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Sanitary Engineering Aspects of Nuclear Energy
Developments*

A. W. KENNY 1

So many developments have taken place in the field of nuclear energy since 1956, when
the author's previous paper on radioactive waste disposal was published in the Bulletin of
the World Health Organization, that afresh review of the subject is now appropriate.

The present paper deals with those aspects of the problem which are of most interest to
the sanitary engineer. It considers specific points in the latest recommendations of the
International Commission on Radiological Protection in relation to public drinking-water
supplies, and examines the problem offall-out, with special reference to the presence and
significance of strontium-90 in drinking-water. A general survey of the various uses of
radioactive materials is followed by a discussion of the legislative and control measures
necessary to ensure safe disposal of wastes. The methods of waste disposal adopted in a
number of nuclear energy establishments are described in detail. The paper concludes with
some remarks on solid waste disposal, siting ofnuclear energy industries and area monitoring.

A brief exposition of some of the basic facts of
radioactivity and the principles on which permissible
levels are set appeared in an earlier paper, concerned
with the disposal of radioactive wastes (Kenny,
1956). Since its publication there has been so much
progress in the development of nuclear energy that
most of what I said then is common knowledge and
there now appears little need to devote any con-
siderable space to such matters. However, the great
mass of published work, notably at the two United
Nations Conferences on the Peaceful Uses of Atomic
Energy (United Nations, 1956, 1958), perhaps
makes it difficult for the non-specialist to obtain a
balanced over-all view; and unfortunately this
particular subject does not lack vigorous exponents
of minority views to make it all the more difficult to
reach a sensible viewpoint.

Moreover, since 1956 there have been important
developments in our approach to the health hazards
of ionizing radiations which have received pro-
minence in an important United Nations report
(United Nations, Scientific Committee on the
Effects of Atomic Radiation, 1958), in reports of
naticnal advisory bodies (Great Britain, Medical
Research Council, 1956; United States, National
Academy of Sciences, National Research Council,
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Sanitary Engineers, convened by the WHO Regional Office
for Europe in October 1960.

1 Senior Radiochemical Inspector, Engineering Division,
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1956) and in new recommendations of the Inter-
national Commission on Radiological Protection
(1959a). Also, the International Atomic Energy
Agency has emerged as a United Nations body
concerned with radioactive waste disposal.

It seems appropriate, therefore, to attempt a new
review of the topics of most interest to sanitary
engineers. Broadly we may define their interests as
primarily the effect of the atomic energy industry on
man and his surroundings; but their interests extend
more widely to the psychological reaction of the
public and the legal powers necessary for the control
of the hazards of ionizing radiations.
While there are still many gaps in our knowledge

of the effects of ionizing radiations on man, it is
nevertheless true that we know far more about their
effects than we do of most, if not all, chemical and
biological pollutants. In many waters drunk by
large populations there are detectable amounts of
organic material. I know of no case where the
chemical nature of this material has been identified;
and I know of no studies of its genetic effect when
regularly consumed in such small quantity. When
we consider the effect of radioactive materials,
we commonly are concerned with much smaller
concentrations of material, yet we make a real and
serious attempt to evaluate the genetic and somatic
consequence. It is small wonder that when we
consider these very tiny effects we have difficulty in
deciding whether they exist, and if they do, whether
it is worth while doing anything to lessen them.
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THE BIOLOGICAL EFFECTS

Almost as soon as X-rays and radioactive materials
were discovered, it was recognized that ionizing
radiations can cause bums, and later it was learnt by
unfortunate human experience that they can cause
cancers. It was ultimately possible to fix levels of
radiation below which these effects did not occur.
But from about 1930, with Muller's work on

Drosophila, it was recognized that at least one effect
of ionizing radiations-namely, the mutagenic
effect-still occurred below these levels in experi-
mental animals and probably also in man. It was
also recognized that there was probably no threshold
for this effect; that is, if the dose of radiation deliv-
ered to the gonads of the animal were reduced, the
number of mutations would be reduced but would
never become zero unless the dose of radiation
were zero.

This experimental result imposed a clear duty
upon those handling radioactive materials to reduce
the gonad dose of the population, whether received
directly in handling the materials or indirectly
through release to the environment, to the lowest
practicable. This theme recurs in therecommendations
of appropriate bodies and should be regarded as the
first principle in protection from ionizing radiations.

In recent years, considerable attention has been
paid in research in this field to determining whether
there are other effects of ionizing radiations which,
like the genetic effect, may persist to extremely low
doses of radiation and may have no threshold. It is
now thought that the development of leukaemia and
the shortening of life may be such effects. On the
other hand, the careful work of the Russells on
genetic effects in the mouse is causing some revision
of our ideas on the relation between genetic effect
and dose, so that, while the balance of evidence still
favours the absence of a threshold, perhaps nobody
would now be quite so certain that it is so.

It is well for the sanitary engineer, therefore, to
recognize the slow development of views on the
effects of ionizing radiation and to recognize that
no final expression of opinion is now possible. In
writing a simple presentation of such a topic, we
tend to oversimplify and so become inaccurate. We
speak of the genetic effect; but there are so many
genetically acquired characteristics that we are
clearly simplifying to a dangerous degree. We speak
of shortening the life-span; but the span of life
naturally ended is determined by so many factors

that again the simplification in our terminology may
be dangerously misleading.
So many matters remain unresolved, so many

questions unanswered, that a simple unequivocal
statement cannot properly be made. The sanitary
engineer will do well to assume that when such
statements are made, the majority of experts (and
probably the great majority) would not subscribe to
them. The safe course is to assume that there may
be non-threshold effects of ionizing radiation, that
indeed the genetic effect is probably non-threshold,
and that his duty is therefore to limit the irradiation
of the population (and particularly the gonad
irradiation) to the lowest practicable.
We must examine a little more closely what is

meant by this phrase "lowest practicable ". To
many, an important factor in deciding, for example,
whether a particular method of disposal of radio-
active waste is practicable will be the cost. The
cost is not the only factor and if an important
reduction of irradiation can be achieved by small
additional cost, the sanitary engineer would normally
prefer the dearer method because it achieves a lower
irradiation, which most of us would consider worth
while.
But ultimately in considering any particular

problem, the sanitary engineer may have to decide
whether he should achieve a small reduction of
irradiation at a big increase in cost. He will ask
whether the cost is justified. The problem then
ceases to be an objective technical evaluation, and a
subjective choice must be made bearing in mind the
attitude of the public to whom the sanitary engineer
is responsible and consequently what cost they are
willing to bear.
Those responsible for controlling radioactive

wastes have an important role to play here. If too
much time and effort is spent on achieving a minor
reduction of irradiation, it will be at the expense of
other sectors of public health. The final result of a
too cautious attitude to radiation hazards may then
be an actual lowering of public health because of
insufficient attention to other aspects. It is important
to balance these demands and to educate the public.
However, it should be recognized that in different
countries the relative demands of different sectors
of public health vary considerably and it will not be
surprising to find technical advisers recommending
different solutions.
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Assuming that everything feasible has been
done to restrict the irradiation to the lowest practic-
able, there still exist definite limits beyond which
man should not be irradiated. These are known as
the maximum permissible doses. The latest recom-
mendations of the International Commission on
Radiological Protection (ICRP) have recently been
published, and show important differences (amount-
ing to substantial reductions) from those previously
published (International Commission on Radio-
logical Protection, 1959a).

It is not our purpose to enter into a detailed
discussion of these recommendations, but we wish
to draw attention to some specific points arising in
their application. The maximum permissible level
for occupational exposure implies a maximum
weekly dose of 0.1 rem.' For members of the public
living in the neighbourhood of a controlled area, the
total annual dose should not exceed 1.5 rem. For
the population at large, the maximum permissible
level is 0.5 rem per year. These doses are in addition
to background and medical doses.

It will be clear that the implementation of these
recommendations requires that in any country there
should be one department of government responsible
for assessing the cumulative radiation dose to the
population at large. Moreover, in order that the
different departments of government may effectively
control the mode or modes of exposure falling within
their particular sphere of responsibility, it is impor-
tant to assign quotas of the maximum permissible
dose to the different modes of exposure.
The sanitary engineer, responsible primarily for

water supply and waste disposal, should be aware
that he is responsible for only part of a general
public health problem.
The total radiation received by the population or

by any individual in the population will be made up
of contributions from several sources-for example,
external gamma-radiation from the natural radio-
active substances in the environment, including
his home; therapeutic and diagnostic radiation;
internal and external radiation from the fall-out;
internal and external radiation from waste disposal;
occupational exposure; and so on. Of these, the
first two are expressly excluded from our considera-
tion in the ICRP recommendations, as we have seen.
The total from the other sources must conform to
the recommended levels.

