
NO.97 
IAEA SAFETY GUIDES 

Principles and Techniques 
for Post-Accident 
Assessment and Recovery 
in a Contaminated Environment 
of a Nuclear Facility 

im INTERNATIONAL ATOMIC ENERGY AGENCY, VIENNA, 1989 



CATEGORIES OF IAEA SAFETY SERIES 

From 1978 onwards the various publications in the Safety Series are divided into 
four categories, as follows: 

(1) IAEA Safety Standards. Publications in this category comprise the Agency's 
safety standards as defined in "The Agency's Safety Standards and Measures", 
approved by the Agency's Board of Governors on 25 February 1976 and set 
forth in IAEA document INFCIRC/18/Rev. 1. They are issued under the 
authority of the Board of Governors, and are mandatory for the Agency's 
own operations and for Agency-assisted operations. Such standards 
comprise the Agency's basic safety standards, the Agency's specialized 
regulations and the Agency's codes of practice. The covers are distinguished 
by the wide red band on the lower half. 

(2) IAEA Safety Guides. As stated in IAEA document INFCIRC/18/Rev. 1, 
referred to above, IAEA Safety Guides supplement IAEA Safety Standards 
and recommend a procedure or procedures that might be followed in 
implementing them. They are issued under the authority of the Director 
General of the Agency. The covers are distinguished by the wide green band 
on the lower half. 

(3) Recommendations. Publications in this category, containing general 
recommendations on safety practices, are issued under the authority of 
the Director General of the Agency. The covers are distinguished by the 
wide brown band on the lower half. 

(4) Procedures and Data. Publications in this category contain information on 
procedures, techniques and criteria pertaining to safety matters. They are 
issued under the authority of the Director General of the Agency. The 
covers are distinguished by the wide blue band on the lower half. 

Note: The covers of publications brought out within the framework of the 
NUSS (Nuclear Safety Standards) Programme are distinguished by the wide 
yellow band on the upper half 



PRINCIPLES AND TECHNIQUES 
FOR POST-ACCIDENT 

ASSESSMENT AND RECOVERY 
IN A CONTAMINATED ENVIRONMENT 

OF A NUCLEAR FACILITY 



The following States are Member s of the International Atomic Energy Agency: 

AFGHANISTAN 
ALBANIA 
ALGERIA 
ARGENTINA 
AUSTRALIA 
AUSTRIA 
BANGLADESH 
BELGIUM 
BOLIVIA 
BRAZIL 
BULGARIA 
BYELORUSSIAN SOVIET 

SOCIALIST REPUBLIC 
CAMEROON 
CANADA 
CHILE 
CHINA 
COLOMBIA 
COSTA RICA 
COTE D'lVOIRE 
CUBA 
CYPRUS 
CZECHOSLOVAKIA 
DEMOCRATIC KAMPUCHEA 
DEMOCRATIC PEOPLE'S 

REPUBLIC OF KOREA 
DENMARK 
DOMINICAN REPUBLIC 
ECUADOR 
EGYPT 
EL SALVADOR 
ETHIOPIA 
FINLAND 
FRANCE 
GABON 
GERMAN DEMOCRATIC REPUBLIC 
GERMANY, FEDERAL REPUBLIC OF 
GHANA 
GREECE 
GUATEMALA 

HAITI 
HOLY SEE 
HUNGARY 
ICELAND 
INDIA 
INDONESIA 
IRAN, ISLAMIC REPUBLIC OF 
IRAQ 
IRELAND 
ISRAEL 
ITALY 
JAMAICA 
JAPAN 
JORDAN 
KENYA 
KOREA, REPUBLIC OF 
KUWAIT 
LEBANON 
LIBERIA 
LIBYAN ARAB JAMAHIRIYA 
LIECHTENSTEIN 
LUXEMBOURG 
MADAGASCAR 
MALAYSIA 
MALI 
MAURITIUS 
MEXICO 
MONACO 
MONGOLIA 
MOROCCO 
MYANMAR 
NAMIBIA 
NETHERLANDS 
NEW ZEALAND 
NICARAGUA 
NIGER 
NIGERIA 
NORWAY 
PAKISTAN 
PANAMA 

PARAGUAY 
PERU 
PHILIPPINES 
POLAND 
PORTUGAL 
QATAR 
ROMANIA 
SAUDI ARABIA 
SENEGAL 
SIERRA LEONE 
SINGAPORE 
SOUTH AFRICA 
SPAIN 
SRI LANKA 
SUDAN 
SWEDEN 
SWITZERLAND 
SYRIAN ARAB REPUBLIC 
THAILAND 
TUNISIA 
TURKEY 
UGANDA 
UKRAINIAN SOVIET SOCIALIST 

REPUBLIC 
UNION OF SOVIET SOCIALIST 

REPUBLICS 
UNITED ARAB EMIRATES 
UNITED KINGDOM OF GREAT 

BRITAIN AND NORTHERN 
IRELAND 

UNITED REPUBLIC OF 
TANZANIA 

UNITED STATES OF AMERICA 
URUGUAY 
VENEZUELA 
VIET NAM 
YUGOSLAVIA 
ZAIRE 
ZAMBIA 
ZIMBABWE 

The A g e n c y ' s Statute was approved on 23 October 1956 by the Conference on the Statute of the 
I A E A held at United Nations Headquarters , New York; it entered into force on 29 July 1957. The Head-
quarters of the Agency are situated in Vienna. Its principal objective is " t o accelerate and enlarge the 
contribution of atomic energy to peace , health and prosperity throughout the w o r l d " . 

© IAEA, 1989 

Permission to reproduce or translate the information contained in this publication may be 
obtained by writ ing to the International Atomic Energy Agency, Wagramers t rasse 5, P . O . Box 100, 
A-1400 Vienna, Austr ia . 

Printed by the I A E A in Austria 
November 1989 



SAFETY SERIES No. 97 

PRINCIPLES AND TECHNIQUES 
FOR POST-ACCIDENT 

ASSESSMENT AND RECOVERY 
IN A CONTAMINATED ENVIRONMENT 

OF A NUCLEAR FACILITY 

INTERNATIONAL ATOMIC ENERGY AGENCY 
VIENNA, 1989 



PRINCIPLES AND TECHNIQUES 
FOR POST-ACCIDENT ASSESSMENT AND RECOVERY 

IN A CONTAMINATED ENVIRONMENT OF A NUCLEAR FACILITY 
IAEA, VIENNA, 1989 

STI/PUB/818 
ISBN 92-0-123789-8 

ISSN 0074-1892 



FOREWORD 

Radiation protection is fundamental to any installation dealing with nuclear or 
radioactive materials. In normal operating conditions the basic principles of radiation 
protection according to the IAEA's Basic Safety Standards for Radiation Protection, 
Safety Series No. 9 (1982), are applicable. The principles apply to both workers and 
members of the public. The Standards themselves underline the necessity to be able 
to predict the radiological consequences of emergency conditions within any nuclear 
or radioactive materials installation, so that decisions can be taken about the 
implementation — and later withdrawal — of protective measures. 

To assist operators and public authorities alike in their advance preparation of 
emergency plans and in the establishment of emergency preparedness infrastruc-
tures, the IAEA has already issued several Safety Series publications dealing with 
these matters. This Safety Guide complements the technical guidance already pub-
lished. It provides: 

(a) Information and practical guidance relevant to assessing the off-site conse-
quences during the late phase of a serious accident in a nuclear facility; 

(b) Guidance on recovery operations off the site and the associated decision mak-
ing process; and 

(c) Proposals for consideration by national authorities regarding the organizational 
structure for the conduct of recovery operations. 

Guidance relating to assessing off-site consequences during the early and intermedi-
ate phases of a serious accident is contained in a companion publication, Techniques 
and Decision Making in the Assessment of Off-Site Consequences of an Accident in 
a Nuclear Facility, Safety Series No. 86 (1987). The present publication and Safety 
Series No. 86 do not address accident assessment and recovery operations in the 
nuclear facility itself; this is a subject which will be considered in future IAEA publi-
cations. Nor does the guidance herein deal in any detail with technical specifications 
for radiation monitoring instrumentation used in post-accident assessment and decon-
tamination equipment used in recovery operations in the late phase. These specifica-
tions are best set by the intended users in consultation with suppliers of such 
equipment. 

Considerations for implementing protective measures in the late phase differ 
markedly from those which apply in the early and intermediate phases. The Advisory 
Groups charged with developing the present Safety Guide and Safety Series No. 86 
were of the opinion that it would be logical to prepare separate publications contain-
ing appropriate guidance for the three phases. In reality, there is no clear-cut line 



of demarcation between the three phases. The transition from one phase to another 
is gradual, as is that between the implementation of protective measures and recovery 
operations. The speed with which the transition can be made, and the duration of the 
transition period itself, will be governed to a great degree by the nature of the acci-
dent, the type of environment affected, and the many variables in local conditions 
which could prevail at the time. 

Even after a fast breaking accident, there will be more time available in the 
late phase for making decisions and implementing appropriate protective measures 
and other actions leading to recovery than there will have been in the two earlier 
phases. In planning for the early and intermediate phases, assessment procedures and 
protective measures must be addressed in detail. Planning for the late phase includes 
the establishment of an appropriate recovery organization which may find the 
guidance in this publication useful. The correct definition and performance of the 
roles and responsibilities of the competent authorities within that organization are of 
fundamental importance in the recovery process. 

This publication was prepared by an Advisory Group and consultants com-
prised of experts nominated by Member States and international organizations. The 
members of the Advisory Group, consultants and other representatives are listed at 
the back of the book. Meetings of the Advisory Group were held in Vienna in 1984 
and 1985 under the Chairmanship of Mr. S. Chakraborty of the Swiss Federal 
Nuclear Safety Inspectorate, Wiirenlingen. The IAEA wishes to record its gratitude 
to the Advisory Group members and consultants who participated in the preparation 
of this publication. 

This Safety Guide presents the current state of knowledge and experience in 
the area of post-accident assessment and recovery operations in a radiation environ-
ment. Experience gained so far in the aftermath of the accident at Chernobyl Unit 
4 in April 1986 has been taken into account. The publication is neither a collection 
of rules nor a list of approved steps and actions. The methods and technology for 
accident assessment and recovery operations are rapidly changing, and this publica-
tion will therefore need to be brought up to date as time passes. This is particularly 
true of the Radiation Protection Criteria (Section 3), which are currently (1989) 
under review by both the ICRP and the IAEA. It is intended that the changes from 
the existing criteria will be published in subsequent IAEA Safety Series. 
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1. INTRODUCTION 

1.1. PURPOSE 

The main purpose of this publication is to give information and guidance to 
those who are responsible for the protection of the public during the late phase in 
the time-scale associated with potential off-site consequences of a serious nuclear 
accident or radiological emergency in a nuclear or radioactive materials installation. 
The late phase is described in IAEA Safety Series No. 55, Planning for Off-Site 
Response to Radiation Accidents in Nuclear Facilities [1], and later in IAEA Safety 
Series No. 86, Techniques and Decision Making in the Assessment of Off-Site Con-
sequences of an Accident in a Nuclear Facility [2], as that " . . . in which risks arise 
also from activity in the food-chain as well as contamination in the environment. This 
phase may extend from weeks to several years after the intermediate phase". An 
additional purpose of the present publication is to present useful information con-
cerning recovery of those off-site areas which might be contaminated in the event 
of a serious nuclear accident or radiological emergency. The degree, nature and 
extent of the contamination will depend upon the nature and quantity of the radioac-
tive materials released, and other site specific factors and conditions which might 
prevail at the time. The recovery phase (a term which is sometimes used) is seen 
properly as an extension in time of the late phase, although it will be apparent that, 
after an accident, different affected areas might simultaneously be in different 
phases. However, recovery operations could begin in the intermediate phase under 
some conditions. Thus, for general off-site planning purposes, preparations must be 
made to implement both late phase protective measures and the extended recovery 
phase measures at the same time. Protective measures are those taken for the benefit 
of persons; recovery measures are directed chiefly towards the physical environ-
ment, but they also include those concerned with the restoration of normal conditions 
of life. 

