioisotope is retained at the
sewage works, instead of passing through with the effluent. The primary
solids have little adsorptive capacity,3 7 so that very little of the radioactive
material should be retained in the sedimentation tanks. If retention occurs,
it will be at the stage of biological treatment, either on the filters or on
activated sludge.

The principal contribution to the radioactive material in the sewage
would probably be made by the hospitals. The radioisotopes they discharge
have a short half-life. In order to simplify the problem for the purpose of
illustration, let us assume that a single radioisotope of half-life one week is
discharged (the radioisotopes used in greatest quantity are iodine-131 of
half-life 8 days and gold-197 of half-life 2.7 days). Assume further that the
weekly 10 mc is discharged in one batch at the beginning of the week.
If all this is retained by the filters, the 10 mc will have decayed to 5 mc at
the end of the week. This will increase to 15 mc at the beginning of the
second week when the next 10 mc arrives and the 15 mc will decay to 7.5 mc
by the end of the second week. If the calculation is prolonged, it will be
found that the amount on the filters increases asymptotically to 20 mc
and never exceeds it.

The 20 mc will be dispersed in the filter medium. If we assume a rather
high dose-rate of 100 gallons per cubic yard (600 litres per m3) per day on
the filters, the concentration of radioactive material in the filter medium
would be about 10-6 ,c/g, assuming uniform dispersion. Even if all the
radioisotopes are retained in the top foot of the filter beds, the concentra-
tion would be only 10-5 lc/g. These levels are about the same as those
found in dried soils and muds.

If the biological treatment is by activated sludge, the surplus sludge will
take radioactive material with it, and the amount in the aeration tanks
will not build up to so high a level as that in the filter beds.

In order to estimate the concentration of radioactive material in the dried
sludge, assume the amount of sludge to be 60 lb. (27 kg) per head per year.
Ifno decay occurred, the concentration in the sludge would be about 10-4 ,uc/g.
If about two months elapse before the sludge dries, considerable decay may
occur. It is advisable, if large amounts of long-lived isotopes are discharged,
to check the sludge occasionally.

The conclusion is reached that whatever treatment is given, whether
primary sedimentation only or full primary and secondary treatment using
filters or activated sludge, there is no significant irradiation of sewage
workers and no hazard in the disposal of the effluent or the sludge. It will
be appreciated, however, that each sewage is a problem in itself and the
sanitary engineer will normally take specialist advice in considering his
own problem. The discussion given here merely illustrates the problems
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which have to be considered and brings out the fact that at present no
hazard normally exists at the sewage works. Even discharges ten times higher
than those assumed would not be hazardous.

Now let us consider the situation downstream at the waterworks. The
more easily adsorbed radioisotopes will have been removed either in the
sewage treatment or by adsorptive processes in the stream. The possibility
of build-up on filters at waterworks is, therefore, remote. It is likely that
even the less readily adsorbed radioisotopes will be removed to a consider-
able extent before the water reaches the intakes.

The rate at which such removal occurs depends to some extent on the
concentration of the natural inactive isotopes in the stream. If the stream is
deficient in a particular element, so that living matter in the stream is starved
of that element, any discharge of that element into the stream, whether
radioactive or not, will be eagerly taken up and incorporated into the living
matter. In this way, undesirable concentration of a radioelement may occur.
It is desirable to keep in mind the possibility of local accumulation in
this and other ways, e.g., in silt accumulating at dams and obstructions.
Occasional checks of the radioactivity should be made.

It should also be noted that in estimating the building-up of radio-
active material in filters, a radioisotope of rather short half-life was assumed.
If there were an abnormally big discharge of an isotope of long half-life,
a much higher build-up would occur. At present, these long-lived radio-
isotopes are used only in small quantities.

Accidental Discharges

The foregoing sections have been concerned with the public-health
hazards which arise from normal operation. It remains to consider whether
accidents are sufficiently likely or their consequences sufficiently serious to
warrant additional precautions to safeguard the public health.