1 For a definition of this unit and other fundamental units
and terms in this field, see: United Nations, Scientific Com-
mittee on the Effects of Atomic Radiation (1958).

In order to assist calculation of the dose of radia-
tion received when radioactive materials are inhaled
or ingested (internal radiation), Committee II of the
ICRP has published a comprehensive and very
valuable list of maximum permissible concentrations
in air and water (International Commission on
Radiological Protection, 1959b). Unfortunately,
there has been some misuse of these values and
in order that he may be able to use them cor-
rectly the sanitary engineer should read the report
of this Committee very carefully and pay full
attention to the Committee's warnings as to their
limitations.

In the first place, the concentrations are calculated
from biological data obtained mainly in animal
experimentation. The mathematical treatment of the
experimental results involves certain approximations,
and a further uncertainty is clearly involved in
transferring the results from animals to man. The
figures should be regarded, therefore, as the best
available at the moment but subject to future
revision as our knowledge increases and becomes
more precise. Normal practice of the sanitary
engineer will in any case dictate to him that he should
reserve a margin of safety and work to lower figures.
The maximum permissible concentrations are

calculated so that if either air or water at these levels
were continuously inhaled or ingested for a lifetime,
the recommended maximum permissible levels (as
given earlier) would be achieved. It is obvious, then,
that these are not tolerable concentrations as
normally used by the sanitary engineer. For if a
public drinking-water were put into supply at the
maximum permissible concentration, the consumers
would receive more than the recommended maximum
permissible level of radiation if they were subject to
radiation from another source (other than back-
ground and medical exposure).

Again, the maximum permissible concentrations
relate to specific radionuclides but their effects
(as distinct from the normal case of ordinary toxic
materials) are additive. With, for example, nitrate
and lead in a water supply, the sanitary engineer is
used to considering each separately and working to
separate tolerances. With radionuclides, this pro-
cedure cannot be followed: the total radiation from
radionuclides must be evaluated.

Finally, it should be remarked that the maximum
permissible concentrations relate to continuous
inhalation or ingestion for the stated periods. For
short-term exposure quite different maximum
permissible concentrations apply.
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Similar remarks on the application and use of
maximum permissible concentrations were made in
a previous paper (Kenny, 1956). My excuse for
repeating them here is that there is still widespread
misunderstanding. If the sanitary engineer, called
upon to advise on problems of exposure to ionizing

radiation, has not been able to study these points
thoroughly and master the ICRP recommendations,
he would be well advised to seek expert advice rather
than to attempt to apply the maximum permissible
concentrations blindly.

FALL-OUT

In recent years, the sanitary engineer has been
faced with the problem of widespread deposition of
artificial radionuclides from the fall-out from so-
called thermonuclear or hydrogen or megaton bombs
(United Nations, Scientific Committee on the Effects
of Atomic Radiation, 1958). The vehement emotio-
nal arguments for and against their continued testing,
coloured of course by national and ideological con-
siderations, may have left him confused to know
where the balance of advantage lies. We shall
attempt to examine and assess the situation in simple
terms as an illustration of the principles discussed in
the previous section and in order to answer some
questions which fall-out poses for the sanitary
engineer.

Radionuclides formed in megaton weapon tests
are blown to very high altitudes by the explosion and
then slowly, over many years, fall back to the earth's
surface. During this time they are carried by the air
currents in high altitudes and dispersed. The ob-
served pattern of deposition from tests so far con-
ducted (which have been principally in the northern
hemisphere) shows a peak in mid-northern latitudes
with less deposition at equator and poles, and a
weaker peak at mid-southern latitudes. Most of
Europe, therefore, falls in the zone of relatively high
fall-out.
The deposition also shows a seasonal variation,

and more falls during rainy seasons. It follows
also that countries with higher rainfall receive
relatively higher fall-out. Since the effects of ionizing
radiation at these low levels is cumulative, the
seasonal variation is unimportant; but the wetter
regions do tend to have a higher radiation from
fall-out.
We need very much more information before we

can predict or describe the way in which each of the
thirty-odd elements involved behaves even in simple
environmental conditions; and we still have only a
rough knowledge of the ways in which radionuclides,
falling as dust, are taken up by plants and in soils and
in surface waters.

We shall fix our attention on one of these radio-
nuclides, strontium-90, since this will simplify the
discussion and keep it to proportions consistent with
the over-all length of this review. Moreover,
although one may have reservations about the role of
carbon-14, which, since it enters into the molecules
of the genes themselves, may ultimately be found to
have a specially significant role, the principal hazard
from fall-out seems to derive from strontium-90.
The amount of strontium-90 now in human bone

and the amounts ingested in the different articles of
diet can be determined directly by refined but
straightforward chemical analysis and radioactive
measurement. Thus the present hazard can be
evaluated directly and, within the limitations of our
knowledge already described, with some accuracy.

Chemical analysis shows that in European diets
generally, the principal ingestion of strontium-90 is
through milk. For example, in the average diet in
the United Kingdom in 1958, it was found that the
ingestion of strontium-90 is 6.4 ,u,c per day of which
3.5 pltc per day derives from milk and cream and
0.73 ,.u,c per day from cheese (Great Britain, Agricul-
tural Research Council, Radiobiological Laboratory,
1959). Starchy foods (flour, cereals) and vegetables
each contribute about the same as cheese, while
fruit, meat and drinking-water each contribute a
smaller amount, about 0.25 Iu,pc per day.

Thus, drinking-water, the only item in this list for
which the sanitary engineer is responsible, con-
tributed only 3.7% of the strontium-90 ingested in
the average diet in the United Kingdom. This fact
leads to the obvious conclusion that even if measures
were taken to remove strontium-90 from drinking-
water supplies, the reduction of strontium-90 in the
diet in the United Kingdom would be small. As is
well known, the only effective method of removing
all the strontium-90 from water is by ion-exchange
treatment, although lime softening can remove some
of it. We do not consider that the expense of pro-
viding ion-exchange treatment for all our surface-
water supplies (for ground-water supplies remain
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uncontamirated by fall-out) would be justified,
since the effect on total ingestion of strontium-90
would be so small.
We cannot here pursue the question of what level

of strontium-90 is acceptable in a national diet, or, to
put it another way, at what level in milk treatment is
called for. This lies outside the province of the
sanitary engineer. But there are some further points
worth noting in relation to water supplies.

It is known that the level of strontium-90 in milk is
mainly determined by the momentary fall-out. The
cow crops the grass on which the fall-out has settled
and the strontium-90 in the fall-out is secreted in the
cow's milk. There is presumably some long-term
entry of strontium-90 from the soil through the grass
roots, but at least under present conditions, this is
small and perhaps negligible compared with the
strontium-90 which lodges on or directly enters the
leaves. Thus, the cessation of megaton tests has been
followed by a prompt reduction in the level of
strontium-90 in milk.

Very little is known about the mechanism by
which strontium-90 enters surface drinking-waters.
It is known that a considerable proportion is present
on the suspended matter in rainwater collected in
cisterns and presumably some of the strontium-90
falling directly on reservoirs settles with the silt. Later,
the settled strontium-90 may pass back into the water.

It is also not clear how much strontium-90 is
washed off the catchment area into reservoirs and
streams. No doubt the nature of the catchment area
has a profound effect: while rocky areas perhaps
retain little, shallow low-lying catchment areas pro-
bably retain much more, especially if the soil is
reasonably porous with a clay content which will fix
the strontium by ion-exchange. Subsequently, after
the strontium-90 is retained in the soil, there will be
a slow movement of the activity through the soil to
the reservoir or river.

it is not &rtain which of these processes is most
important in determining the level of strontium-90
in surface water. One would expect that direct fall-
out is, but the failure of the strontium-90 level to
respond promptly to the cessation of weapon tests
has raised a suspicion that the other processes make
a not negligible contribution. It is too early to
express a definite opinion.
The argument previously presented is based on a

British diet. In diets which do not depend so heavily
on milk products, the relative contribution of dif-
ferent items to the intake of strontium-90 will be
different. In the extreme case when no milk or cream
is normally consumed, drinking-water may be one
of four or five channels of about equal importance
for the ingestion of strontium-90.