1.2. SCOPE 

The information and guidance presented here are derived from consideration 
of the long term radiological conditions that may exist off the site if a nuclear facility 
or installation or a radioactive materials facility or installation should suffer a serious 
accident which causes a release of radioactive materials1. The information and 
guidance herein are, in the main, oriented towards the late phase. However, as there 
is no clear dividing line between the intermediate and late phases of an accident, 

1 The terms nuclear facility or installation and radioactive materials facility or instal-
lation are defined on page 1 of IAEA Safety Series No. 86 [2]. 
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some of the guidance may also be applicable in the later part of the intermediate 
phase. The distinction is not important here and the assessments carried out in the 
early and intermediate phases will serve to guide the implementation of protective 
measures for the late phase. Assessment guidance for the early and intermediate 
phases is contained in IAEA Safety Series No. 86, Techniques and Decision Making 
in the Assessment of Off-Site Consequences of an Accident in a Nuclear Facility [2], 

This Safety Guide reviews the characteristics of the late phase situation includ-
ing the relevant chronic exposure pathways. General techniques for long term 
environmental monitoring, late phase protective measures, criteria upon which to 
base the implementation of protective measures, recovery and re-entry operations, 
socio-economic considerations and decision making are discussed. Finally, guidance 
is offered concerning the organizational infrastructure required to assess, evaluate, 
manage and mitigate the situation over what might be a long period of time (possibly 
many years). 

1.3. GENERAL APPLICABILITY 

Much of the guidance given here will be applicable in most post-accident situa-
tions, but the resources available and the means adopted to implement the guidance 
will in all likelihood differ from country to country. International attention is being 
directed towards the possibility of harmonizing the criteria adopted for the 
implementation or withdrawal of protective measures, but at present considerable 
national variations exist in these criteria [3, 4], Governmental organizational struc-
tures and the kind of national legislation that exists (and the extent to which it is 
observed or can be enforced) may dictate a particular modus operandi or indicate a 
preference for one kind of protective measure over another. For example, in mixed 
societies, certain groups may have beliefs or traditions about the acceptability of cer-
tain foods, and planners should take these views into account if such foods have to 
be forbidden or if they are proposed as a substitute for foods rendered unfit for con-
sumption owing to radioactive contamination. 

Planners and others will do well to remember that events leading to a release 
of radioactive materials to the areas adjacent to a nuclear or radioactive materials 
installation may not always and inevitably be caused by defects in plant construction 
or operation. They may also be caused by destructive natural phenomena, and should 
this be the case it will, at least in the early and intermediate phases, almost certainly 
be much more difficult to implement preplanned protective measures. Some of these 
measures, indeed, may not be practicable at all or would have to be modified to take 
into account the practicalities of a natural disaster situation. This result may well 
influence subsequent action in the late phase. It also emphasizes the importance of 
joint on-site/off-site planning and the need for off-site planners to be aware of the 
special additional risks which may be present after a natural disaster in an area con-
taining a nuclear or radioactive materials facility or installation. 
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The accident at Chernobyl in 1986 [5] involved the largest scale uncontrolled 
release of radioactivity from a commercial or research application of nuclear energy 
which had led to a recognizable off-site late phase during which several and varied 
long term protective measures had to be continued or recovery measures initiated. 
The long term human health effects of Chernobyl will be studied and assessed for 
many years to come. Protective measures after the Windscale accident in 1957 were 
in general limited to restrictions on the use of milk produced in the immediate area, 
and even these lasted no longer than 44 days. The long term human health effects 
of the Windscale accident have been estimated [6] and the sociopsychological effects 
of the Three Mile Island accident of 1979 continue to be studied in great detail [7]. 

From the Chernobyl accident, there is now some significant experience in deal-
ing with decontamination of radioactive materials over relatively large areas near the 
accident site and at some distance from it. There is also some experience with con-
tamination caused by other industrial accidents in which dangerous and lasting con-
tamination of areas has resulted. The accidental release of dioxin (TCDD) from a 
plant at Seveso, Italy, in July 1976 is probably the best known event of this kind; 
the work which had to be undertaken in late phase impact assessment, closure of 
areas, decontamination and recovery organization holds certain lessons which have 
been used in compiling this report. The human health effects of the Seveso accident 
have been, and remain, less readily identifiable and quantifiable, largely because of 
the difficulties of establishing who had or had not been exposed to dioxin, and how 
much dioxin could in fact be absorbed. In most large scale industrial (non-nuclear) 
accidents which have produced widespread off-site consequences, the effects have 
not been dissimilar to those of destructive natural phenomena (for example, destruc-
tion of property, interruption of 'life-line' services, and human casualties were all 
effects of the gas explosion in Mexico in November 1984). Even the accident at 
Bhopal, India, in December 1984 did not result in recognizable contamination of 
areas; many casualties occurred and long term effects were felt only in human health, 
and these have not yet been fully assessed, although the need for extended medical 
and social care for some of the survivors appears certain. 

The accident in Goiania, Brazil, in 1987 involving a 137Cs radioactive source 
and a similar accident in Juarez, Mexico, in 1983 involving a 60Co source are acci-
dents in a unique category. This type of contamination accidents are discussed in 
IAEA Safety Series No. 91, Emergency Planning and Preparedness for Accidents 
Involving Radioactive Materials Used in Medicine, Industry, Research and Teaching 
[8]. Some of the principles and techniques presented here which apply to the late 
phase of an accident at a nuclear facility would be applicable and useful in handling 
contamination accidents of the type described in Safety Series No. 91. Such acci-
dents can create the type of problem associated with the late phase of a nuclear facil-
ity accident, except that usually only one radioactive element is involved. 

Practically every survey that has been made, not only of these accidents but 
also of the recovery from natural disasters, has emphasized how the effects could 
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have been mitigated and the task of the response and recovery organizations made 
easier by demonstrating the importance of prior planning, including arrangements 
for local emergency organizations and the co-ordination of external assistance; the 
need for the local emergency organization to be aware of the legal and practical com-
petences and administrative requirements of the several agencies of national govern-
ment likely to be engaged in the recovery operation; and awareness of the value of 
preventive and mitigation measures. This awareness was shown to be heightened 
where previous experience had been gained with the same or a similar type of event. 
The Chernobyl accident has been recognized as showing the need for public authori-
ties to consider, at the least, the role and responsibilities of a recovery organization. 
Moreover, the need for this consideration is not limited to places, or even countries, 
in which nuclear facilities are located. 

Much of the guidance in this publication will be applicable in general to any 
radiation accident that enters a recognizable late phase, even though very large num-
bers of people, or wide geographical areas, or important industrial establishments, 
may not be significantly affected. It is very desirable that even after the less serious 
events, decision makers should take into account all relevant considerations before 
entering upon any course of action designed to achieve the aim of radiological dose 
avoidance or reduction. 

1.4. LIMITATIONS 

The guidance contained in this publication does not address post-accident 
assessment and recovery operations in the affected nuclear or radioactive materials 
facility or installation itself or on the installation or facility site. That topic will be 
addressed in future IAEA technical guidance publications. 

The guidance contained in this publication does not address in detail the 
cleanup/decontamination of large areas since this is covered in other Agency 
publications. 

The guidance contained in this publication does not address technical specifica-
tions for radiation monitoring instrumentation used in the late phase post-accident 
assessment and recovery operations or for decontamination equipment. The reader 
is referred to standard texts on radiation monitoring instruments and to published 
literature from manufacturers of such equipment. 

The guidance contained in this publication does not directly address radiation 
protection principles applying to the control of emergency workers under accident 
conditions at a nuclear facility. Guidance on this matter is being developed in another 
IAEA publication. 

4 



1.5. RELATIONSHIP BETWEEN THE EARLY AND INTERMEDIATE 
PHASES AND THE LATE PHASE OF AN ACCIDENT 

The principal factors that help to determine the period of transition from the 
early to the intermediate phase and from the intermediate to the late phase are the 
levels of contamination, the location of the radioactive material, and the pathways 
by or through which it affects people and the environment. Thus, in the early phase 
the dominant risk is from an airborne release and inhalation of radioactive material 
and/or irradiation from the radioactive plume; in the intermediate phase the dominant 
risks are from radioactive material deposited on the ground (external exposure), or 
resuspended in the atmosphere (internal exposure through inhalation), or present in 
externally contaminated fresh food and water (internal exposure through ingestion); 
and in the late phase from long lived radionuclides present in food or in the environ-
ment generally. Should the release have been through the aquatic pathway only, then 
so far as off-site consequences are concerned the late phase of the accident will for 
all practical purposes have already begun. For releases into the aquatic pathway, 
drinking water derived from a lake or other source contaminated with short lived 
radionuclides would be considered as an intermediate pathway. 

Figure 1 illustrates the applicable protective measures in different phases of an 
accident for groups of people, e.g. the general public, decontamination workers, and 
other emergency workers. 

In the late phase it is expected that a reasonably complete picture of radiation 
levels and affected areas in the environment will be available. One of the main tasks 
in the late phase is to take such actions as are practicable to restore conditions to nor-
mal. Restorative actions lead to the withdrawal or modification of protective meas-
ures which limit access, freedom of movement and consumption of food from 
contaminated areas, and the initiation or continuation of cleanup/decontamination in 
those areas. 

These actions are constrained by physical, social, political and economic con-
siderations. However, planners and decision makers have time to justify any further 
protective measures which would require expenditures and which may result in 
extensive disruption of normal activities in the affected areas. 
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* These exposure pathways are also applicable to decontamination workers and possibly to workers in essential industry during the late phase. 

FIG. 1. Relevance of protective measures for the general public to particular exposure pathways in different time phases. 



2. CHARACTERISTICS OF THE LATE PHASE 

2.1. GENERAL 

2.1.1. Assessment and decision making problems in the late phase 

For the decision makers, the pressures of time in the early phase are largely 
replaced in the late phase by pressures of complexity. From the start of the release, 
a variety of radionuclides will have begun dispersing in the environment at varying 
rates through many different avenues. The decision makers and their technical 
advisers must concentrate their attention on those pathways of exposure which, from 
time to time, are the major contributors to the projected dose to members of the pub-
lic. Many pathways may have to be considered in order to be ranked in importance. 
Those which are minor and trivial will be discounted and the more important path-
ways evaluated in more detail. 