The accidental loss of radium needles is a well-known hazard, and their
tracking down with detectors is usually successful. With the increased use
of radioisotopes, such incidents will no doubt become more frequent.
Since the sources are closed, they present little hazard to the public in
general, although occasionally an individual may receive undesirably
large doses of radiation from handling them inadvertently. It does not seem
possible by regulation or otherwise to eliminate this danger, and the risk
probably has to be accepted.

The restrictions on the effluent from chemical plants processing irradiated
uranium will necessitate plants' being specially sited. In a national power
programme, it might be more economical to concentrate all such processing
at a few sites to which uranium from power plants supplying big cities would
be transported. Occasional transport accidents will no doubt occur.
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The uranium is often in the form of rods and is always enclosed (except
in the case of a homogeneous reactor, for which transport of uranium is
hardly feasible). If the rods remained intact, little hazard would arise pro-
vided there was adequate marking to warn against the danger of close
approach. However, if a fire occurred, which would be more likely with
road transport, the rods might take fire. Uranium and fission products
would be scattered as a smoke, and there might be serious local contamina-
tion. It seems desirable in the first instance that such transport should
avoid built-up areas so far as possible. A second precaution would be to
have a squad of men on call, previously trained for the emergency, who
would monitor the area, cordon it off and decontaminate it. Such decon-
tamination would almost certainly be by hosing and if the contaminated
wash-water were draining to a source of drinking-water supply, action
would be taken to suspend intake till the water could be shown to be safe.

This type of accident will be very rare. It seems undesirable to advise
water undertakers to equip themselves with instruments for use in such an
emergency. What is desirable is that maps of the routes used should be
prepared in advance so that the responsible officer could see immediately
what water supplies might be contaminated. He would be able to arrange
for the supply to be monitored in consultation with the water engineer.
It is hardly possible to make generalizations, but depending on the impor-
tance of the route contaminated and of the water supply at risk, a controlled
decontamination with constant monitoring might be arranged. It seems
unlikely that intake would have to be suspended for more than a few days.

It is easy to exaggerate the incidence and effects of such accidents.
Dangerous chemicals such as cyanides and chlorine, acids and alkalis have
long been transported by road without serious trouble. The inconvenience
occasioned by the rare accident, though regrettable, is part of our civilized
existence.
A more serious accident can arise at the reactor itself. An accident of this

sort occurred in one of the Canadian reactors; some of the uranium rods
melted and burned, with release of fission products. However, there was
no hazard to the public and the site was successfully decontaminated.

The accident here envisaged is not an explosion: there is no real possi-
bility that through foolishness or oversight a reactor will be converted into
an atomic bomb. What is envisaged is that the core of the reactor, containing
perhaps hundreds of millions of curies, should take fire and the radioactivity
be released as smoke. It need hardly be said that all sorts of safety devices
are incorporated and that everything is done to prevent an accident. When
an atomic power station costs tens of millions of dollars, it is common sense
to spend considerable sums to safeguard it.

The chief hazard in such an accident would be due to the fission pro-
ducts.73 The homogeneous reactor, in which the fission products can be
removed continuously, has certain advantages, therefore, from this point
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of view. Other reactors are inherently safe, losing reactivity as the temperature
rises. Where a remote possibility of accident still exists, as for example
with fast reactors, release to the surroundings can be minimized by enclosing
the reactor in a steel shell or by underground construction.

The only precaution which can be taken against this very remote pos-
sibility is to enclose sufficient land around the reactor, so that the land
which would be contaminated to a dangerous level is uninhabited by the
general public. Outside this area would be a zone from which evacuation
would be necessary after the disaster, and still farther out it would be
necessary to impose some agricultural restrictions, since, for example,
garden vegetables and milk from grazing animals might be unfit for con-
sumption.64, 73

The permissible levels applicable to a situation of this sort are not, of
course, the ICRP levels for continuous exposure. Levels for short-period
exposure have been evaluated,64 6 7 and these would be applied, in the
light of the results obtained by monitoring, to determine which people
should be evacuated. It might be necessary to " sterilize " areas for some
considerable period, but organized decontamination of the accessible
areas would no doubt begin soon after the disaster. There might be hosing
of paved areas and ploughing in of agricultural land.

Let it be repeated that this disaster is a very remote possibility.