If also the drinking-water supply is collected rain-
water, it may be the principal contribution of stron-
tium-90 to the diet. The level of strontium-90 in
drinking-water in the United Kingdom was only
10%-15% of the level falling in rain. If the popula-
tion had been dependent entirely on rainwater, and
allowing say 50% removal of strontium-90 by set-
tling on silt, the ingestion of strontium-90 in drink-
ing-water would have been about 0.7 ,qu,c per day.
In a population in which milk figures prominently in
the diet, this would still be a minor contribution; but
if milk were not widely drunk, water would rank
with cheese (if eaten) and starch foods as the prin-
cipal channel of ingestion.

It seems unlikely that European sanitary engineers
will be faced with this problem, and therefore we
shall content ourselves with the remark that present
levels of strontium-90 in bone are not thought to be
near levels which would cause concern, and it seems
unlikely that, at present levels of deposition of
strontium-90, treatment of water for removal of
strontium-90 would be called for (Great Britain,
Medical Research Council, 1956).

OTHER SOURCES OF RADIATION

Natural background irradiation is caused by
cosmic rays reaching us from outer space and the
radiations emitted by such natural materials as
uranium and its daughters, including radium;
thorium and actinium and their daughters; tritium,
the radioisotope of hydrogen, present in all our
waters; potassium-40; and carbon-14 in the atmo-
sphere and in all organic matter. From the external

irradiation from the environment and internal
irradiation from radioactive material deposited in
the body, it is estimated that the dose received in
70 years is 7-9 rem.

Very soon after the discovery of X-rays and
radium, the medical use of radiation began: the use
of X-ray machines, fluorcscopic machines and
radium for diagnosis and therapy are well known.
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Since the war artificial radionuclides tave become
available in almost unlimited amount. Radium is
now being replaced for many purposes by cobalt-60
and caesium-137; gold-198 by injection and iodine-
131 orally are widely used for internal irradiation
of diseased tissues, as well as (in lesser degree)
phosphorus-32, bromine-82 and similar short-lived
nuclides. Diagnostically, small quantities are used to
examine circulation and metabolism problems.

In the immediate post-war years there were some
over-optimistic predictions that the use of radio-
nuclides would lead to widespread and effective
cures of some maladies, especially cancers. Un-
fortunately, the reality is very much less than the
hope. Radionuclides have an important but minor
role in the treatment of disease. The present use,
now that the backlog has been dealt with, seems to
have settled down to a fairly steady level.
By contrast, the industrial use of radionuclides

has grown slowly at first and is now increasing
rapidly. The general picture here is of a widespread
employment of sealed sources of radiation-for
example, curie amounts of iridium-192, cobalt-60
or caesium-137 for radiography; millicurie amounts
of strontium-90 or thallium-204 in thickness gauges,
level indicators and other instruments for con-
trolling continuous processes.
The use of very large sources of activity (say,

thousands of curies of cobalt-60 or caesium-137)
capable of delivering sterilizing doses in reasonably
short times is not widespread, but there are a few
important examples. It seems likely that steriliza-
tion by irradiation may become increasingly impor-
tant for materials which are sensitive to heat, such
as antibiotics, or for which, because of poor thermal
conductivity, heat sterilization may be difficult, as
with surgical dressings. Disinfestation of grain by
irradiation has also been successful.
On the other hand, food preservation by irradia-

tion, for which high hopes were once entertained,
has not yet been completely successful, owing to
the production of off-flavours. It seems possible,
however, that selected foodstuffs, especially dried
foods, may be successfully sterilized by irradiation.

In general, these sources of activity remain useful
for several half-lives but, of course, the instruments
may become waste for other reasons. The process
in which they are used may be replaced by a more
up-to-date one or the factory may close down or
the instrument may be damaged. It is important
that in such cases they should be treated as dangerous
materials and their disposal properly arranged.

The use of open sources of radionuclides in
industry is rarer. The well-known luminizing
industry is long-established, dating from the First
World War. There has been some replacement of
radium by strontium-90 and research is in progress
to examine the suitability of other radionuclides
instead of radium-226. Curie amounts of tritium are
employed in factories which add small quantities,
usually less than a microcurie, to certain types of
valves. Substantial amounts of radiokrypton are
used in factories which incorporate the gas into
luminous signs. Another use of an open source in
industry is the use of phosphorus-32 to detect
cross-contamination in dyeing.
More often, the industrial use of open sources is

not a continuous use but a once-for-all use to
investigate a specific point such as the hold-up time
in chemical reaction vessels or efficiency of mixing
or rate of flow in pipes or detection of leaks.

In academic or industrial research, the use of
radionuclides as tracers or to assist in difficult or
sensitive analysis has been an important aid. The
amounts used for such purposes are small, usually
not more than a few millicuries. Only when the
research is done in the field are large amounts used-
for example, the use of hundreds of millicuries or
curies in studying flow characteristics in detention
tanks or the efficient use of fertilizers. In future,
however, the growing interest in the properties of
irradiated materials may lead some laboratories to
study the mechanical properties or corrosion pro-
perties of highly activated materials.

Parallel to this development in the uses of radio-
nuclides there has been a development of nuclear
reactors for both experimental and power purposes.
The scale of fission rate and of waste produced is
very different, of course. The former may develop
only a few kilowatts whereas the latter are usually
of about 200 megawatts' capacity when used for
conventional power stations. Nuclear propulsion,
at present in Europe only for ship propulsion, usually
requires smaller power reactors.
The development and operation of nuclear

reactors necessarily produces wastes. There are the
wastes produced at the reactor site, water from
storage ponds, reactor materials removed during
maintenance, washings from decontamination and
ultimately, of course, the whole reactor when its life
is finished. In addition, wastes are produced during
preparation of the radioactive fuel for the reactors,
during chemical processing of the fuel after
removal from the reactor and in the supporting
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industrial research into the behaviour of the reactor
materials.

In order to make the foregoing account somewhat
more definite, a few figures may be quoted for the
United Kingdom, which has a population of about
50 million, a well-developed nuclear energy industry
affording ready access to artificial radionucides and
committed to a nuclear power programme initially
based on graphite-moderated, carbon-dioxide-cooled
reactors.
There are about a thousand establishments using

radioactive materials, including:
(1) about a dozen main establishments concerned

in the official programme of nuclear research and
development;

(2) four, consortia of firms operating research
laboratories and building some half-a-dozen nuclear
power stations;

(3) rather more than 100 hospitals;
(4) about 400 firms using solid or closed sources;
(5) about 50 industrial firms using open sources;
(6) about 40 firms using radioactive luminous

paint and additionally an unknown number of
private individuals and shopkeepers doing occasional
luminizing;

(7) about 300 university, government or industrial
research laboratories;

(8) some 20-30 establishments where radioactive
wastes are produced from such natural materials
as monazite sand and phosphate rock.

CONTROL OF RADIOACrIVE WASTES BY LEGISLATION

We shall now discuss some of the characteristics
of radioactive wastes and some of the effects of
ionizing radiations so that we can formulate the
general requirements of legislation and other
measures designed for their control (Great Britain,
Ministry of Housing and Local Government, 1959).

(1) Since it is generally supposed that there is no
threshold level below which the effects of radiation
are zero, the various advisory bodies insist in their
recommendations that all unnecessary irradiation
of the population should be avoided. It follows that
legislatory measures should require that there should
be a clear reason and adequate justification for all
uses of radionuclides; and conversely that irradiation
ofthe public (for example, fromwaste disposal) should
be permitted only ifthere is adequate reason for the use.

In most cases there is adequate reason, as in the
medical use or in uses designed to improve manu-
facturing processes or to assist research. In other
cases, the justification may be less obvious. The
argument has been advanced and to a considerable
extent accepted by the Government of the United
Kingdom that there should be provision in national
legislation for refusal of permission to use radio-
nuclides if there is not adequate justification for the
irradiation of the public which necessarily follows.

In applying such legislatory power, it will be
necessary to evaluate both the reason for the use
and the possible hazard and to decide on balance on
the facts of the case whether the use is justified.

(2) When a use is justified and radioactive wastes
arise, there is the need to reduce irradiation of the
public to the minimum practicable. This does not
necessarily mean that the discharge of waste to the
environment should be the minimum practicable.
Each possible mode of disposal must be evaluated
and the irradiation involved, both of workers and
of the public, calculated.
The primary responsibility for weighing the cost

and irradiation pertaining to each possible method
of disposal in any case no doubt rests with the
sanitary engineer, but he may need to call on advice
from a number of specialists before he is able to
make a final decision. The geologist, the meteoro-
logist, the physicist, the biologist and many another
may be able to give valuable help.
Only rarely will specialist advice of this nature be

immediately available either to those responsible
for the operations in which the wastes arise or to
those responsible for controlling their disposal. It
is essential that this advice should be available and
that the people on the spot take advantage of it.