Collective dose equivalent may become a more important assessment 
parameter in the late phase than in earlier phases since minimizing the overall inci-
dence of stochastic effects is likely to be the main concern by this stage. Since the 
bulk of the collective dose equivalent commitment may, in the late phase, be 
accumulating in populations far distant from the installation and even in other coun-
tries, a much larger geographical area may have to be covered in this assessment. 
However, the decision makers may have to take account of relevant geographical and 
political boundaries and decide on the appropriateness of a lower individual dose cut-
off level to be applied in the collective dose assessments. 

The late phase also differs from the earlier phases in the options open to deci-
sion makers. Whereas in the early or even the intermediate phase some protective 
or remedial measures may be impossible or useless owing to lack of time to imple-
ment them, in the late phase the factors that place limits on what can be done will 
be mainly social and economic (and possibly political). 

2.1.2. Transition to the late phase 

The dividing line between the intermediate phase and the late phase is not sharp 
(Section 1): both phases (in the case of an atmospheric release) are characterized by 
risks from surface depositions and from the consumption of contaminated food. 
However, the definitions in IAEA Safety Series No. 55 [1] imply that, as regards 
food, the concern during the intermediate phase is mainly about contamination 
through direct deposition on exposed food and potable water. During the late phase, 
attention should also be directed towards food contaminated through longer pathways 
such as the root uptake of plants in the food chain of humans and animals. 
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For the purpose of definition, the transition from the intermediate phase to the 
late phase in any given area may be regarded as having occurred when all necessary 
protective measures appropriate to the intermediate phase are being or have been 
implemented. 

2.2. RADIOLOGICAL ASPECTS OF THE LATE PHASE 

2.2.1. Ultimate disposition of radionuclides released 

Following a release of radioactive materials to the environment, dispersion and 
dilution of the material will continue for many years in the abiotic and biotic compo-
nents of neighbouring and perhaps distant ecosystems. (An ecosystem here means an 
environmental entity, such as a lake or a forest, which functions relatively indepen-
dently of adjoining ecosystems but which encompasses highly interwoven networks 
of physical and biological components of its own.) The precise structure of an 
ecosystem — its specific assemblages of abiotic and biotic elements — determines 
how radionuclides will eventually be distributed and partitioned within it. However, 
an accident in which extremely large amounts of radioactive material were inserted 
into an ecosystem could, by radiation effects on some species, change the normal 
partitioning and stability of the system. In cases where smaller quantities of radionu-
clides were released, these would, in time, tend ultimately to be distributed through 
the unperturbed ecosystem as tracer elements. However, only the longest lived radio-
nuclides would survive in the long time-scale of many of the processes of exchange 
of material, particularly in the abiotic components of many ecosystems. 

2.2.2. Changing conditions during the late phase 

At the beginning of the late phase, the final near equilibrium distribution of 
the radioactive effluent will be far in the future. At first, the broad picture of disper-
sion after an atmospheric release may be that of relatively smooth concentration gra-
dients of the radionuclides along the path of the plume and at right angles to it, with 
some local anomalies in deposition. Geography, hydrology, meteorology, topogra-
phy and roughness of surfaces, and agricultural .conditions and methods, are among 
the physical factors which will determine the detailed deposition and create anoma-
lies in the initial disposition. Further processes of dispersion and dilution, driven by 
natural turbulences, energy flows and concentration gradients of the various radionu-
clides, proceed ever more slowly as time advances. Initial anomalous regions of high 
(or low) concentration may disappear and new ones emerge. 

Thus, even without human intervention, the magnitude and character of the 
radiological hazards of the late phase will change with time. Radioactive decay and 
dispersion will reduce the dose contributions of some of the radionuclides which may 
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have dominated the situation in the early and intermediate phases. The noble gases, 
their daughter products, and volatile and short lived iodine radioisotopes are likely 
examples of radionuclides of declining importance in the late phase after an accident 
in a nuclear power plant. Longer lived nuclides such as 137Cs and ^S r will assume 
greater importance. The long time-scale of some of the processes involved in the 
transfer of radionuclides through the environment, e.g. the movement of material in 
groundwater, also produces a situation which varies with time. In addition, changes 
in agricultural practices, movement of people, and the ameliorating effects of meas-
ures such as decontamination, may alter the situation significantly. Thus the main 
routes of public exposure need to be constantly reassessed and reviewed during the 
late phase. 

2.3. LONG TERM EXPOSURE PATHWAYS 

2.3.1. General 

The term long term exposure pathway is not a precise one. In this publication 
it implies pathways for radionuclides whose half-lives are long enough for them to 
persist into the late phase at least. It also implies a degree of mobility and persistence 
of the radionuclide in the natural environment such that significant amounts of it (or 
its radiation) may reach humans. 

Some of the exposure pathways established in earlier phases — direct external 
exposure, for example — continue as long term exposure pathways in the late phase. 
Ingestion of radioactive material deposited on food is a hazard arising in earlier 
phases and which continues into the late phase. Any type of release to the environ-
ment — to the atmosphere, to surface water or to groundwater — can create condi-
tions which lead to radioactive contamination of human food. Following a release 
to the atmosphere, radionuclides may be deposited directly onto plants or taken up 
though the plant's root system from the soil or from water onto which deposition has 
previously occurred. A release to surface water or groundwater, particularly if the 
water is used for irrigation, can likewise make radionuclides available to the root sys-
tems of plants. Internal exposure will then occur in humans if the contaminated plants 
(or parts of them) are consumed directly, or by animals which provide milk for 
human consumption, or by animals which are themselves part of the human diet. 
This can present a major problem for certain groups of people, particularly those 
who follow nomadic lives and rely upon large numbers of animals for their support. 

The impact of a release only to groundwater will be determined by (a) the 
hydrogeological characteristics of the site (values for hydraulic conductivity can 
differ from site to site by factors of up to 1010 [9]), and (b) by the use made of the 
water when it is brought to the surface. The results of the site survey and evaluation 
will help to indicate how much attention needs to be given to this aspect in the late 
phase, and where that attention should be directed. 
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2.3.2. Long term exposure pathways established in earlier phases 

2.3.2.1. Direct external irradiation 

During the early and intermediate phases after a release to the atmosphere, 
both dry and wet deposition mechanisms will bring down particles and even some 
gases, and there will be a high probability of their being retained on surfaces at and 
near ground level. Direct external exposure hazards will therefore continue in the 
late phase, from the radioactive material which is now on the ground, on the surfaces 
of buildings, on trees and vegetation, and even on clothing and the skin. Generally, 
less exposure may be expected in an urban than in a rural environment, because 
although there is a larger surface area over which material may be deposited, this 
is to some extent offset by lower deposition velocities and the shielding afforded by 
the types of structures normally found in towns and cities. Heavily forested areas, 
however, tend to act as filters and may be expected to collect airborne particulate 
radioactive material. 

A release of radioactive material to surface waters may also lead to external 
exposure hazards for persons bathing, swimming or boating in the water. Also, 
radioactive material may accumulate in water filtration or purification plants, thus 
presenting an external irradiation hazard to workers. Again, in the late phase a less 
obvious but none the less significant external exposure hazard may occur in places 
where contaminated water has evaporated or receded from areas previously covered, 
leaving behind radioactive deposits. Accumulations of debris or marooned flotsam 
may be a visual clue to such deposits. As pointed out in Subsection 1.5, should a 
release of radioactive material have been through the aquatic pathway only, then, so 
far as off-site consequences are concerned, the late phase of the accident will have 
already begun. 

In the event of a release to groundwater only, the external exposure pathway 
is likely to be less important than others but not necessarily negligible, particularly 
if the water is brought to the surface or used for drinking. 

2.3.2.2. Inhalation of resuspended material 

Radioactive material deposited on the ground, buildings and vegetation may, 
particularly if the material is relatively insoluble or chemically inactive, be 
resuspended into the air, primarily by winds but also by human and animal activity. 
The availability of deposited material for resuspension depends on the chemical and 
physical nature of the deposited material and the surface on which it lies. Over time, 
processes of chemical absorption and exchange usually strengthen attachment to sur-
faces. As might be expected, ploughing and cultivation of contaminated land reduce 
resuspension but, if these processes are continued over many years, the resuspension 
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problem may recur to some extent by bringing to the surface radioactive material 
with long half-lives which had been previously buried or dispersed. 

Although resuspension could thus recreate to some degree the inhalation haz-
ards of earlier phases, it is primarily a mechanism of transport and dispersion. Most 
radionuclides in most ecological systems tend to settle in soil, sediments and organic 
detritus, which then form major reservoirs of the radionuclides. Wind erosion of 
these reservoirs allows further opportunity for the material to enter food chains by 
being redeposited elsewhere or being inhaled and transported by animals. 

In general, the inhalation hazard created by resuspension of material deposited 
on the ground may be expected to decline monotonically from the time of deposition 
— by declining availability of the material through weathering, chemical attachment 
and depletion of the readily resuspended components. Human activities, or unusual 
weather conditions such as strong winds, may temporarily increase resuspension and 
thus cause the inhalation hazard to re-emerge during the late phase. Measurements 
of resuspension reported in the literature [10] lead to the conclusion that, for radionu-
clides which are predominantly gamma emitters, the external gamma exposure rate 
from radionuclides on the ground is likely to constitute a greater hazard than inhala-
tion of the resuspended radionuclide. For radionuclides which emit only beta radia-
tion, the hazard from external radiation is typically much less than from the same 
deposited activity per unit area of a gamma emitter. Consequently, the inhalation 
hazard from resuspension of a beta emitter, rather than its external radiation hazard, 
is more likely to be limiting. 

Gravitational settling of insoluble particles and resuspension are phenomena 
which occur also in water. If the initial release had resulted in the deposition of 
insoluble materials in surface waters, resuspension of contaminated materials by 
unusual lake turbulence, for example, might constitute a significant late phase drink-
ing water hazard. However, as in the case of air, it is as a transport mechanism that 
resuspension in water is important. Radionuclides in sediments and sorbed material 
which are resuspended by turbulence are given further opportunity to enter food 
chains. 

2.3.2.3. Surface deposits on human food 

Plants, including aquatic plants, may receive radioactive materials by direct 
deposition on their surfaces and retain much of the material without its being incor-
porated into plant tissues. This mechanism will obviously be particularly effective 
on finely branched leaves, or on hairy leaves or fruit. Some surface deposited 
material may be assimilated into plant tissues but, even if there is no assimilation, 
removal by washing is only partially effective. The process of deposition con-
taminates immediately not only growing vegetables and fruit but also harvested crops 
and other foodstuffs which are exposed to deposition. 
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While direct deposition is a process that is more characteristic of earlier 
phases, it may continue in the late phase also since radioactive materials in soil fre-
quently adhere to root or shoot surfaces of plants. Even long after the accident, plants 
may be recontaminated by splashing of contaminated soil during rainfall. Resuspen-
sion during the late phase may also lead to direct deposition on food for human 
consumption. 