Some Examples of Waste-Disposal Methods

Each waste presents its own problem. In order to adopt the most
economical method consistent with safety, the nature of the waste and of
the environment and probably also local customs and laws have to be taken
into account. Nevertheless, it may help to give short descriptions, taken
from the open literature, of methods used at some atomic energy establish-
ments.

(a) Atomic Energy Research Establishment, Harwell, England

The handling of liquid wastes has been described by Wilson 98 and
Burns.8 There are three drains for radioactive waste, for clean (i.e., inactive)
waste, and for sewage and storm water respectively. The high-level radio-
active wastes are stored in carboys as far as possible and only low-level
wastes are discharged to the drain. As an added precaution, storage tanks
are provided outside each building likely to contain radioactive material.
The liquid in these tanks is tested before release to the drain, and if very
active is removed by tanker for treatment with the carboy wastes. The
latter are stored and, after suitable decay, released as opportunity offers
to the treatment plant. The active drain is of conventional spigot and socket
pipe, with arrangements for regular pressure testing between manholes.
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The treatment plant consists of two 300 000-gallon (1350 m3) pre-
treatment tanks with stirrers, where the effluent is analysed and, if necessary,
treated for removal of radioactive materials; two clariflocculators, where
the sludge is settled and drawn off to a press or centrifuge; and two post-
treatment tanks, where the treated effluent is analysed and either discharged
into the River Thames or returned for further treatment. In addition,
there are twelve storage tanks, each of 12 000 gallons' (55 000 litres) capacity,
for the highly active, small volume wastes.

This, the main effluent treatment plant, handling 500 000 gallons
(2 300 000 litres) a day, has recently been supplemented by a new plant
for the medium- or high-activity wastes. It consists of stainless-steel treat-
ment tanks with stirrers and conical bottoms for running off sludge. The
sludge is filtered in stainless-steel filter heads with cambric filters. An
evaporator has also been constructed. It is of the single-effect type, consist-
ing of a steam coil in a tank. A pancake coil just above the liquid surface
acts as foam breaker. There is a column packed with 3-inch (7.5 cm),
rings to a height of 10 feet (3 m). This is followed by condenser and cooling
units.

The effluent from this establishment is discharged into the River Thames,
the source downstream of London's drinking water. It was clear that with
such a large population involved, very stringent limits would be set. The
appropriate British committee recommended that the following limits
should apply to the river at the point of discharge

4 x I0-10 ,uc/ml of radium
2.4 x 10-9,tc/ml of other alpha-emitters
2 x 10-8,uc/ml of radiocalcium and radiostrontium
10-6,uc/ml of other beta-emitters

It is interesting to compare these figures with the following recently recom-
mended ICRP maximum permissible levels for large populations:

4 x 10-9,tc/ml for radium
5xl0-8Ic/ml for thorium, the next most dangerous alpha-emitter
8x 10-8,c/ml for strontium-90
7xl0-6tc/ml for strontium-89
10-5,uc/ml for calcium-45
6 x 10-6,uc/ml for iodine-131, the next most dangerous beta-emitter

Thus, the limits applied to the River Thames at the point of discharge
are considerably lower than the permissible levels for drinking water for
large populations. They are probably the lowest levels specified for any
radioactive discharge, and it is hardly surprising that at London's intakes
there is no detectable radioactive content above the natural level. Indeed,
it is hardly detectable just below the outfall.
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(b) Windscale works, Cumberland, England

After preliminary experiments with fluorescein to estimate the probable
movement and dilution of effluent released at different distances from the
shore and under different conditions of wind and tide, it was decided to
carry the effluent through a pipe-line extending nearly two miles (3 km)
out to sea.79 The work indicated that there would be an immediate dilution
of at least 104. After this immediate dilution, there is a slower dilution by
eddy diffusion and the effluent as a whole is carried away by tidal currents.
Simultaneously, there is removal by adsorption on sand and mud and
incorporation in living matter (fish, seaweed and shell-life). These processes
of concentration are responsible for the hazard to the general public. The
problem is really far too complex for solution by theoretical or laboratory
techniques, but these were employed to set preliminary very safe levels
so that, even with very conservative estimates, the general public would
not be subject to more than permissible levels. Although the population
involved was small, it was thought desirable to adopt one-tenth of the
ICRP levels, i.e., the " large population " levels. The preliminary limits
were 2 curies/day of radiostrontium, 10 curies/day of radioyttrium, 100
curies/day of radioruthenium, 100 curies/day of radiocaesium, 10 curies/day
of radiocerium, 0.1 curies/day of alpha-emitters and 50 curies/day of other
beta-emitters.25