(3) The amount of radioactive waste produced in
an operation will depend on the care with which
the operation is conducted and the facilities made
available for the operation. For wastes ultimately
dispersed to the environment and so potentially
capable of irradiating the public, there should be
some guarantee that adequate and effective control
is exercised to ensure that the wastes are kept to the
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minimum practicable. This involves inspection of
the processes.

Moreover, the equipment and rooms in which the
operations are conducted may become badly and
unnecessarily contaminated unless proper working
methods, including regular monitoring and cleaning,
are used. When this happens, it may be necessary to
carry out extensive decontamination operations, per-
haps involvingdemolition,with productionofwaste ra-
dioactive washings, building material and equipment.
When work with very active materials is under-

taken, extensive and serious contamination may
occur in the event of accidental release of the active
material. Again, it is essential that inspection should
be undertaken to ensure that adequate precautions
are observed.

(4) Since the hazard of ionizing radiations is not
immediately obvious to our unaided senses, it will
always be possible for the unscrupulous or careless
to get rid of radioactive waste without immediate
detection. The control of the hazard from radio-
active wastes therefore requires an up-to-date
knowledge of where radioactive materials are being
used and adequate instrumental monitoring of the
environment so as to ensure that illicit or accidental
discharges are quickly recognized and traced.
But more is required than mere prohibition of

disposal. There must be an adequate service for
disposal of radioactive wastes which cannot be
disposed of locally. In countries where there is a
nuclear energy industry, it will not be difficult to
arrange this, for the wastes are but a small part of
the wastes arising in the nuclear energy industry,

and the facilities developed for the latter can be
utilized.

(5) In the United Kingdom, powers have recently
been taken in the Radioactive Substances Act, 1960,
to achieve these objectives of adequate inspection,
registration of users, control of methods of disposal
and provision of adequate facilities for disposal.
The view is taken that where locally available
facilities can be used without hazard, this will
generally be preferred and special methods of
disposal, such as sea disposal and burial at special
sites, will be used only when local disposal is not
possible.
The reasoning behind this view is based on two

facts. First, local disposal is generally cheaper, and,
secondly, there may be less irradiation of the public
(in spite of the dispersal to the immediate environ-
ment) by local disposal, for special disposal involves
handling, packaging and transport.
The aim of the legislation is to ensure that disposal

of radioactive waste does not cause any member
of the public to be irradiated (taking into account
other sources of radiation) to levels in excess of
those recommended from time to time as the maxi-
mum permissible and to ensure that the total
irradiation of the public from radioactive waste
disposal is the minimum practicable, as judged by
the resources available to achieve the disposal.

It remains now to discuss the engineering require-
ments which have been found necessary to achieve
these aims. I propose to take selected important
topics and to discuss in some detail the engineering
aspects of the disposal methods of waste treatment.

METHODS OF WASTE DISPOSAL

FUEL-PROCESSING: HIGHLY ACTIVE LIQUID EFFLUENT

The nuclear fuel must be withdrawn periodically
from the reactor and, usually after a storage period
of about three months to allow decay of short-lived
fission products, processed to remove plutonium
and fission products and to prepare the fuel for
re-use in the reactor. Often the chemical processing
is done at a different site. The commonest chemical
treatment is to dissolve up the fuel, either before
or after removal of the cladding material and after
chemical treatments to extract into organic solvents.
In this way, the bulk of the fission products are left
in the aqueous solution of the first extraction, the

rest being removed in subsequent extractions as a
more dilute, less active aqueous waste. The engi-
neering problem is to provide suitable storage
facilities for the bulk of the fission products, which
are far too active to be dispersed into the environ-
ment, and to store or disperse, as appropriate, the
more dilute, less active liquors.
The first step in storage is to reduce the volume,

usually by evaporation. If a uranium alloy fuel is
used or if the cladding material is dissolved and
remains with the fission products, the solids content
of the fission product solution will be a severe
limitation on volume reduction.
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At Windscale (Cumberland, England) 99.5% of
the fission-product activity, 0.1% of the uranium
and 0.02% of the plutonium are in the aqueous
waste from the first solvent extraction. It is steam-
stripped to remove organic volatiles and evaporated
semi-continuously in vacuo (to reduce corrosion of
the stainless-steel evaporator). From a ton of
uranium containing about 900 g of plutonium,
corresponding to about 1000 MWD irradiation,
there is about 5.5 m3 of aqueous high-level waste at
3N nitric acid and containing about 650 000 c of
activity. After steam-stripping and evaporation with
a volume reduction of 150: 1, the waste run to
permanent storage is 650 000 c in 36 1 at about 3N
nitric acid. Some activity (about 3 c, principally
of ruthenium) is volatilized during evaporation and
after evaporation returned to the less active waste
streams. Evaporation costs are about £11 (US$30)
per cubic metre of original feed (Howells et al.,
1958 ; Saddington, 1958).
At Marcoule (Gard, France), there is a preliminary

tenfold reduction in volume by evaporation with
simultaneous destruction of nitric acid by formalde-
hyde and then a second evaporation to the limit com-
patible with precipitation of solids (Galley, 1959).
The formaldehyde treatment sign-ficantly reduces the
acidity of the solution run to storage (IN nitric acid
compared with 3N at Windscale). At Dounreay
(Caithness, Scotland) the removal of nitric acid is
achieved by distillation with steam, water being
continuously added, since this method is considered
safer than chemical destruction with formaldehyde.

There is a difference between United States and
European practice in the storage of concentrated fis-
sion-product solutions. In the former, the solution is
neutralized before storage in concrete tanks lined
with mild steel and the solutions are allowed to boil
and concentrate, utilizing the energy of their radio-
active decay (Pilkey, Platt & Rohrmann, 1958). In
the United Kingdom, the acid solution is stored in
stainless-steel tanks fitted with cooling-water coils
to prevent rise in temperature and reduce the
corrosion rate of the steel.

Separation of solids during storage is probably
not desirable: it leads to uneven heating and exten-
sive auxiliary equipment may be necessary to control
it. Alkaline wastes seem to be prone to this phenome-
non. In more recent United States practice, at
Savannah River (S. Carolina) and Idaho, cooling
has been provided and stainless-steel tanks used,
partly because aluminium-rich waste solutions are

produced.

In both United States and European practice, the
construction of the tanks is carefully supervised with
X-ray examination of all welds and siting below
ground to obtain earth shielding. There are systems
to detect and collect leak, and provision for rapid
transfer of the contents of a leaking tank to another
tank.
The cost of storage at Windscale is estimated at

£100-£200 (US $280-560) per cubic metre.
The continuous production of fission-product

wastes from power programmes will increase the
amount of activity in storage. Ultimately, because
of decay, a constant equilibrium level of each fission
product will be attained. Calculations of these levels
on assumed levels of nuclear power generation have
been made (Platt, 1957). The permanent storage of
these wastes in tanks subject to corrosion poses
obvious problems and clearly requires permanent
inspection of the tanks. In an effort to avoid these
difficulties, research has been instituted to develop
ways of fixing the liquids into solid form which could
be permanently stored and, if not forgotten, at least
more conveniently stored in smaller volume. It has
also been suggested that by removing the very long-
lived fission products, notably strontium-90 and
caesium-137, the residual fission products might
after relatively short storage for decay be dispersed
to the environment leaving the strontium-90 and
caesium-137 to be stored as solids (Glueckauf, 1956).

However, strontium-90 and caesium-137 constitute
only about one-third of the long-lived activity, so
that the amount of activity remaining to be stored is
still substantial, and very highly efficient chemical
separation of these two nuclides, and especially the
former, would be required before the remainder
could be discharged (Rodger, 1956).
None of the methods under investigation has been

developed to the stage where it could be used in a
routine manner, but several are promising. In
Canada, acid fission-product solutions have been
incorporated into glasses by mixing with a natural
clay, nepheline syenite and lime, and firing (Watson,
Aikin & Bancroft, 1959). In the USA, absorption in
ceramic sponges with subsequent firing has been
examined recently (Christenson, 1959) and work still
proceeds on the older methods of incorporation into
cements, absorption on clays or clay flux mixes,
incorporation into silicate glasses and fused salt
calcination. At the Idaho plant and the Argonne
National Laboratory, pilot plant studies have been
made of a fluidized-bed calciner (Loeding et al.,
1958), the waste solution being injected into a bed
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of aluminium oxide granules fluidized by an upward
stream of preheated air. Simultaneous dehydration
and denitration occurs in the bed. In the United
Kingdom, some engineering problems associated
with absorption on montmorillonite clay have been
solved in an experimental plant (Grover, 1958).