2.3.3. Long term exposure pathways established in the late phase 

2.3.3.1. General 

A small fraction of the radionuclides released to the environment will ulti-
mately find its way into the living tissues of plants and animals which form part of 
the human diet. The problem thus created is most serious in populations whose whole 
diet is made up of locally grown foodstuffs, particularly if the importation of alterna-
tive food supplies is not practicable. These late phase pathways involve (at the lowest 
trophic level, see Subsection 2.3.3.2) the transfer of atoms or molecules (as ions) 
from water, through membranes, into plant tissues. Time is required for this process 
of incorporation (which is distinct from external deposits on food for human con-
sumption) to become established since it involves several, or even many, successive 
steps before human intake is likely. Thus, it is generally in the late phase that this, 
the food chain pathway, emerges as being of significant importance. 

It is beyond the scope of this Guide to attempt to provide a full understanding 
of the many factors and processes which determine the radioactive content of human 
diet derived from a contaminated environment. Figure 2, however, sketches the 
complexity of the situation in the late phase by depicting some of the processes and 
ecosystem(s) within which radionuclides are dispersed, recycled and possibly recon-
centrated in the human food chain. The figure is a very considerable simplification 
of biological reality, which defies neat, absolute categorization into so few compo-
nents. An overview of the major processes at work is provided in the following. 

While an understanding of ecological principles is valuable for predicting 
future developments in the late phase and in directing resources for radiological 
monitoring and assessment, protection should whenever possible be based on actual 
measurement of the radioactive content of human food items rather than on model-
ling calculations based on data measured further down the food chain. In practice, 
this will require monitoring of cereals, vegetables and fruit for direct human con-
sumption, and also of meat, milk, milk products and eggs. Some contaminated birds 
and fish species may migrate hundreds of kilometres and then be consumed in human 
diet. However, extensive monitoring of these at the point of consumption is unlikely 
to be necessary. 
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FIG. 2. A simplified lake ecosystem (adapted from Ref. [10]). 

2.3.3.2. Ecosystems and human diet 

Each item of human diet is the product of one, or at most a few, ecosystems. 
If radionuclides have been inserted into ecosystems which contribute to the human 
diet, they are likely to be present in food products. The process of transfer of 
material, including radioactive material, within an ecosystem, from one organism to 
another, among plants, from plants to animals, by animal eating animal, is referred 
to as the food chain. 

The functioning of the food chain within an ecosystem is described generally 
in terms of trophic levels. Those organisms that obtain their food in the same number 
of steps (from the base of the food chain) as other organisms are said to belong to 

13 



the same trophic level. Green plants occupy the first trophic level; they synthesize 
their food from inorganic materials, using light energy. Herbivores, which eat 
plants, are on the second trophic level. Carnivores, which eat herbivores, are on the 
third trophic level, and so on. It should be noted that an organism can function on 
more than one trophic level. For example, humans eat both plants and animals and 
thus operate in at least two trophic levels. Figure 2 shows the trophic levels in a 
greatly simplified food web in a lake ecosystem. Radionuclides dispersed in the 
environment ultimately penetrate every trophic level. 

Though most food chains involve only three or four trophic levels, considera-
ble complexity arises from the fact that most organisms function on two or three 
levels simultaneously. To understand or to model this complexity in a specific 
ecosystem, its major component organisms and abiotic features are represented as 
'compartments' linked by interchanges of minerals and organic material carried in 
water. The behaviour of any radionuclides present in this system is determined by 
their chemical, rather than their radiological, nature. 

2.3.3.3. Transport and accumulation of radionuclides in ecosystems 

There are few general statements about the behaviour of radionuclides in 
ecosystems that do not have exceptions. However, some general statements of princi-
ples are none the less worth making since they provide an overview and aid compre-
hension. The following statements should be regarded as generally, but not 
invariably, valid: 

(a) In a closed ecosystem, i.e. one having no intakes or losses of material, radionu-
clides with a sufficiently long half-life introduced in chemically active forms 
would ultimately become distributed as 'tracers' in all biotic components. That 
is, after a long enough time, throughout the ecosystem, in every compartment, 
the ratio of the number of atoms of a given radionuclide to the number of atoms 
of its stable isotope would be a constant. While this indicates the tendency or 
the trend of the transport processes, the actual radioactive content of the sam-
ple taken from the ecosystem will depend on the time since insertion of the 
material into the ecosystem and on its detailed character. 

(b) It is well known that O, C, H and N are the commonest elements in most biotic 
material. Of these four elements, only H (as tritium, 3H, half-life 12 years) 
and C (as 14C, half-life ca. 5500 years) have radioactive forms of long 
enough half-life to persist in the late phase. Though both 3H and 14C, because 
of their low atomic mass, can be shown to have slightly different biochemical 
behaviour from their corresponding stable isotopes, the difference is not sig-
nificant for protection purposes. Both are mobile in the environment, tritium 
as HTO and 14C as carbon dioxide (C02) . Tritium follows the hydrological 
cycle and is an excellent tracer of H 2 0 since it has little tendency to adsorb 
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to sediment or biotic surfaces. Carbon-14 enters food chains primarily through 
photosynthesis of carbon dioxide. 

(c) A number of elements such as Ca and P are essential to life though they occur 
in biotic material in much smaller proportions than do O, C or H. These ele-
ments, such as Ca, P, S and Na, are referred to here as essential nutrients. 
They are readily incorporated in living tissue and, since many of them have 
long lived radioisotopes, their behaviour in an ecosystem accounts for many 
of the important translocation processes of radionuclides. Other elements, 
which occur in trace amounts in living tissue or organs, have no essential 
biochemical roles. Their presence in biotic material is simply a consequence 
of their chemistry and their availability in a given ecosystem. Long lived radio-
isotopes of such elements will also be mobile in an ecosystem, in the same 
degree as their stable counterparts. 

(d) Radionuclides which readily enter aqueous solution, and which have chemical 
counterparts that are essential mineral nutrients, travel fastest and most exten-
sively in ecosystems. The pH of the water content of soils affects the mobility 
and the bio-availability of a radionuclide for uptake by organisms by affecting 
the solubility of material containing radionuclides. 

(e) Bio-accumulation of a radionuclide in an organism within an ecosystem is a 
consequence of the chemical and/or physical properties of the radionuclide in 
relation to the biochemistry or biology of the organism. In addition, morphol-
ogy plays a role in accumulation and bio-accumulation of radionuclides. Finely 
divided solid materials tend to establish equilibrium concentrations of radio-
nuclides which are much higher than the concentrations in surrounding air or 
water. Adsorption on the surfaces of material having a high ratio of surface 
area to volume accounts for this. For the same reason, small organisms are 
likely to absorb more contaminants than large organisms. While radionuclides 
tend to accumulate in the components of an ecosystem as would their stable 
chemical analogues, the rate at which accumulation of the radionuclide occurs 
depends on availability of the stable analogue in the ecosystem. High availabil-
ity of the stable analogue, in effect, dilutes the radionuclide so that if the analo-
gous stable element is abundant, accumulation of the radionuclide is slowed, 
and vice versa. 

(f) The longevity of a particular species is an important determinant of the 
observed degree of bio-accumulation of radionuclides since long life provides 
more time for the process to take place. 

(g) Many radionuclides, though not themselves isotopes of essential nutrient ele-
ments, are sufficiently similar in chemical properties to a nutrient element to 
enable their behaviour in ecosystems to be inferred from the behaviour of that 
nutrient element. For example, K and Ca are essential nutrient elements for 
many organisms. Thus, in an ecosystem, radioisotopes of Rb and Cs behave 
much as does their chemical analogue, K; and radioisotopes of Sr, Ba and Ra 
behave much as does Ca. 
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(h) Some radionuclides which may be important in the late phase behave in ways 
which cannot be inferred from the behaviour of common nutrient elements. 
Cerium-144 (half-life 284 days), ,06Ru (half-life ca. one year) and 95Zr (half-
life 65 days) do not have nutrient analogues but are nevertheless mobile in 
varying degrees. 

It will be recognized that each radionuclide, its chemical form at the point of 
discharge, the specific ecosystem(s) in which it moves, the specific item of human 
diet which is of concern, are all highly relevant factors whose outcome cannot be 
captured in simple rules of thumb. It is certain that in the late phase of an accident 
involving a major release of radioactive materials there would be requirements for 
detailed investigations of radionuclide transport through the affected ecosystems and 
their food chains. Those investigations would involve modelling calculations, meas-
urements of samples at different trophic levels to validate the models, and measure-
ments of radionuclides in items of human diet. 

3. RADIATION PROTECTION CRITERIA 
REQUIRED IN THE LATE PHASE 

3.1. GENERAL 

This section describes the criteria for the control of radiation exposure of 
different groups of the population in the late phase of a serious accident at a nuclear 
facility in which a major release of activity to the environment has occurred. It pro-
ceeds to examine the principles upon which the criteria should be based, and dis-
cusses methods which may be useful to establish them. For illustrative purposes 
some examples are given in Appendices A-D. 

Radiation protection criteria for dose reduction and intervention levels for 
different protective measures could be based either on individual or collective risk. 
Limitation of the individual risk should be the primary consideration in setting these 
criteria for each accident phase. Compliance with criteria set on this basis will, in 
the late phase, lead to both prevention of non-stochastic effects and reduction of the 
individual stochastic risks to the affected population, and will also contribute towards 
reduction of the collective risk. 

The criteria for the control of radiation exposure will usually consist of: 

(a) Levels of dose for the different groups of the population; 
(b) Intervention levels for implementation of different protective and restorative 

measures; 
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(c) Derived intervention levels for measures as in (b); 
(d) Case specific limitations; 
(e) A value or a set of values for the monetary value of a unit collective dose 

(assigned the symbol a in International Commission on Radiological Protec-
tion (ICRP) optimization recommendations) (US $ per man-sievert).2 

In principle the decision on the different criteria for the control of exposures 
in the late phase of an accident should be taken on the basis of radiological considera-
tions which include social and economic factors by the use of the monetary value of 
unit dose. In practice, however, political and other related considerations may enter 
the decision making process, as discussed in Sections 5 and 8. It is important that 
the decision makers should realize that if these are allowed to carry a greater weight 
than the radiological considerations, then either a lower (suboptimal) degree of pro-
tection will be given to the public or unwarranted expenditures and unnecessary 
social and economic disruption may be incurred. 

A major economic penalty due to a severe accident is likely to result from the 
permanent or temporary disablement of the installation itself, from the cost of its 
restoration or decommissioning and from the cost of replacement products (in the 
case of a nuclear power station, of replacement power). If the accident has substan-
tial off-site consequences, additional economic penalties would include such things 
as property value losses, cleanup/decontamination costs, long term population relo-
cation costs, waste disposal costs and health related effects costs. Economic con-
siderations will have a decisive role in the late phase, both with regard to the level 
of protection given to the public and to the restoration of the affected area to normal, 
or nearly normal, conditions. In this context the monetary value attributed to the unit 
collective dose (a) is a parameter of primary importance. 