With these limits as a basis, the first discharge was made and was
shown to be quite safe. Gradually, the amount of radioactive material
discharged was increased and simultaneous observations were made of the
activity in sand, mud, fish and seaweed. Of all the possible hazards-e.g.,
swimming, walking on the shore, fishing, and so on-it has been found
that the limiting hazard arises from ingestion either of fish or of seaweed.33

The fact that an edible seaweed grows on this coast is unusual; but
for this, most of the limits could be considerably greater. The original
preliminary limits have been revised somewhat as the result of this work
and simplified. They are now set as follows: 5 curies/day of radiostrontium,
20 curies/day of radioyttrium, radiocerium and other rare earths, 100 curies/
day of radioruthenium, 0.3 curies/day of alpha-emitters and 50 curies/day
of other beta-emitters. As information on the effects of the discharge
accumulates, it may be possible to raise these levels.

It should be understood that the effluent here referred to is the large
volume, low activity effluent; the great bulk of the activity cannot be dis-
charged to sea and is stored permanently.

(c) Hanford works, Richmond, Wash., USA

This is a plutonium-producing plant with water-cooled piles. From the
chemical-processing plant, radioactive fission-product gases are discharged
through stacks. There is a constant monitoring service measuring the
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radioactive content of the air, earth and vegetation, checking that no
health hazards arise. The principal gaseous fission product is radioiodine.
The amount emitted depends to a considerable extent on the cooling period
given to the irradiated uranium.22' 90

The small volume, highly active waste is concentrated by evaporation
and stored in underground tanks.90

The cooling water for the reactors is drawn from the Columbia River.
The water is treated by coagulation with alum and, when necessary,
activated silica, filtered through sand, and chlorinated. Sodium bichromate
is added to prevent corrosion.'7 After passing through the reactors, it
contains radiosodium and radiomanganese, smaller amounts of radio-
phosphorus and bare traces of radioiron and radiocalcium, formed by
the irradiation of the inactive isotopes of these elements by the neutrons
in the reactor.90

The first two of these radioisotopes, which account for most of the
activity, have rather short half-lives (15 hours and 2.6 hours, respectively),
so that considerable reduction of activity occurs in the first few hours.
The water is, therefore, held in retention basins before release to the river.
Only radiophosphorus is concentrated in living organisms to any extent
and, probably because of the low level of phosphorus in the river, very
high concentration factors have been found-more than 100 000 in algae.
Nevertheless, the radioactive content of fish is not harmful when ingested,
and the river water below Hanford contains less than a tenth of the
maximum permissible levels. There are public water intakes some forty
miles (65 km) downstream.

Ground disposal of radioactive waste is also practised.7 Experimental
releases were made to sumps 3-6 m below the ground surface, which is
well above the ground-water level (100 m). Test wells have been bored
to determine the distribution of radioisotopes in the soil. It has been
found that radioruthenium is most mobile, while dangerous isotopes like
plutonium and radiostrontium are quantitatively retained immediately
around the disposal area. It is found that salts in the waste cause smaller
retention.

Based on these findings, ground disposal is now practised as a routine.
Assuming a travel time of fifty years to the river, it is considered undesirable
to allow significant contamination of ground water with radioisotopes
of half-life greater than three years. When trace contamination is detected,
use of that particular soil column is discontinued; to avoid interference
of adjacent columns, they are spaced 30-50 m apart.

Wastes so discharged to the ground are process waste streams from
which most of the fission products have been removed for underground
tank storage, e.g., condensates from evaporation of high activity wastes,
moderate activity wastes from the I4ter stages of the separation processes,
and dilute solutions from leaks and decontamination. Some 109 litres
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containing several hundred thousand curies have been discharged in this
way.