FUEL-PROCESSING: MEDIUM ACTIVE LIQUID EFFLUENT

The 0.5% of fission-product activity which is
extracted in the organic phase during solvent extrac-
tion of solutions of nuclear fuel elements is extracted
back into aqueous solutions during subsequent
chemical operations. These solutions may be
combined to produce a medium active waste con-
taining plutonium, uranium and fission products
in which the organic soluble ruthenium, zirconium
and niobium predominate.
With this waste too there has been a difference

between United States and European practice. On
the American continent is has been found possible
to dispose of some of these wastes to ground,
whereas in Europe the tendency has been to discharge
to coastal waters. No doubt the denser population
in Western European countries, especially the United
Kingdom, has been a big factor in this decision.
At Hanford (Washington) with a water-table

175-320 m down and a low (17 cm) annual rainfall
with a consequent low rate of water movement,
conditions are favourable to ground disposal
(Brown et al., 1958) It is estimated from laboratory
experiments (which are always performed with the
actual waste and soil samples before a disposal is
effected) that the shortest time of travel to the Co-
lumbia River is about 50 years. A disposal site is
made by a shallow excavation filled with pebbles
and gravel and after discharge a check is made by
monitoring the water in wells. The site is closed
down when the water approaches the predetermined
limit for ground-water (one-tenth of the drinking-
water levels fixed by the US National Committee on
Radiological Protection for the radionuclide found).
More than 2 million c in more than 1000 million 1
has been so disposed of at Hanford. No evidence
has been obtained of long-lived radionuclides in
ground-water at more than 350 m from the disposal
point.
At Oak Ridge (Tennessee) and Savannah River

conditions are less favourable for ground disposal
(de Laguna, Cowser & Parker, 1958), rainfall is
higher (132 cm and 110 cm respectively) and the
water-tables only 15 m deep. Disposals have been,

respectively, 100 000 c in 26 million 1 and 240 c in
500 million 1. The latter is a quite low-activity waste.
As might be expected, the movement of activity in
the ground is greater at these establishments. At
Oak Ridge, the uncertainty of predicting the under-
ground movement has led to the conclusion that
ground disposal there is of limited application.
Radiation levels are by no means negligible at the
surface of these pits, for example, 25-50 mr/hour
at 100 ft.

In Europe, the preference is for disposal to surface
water. At Windscale, the waste waters are treated
by alumina flocculation; this process does not give
the best decontamination but was chosen as the best
compromise between economy, convenience and
experience, with the last factor probably carrying
most weight at the time the works were built (Sad-
dington, 1958). The effluent is continuously neu-
tralized with soda ash and pumped to a pre-settling
tank through a pipe into which are injected, first,
a 40% solution of alumino-ferric (92% aluminium
sulfate) and, secondly, a 5% soda-ash solution. An
alumina-floc blanket 5-6 feet (about 1.5 m) deep is
built up in the pre-settling tank. The clear super-
natant liquor is pumped through pressure filters,
and after monitoring discharged to the sea through a
pipe-line running two miles (about 3 km) out into
the Irish Sea.
The over-all efficiency of removal is about 92%-

95% for fission products and 98% for plutonium.
The activity is on the sludge blanket and the filter;
periodically these are pumped as sludges to per-
manent storage tanks of stainless steel shielded with
concrete, where some dewatering occurs to a final
solids content of about 3 %.
At Windscale the authorized discharge is some

20 000 c a month; a detailed account of how this
level was set has been given by Dunster (1958).
Bernaud (1958) has described the principles which

governed the procedures adopted at Marcoule:
choice of robust equipment and duplication of
delicate apparatus to minimize maintenance, pro-
vision of a system for recovery of leakages, provi-
sion of biological protection to reduce radiation
levels to 5 mr/hour in areas where personnel normally
have access.
Treatment is given in mixing and settling tanks in

shielded cells, precipitation being achieved with
monosodium phosphate, tannin, lime and alumi-
nium sulfate with a coagulation aid at pH 11.5
(Galley, 1959). The clear liquor is pumped to the
Rhone, the permissible level being 17 c in 100 m3.
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The sludge is vacuum filtered, the filter cake, con-
taining 60%-70% moisture, being stored in poly-
thene containers in galvanized drums. Since the
radiation level is 30-40 r/hour, drumming and
movement of the drums is by remote control.
Finally, the drums are taken singly in shielded
trucks to a storage area.

Saddington (1958) has given a figure of £1 (US$
2.80) per cubic metre of effluent for the cost of treat-
ment at Windscale. Ground disposal at Hanford is
estimated at US$0.10 per gallon 1 and at Oak Ridge
at US$0.02 per gallon. Storage figures are an order
of magnitude higher. The fixing of permissible levels
for this type of cffluent can therefore have con-
siderable implications in cost.

NUCLEAR ENERGY ESTABLISHMENTS: LOW-LEVEL
WASTES

In the next section we shall consider wastes from
nuclear power stations. Setting them aside for the
moment, we consider the low-level waste arising
from research into nuclear energy problems and the
use of radionuclides. The first such establishment
in Europe was Harwell (Berkshire, England), whose
treatment methods and discharge limits have been
the model for several other nuclear energy establish-
ments.
At Harwell, control begins at the laboratory,

where suitable containers are used for the main
radioactive waste arising. All other radioactive
effluent from the laboratory flows to a local holding-
tank, from which the liquid cannot be transferred
to the main drainage system except by pumping.
The tanks are stainless steel, lined with chemically
resistant hard rubber; they are located inside outer
tanks which hold the waste if leakage occurs.
The holding-tank system enables the effluents to be

classified at source into low, medium and high
activity. If the effluent in a tank is of low-level
activity it is pumped to the active drain and flows by
gravity to the treatment plant through conventional
spigot and sccket salt-glazed pipes with rubber-latex
joints carried in asphalt-lined ducts to prevent
leakage to the ground. Medium-level waste goes
to a separate smaller treatment plant where, if
necessary, special treatment can be given. The high-
level waste is transferred to storage tanks, where
advantage can be taken of decay or, as is planned
in a new treatment plant, more elaborate treatment
can be given.

1 US gallon = 0.003 mi.

The low-level treatment plant has been described
and discussed (Wilson. 1955; Burns, 1955). Treat-
ment consists of adjustment of pH to 9.5 by caustic
soda, and addition of trisodium phosphate to give
100 p.p.m. of phosphate and to form calcium (from
the water) phosphate precipitate. The effluent
flows to clariflocculators and finally to monitoring
tanks before discharge to the Thames. The thin
slurry of calcium phosphate is removed from the
central sludge hopper, either continuously or
intermittently, by diaphragm pumps.
The sludge is difficult to filter and centrifugation

also does not give satisfactory results. It is handled
either by pressure filtration or by freezing, thawing
and vacuum filtration. The latter process has been
successfully developed at Harwell to give a cake of
about 30% of water, normally considerably better
than that obtained by filtration. The cake is drum-
med and dumped at sea.

In the medium-active treatment plant, the effluent
is mixed with the appropriate chemicals and then
flows through a Pulsator unit or the first precipitator,
where it passes through a preformed sludge blanket.
In this plant, a denser phosphate precipitate is
formed by using 40 p.p.m. iron, with phosphate
precipitation at pH 11.5 using caustic soda.
A second chemical treatment is given to the

treated waste by addition of ferrous sulfate and
sodium sulfide to give 20 p.p.m. each of iron and
sulfide. About 20 p.p.m. of calcium ion is also added
to coagulate the sulfide precipitate. This second step
was originally designed to remove radioruthenium,
but the acidic conditions necessary for efficient
removal of this element by sulfide precipitation are
not present, and in practice the value of the second
treatment seems to lie in removing radiocolloids and
light floc particles.
The final stage of treatment is passage through a

column of vermiculite, a natural ion-exchange
material. The sludges are treated by freezing,
previously described.
A high-level treatment plant is being installed at

Harwell with provision for chemical treatment, ion-
exchange treatment and evaporation. The sludges
formed will be handled in existing facilities or
absorbed on exfoliated vermiculite in shielded dis-
posal drums. The design of the evaporator permits
flexible operation. It is of the single effect type,
steam heated with foam breaker coil just above the
liquid level and a steam heated column with partial
condenser coil to produce a reflux effect. The column
can be packed with rings if found desirable. At the
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top of the column there is provision for water or
acid wash.