3.2. ICRP RECOMMENDATIONS AND THEIR RELATION TO ACCIDENTS 

Criteria for the control of exposures in post-accident conditions should not be 
confused with existing ICRP dose limits for members of the public or for occupation-
ally exposed workers. The system of dose limitation recommended by the ICRP in 
its Publication 26 [13] and incorporated in the IAEA's Basic Safety Standards for 
Radiation Protection [14] applies to exposures resulting from controlled radiation 
sources under normal operating conditions. These limits are thought to be associated 
with a very low degree of risk [13]. 

In accident situations, the source of exposure is by definition not under control 
and the exposure of members of the public can only be limited, if at all, by interven-
tion, which disrupts normal living conditions and may involve other risks of a differ-
ent kind. 

2 ICRP Publication 37 [11] and IAEA Safety Series No. 67 [12]. 
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The ICRP has stated [13] that unless the limits recommended in its publications 
were to be exceeded considerably, the risk would still be sufficiently low not to war-
rant the implementation of protective measures which themselves involve significant 
risks or undue costs. Clearly, it is therefore not obligatory to introduce protective 
measures merely because the dose equivalent limits recommended by the ICRP have 
been or might be exceeded under accident conditions, and thus doses higher than the 
ICRP limits may have to be accepted [15]. 

It should be noted that the ICRP risk factors are averaged over both sexes and 
all ages [13]. The higher radiosensitivity of certain groups in the population was not 
considered sufficiently significant to justify a multistandard structure for protection 
under normal operating conditions. 

For example, women, especially at younger ages, appear to have a higher risk 
of radiation induced breast cancer than men, and a higher risk of radiation induced 
thyroid cancer over all ages. It is likely also that, in the case of irradiation in utero 
and in early childhood, the risk of induction of fatal malignancies is about twice that 
of the average for the whole population. In addition, children and young people are 
at higher risk than adults because of the greater loss of life expectancy the exposure 
might cause. On the other hand, if the exposure is protracted or partitioned, the risk 
factors might be lower. 

These considerations may serve as a basis for differentiation or priority appli-
cation of certain protective measures in the late phase. 

3.3. IAEA AND ICRP RECOMMENDATIONS AND INTERVENTION 
LEVELS 

The principles for planning intervention to reduce exposures in the event of a 
severe accident have been established by the IAEA [1-4] and the ICRP [15] as 
follows: 

(a) Serious non-stochastic effects should be avoided by the introduction of protec-
tive measures to limit individual dose to levels below the threshold for these 
effects. 

(b) The risk from stochastic effects should be limited by introducing protective 
measures which achieve a positive net benefit to the individuals involved. This 
can be accomplished by comparing the reduction in individual dose, and there-
fore individual risk, that would follow the introduction of a protective measure 
with any increase in individual risk resulting from the introduction of that pro-
tective measure. 

(c) The overall incidence of stochastic effects should be limited as far as reasona-
bly practicable by reducing the collective effective dose equivalent. This 
source related assessment may be carried out by cost-benefit analysis tech-
niques and would be similar to a process of optimization in that the cost of a 
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decrease in the health detriment in the affected population is balanced against 
the cost of further protective measures. 

However, in the late phase these principles may need to be interpreted in the light 
of certain further considerations: 

With respect to Subsection 3.3(a): In the late phase it is likely that a more res-
trictive criterion would be appropriate, even for extreme cases. The dose level 
chosen might, for example, be one which ensured the total prevention of any non-
stochastic effect, and not only of those which are serious effects. In controlling 
individual doses to ensure compliance with a criterion established to prevent non-
stochastic effects, the doses received during the early and intermediate phases of the 
accident should be taken into account. 

With respect to Subsection 3.3(b): Protective measures aimed at limiting the 
individual stochastic risk in the late phase should, according to this principle, be con-
sidered with care. Here the balancing of individual risks of exposure versus risks 
associated with the protective measure is proposed as a major decision making tool 
for the implementation of protective measures with no reference to economic or 
social considerations. As a practical matter in a real situation, the implementation 
of protective measures under this principle will normally have to be referenced to 
economic, social and other factors. 

With respect to Subsection 3.3(c): Here the appropriate primary parameter is 
the committed collective dose equivalent, the major part of which would usually be 
accumulated at long distances and at low levels of individual dose, which it might 
be impossible to avoid. The key to the procedure referred to in this principle is to 
establish an appropriate monetary value or values attributed to the unit collective 
dose (received or averted), a [11]. Higher a values — other things being equal — 
result in better protection and higher costs. It is possible to use a single value of a 
for everyone, or different values for population groups having different radiosensi-
tivity (see Subsection 3.2). It is preferable to decide upon and set these values in 
advance emergency planning, rather than wait to do so until they are needed. 

These principles apply in all three phases of an accident. Their relative impor-
tance, however, shifts from phase to phase according to the changing characteristics 
of the situation, and they should be separately evaluated and differently applied in 
each phase. The main feature to be considered from this point of view should be the 
level of controllability of the situation, which improves from phase to phase and also 
with the passing of time within the late phase itself. 

At the beginning of the late phase and during the transition from the intermedi-
ate phase, the contamination pattern might still be such that for groups of people, 
and even for the general public, within the affected area, exposures higher than the 
ICRP limits for normal operations may have to be accepted. This applies to: 
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— Emergency workers and those who may be engaged in essential work in areas 
to which access has been restricted because of the nature of their tasks; 

— The public, because of the disruption, possible risks and cost incurred through 
the introduction of protective measures. 

Towards the end of the late phase the situation in all populated areas should 
be approaching normal, i.e. the exposures to radiation may again be close to the 
background level. 

3.4. CRITERIA FOR DOSE REDUCTION 

Any protection criterion designed to limit individual risks should: 

(a) Apply to identifiable individuals or groups of individuals; and 
(b) Refer to a significant risk. 

Unless both of these conditions are met, the reduction should be based on the 
collective risk. With the passage of time after the accident, the emphasis will shift 
from protective measures aimed at limiting the individual risks to those aimed at con-
trolling the collective risk. The appropriate parameter to measure the collective risk 
is the committed collective effective dose equivalent. 

The following points, for example, could be derived from the above 
considerations: 

— Criteria for the destruction or diversion of contaminated foodstuff in bulk 
quantities based on the individual (or collective) dose averted per unit amount 
of food destroyed or diverted. 

— Criteria for decontamination based on the balance of collective doses per unit 
area. 

— Criteria for relocation based on individual (or averaged individual) doses 
averted for given relocation time. (In this case use of a collective dose criterion 
would not be adequate to ensure that non-stochastic effects would not occur; 
moreover, the costs are individually related.) 

Levels of dose could be set for the following categories: 

— People who work in the contaminated area but live elsewhere; 
— People whose work in the area is essential to the national interest, but who live 

elsewhere; 
— People engaged in the implementation of protective or restorative measures in 

the area, and any emergency service personnel (e.g. fire brigades) who may 
be called upon to enter it in the course of their duties. 

These levels of dose should be set in terms of integrated doses from external 
irradiation, with allowance for other sources of exposure, such as from inhalation 
of resuspended radioactive aerosols or ingestion of contaminated food. 
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None of the criteria for dose reduction should have a value which would result 
in non-stochastic effects. Below a single acute dose of 500 mSv, non-stochastic 
effects will not appear [16]. For lower dose rates in the order of 5-50 mSv/d the 
threshold for the appearance of non-stochastic effects in terms of integrated dose is 
much higher. 

In exceptional cases, exposures higher than suggested above might be accepta-
ble for or by specific individuals, teams or very small groups of the public, if the 
exposures are absolutely necessary for purposes such as: 

— Averting significant hazard to many persons (e.g. a large secondary release of 
radioactive materials from a damaged installation); 

— Providing other essential service to the affected community. 

In such circumstances it may be necessary to rely on volunteers. They should 
be selected with due regard to the radiosensitivity of the population group to which 
they belong. The exposures should be limited according to the principle in Subsec-
tion 3.3(a) (see Subsection 1.4). 

For the general public, different criteria may be adopted for specific groups 
at higher risk (higher radiosensitivity) such as women of reproductive capacity, preg-
nant women or young children. Similarly, different criteria may be adopted for per-
sons in the same group, depending upon their duties. 

3.5. INTERVENTION LEVELS 

Intervention levels are preselected values or ranges of values of doses which 
are compared to projected doses likely to be incurred during an accident if no action 
were to be taken. If these levels are not to be exceeded, specified action should be 
taken or specified protective measures should be implemented. Intervention levels 
must be specific to each action foreseen in the emergency plans. Principles for estab-
lishing intervention levels for the protection of the public have been published in 
IAEA Safety Series No. 72 [3]. In establishing an intervention level for the 
implementation of a protective measure, it may be necessary to take into account 
some or all of the following factors: 

(a) The level of dose which applies to the given situation and population group 
(individual risk related); 

(b) The balance of the risk averted by the implementation of the measure against 
its risk, economic and social constraints taken into account (individual risk 
related); 

(c) The balance of the value attributed to the risks averted by the implementation 
of the measure against its costs and risks (collective risk related). 
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Because of the strong dependence of the appropriate intervention levels on the 
specific circumstances of the case, a range of values for the implementation of each 
protective measure has been defined [15]: 

— The lower level of the range at a projected dose, below which the implementa-
tion of that protective measure is unlikely to be justified; 

— The upper level of the range at a projected dose, at which the implementation 
of that protective measure is almost certainly justified. 

If the lower level of the range associated with a specific protective measure is 
to be exceeded, the implementation of that measure should be assessed. If the upper 
level of the range is to be exceeded the measure should be implemented, unless 
specific conditions justifying the deviation or an alternative action exist. 

Accident situations cannot be foreseen with sufficient accuracy in all their com-
plex but relevant details, and as it is likely that the consequences of an accident will 
be different from one installation or environment to another (particularly as regards 
the economic and social conditions in the areas affected), no intervention levels can 
be set which will be universally applicable. This remains true even for specific pro-
tective measures or actions. 

The risks, costs and difficulties associated with the implementation of each par-
ticular protective measure are unique to the measure and to the situation in the area 
in which it is to be applied [1]. The destruction or diversion of contaminated food-
stuffs normally involves a small risk to the individual, and consideration of its 
introduction would begin in order to avert doses involving a low level of individual 
risk. However, if very large areas of agricultural land are affected, the economic 
costs could be very great. On the other hand, relocation represents significant distur-
bance and large social costs and should therefore not be put into practice until an 
appreciably greater risk to the individual from the irradiation was expected. 

3.6. DERIVED INTERVENTION LEVELS 

In general, intervention levels are defined in terms of doses. These quantities 
are not directly measurable in a survey but, with the use of appropriate models, they 
can be calculated. For practicality and convenience in operations it is necessary to 
derive from the established intervention levels corresponding, easily measurable 
quantities using the appropriate model. These quantities are the derived intervention 
levels. The IAEA has issued a publication [4] which sets out the principles upon 
which derived intervention levels can be based and which can be interpreted and 
applied to a given situation at the time. 