It should be realized that every waste so discharged is first analysed
and its retention on the site soil evaluated. Conditions at other sites might
be very different. In particular this site is in an area of low rainfall.

(d) Brookhaven National Laboratory, Long Island, N.Y., USA

The air for cooling the reactor-300 000 cubic feet (8500 m3) per
minute-is pre-filtered to remove dusts, which would become radioactive.5
The air is discharged through a stack 300 feet (90 m) high, so that radio-
isotopes, principally radioargon, formed by neutron irradiation of the
air are reduced to a safe level before reaching ground level. There is
continuous monitoring of the surroundings to check this.

The sanitary sewage, ordinary laboratory wastes and low-level radio-
active wastes from local hold-up systems flow together through a common
tile pipe to the treatment plant, which consists of an Imhoff tank for sludge
settling and six intermittent sand-filters, each six feet (2 m) deep and about
an acre (0.5 ha) in area. About 223 000 gallons (1 000 000 litres) a day
are discharged. Laboratory experiments have shown 90% and more
removal of radiophosphorus radioiodine, radiostrontium and mixed fission
products, and it is estimated that at the present rate of discharge of radio-
isotopes (3 x 10-6,uc/ml), the beds will function efficiently for many years.35

The high-level radioactive waste is concentrated by vapour-compression
evaporation.63 A fibreglass filter removes mist carried over. The pH of
the waste is kept as close as possible to 7 to prevent foaming. The unit
is capable of handling 300 gallons (1350 litres) an hour, and has a decon-
tamination factor of 107. The effluent has to conform to a limit of
3 x 10-6 ,uc/ml. The sludge, amounting to 1 % or 2% by volume, is hardened
in cement and disposed of at sea.

(e) National Reactor Testing Station, Idaho, USA

Domestic sewage and radioactive laundry waste are treated together
in a conventional trickling filter with recirculation.30 The latter waste is
about 10% of the total. Laboratory studies have indicated that a recircula-
tion ratio of 5: 1 may give best results. Primary sludge is pumped to a
digester and after digestion to drying beds. It seems probable that the
digested sludge will contain so much radioactivity that special handling
may be required. About 90% of the radioactivity is in the sludge; the other
10% is in the effluent, which is discharged to the ground.

(f) Los Alamos Scientific Laboratory, New Mexico, USA

The liquid waste contains 100 to 500 000 counts per minute per litre
and the limit set to the effluent is 165 counts per minute per litre.'4
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To achieve this, the waste, which varies widely in pH (2 to 13), is neutralized
in storage tanks (2 days' storage at 70 gallons (300 litres) per minute
for an 8-hour day), from which the waste flows for treatment to flocculators
and settling tanks and filtration through sand.

Ferric salts are used for the chemical treatment, followed by 3 to
6 hours' sedimentation. There are three rapid sand filters, each 17 square
feet (1.5 m2) in area, operating at 1 to 3 gallons per minute per square
foot (45-140 litres per minute per m2). The settled chemical sludge is
concentrated in a tank and dewatered on a drum filter, 1 foot (30 cm)
wide and 3 feet (90 cm) in diameter. The filter cake is drummed and buried.

The average activity of the effluent is about 50 counts per minute per
litre, compared with the permitted 165. It is discharged to a canyon which
is usually dry and later disappears in the sandy soil. As might be expected,
there has been a gradual increase in the activity of the soil, but without
hazard to health.

(g) Oak Ridge National Laboratory, Tennessee, USA

The active liquids are concentrated in a simple pot-type internal steam-
coil heated evaporator which gives a volume reduction of 60:1.88 The
concentrate is transferred to storage tanks where, on cooling, the solids
separate and the supernatant is pumped back. The design rate of operation
is 300 gallons (1350 litres) an hour at atmospheric pressure, and decon-
tamination factors of up to 105 are obtained, although the average value
is 3x103.

This method of disposal became inadequate early in 1951, because of
limited storage capacity, and rather than instal additional costly storage
space, disposal to ground was tried. Three waste pits have been built for
storage of medium-activity wastes (1/300 to 1/30 curies per gallon) and about
26 000 curies of beta-activity in nearly 2 million gallons (10 million litres)
have been discharged to two of them (each 210 feet x 100 feet x 15 feet)
(64 m x 30 m x 4.5 m), the first being a smaller experimental pit.