It is well known that decontamination factors of
105-106 are possible by evaporation and higher
factors may be obtained in the high-level plant. The
treatment in the medium-level plant gives average re-

moval of99.8 %alpha-emitters and91 % beta-emitters.
The permissible discharge to the Thames is fixed

by the condition 2500(Ra) + 420 (other alpha-
emitters) + 50 (Sr) + (other beta-emitters) = 20, the
final figure being related to a nominal flow of 150
million gallons (680 million 1) a day in the river. In
this condition the contents of the brackets refer
respectively to the monthly discharge in curies of
radium, other alpha-emitters, radiostrontium with
radiocalcium and other beta-emitters.
The effluent treatment handling at the Atomic

Weapons Research Establishment, Aldermaston
(Berkshire, England), is based on Harwell experience.
(Wilson, White & Milton, 1956). The nature of
the work, predominantly with alpha-active material,
permits the construction of local holding-tanks
above ground, since there is no need, as at Harwell,
to take advantage of shielding by earth. This
gives some economic saving, which i3 offset, how-
ever, by the necessity for an extra drainage system
for " citric wastes ". At the time when the works
were provided it was thought that citric acid,
which interferes with chemical treatment of the
effluent, would be extensively used for decontamina-
tion. Another offsetting factor was that the effluent
mains were done in stainless steel, since there were

doubts as to the efficacy of the stoneware pipe system.
At the Mol Laboratories (Belgium), the discharge

of treated effluent is to a small river (50 000 m3 a day)
(Dejonghe et al., 1958). The permitted discharge is
based on a condition similar to that at Harwell, with
the figure 20 replaced by 0.24, which, however, it is
thought may ultimately be increased to 2.0. There is
provision for chemical treatment: calcium phosphate
precipitation is used but other treatments can be
given. Biological treatment in a trickling filter is also
employed.
An interesting development at Mol is the use of

lignite (brown coal) as the ion-exchange material for
treatment of medium-active effluent.
At Lillestrom (Norway) and Studsvik (Sweden)

the treatment proposed is on the lines of that
practised at Harwell (Straub, 1959).
At Riso (Denmark) the proposal is to concentrate

liquid radioactive waste by evaporation, mix with
concrete and store (Straub, 1959).

At Saclay (France) (Duhamel, Menoux & Candil-
Ion, 1958), most of the radioactive effluent comes
from the hot laboratories where radioisotopes are
prepared and from decontamination operations. The
activity has never exceeded 100 mc/m3. After
chemical precipitation, the effluent is taken by tanker
to the establishment at Fontenay-aux-Roses in the
suburbs of Paris, where it is discharged to the Paris
sewers. This is a temporary arrangemvnt pending
preparation of a discharge point in the Seine down-
stream of Paris. The sludge is stored on site (Duha-
mel, Menoux & Candillon, 1958).

In the USSR, treatment for water of average
activity about 10-2 ,tc/ml has been described.
Chemical precipitation with ferric sulfate and caustic
soda at pH about 10 is followed by filtration through
quartz and treatment on cation- and anion-exchange
columns. The effluent is discharged to a river;
permissible levels are fixed for individual radio-
nuclides-e.g., 10-5 ,uc/ml for caesium-137 and 5 x
10-7 ,tc/ml for strontium-90.
The sludge is drawn off periodically and buried in

special covered beds, 3-4 metres deep, lined with
boulders and quartz sand. When a bed is full, it may
be covered with soil or cemented. Regeneration
liquors from the ion-exchange columns are evapor-
ated and the residues buried with the sludge. In
winter, the sludge freezes and thaws artificially and
acquires a granular structure with good dehydration;
this is similar to the treatment given artificially at
Harwell.

REACTOR WASTES

Power reactors
All power reactors now under construction have

clad fuel elements with fluid coolant circulating in a
closed circuit. The coolant gives up its heat to a
secondary coolant (water) to raise steam and generate
electric power. The coolant is either carbon dioxide
as in the British development or water as in the USA
and USSR. The coolant becomes radioactive by
activation in the neutron field; to prevent the build-
up of solid activity generated in corrosion products
or dust it is usual to filter the coolant in a bleed-off
and, with water coolant, to purify the bleed by ion
exchange.
The carbon-dioxide-cooled reactors will discharge

some activity to the atmosphere in the air stream
used for thermal cooling and in which argon-41 and
other activities will be induced. Also, during main-
tenance or blow-down for other purposes, the carbon
dioxide will be discharged. There is a continual leak
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of carbon dioxide also. For example, the estimated
activity for the Calder Hall reactor (Cumberland,
England) was about 60 c argon-41 and after five
years about 300 c carbon-14 (Moore & Goodlet,
1959).
In water-cooled reactors, the coolant may become

radioactive from impurities in the feed water and the
assembly, from corrosion and fissionable impurities
in the system materials, including the cladding. Most
of the activity will be taken up on filters, and ion-
exchange columns and provision for water purifica-
tion can keep the activity to a minimum. Anti-cor-
rosion treatment is also valuable. In the Shipping-
port Atomic Power Station (Penn., USA), based on a
pressurized water reactor, the activity in the water is
estimated to be a maximum of 8.7 volatile and 1.4
non-volatile ,tc/ml (Lapointe & Brown, 1958).

In both types of power reactor, there may be an
active aqueous tank waste from the storage, where
fuel elements are stored in water after removal from
the reactor and before chemical treatment. The
water will become active through corrosion of the
cladding material, which because of physical changes
caused by irradiation may be very susceptible to
galvanic corrosion. Also there will be liquid wastes
from decontamination processes and laundries.
At Shippingport, it is proposed to discharge

liquid waste to the Ohio after treatment and dilution
with uncontaminated water. At Bradwell (Essex,
England), there is provision for holding-tanks and
filtration if necessary (Vaughan & Anderson, 1958).
So far there has been little operating experience
of power reactors.
With heavy-water reactors an additional considera-

tion arises because tritium, the radioisotope of
hydrogen, is formed from heavy hydrogen (deute-
rium) and the coolant water may contain some curies
per litre.

Research reactors

Practically all research reactors are based on water
cooling, and the provision of ion-exchange treatment
of the circulating water is normal. As with power
reactors, there is no continuous discharge of active
water. Often a dump tank is provided for storage
of the coolant when maintenance is necessary.
With the power reactors the filters and ion-ex-

change units are normally regarded as expendable.
In research reactors there may be periodic regenera-
tion with consequent production of a small volume
of active waste water. This can be stored or, if
conditions permit, disposed of locally. Clearly, one

of the main factors determining the level of activity
in the water is the extent of corrosion of the fuel
cladding; the nature of the cladding is important.

Reactors for ship propulsion
These are water-cooled and moderated reactors

in which the closed-circuit water is treated by ion-
exchange and filtration in a bleed-off.
At start-up, owing to thermal expansion, there is a

displacement of water which may be radioactive
from previous operation. In addition to this waste,
there may be waste from leakage and d contamina-
tion. At refuelling, which may be every two or three
years and could be at selected sites, there will be
drainage water from the coolant system and de-
contamination water from reactor components.

In the United States recomm-andations, tanks for
storage are required so that the waste water can be
held till the ship is out of harbour and discharged
on the high seas. It is suggested that there need be
no restriction on discharge of waste waters from
nuclear ships on the high seas. The activity in liquid
waste is roughly estimated at 30 mc a day. The
activity in the coolant water of the Savannah is
estimated at about 0.1 ,Ic/ml (United States, Atomic
Energy Commission, 1958).

LABORATORY WASTES

It seems to be normal practice in most countries
to dispose of liquid waste from hospitals and research
laboratories to the sewers or to rivers. Occasionally,
when the activity is high or dilution is inadequate,
a treatment plant may be installed. As examples,
we may cite the provision for chemical precipitation
and ion-exchange treatment at the Hahn-Meitner
Institut fur Kernforschung in Berlin (Ehn, Levi &
Knoerzen, 1959) and the incorporation of the waste
into concrete at the Lawrence Radiation Laboratory,
Berkeley, California (Kaujman & Garden, 1959).
In a pilot plant designed for laboratory wastes in
the USSR, biological wastes are treated by the
activated sludge process before admixture with
other waste waters for treatment by ferrous sulfate
and ion exchange (Bolshakov et al., 1958).