For each intervention level a derived intervention level can be calculated, tak-
ing into account all relevant parameters. Derived intervention levels can be defined 
to control both external and internal exposure; for example, in terms of dose rate 
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from external irradiation, or in terms of radionuclide specific contamination levels 
for foodstuffs, drinking water, etc., to control internal doses from the food chain. 

As indicated in Subsection 2.2.2, the dose rates and the composition of activity 
will change over time, and not always in a predictable way. Therefore, derived inter-
vention levels used in the late phase should be periodically reviewed. 

If needed, case specific limitation can be derived from the criteria set accord-
ing to Subsections 3.1(a), (b) and (c) taking into account the parameters relevant to 
the situation. Such limitation could concern, for example, the maximum period of 
time allowed for conducting certain activities in contaminated areas. 

3.7. DERIVED INTERVENTION LEVELS FOR SPECIFIC PROTECTIVE 
MEASURES 

3.7.1. Relocation 

If, for a given area, the value of the projected average individual dose over 
a few months exceeds the average individual relocation costs, then relocation should 
be recommended. The economic and social costs of relocation aire discussed in 
Section 5. The value of the individual dose avoided by relocation could change from 
country to country, depending on the monetary value attributed to a man-sievert. To 
illustrate this kind of problem, Appendices A-C show how cost-benefit analysis can 
be used for relocation considerations. An example of derived intervention levels for 
time integrated doses is given in Appendix D. 

3.7.2. Food control 

In generkl, internal doses from the ingestion of contaminated foodstuffs are 
more readily avoidable than the external doses from deposited activity in urban 
areas. In some circumstances, however, certain dose levels may have to be accepted 
because of difficulties in supplying uncontaminated food. 

Derived intervention levels can be estimated for foodstuffs in a variety of 
forms, and will depend on the annual intake of the food in question, the types of 
radionuclides present in it and the variation of the nuclide concentration over time 
(declining or constant). In IAEA Safety Series No. 81 [4] a detailed treatment of the 
estimation of derived intervention levels for foodstuffs is given. 

3.7.3. Working in areas to which access is controlled 

Access to an area from which the residents have been evacuated or relocated 
should be controlled and entrance allowed only for persons engaged in essential 
activities. These include emergency and radiological survey teams, teams engaged 
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in recovery work such as decontamination, and also in the operation of facilities con-
sidered worth while or important to the community (e.g. an industrial process which 
might become dangerous without continuous surveillance). 

If industrial activity is to be conducted in such an area, working hours per day 
(or week) should be limited so that the criterion of dose reduction for working is not 
exceeded. This criterion would normally be higher than the intervention level for 
relocation. 

3.7.4. Recovery operations 

Cleanup/decontamination may be an appropriate recovery measure both in 
rural and in urban areas. Different cleanup/decontamination methods may be avail-
able and, if so, they should each be considered. Some cleanup/decontamination 
should be carried out in those areas to which it is intended to allow controlled access 
and in which, at the time the return is considered, the dose rate is still higher than 
the derived intervention level applicable. 

Elsewhere, cleanup/decontamination may be undertaken if the value of the col-
lective dose which will thus be averted exceeds the value of the collective dose to 
the cleanup/decontamination workers plus the cleanup/decontamination costs. The 
importance of access to the property to be cleaned up/decontaminated should also 
be taken into account. 

4. PROTECTIVE MEASURES AND RECOVERY 
OPERATIONS IN THE LATE PHASE 

4.1. GENERAL 

This section discusses protective measures and recovery operations that might 
be required during the late phase (weeks to years) of an accident at a nuclear facility 
which has resulted in serious contamination of the surrounding areas. 

It is assumed that a certain area around the damaged facility has been badly 
enough contaminated with longer lived radionuclides such as 90Sr and 137Cs that the 
general population had to be evacuated shortly after the accident. It is also assumed 
that this area has been turned into a restricted zone from which the general population 
would be excluded until all or part of the zone has been cleaned up for unrestricted 
use. Most of the discussion in this section will focus on the cleanup/decontamination 
measures applicable to this controlled zone. 
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T A B L E I. P O T E N T I A L E X P O S U R E P A T H W A Y S , A C C I D E N T P H A S E S A N D 
P R O T E C T I V E M E A S U R E S F O R W H I C H I N T E R V E N T I O N L E V E L S M A Y B E 
E S T A B L I S H E D 

Potential exposure pathway Accident phase Protective measure 

1. External radiation 
facility 

2. External radiation from 
plume 

3. Inhalation of activity 
in plume 

4. Contamination of skin 
and clothes 

5. External radiation from 
ground deposition of activity 

6. Inhalation of resuspended 
activity 

7. Ingestion of contaminated 
food and water 

Early 

Intermediate 

Late 

w w 

Sheltering 
Evacuation 
Control of access 

Sheltering 
Evacuation 
Control of access 

Sheltering 
Administration of 
stable iodine 
Evacuation 
Control of access 

Sheltering 
Evacuation 
Decontamination of 
persons 

Evacuation 
Relocation 
Decontamination of 
land and property 

Relocation 
Decontamination of 
land and property 

Food and water 
controls 

Note: The use of stored animal feed to limit the uptake of radionuclides by domestic animals 
in the food chain may be applicable in any of the phases. 

The protect ive measures which are available to avoid or reduce radiation dose 
can b e categorized as a funct ion of exposure pa thway and accident phase , as shown 
in Table I . It is necessary to dist inguish be tween evacuat ion and relocat ion with 
regard to accident phases . Evacuation is the urgent removal of people f r o m an area 
to avoid or reduce their acute exposure , usually f r o m the p lume or f r o m high levels 
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of deposited activity , and is a measure adopted when it is expected that people will 
return to the area concerned on a foreseeable time-scale. Relocation, on the other 
hand, is applied to the removal of population groups from contaminated areas to 
avoid chronic exposure and when return to the area is not contemplated at the time. 
Conditions may develop in which some groups who have been evacuated in an emer-
gency may be allowed to return while others may need to be relocated [3]. 

If the competent authorities determine that the public will have to be excluded 
from this zone for many months or years, they may decide to permanently relocate 
the evacuated people to new areas as was done at Chernobyl. Relocation is also an 
attempt to minimize the trauma and social detriment experienced by the people who 
have been evacuated and are living in temporary shelters. 

Outside this restricted zone, there would be other areas where evacuation of 
the population was not required or was only required for short periods as a safety 
precaution. However, the application of some protective measures (Table I) such as 
control of food and water supplies or use of stored animal feed may be required in 
these areas. 

4.2. THE RESTRICTED AREA 

4.2.1. General 

In the restricted area, the following actions could be taken by the competent 
authorities to minimize the doses received by the public from the contamination 
deposited on the ground as a result of the accident: control of access and egress, 
interdiction or cleanup/decontamination of the area. 

4.2.2. Control of access and egress 

Control of access/egress to areas which have been evacuated and still have sig-
nificant levels of ground contamination can be important protective measures in all 
phases of the accident [1] in order to: 

(a) Prevent unauthorized entry of persons so as to avoid unacceptably high radia-
tion doses; 

(b) Ensure that unauthorized transfer of contaminated material to clean areas does 
not occur; and 

(c) Ensure security of property left behind by evacuated or relocated persons. 

Control of access/egress should take place through control stations having con-
tamination control and decontamination equipment. The control teams should have 
legal authority to deny access to the area. Physical control of access by security 
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fences or patrols could be reinforced by warning signs giving instructions to the pub-
lic or by announcements and instruction in the news media. 

In certain areas of the restricted zone, all members of the public might have 
to be prevented from entering to take up normal residence until the areas have been 
cleaned up. In other parts of the restricted area, controlled access of non-radiation 
workers could be considered for industrial, agricultural or other commercial pur-
poses. Although the dose rate could be too high for permanent residential use, it 
could be acceptable for an eight hour or other fixed duration working day (Subsec-
tion 3.4). 

In the restricted area, the control of contaminated food and water (Subsection 
4.3.2) would be achieved by controlled egress of all types of materials from the zone. 

4.2.3. Interdiction of an area 

Interdiction means complete or partial restriction on the use of land or property 
for a period of time. This is to some extent a form of control of access and egress. 

During the early and intermediate stages, control of access/egress from the res-
tricted area would be in force. During the late stage recovery operations, the compe-
tent authorities may decide to interdict all or part of the restricted area for long 
periods if it is determined that it is not practical or economic to clean up these areas. 

For example, if the cost of cleaning up an area and disposing of waste greatly 
exceeds the property and commercial value and relocation costs, the competent 
authorities may decide to interdict the area until the radiation doses decay to accepta-
ble levels. They may also decide to interdict areas which are part of a fragile 
ecosystem such as a desert that could be irreparably damaged as a result of cleanup. 

The cost of interdicting economically important areas could be very high, and 
in general it would probably be less expensive to clean up such areas (Subsec-
tion 4.2.4) rather than interdict them for long periods. On the other hand, the inter-
diction of limited-use land such as certain forests, mountainous areas and marshes 
could involve only small economic penalties. 

4.2.4. Cleanup/decontamination of an area 

One of the protective measures which could be implemented in the intermedi-
ate phase (days to weeks after the accident) and the late phase (several weeks to 
years) is the cleanup/decontamination of areas. The purpose of cleanup is eventually 
to return the area to unrestricted use, but this would be a step by step process. The 
strategy employed would depend upon the type of accident, as well as other factors 
such as the original population density, geography and use of the surrounding area. 

The term cleanup includes processes that will reduce the potential doses to peo-
ple such that the area could be reused, and so embraces decontamination, stabiliza-
tion or isolation of contamination along with the transport and disposal of the wastes 
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arising from the cleanup [17]. Decontamination is the removal of radioactive con-
taminants with the objective of reducing the residual radioactivity level in or on 
materials, persons or the environment. Decontamination can occur as a result of 
actions by humans or as a result of natural processes such as precipitation. Stabiliza-
tion of the radioactivity means fixing it in some manner so that it is no longer a detri-
ment to the environment, for example by incorporating the radionuclides into an 
insoluble compound. The radioactivity could be isolated by covering it with a layer 
of clean material such as concrete or soil, or by deep ploughing to relocate the con-
tamination from the upper layer of soil. Also, there may be subregions within the 
affected area where alternatives to cleanup, such as 'do nothing' or interdiction of 
the area, would be preferable. 

During the last 35 years, many areas contaminated with radioactive or other 
toxic substances have been successfully cleaned up. The cleanup/decontamination of 
buildings and sites is a normal step in the final decommissioning of any nuclear facil-
ity [18, 19]. Also, there exists considerable operational experience in the cleanup, 
transport and disposal of very large volumes of uranium mill tailings [20] and other 
contaminated materials. Techniques and equipment are available to characterize the 
residual radioactivity on sites and buildings and to ensure that the residual activity 
levels are below regulatory concern. How then does the cleanup of large areas con-
taminated as a result of a serious accident differ from this available experience? 