The ground is a relatively impermeable shale. Observations in sampling
wells have shown that radioruthenium and nitrate are very mobile, but that
all other radioisotopes present (caesium, barium and strontium) are retained.
Ruthenium and nitrate were detected 85 feet (26 m) away after six weeks
and broke through to a surface stream 500 feet (150 m) away after two years.
Before high-activity wastes can be discharged to the ground, more experi-
mental work is required.

REVIEW

Although the immediate burning of the skin by relatively intense sources
of radioactivity was appreciated in the very early days, the fact that smaller
sources, producing no immediate visible effect, could harm and indeed be
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fatal was realized only slowly because the effects did not develop until
years after the irradiation and were similar to those of known diseases.
In consequence, the pioneer workers developed blood diseases and suffered
skin injuries. Even in quite recent years, there have been injuries to the eyes
of scientists working with high-energy radiation machines.

Similar injuries to the body are caused by the inhalation and ingestion
of radioactive materials. In this case, the site of injury depends on the
behaviour of the radioisotope in the body, and is especially severe if, like
those of iodine, radium and strontium, it concentrates in a particular organ
of the body. Malignant bone diseases from ingestion of radium and cancer
of the lung from inhalation of radon are recognized as occupational hazards.

The fact that no cure or treatment of these diseases is known must make
for caution in estimating maximum permissible levels. Recently, the ICRP
has made comprehensive recommendations for such levels. They apply
in the first instance to workers subject to irradiation in the course of their
occupation, and it is recommended that when large populations are
exposed, the permitted levels should be a tenth of those recommended for
occupational workers.

At the present stage of development of the atomic power industry and
of the use of radioisotopes, no particular difficulty is met in achieving these
levels by means of conventional methods of waste disposal, except with the
high-level liquid wastes, consisting largely of fission products, from the
chemical processing of irradiated fuel elements and with the contaminated,
non-combustible, solid wastes. These wastes must be stored; fortunately,
since the liquid wastes are of small volume, storage is not expensive, but
the possibility of leakage to ground waters must give rise to some apprehen-
sion when atomic power is widely used. For this reason, methods of fixing
the fission products in solid form, e.g., by adsorption on clay or by incorpora-
tion in cements or ceramics, have been investigated. Alternatively, it seems
that a process based on chemical precipitation of the two long-lived fission
products, radiostrontium and radiocaesium, might succeed, for the remain-
ing fission products, after storage for ten to fifteen years, would decay to
levels which could be disposed of without difficulty.

The wide development of atomic power must bring an increase in radio-
active wastes. In the research and plutonium-producing reactors which have
hitherto been built, the heat produced has been a by-product to be dispersed
to the surroundings either in coolant air or in coolant water. Such coolants
are radioactive and present a disposal problem. No such problems will
arise from atomic power stations since, in order to use the heat, the coolants
will operate in closed circuits.

However, these stations will bring an increase in fission products at the
chemical-processing plants. The discharge to the atmosphere at these
plants carries radioiodine, one of the fission products. Most of the iodine
isotopes are short-lived, so that the discharge of radioiodine can be con-
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trolled by adjusting the period between the discharge of the fuel from the
reactor and its processing. The real problem is the increase in the low
volume, high-level radioactive waste.

It is inevitable, as the atomic power industry grows, that there will be an
increase in the level of radiation to which the general public is subject, and
this must involve an increase in gene mutations. Our knowledge of this
subject is quite small and there is a considerable difference of opinion
amongst the experts. Probably, the best course is to compare the additional
dose of radiation with the normal background dose and to argue that, at
worst, the mutation rate can increase only in that proportion. The sanitary
engineer will normally be advised by an appropriate national committee on
this difficult problem.

In this paper, an attempt has been made to describe in some detail the
fundamental principles governing the safe disposal of radioactive wastes
and to illustrate them by an account of methods used at the principal
atomic energy establishments. Many of the references cited will serve as a
guide to further study of the topics to which they relate. With this in mind,
general reviews have been cited wherever possible.