WASTES FROM MINING AND MILLING OF URANIUM ORES

Published work on this topic relates mainly to
United States and Canadian practice (United States,
Congress, Joint Committee on Atomic Energy,
1959). Good ventilation in the mines is necessary
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for the protection of the miners: the exhaust air
presents no significant problem. During milling
operations, the dust hazard is chemical rather than
radioactive. Large quantities of water are used, most
of which is discharged as plant effluent to the tailing
ponds. Very little of the radium goes into solution
with uranium in the acid breakdown of the ore, and
most of it is discharged to the tailing ponds (Tsivo-
glou, Kalda & Dearwater, 1958). Neutralization
before discharge removes about 85% of the radium.
Disposal of this liquid waste requires careful
evaluation of the use of the waters to which it is
discharged.

Similar conclusions have been reached in Canada
(Simpson et al., 1958). In one lake used for disposal
of the tailings, the radium concentration was quite
low in the lake water. apparently because of the
small solubility of the radium in the tailings.

WASTE GAS TREATMENT

There has been a steady improvement in the design
of filters and development in the removal of specific
gases from effluent streams.
The stack effluent from a once-through air-cooled

reactor is at high velocity and temperature. The
filter is called upon to remove with high efficiency
the dust from a large volume. The requirements
are stringent and before the development of the
nuclear energy industry there was little industrial
experience of this sort.
The high temperature dictates the use of such

materials as glass fibres for the filtering medium.
At Windscale (Mossop, 1960), the original corrug-
ated glass-wool fibres (which tended to tear at the
corrugations) were replaced first by starch-bonded
fibre mats (a sheet 0.02 inch (0.05 cm) of 16 ,u glass
fibres randomly arranged and bonded together by
starch), then by resin-bonded coarse glass-fibre
mats (230 ,), and finally by a resin-bonded fine
glass-fibre mat (50 ,uL). The filters are pre-treated
with a silicone oil of low vapour pressure which
prevents blow-off of the impacted dust on the filters.
When the Windscale reactor ceased operation,

the efficiency of the filters had been improved at
least a hundredfold and the life of the filters was
20-30 weeks.

In view of the increased throughput likely at
fuel-processing plant from the developing power
programmes, special interest attaches to removal
of the more hazardous fission products from waste
gas streams. At Hanford a silver reactor has been

used (Blasewitz & Schmidt, 1958). It is a tower
with unglazed ceramic packing which has been
silver-coated by immersion in silver nitrate solution
followed by baking at just over 100°C for four hours.
The reactor works at a temperature of about 2000C.
Removal efficiencies of 99.5% of iodine have been
obtained. The reactor can be regenerated by spray-
ing with silver nitrate at 65°C and reheating to just
over 100°C for four hours.

In assessing what treatment may be necessary for
a radioactive emission to the atmosphere, careful
consideration must be given to the possibility that
particular radioisotopes emitted may be reconcen-
trated in agricultural products. An inert element
such as argon does not reconcentrate, and an assess-
ment of the hazard of argon-41, the radioisotope
produced by neutron-irradiation of argon in air,
can be made by calculating the gamma-radiation
at ground level from the known or calculated con-
centration of argon-41 in the effluent plume. On
the hand, radioisotopes emitted as particulate
matter or as condensible vapours, such as iodine,
will settle on surrounding land. Animals grazing
large areas may then take up relatively large amounts
and in the case of cows a potential hazard will exist
because of the concentration of certain elements
in the milk.
Data relating to emissions to the atmosphere are

meagre, although extensive measurements have
been released of the resulting activity in herbage,
milk and agricultural materials. In carbon-dioxide-
cooled reactors an expected discharge of about
10 c a day has been quoted (Great Britain, Ministry
of Housing and Local Government, 1959). In most
uses of radionuclides the discharge is very, very
much less; simple filtration, when necessary to
prevent local deposition of particulate matter from
dusty operations, is usually all that is necessary.

SOLID WASTES

The treatment of radioactive effluents does not,
in fact, destroy the hazard but merely concentrates
the activity in solid form, usually on chemical pre-
cipitates or ion-exchange resins. These solid wastes
are additional to the normal arisings of solid radio-
active wastes (which already present a formidable
problem in disposal), for example:

(1) disused solid sources
(2) contaminated equipment
(3) broken glass
(4) rags and paper
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(5) reactor materials

(6) air filters

(7) animal carcasses.

I feel that this disposal problem can easily become
a hazard unless steps are taken to reduce the arisings
to the minimum: this is the first move in the control
of solid radioactive waste. Such steps as the pre-
vention of careless contamination of rooms and
buildings should be rigidly enforced and proper
working methods insisted on.

An entire two-storey building may have to be
demolished and the building materials buried, owing
to the careless storage of a curie of radium bromide
solution in a common office safe. The radium,
originally obtained for cancer therapy, remained
unused for this purpose for several years, during
which radon, the gaseous daughter-product, diffused
through the room and contaminated it with its decay
products (Nucleonics, 1959).
Another example of the contamination of an

entire building, on this occasion due to poor design
which allowed radioactive dust to accumulate in
crevices, has been given (Meyer, 1956).

Secondly, it is desirable to disperse effluents to
the environment as far as is practicable without
hazard to the public. The proper siting of establish-
ments will go far to allow this. When treatment of
effluent has been reduced to a minimum, the solid
waste arising will be at a minimum.

Thirdly, it is possible to dispose of low-activity
waste locally by direct burial at public refuse tips.
It is necessary to examine the circumstances care-

fully to evaluate the risk: such factors as the fre-
quency of fires, which might expose firemen during
raking over, and the prevalence of unauthorized
salvage, as well as the more obvious ones of the
proximity of water supplies and the future use of the
land, should be gone into. In many cases, however,
it will be found possible to dispose of millicurie
amounts in this way.

When these steps have been taken, there still
remains a formidable volume of solid waste from
nuclear energy activities.
Some volume reduction can be achieved by

incineration. Perhaps following an almost tradi-
tional use of stainless steel with radioactive material,
earlier incinerators were built with stainless-steel
body to minimize corrosion and simplify decon-
tamination. However, it is difficult to maintain high
temperatures if this material is used for the furnace
and it is susceptible to attack by the acid gases

released by combustion of polyvinyl chloride and
other plastics.

In a new incineration plant at Harwell (Burns,
1959), after separation in a glove box,combustible
material is fed to the furnace through double doors
to allow charging without interruption of burning.
The incinerator is lined with refractory bricks. The
waste falls to the fire bars, which may be air- or
water-cooled, and is ignited by gas or oil burners.
The air or mixture of air and oxygen used for com-
bustion is preheated in a heat regenerator chamber
and is introduced at the top of the furnace to give a
good down-draught.
The flue gases pass to a heat exchanger and the

cooled gases are coarse filtered and fine filtered and
scrubbed before discharge to the stack. The fire
beds and ash pits will be raked manually by rods
gaitered in an asbestos-lined fabric to prevent egress
of contaminated dust. Experiments have indicated
that if combustion is complete, no appreciable con-
tamination of the furnace lining should occur. A
volume reduction of 80:1 is obtained with about
95% of the activity in the ash.

Baling, using conventional apparatus, gives a
10:1 volume reduction with glassware, metal tubing
and similar material.

Finally, the residual solid waste, reduced in
volume as far as possible to lower transport and
handling costs, has to be disposed of. Essentially
two methods are available, sea dumping or burial
on land set aside for the purpose.
For waste of low activity, dumping on the con-

tinental shelf (100 fathoms (30 m) or more) at
recognized dumping grounds will be satisfactory.
For more active wastes, dceper water is used. The
material should be in robust containers designed
and packed to reach the sea bed without loss of waste.
The package should have a specific gravity of at
least 1.2 and if possible the contents should be free
from voids. Steel drums with an inner layer of
concrete thick enough to reduce the surface dose-
rate below 20 mr/hour are most frequently used.

Burial of low-level waste has been practised but
no very definite rules have been formulated as a
guide to what is permissible. To some extent the
nature of the soil is important: at Drigg (Cumber-
land, England), with an underlying clay stratum and
in a well-watered area where underground supplies
are not used, burial in trenches has taken place. Most
nations with well-developed nuclear energy program-
mes have found it necessary to establish special storage
areas for solid waste disposal (Fitzgerald, 1906).
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SITING OF NUCLEAR ENERGY ESTABLISHMENTS

In an age of increasing industrial activity and
increasing population density, the importance of
proper siting of industrial premises is widely re-
cognized. The European nuclear energy industries
have developed at a time when the sanitary engineer
has become more and more involved in these pro-
blems. All the major nuclear energy establishments
have been built in sparsely populated regions at
some cost, of course, with transport and labour
difficulties; and the projected establishments-for
example, the British nucelar power stations-are
also to be sited in non-built-up areas. On the other
hand, low-power reactors, such as those used for
research in universities, have been constructed in
built-up areas; sometimes they are provided with
containment shells.