Before the planned decontamination and decommissioning of nuclear facilities 
and sites commence, detailed plans would have been made and approved by regula-
tory authorities; teams of trained people and special equipment would have been 
gathered and the sites well characterized. Moreover, the potential pathways by which 
radioactivity resulting from decommissioning can reach humans are fairly well iden-
tified [19]. 

In contrast, in the event of a serious accident at a nuclear facility which results 
in widespread and serious contamination of the environment, the uncertainties are 
much greater and the action plans cannot be as well defined as for planned events. 
For example in the case of cleanup of contamination after a serious accident [19]: 

(a) Land areas to be cleaned up could be very large and include many hundreds 
of square kilometres. 

(b) The geological and topographical features in the affected area could include a 
wide spectrum of conditions instead of a well defined site. Examples are vari-
ous soil types, rocky areas, shale, lakes, swamps, rivers, hills, mountains and 
a myriad of other features. 

(c) The vegetation could include grass, underbrush, crops and forests. 
(d) Climatic conditions could seriously inhibit cleanup and cause further spread of 

contamination. 
(e) The affected area could be highly populated and contain many buildings. 
(f) Skilled workers and monitoring/cleaning equipment may not be readily avail-

able in the required numbers. 
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TABLE II. SUMMARY OF METHODS AND EQUIPMENT AVAILABLE TO 
CLEAN UP/DECONTAMINATE VARIOUS TYPES OF AREAS [17] 

1. Decontamination of buildings, equipment and paved surfaces: 

— Precipitation runoff, washoff and weathering 
— Motorized sweeping and vacuum sweeping 
— Fire-hosing 
— High pressure water jetting (hydrolasing) 
— Steam cleaning 
— Aqueous methods incorporating chemical additives 
— Abrasive jet cleaning 
— Road planing/grinding 
— Spalling 
— Gels and foams 
— Strippable coatings 
— Cleanup of indoor contamination 
— Decontamination of equipment 

2. Cleanup/decontamination of land areas: 

(a) Physical and chemical methods: 

— Physical and chemical separation of radionuclides from the soil 
— Ploughing 
— Removal of vegetation 
— Removal of surface soil 

(b) Biological decontamination of soil using plants: 

— Restoring land to productive use 
— Decontamination of soil and vegetation in an urban environment 

These and many other uncontrollable factors complicate the planning and 
implementation of the cleanup of very large areas contaminated as a result of a seri-
ous accident at a nuclear facility and the prediction of the pathways to the environ-
ment and humans. In addition to normal emergency measures, special emergency 
planning directly associated with the cleanup and disposal can minimize uncertainties 
arising from the above problems. 

The cleanup of large contaminated areas could cost millions of dollars and 
cause inconvenience to the public. If it is decided that the resulting detriment to 
health and social life of this kind of intervention would be less than that resulting 
from further exposures, all reasonable means should be used to minimize the costs 
and detriment to humans of such actions. 
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TABLE III. SUMMARY OF DECONTAMINATION PROCEDURES MOST APPROPRIATE FOR VARIOUS SURFACES 

Increasing cost — 

Vacuum 
cleaning3 

Washing 
with 
detergent 

Sweeping 
or vacuum 
sweeping 

Fire-
hosing 

Water 
jetting 

Steam Aqueous 
cleaning with chem. 

additions 

Gels, 
foams 

Strippable 
coatings b 

Abrasive 
cleaning b 

Spalling Road 
planing 

Remarks 

1. Plastics - A B B A A 

2. Asphalt/ 
concrete 
paving 

B C c C c C c B A Use of modified 
street cleaners 
should be 
considered 

3. Concrete 
walls 

- B B B B B B B B A 

4. Metal 
surfaces 

B B B B B B B B Applicability 
depends on 
accessibility of 
surfaces 

5. Metal 
machines 

— B C C B B B B Reduced effi-
ciency for com-
plex machines 

6. Glass A B A A A 



7. Painted 
surfaces 

B C C Commercial 
stripping solu-
tions should be 
effective 

8. Roofs, 
metal 

B (As for metal surfaces but accessibility could be a problem for some techniques) 

9. Roofs, 
other 

Spray with 
dilute 

ammonium 
nitrate 

Development of 
some form 
of roof irrigation 
device to keep 
surfaces wet for 
a number of 
hours is required 

10. Unpainted 
wood 

Scraping/sanding 
may be effective 

11. Brick 
walls 

a Good DFs if surface is smooth or if contamination is in the form of small particles or is attached to dust. Much less effective if contamination has penetrated below 
the surface or is in the form of aerosols. 

b For use on limited areas. 
c Further investigations of applicability for surfaces contaminated with reactor accident fallout required. 

A: Good DFs. 
B: Good DFs depending on surface finish and type and depth of contamination. 
C: Variable DFs depending on surface condition and type of contamination. 



Such a cleanup, to be carried out safely, efficiently and as quickly as possible 
under adverse conditions, requires: 

(a) Suitable cleanup methods and equipment and well trained personnel; 
(b) Good preliminary and final plans and an effective management team; 
(c) Suitable disposal or storage facilities. 

4.2.4.1. Cleanup methods and equipment 

A wide variety of methods and equipment have been investigated for the 
cleanup of all types of materials, buildings, equipment and lands (see, e.g., Refs 
[17-27]). 

IAEA Technical Report No. 300 [17] is a state of the art report reviewing in 
an integrated manner: 

(a) Means of physically characterizing areas around major nuclear facilities during 
emergency planning to obtain the information required to assist in cleaning up 
an area if it becomes contaminated; 

(b) Deposition of contamination on surfaces; 
(c) Means of characterizing the contamination after it has been deposited to define 

the regions which require remedial action to bring dose rates down to accepta- , 
ble levels; 

(d) Means of stabilizing the contamination to reduce its spread to clean areas, 
reduce resuspension and airborne contamination, etc.; 

(e) Conversion of contaminated areas to other uses; 
(f) Methods and equipment which are available to clean up/decontaminate 

(Table II): 

— Buildings, equipment and paved surfaces 
— Large land areas 
— Forest areas 
— Aquatic ecosystems. 

The selection and application of cleanup/decontamination methods, interdic-
tion, and the loading, transporting and disposing of large volumes of waste are also 
briefly discussed. Table III briefly summarizes the decontamination procedures most 
appropriate for various surfaces. 

Reference [17] also briefly reviews the methods and remotely operated equip-
ment used during the cleanup of the area around the Chernobyl nuclear site. 
Although a great deal is known about such cleanups, further work is required, espe-
cially on the cleanup of urban areas. 
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4.2.4.2. Overall operational planning for cleanup 

The successful implementation, control and completion of large scale cleanup 
requires good preliminary and final planning for all the important activity sub-
programmes and for the overall operational cleanup plan. The activity sub-
programmes cover items such as the radiological survey plan, data management and 
laboratory support [17]. 

The overall operational plan for cleanup outlines the broad strategic and tacti-
cal approach to cleanup, the management structure and other key requirements [28]. 
This plan could be developed by a Cleanup Director under the supervision of the 
Emergency Director who is responsible for planning and co-ordinating all activities 
associated with the emergency and for implementing the required protective meas-
ures (Table I). The overall cleanup plan also shows how the various subplans inter-
face and interact to ensure that such a cleanup can be performed safely, efficiently 
and as quickly as possible under adverse conditions. Such planning would minimize 
the detriment to the workers if the Emergency Director decides that cleanup is 
required. 

If such an operational plan is not available, significant delays and incorrect 
actions could cause increases in the cleanup costs and the total occupational dose 
commitment. For example, application of incorrect cleanup procedures could result 
in the contamination being adsorbed onto surfaces and thus be more difficult to 
remove or cause increases in contamination in adjacent water systems of areas. Also 
if the data collection and management system and the geographical co-ordinate grid 
system are not properly designed and interfaced, rechecking selected points for 
changes in contamination level would be difficult to validate. 

The basic components of an overall operational plan for the cleanup of very 
large areas are not significantly different from those required to clean up any area 
contaminated with radioactivity. However, the planning, interaction of subplans and 
co-ordination of effort for the cleanup of very large areas must be very well devel-
oped in order to minimize the enormous costs of such a cleanup and reduce potential 
impacts to the environment and society as quickly as possible. In addition, such a 
cleanup must be closely integrated with other planned emergency actions. 

An IAEA Technical Report, Ref. [28], provides guidance on this topic and 
presents an example of an overall operational plan for cleanup showing the interface 
and interaction between various subplans. The report also describes a possible 
management structure for cleanup showing how it could interface with the overall 
emergency plan. This information should assist in defining site and land character-
istic plans for cleaning up large areas. 

4.2.4.3. Transport and disposal of wastes 

The costs of loading, transport and disposal of wastes arising from the cleanup 
of large contaminated areas will be a significant fraction of the total costs. These 
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operations must be done correctly not only to minimize the huge costs but also to 
reduce the occupational exposures to the workers and future dose to humans. 

An IAEA Technical Report on the safe transport and disposal of large volumes 
of contaminated material is in preparation which reviews the methods and techniques 
available to ensure that such operations are done correctly. It includes information 
on: 

(a) The types and characteristics of wastes likely to arise from different types of 
areas; 

(b) Means of safely transporting large volumes of waste; 
(c) Disposal facilities including: site selection, designs available, support facili-

ties, safety assessments, operation and closure of facilities, etc.; 
(d) Case studies on the transport and disposal of large volumes of contaminated 

material; 
(e) A review of costs and resources required to carry out such operations safely 

and efficiently. 

4.3. THE UNRESTRICTED AREAS 

4.3.1. General 

Outside the restricted zone there could be areas where evacuation of the popu-
lation was not required or was only required for a short period as a safety precaution. 
However, the application of some protective measures (Table I) such as food and 
water controls or use of stored animal feed may still be required in these areas even 
in the late stages of an accident. 

4.3.2. Control of contaminated food and water 

During the late stage of the accident, most short lived radionuclides would have 
decayed, leaving, for example, mainly 90Sr and 137Cs as contaminants. 

The ingestion of contaminated food would be controlled by preventing or limit-
ing its distribution, mixing with products from uncontaminated regions or by conver-
sion to other products to achieve an acceptably low activity concentration in the end 
product. 

The purpose of this control is to avoid, or reduce to a sufficiently low level, 
the committed dose equivalent from ingestion. The intervention criteria for radionu-
clide content in different foodstuffs must take into consideration the dietary habits 
of consumers generally and critical groups of the population in particular. The avail-
ability of alternative supplies should also be considered in setting controls. 

Control of contaminated water supplies normally means shutting off water sup-
ply intakes at the contaminated source, or filtering or cleaning the water at the point 
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of intake into the distribution system. To avoid potential contamination of the 
groundwater and surface water in areas from which water supplies are drawn, it 
would be necessary to construct a series of hydraulic engineering structures [29]. If 
the water supply must be cut off for more than a few hours, alternative sources must 
be found for drinking and cooking, other domestic uses, fire fighting, and essential 
industrial purposes. 