Some additional valuable references may also be cited. There are three
good accounts of types of reactors for atomic power 13, 45, 71-the first and
last, series of articles, and the remaining one, a recent booklet. At the
International Conference on the Peaceful Uses of Atomic Energy, held in
Geneva in 1955, a clear general description was given of the damage caused
by ionizing radiations 83 and a general article was presented by the World
Health Organization on the protection of public health.100 Gorman's
excellent summary is also valuable.4' A good account of the methods
available for the treatment of liquid radioactive wastes has been given by
Straub.85

The general picture emerges that at present the operations of the atomic
energy industry are conducted without hazard to the general public. It will
be the duty of sanitary engineers to maintain this position as the industry
expands and reaches out into new fields. Already, there is talk of the utili-
zation of energy from the fusion reaction, in which atoms of light elements
combine to form heavier atoms with release of atomic (strictly, nuclear)
energy.'2 As research, now proceeding at an enormous 'pace, reveals more
and more of the nature of the forces binding the atomic nucleus, it may be
hoped that new sources of nuclear energy will appear. This exciting new
industry is well worth the effort required to grasp its somewhat novel ideas
and terminology.
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Annex

SUMMARY OF RADIOACTIVE DISCHARGES

A. Gaseous and Particulate Wastes

1. Air-cooled plutonium-producing reactors and research reactors
Discharge to atmosphere through tall stacks, after filtration of particulate matter.

Constant monitoring of surroundings. Gases may be scrubbed.
2. Power reactors

Negligible discharge, except with homogeneous reactors, which incorporate their own
fuel-processing plant and need same precautions as (3) below.
3. Fuel-processing plants

Discharge to atmosphere through tall stacks. Fuel is allowed to " cool" for a
sufficient period to allow decay of radioiodine particularly. Gases are usually scrubbed.
Constant monitoring of surroundings, e.g., grass, soil, animals.
4., Uranium recovery from ores

Disperse to atmosphere through stacks after filtration.
5. Uranium-enrichment plants

Negligible discharge.
6. Laboratories at atomic energy establishments

Disperse to atmosphere at roof level or above, sometimes with filtration.
7. Incinerators

Disperse to atmosphere, usually without filtration.
8. Hospitals and users of isotopes

Negligible.

B. Liquid Wastes

1. Water-cooled plutonium-producing reactors and research reactors
Cooling water is pre-treated to remove elements which become very radioactive under

neutron bombardment. Discharge to river or sea after short detention to allow decay.
2. Power reactors

Negligible, except with homogeneous reactors (see (3) below).
3. Fuel-processing Plants

(a) Very active, small volume waste, containing bulk of fission products, is stored
permanently after volume reduction by evaporation or other methods. Methods of
absorbing or incorporating in solids are actively being investigated. Disposal to ground
is also under investigation. Removal of radiocaesium and radiostrontium by chemical
precipitation would leave a relatively fast decaying waste which might be disposed of
as low-activity waste after 10-15 years.

(b) Some medium-activity wastes have been discharged to ground. A site is used
till underground water is just detectably contaminated.

(c) Low-activity, high volume wastes may be discharged to sea after treatment by
conventional coagulation.
4. Uranium recovery from ores and uranium-enrichment plants

Discharge to river after treatment for uranium recovery.
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5. Laboratories at atomic energy establishments
Discharge to rivers after treatment by coagulation and settling. Some waste may

have to be stored, but it is usually of quite small volume.
6. Hospitals and users of isotopes

Discharge to sewers or rivers without treatment, except for discarded "closed"
sources.

C. Solid Wastes

1. Sludge from liquid-waste treatment
Drum and dump at sea.

2. Contaminated equipment from atomic energy establishments
Suitable items may be dumped at sea. Combustible material is burnt. The rest is

stored permanently.
3. Hospitals and users of isotopes

Combustible material is burnt, e.g., in hospital incinerator. Solid waste is normally
not unduly active and could be buried at municipal dump. It is important to avoid
salvage.