There i3 likely to be pressure to bring nuclear
power stations as near as possible to the built-up
area supplied in order to reduce transmission costs,
and it is important, therefore, that the nature of the
hazard should be realized and a sensible siting policy
adopted. In the United Kingdom legislation has
been enacted (The Nuclear Installations (Licensing
and Insurance) Act, 1959) to ensure that no reactor
(or certain other processes) shall be operated except
in accordance with the terms of a licence for the site.
The licence may specify conditions of operation

and may be withdrawn if the reactor is not operated
satisfactorily. The operating conditions are impor-
tant because the siting is determined not by the
hazards of normal operation but by the possible
hazards created when radioactive material is acci-
dentally released. The first safeguard is the standard
of care in operation. A second is adequate instru-
mentation to give warning of approach to dangerous
conditions in the reactor. A third is the contain-
ment afforded by pressure shells or, as in the Wind-
scale accident, filters (McCullogh, 1958).

There has been a reluctance to write standards
for use in evaluating the relative suitability of
different sites, because several different factors have
to be taken into account. In a reactor which has
operated continuously for a long period at 300 mW,
there is about 3 x 101 c of activity, which, when
removed from the reactor, will decay at a rate
proportional to the 0.2 power of the time (Gomberg,
1958). It is usual to assume that Sutton's well-
known equation for atmospheric diffusion applies

to the supposed accidental release of a fraction of
this activity and then to calculate the hazard of
inhalation and external irradiation at various
distances.
The criteria then are that there should be few

people near the site (say, within a quarter of a mile)
and not many (say, no more than a few thousands)
within a mile (about 1.5 km). The actual figures are
arbitrary and other factors-for example, the
presence of schools and the proximity of towns
have to be considered.
These requirements, special to nuclear energy

establishments, must be balanced against normal
siting considerations, such as availability of labour
and housing, access by rail and road, availability of
utility services, proximity to customers, potential
for expansion, value of the site, suitability of subsoil
for construction.
From the aspect of normal radioactive waste

disposal it is desirable that the site should be open
for ready dispersion of atmospheric emission and
should have good dilution of radioactive effluent
in a large river, preferably downstream of drinking-
water intakes. Often there is a somewhat un-
expected source of irradiation of the public, such as
seaweed used for food, as at Windscale (Dunster,
1958), or oysters, which have rather good powers of
concentrating some elements (Chipman, 1958).
It is an important part of site selection that these
factors should be discovered and evaluated. If there
is to be storage of liquid radioactive waste or burial
of solid radioactive waste, the ground should not be
subject to subsidence and should be relatively
impermeable and free from faults. Preferably, the
underground water should not be used as a public
drinking-supply.
However careful the selection of site, it will be of

only limited value if precautions are not taken to
maintain the validity of the assumptions. There
should certainly be control over the use of land for
housing within a few miles of the site.

Finally, the possibility should be recognized,
however remote it may seem, that an accident may
occur and a plan should be prepared to meet the
emergency. It is well to bring into the discussion
those local officials who may have to implement the
plan, so that they are aware of the part they may
have to play.
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AREA MONITORING

The ultimate safeguard, and the most satisfactory
for the general public, is the actual measurement of
the activity levels due to waste disposal or other
causes of environmental contamination. The parti-
cular methods which may be employed vary accord-
ing to the material and the site. For some, a simple
measurement of gamma-activity at selected points
may be sufficient. For others, delicate measurements
of specific radionuclides by chemical or physical
methods may be necessary. A useful summary of
chemical methods has been published (WHO/FAO
Joint Expert Committee on Methods of Radio-
chemical Analysis, 1959), and some guidance on
biological monitoring may be had from fall-out
measurements and the environmental studies at
Hanford (Davis et al., 1958; Healy et al., 1958).
The subject is, however, too specialized and the
methods too particular to the site and material for
a useful description to be given here.
Area monitoring requires an adequate survey

before operation of the site so that background
measurements can be established and the significant
biological or physical factors recognized. This
requires some judgement and knowledge of the
behaviour of elements in the environment. It is
surprising how little information we have: not the
least advantage gained from the use of radionuclides
is the addition to our knowledge in this field.

Rl2S

Les recommandations les plus recentes de la Commis-
sion internationale de Protection contre les Radiations
ont etabli a l'intention de plusieurs categories bien
definies de la population les limites superieures de tole-
rance du rayonnement que beaucoup de pays prendront
pour base de leur reglementation nationale. L'ingenieur
sanitaire fait partie des specialistes qui ont pour
tache de veiller A ce que ces niveaux, soumis A des
contr6les legaux, ne soient pas depasses, de fagon que la
population ne soit pas exposee a des radiations indesi-
rables.
La presence de retombees radioactives dans les eaux de

surface qui servent aux approvisionnements en eau
potable a et envisagee de ce point de vue. En conclusion,
etant donne que dans les pays europeens l'ingestion de
strontium-90 provenant de l'eau ne represente A l'heure
actuelle qu'une faible part de la dose totale inger6e, il ne

The role of the sanitary engineer then begins with
adequate examination of the proposed site and an
assessment of its suitability for normal operation,
including waste disposal, and the consequences of a
possible disaster. This assessment may require
extensive preliminary investigations (Dunster, 1958;
Bowles et al., 1958; Agnedal et al., 1958), for
example, to establish dilution factors.
He is next concerned to assess the waste arisings

at the site-at least approximately-and the amount
of gaseous and liquid effluent which may reasonably
be discharged (Lapointe & Brown, 1958). From
this he is led to a specification of the treatment
required and the works required to provide that
treatment. For example, with liquid effluent, he
may advise storage, chemical precipitation either
for general removal of radionuclides (as with
phosphates) or for specific removal of toxic radio-
nuclides (as with radium by sulfate precipitation),
or, if decontamination factors greater than about
10 are required, ion exchange (Burns, 1960).
His next task may be to operate, or to advise on

the operation of, the treatment plant. There are
few special technical problems here, except the
possible necessity for remote control operation
(Bernaud, 1958). Finally, he may have to supervise
an environmental monitoring programme.

UM

serait guere justifie de proceder a grands frais, au traite-
ment des eaux pour extraire le strontium-90.

L'auteur decrit l'emploi des radionuclides et les deve-
loppements de 1'energie nucleaire, et il indique, A ce
propos, les problmes qui se posent A l'ingenieur sani-
taire. La lutte contre les dangers que font courir les
dechets radioactifs postule la possibilite: d'interdire leur
production dans toute la mesure du possible; de verifier
l'absence de pollution des ateliers et des lieux de travail
(ce qui suppose la reconnaissance d'un droit d'inspec-
tion); enfin, d'organiser l'elimination des dechets radio-
actifs qui ne peuvent etre traites sur place.

Afin de donner un exemple des procedes susceptibles
de recevoir une application en Europe, l'auteur expose
le mode de traitement qui est reserve soit aux effluents
des etablissements qui manipulent des combustibles
nucleaires ou font des recherches sur 1'energie nucleaire, soi t
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aux d6chets qui resultent du fonctionnement des reacteurs
utilises comme source d'energie ou a des fins de recherche
et qui sont refroidis par des gaz et par l'eau. II est fait etat
des progres r6cents dans le traitement des gaz perdus. Au
cours de la discussion consacr6e a 1'elimination des
d6chets radioactifs solides, on a souligne la necessite
d'exercer le controle le plus strict, sinon le probleme
risquerait de devenir insoluble.

Le choix d'un emplacement pour les installations
d'energie nucleaire fait l'objet d'une breve discussion, en
rapport avec le travail de l'ingenieur sanitaire.

Au cours de cet article, l'ingenieur sanitaire est repr6-
sente comme un conseiller technique qui prend les avis
de specialistes appartenant a d'autres disciplines, afin de
recommander dans un esprit de collaboration les empla-
cements qui conviennent aux installations et les methodes
appropriees pour eliminer les dechets en sorte que la
population subisse le minimum d'irradiation et que ce
r6sultat soit obtenu aux moindres frais. Quand elles
peuvent etre appliquees, les methodes de traitement local
sont precieuses pour la solution d'ensemble du probleme,
car elles evitent souvent des manipulations indesirables
des dechets qui sont cause d'irradiation.
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