RtSUMt

L'utilisation croissante de l'energie nucleaire a pose de nouveaux problemes a l'in-
genieur sanitaire, en particulier celui de l'evacuation des dechets radioactifs des reacteurs,
des usines travaillant les minerais radioactifs, des laboratoires de recherches et des hopitaux
employant des isotopes radioactifs. Afin de parer aux dangers que ces materiaux peuvent
presenter pour la sante publique, des normes - ou niveaux maximums de radiations
ont ete specifiees, sur le plan national, d'apres les recommandations de la Commission
internationale pour la Protection contre les Radiations, qui groupe des experts techniques
de divers pays. I1 incombe i l'ingenieur sanitaire d'elaborer des methodes de traitement
ou d'elimination des dechets qui permettent d'observer ces normes.

Avant d'aborder l'aspect technique de la question, l'auteur passe en revue les principes
generaux de la radioactivite, de la fission nucleaire, des radio-isotopes, des effets des
divers types de radiations ionisantes. Les dangers des radiations ne peuvent etre appr6ci6s
par les sens puisque les effets, parfois graves et mortels, ne se manifestent souvent qu'apr6s
plusieurs annees. Ces dangers varient selon l'6lement radioactif, la sensibilite du sujet,
la voie de penetration (ingestion, inhalation, contact cutane ou blessure). Pour etablir
des normes, il faut en outre prendre en consideration la localisation de l'el6ment radio-
actif dans l'organisme (le radium et le radiostrontium dans l'os oti le radio-iode dans la
thyrolde, par exemple), la vitesse et le taux d'excretion et les caracteristiques de la sub-
stance radioactive elle-meme. Compte tenu de ces facteurs, le chiffre de 0,3 r par semaine
(1 roentgen (r)=absorption d'energie de 93 ergs par gramme de tissu corporel) a ete
retenu pour les travailleurs que leur profession expose continuellement aux radiations. Ce
chiffre est dix fois moindre (0,03 r par semaine) s'il s'agit de vastes groupes de population
exposes de fagon prolongee. Dans ce cas, on prend en consideration les effets g6n6tiques
des radiations. D'apres les experiences sur l'animal, on sait que toute dose de radiations,
si faible soit-elle, augmente la probabilite de production de mutations.

La quantite de radiations autoris&e par les normes vient s'ajouter a celles que l'or-
ganisme humain re9oit naturellement du milieu ambiant (air, eaux, sol) et du bombar-
dement par les rayons cosmiques. Ces quantites naturelles varient avec la nature du sol
et l'altitude.

Les dechets radioactifs de l'industrie et des laboratoires doivent etre evacues de fagon
que le chiffre maximum de radiation autorise ne soit pas depass6. Pour satisfaire a cette
exigence, il est necessaire, le plus souvent, de traiter les dechets avant de les eliminer.
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On concentre les dechets liquides, de facon que les residus les plus actifs se trouvent sous
un faible volume, on disperse dans les eaux ou l'atmosphere les residus liquides peu actifs
et les residus gazeux (apres filtrage ou lavage eventuel). On eloignera les residus solides
de tout contact humain en les enfouissant dans des endroits judicieusement choisis, ou
en les immergeant dans la profondeur des mers ou des oceans. Actuellement, aucun
accord international ne regle encore ce mode d'evacuation. Le National Bureau of Stan-
dards des Etats-Unis recommande que ces depots se fassent a des profondeurs depassant
2000 m. L'incorporation des boues et des liquides tres actifs 'a des matieres solides telles
que l'argile ou le ciment est a l'etude, ainsi que la precipitation chimique du radiocaesium
et du radiostrontium - dont la demi-periode de vie est particulierement longue.

Les procedes appliques actuellement dans certains laboratoires et usines d'Angleterre
et des Etats-Unis sont brievement decrits.

L'auteur conclut que, presentement, les diverses op6rations qui se deroulent dans les
usines et laboratoires mettant en jeu l'energie nucleaire sont conduites de fagon que le
public soit 'a l'abri des risques d'irradiation excessive. Une des taches de l'ingenieur
sanitaire sera de maintenir cette marge de securite 'a mesure que l'emploi de ce type
d'energie se generalisera. D'autre part, les recherches qui se poursuivent activement
font entrevoir l'emploi de nouvelles formes d'energie nucleaire, telles que celles qui
resultent de la fusion d'elements legers.
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