Since control of food and water supplies must be based on measurements of 
the type of radionuclide and its concentration, sufficient resources, e.g. properly 
equipped sampling vehicles and laboratories capable of analysing large numbers of 
samples, must be provided. 

Several countermeasures can be used depending on contamination levels and 
radionuclide composition of the contamination, for example: 

(a) If grazing land is contaminated at levels that would result in unacceptably high 
levels in milk and meat, the animals should be removed to uncontaminated land 
or given uncontaminated feed; 

(b) If the contamination level in foodstuffs is above derived intervention levels and 
cannot be reduced by dilution, decontamination or radioactive decay, the food 
must be confiscated and condemned, and either destroyed or stored as radioac-
tive waste. 

By the actions indicated, food supply could be wholly or partially maintained 
and ingestion doses, both individual and collective, to the population could be 
reduced to an acceptable level as determined by competent national authorities. 

5. HUMAN AND ECONOMIC CONSIDERATIONS 

5.1. GENERAL 

In the late phase, many complex human and economic considerations will have 
to be taken into account by the responsible authorities. Some of these stem from the 
accident itself and its direct effects upon people and the environment, while others 
result from the protective measures taken to mitigate those effects. 

In this section the direct physiological impacts are not discussed since they are 
treated in many other publications, but an attempt is made to show how fear of 
suffering or transmitting the effects of ionizing radiation can lead to a deterioration 
in psychological (and thus even physical) well-being; how such a deterioration can 
be accelerated or even caused by anxieties over economic or financial matters; and 
finally what those economic impacts are likely to be upon the individual, the commu-
nity and the country generally. 
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5.2. PSYCHOLOGICAL IMPACTS 

If it is possible to single out one factor that is likely to have the greatest psycho-
logical impact upon people, it is probable that fear itself will be that factor, and 
abnormal and perhaps irrational behaviour can be its consequence. In the late phase, 
the kinds of fear experienced may vary according to the nature and effectiveness of 
the protective measures that have been taken, the family and other circumstances of 
the individual concerned, and his or her predisposition to stress. This predisposition 
may or may not be affected by the person's attitude to the use of nuclear energy or 
radioactive materials generally [30]. In addition to the reaction of individuals to a 
specific stress or many types of stress, there is what can be called a 'group reaction' 
to stress which consists of tire transfer by social means of the stress of one or more 
individuals to almost an entire group or community. 

Where the protective measures invoked continue in operation during the late 
phase, as in long duration evacuation or in relocation, anxiety may be felt about the 
safety of property, continuity of assured sources of income (including effects on bus-
iness activity, property values, and so on, as well as employment) or even less abso-
lutely important matters such as the well-being of domestic pets which may have 
been left behind during an evacuation. Where, however, re-entry or resettlement has 
been permitted, one of the main causes of fear may be anxiety about the extent to 
which decontamination has been effective; people may also be afraid of the long term 
effects of any radiation to which they have been or may have been exposed. 

The decision maker must remember that he or she is going to be concerned 
with people's perception of a situation as constituting some kind of threat: whether 
the event is in fact harmful or contains the potential for harm is largely irrelevant. 
Preparedness for this aspect of late phase activity should ideally begin well before 
any accident; that is, in the creation of a climate of mutual confidence between the 
people and the authorities [31]. 

In an accident situation, much fear tends to be felt because most people do not 
understand what has happened, what is happening, or what is about to happen. When 
the nature and likely consequences of the event experienced or expected are under-
stood, people will usually retain a healthy respect for the element of risk involved, 
although some cases have been noted of neglect by inexperienced or poorly trained 
emergency response personnel and their organizations: this may partially result from 
either over- or underreaction of these organizations. Normally, however, under-
standing leads to an attitude and reactions very different from the irrational 
behaviour which often stems from a misunderstanding of the situation. For example, 
a survey has shown that the majority of a population living as much as 56 km 
(35 miles) from a nuclear power plant which had not then even gone into operation 
said that they would evacuate if an accident occurred, despite the fact that by this 
action they would perforce travel through the area covered by the most probable 
direction of the travel of the radioactive plume [32]. 
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To the general public, nuclear accidents present an especially difficult problem 
because the dangers resulting from them cannot be discerned by the ordinary human 
senses. It therefore becomes particularly important that understanding be fostered by 
means of an educational programme about the way in which the facility operates, the 
likely consequences of any accident, and what would be done to reduce any adverse 
off-site effects. 

The decisions and actions of the authorities after an accident may themselves 
induce psychological impacts in people who are, in fact, not at risk. Internationally, 
the application of different intervention levels in similar circumstances resulting 
from a single accident has caused much confusion in the public mind, At the national 
level, an example can be drawn from the taking of decisions about lines of demarca-
tion between those areas where protective measures are applied and those where they 
are not applied. Anxiety and even fear may be felt by people living on the 'safe' side 
of the demarcation line — an anxiety which will be decreased only with increasing 
distance from that line. It is true that the real consideration will be the measured level 
of radioactive contamination, but the real problem will be one of public relations, 
communication and public confidence. Much the same kind of difficulty will be faced 
when considering the reaction of people to the removal of protective measures, e.g. 
the lifting of controls on access to or consumption of certain foods. If anxiety is seen 
to persist, it should be explained that there is no compulsion upon people to do the 
things which are once again permitted. 

A different kind of late phase psychological impact may result from the anger 
and powerlessness which some people may feel towards what they perceive to be a 
'faceless', impersonal or indifferent governmental organization. These feelings may 
lead to depression and even to family problems or criminal behaviour [33], 

Psychological impacts may also be experienced by people who have not been 
directly affected by the accident but who do have close associations with the area. 
A number of groups of this kind have been identified: they include those required 
to order or implement protective measures; those who feel an overwhelming impulse 
to assist people directly affected (and who often, in fact, interfere with the proper 
implementation of protective measures); and those who, by chance omission or com-
mission, themselves avoided, or caused others not to avoid, exposure to the conse-
quence of the events [34]. Some of the psychological impacts upon these groups may 
have a long latency period or may persist well into the late phase. 

As time passes, and as the accident progresses further into the late phase, some 
stress levels will tend to fall: they will probably fall faster and further as distance 
between the plant and the person's home or residence increases. It may, however, 
be many months before they return to normal. This period will be extended at any 
distance if it is not possible for all potential or actual sources of radiation to be 
quickly removed from the plant, or for a damaged reactor to be controlled and con-
tained. If the public is fully informed in advance of any risks of exposure to radiation 
attached to any aspect of the cleanup operation, the potential for further stress should 
be lessened. 
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FIG. 3. Precautionary and protective movement of people following malfunction or accident at a nuclear power plant. 



For some people, psychological stress will result in actual physical illness, and 
it may be necessary to provide facilities for additional medical or psychological treat-
ment. Considerations of equity and cost may enter here, especially where State medi-
cal care is not automatically available and/or where treatment is not judged or found 
to be necessary until so long a period has elapsed as to make it difficult to prove, 
in legal terms, the connection between the event and the patient's condition. Unless 
adequate assurances can be given by the responsible authorities that care will be 
provided, existing stresses may well be aggravated by anxiety about meeting medical 
costs. 

5.3. SOCIAL IMPACTS OF PROTECTIVE MEASURES 

5.3.1. Relocation 

It is useful to distinguish the various terms used in connection with the move-
ment of people after a nuclear accident. For the purpose of this report, evacuation 
means the rapid removal of people to avoid: (a) direct radiation from the plant; 
(b) inhalation of radioactive material and external exposure due to the passing 
plume; and (c) external exposure from contaminated land and buildings. It is essen-
tially an emergency measure, more applicable in the early phase or perhaps the inter-
mediate phase [1,2]. After evacuation has taken place and sufficient time has elapsed 
to permit full assessment of the effects of the accident, the options available to the 
authorities are: (a) to allow re-entry, which means permitting some or all of the peo-
ple to return to the previously affected area under controlled conditions; (b) to permit 
resettlement of the area, when no restriction would be imposed on residence, but cer-
tain controls on free movement might conceivably be necessary; or (c) to insist upon 
a definite, or even indefinite, period of relocation to avoid exposure to activity 
deposited on the ground or on buildings. Relocation, in this sense, may even imply 
a second move, i.e. away from the initially chosen place of safety. The sequence of 
actions and a possible time-scale are illustrated in Fig. 3. 

The term relocation is also used to describe a deliberate, as opposed to emer-
gency, and perhaps (although by no means certain) time limited movement of people 
who would not have been evacuated in the early phase or intermediate phase (gener-
ally those living at some distance from the site of the facility, who would probably 
have taken shelter as a protective measure during passage of a radioactive plume) 
during the emergency response so as to limit the incidence of any late effects which 
might be expected to result from exposure to radiation from deposited or 
resuspended material. For these people the social impacts would be less marked, 
although possibly still serious. It should be noted that any relocation should almost 
certainly have been implemented by the time of the intermediate phase, but situations 
could arise wherein 'hot spots' of radioactivity, previously undetected in the early 
and intermediate phases, may make relocation advisable in the late phase. 
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In many societies today, relocation as a part of normal life has come to be an 
accepted, if not always a welcome, necessity. Nevertheless, there normally remains 
an element of choice, which is absent in a relocation after a nuclear accident or other 
disaster or emergency. Any adverse consequences to the individual are therefore 
likely to be exacerbated by the degree of unwelcome compulsion being applied, 
although it is not in every country that legal power is vested in the public authorities 
to forcibly remove people from their homes. 

In some societies, in which pressures of the kind just mentioned are not com-
monly experienced, there may well be other kinds of links to or strong 'roots' in an 
original, established home. Even in industrialized countries, farming families may 
have worked the same land for generations; elsewhere attachment to a particular 
area, whether through the ties of tradition, property ownership or simple sentiment, 
can be a powerful factor operating against any willing acceptance of uprooting. It 
is true that some societies may be less likely to have nuclear facilities on their terri-
tory, but releases of radioactivity may well affect countries at a distance from the 
site, whether or not those countries have nuclear facilities of their own. 

Mental stresses in people who have been relocated can be reduced in a number 
of way's: these range from designing the layout of new relocation settlements so as 
to encourage the development of community spirit, through the effectiveness of offi-
cial assistance programmes, to the provision of monetary compensation, 'material' 
assistance, 'non-material' assistance and advice about personal problems by non-
governmental and other voluntary agencies. 

From the point of view of the public authorities and governments, the reloca-
tion of large numbers of people will require special arrangements if those affected 
are not to lose, even temporarily, the benefits of certain civil rights and statutory 
services which they customarily enjoy. Equally, when resettlement is decided upon, 
involving, for example, the permanent return of people to their (now decontami-
nated) homes, it is important that all the services to which they were accustomed 
(schools, hospitals, cultural facilities, municipal services, policing, etc.) should be 
in place. Familiarity and an atmosphere of permanence will assist markedly in the 
re-establishment of a community. 

Any who do not wish to return to their original homes should not be placed 
in a worse position, financially or otherwise, than those who do return. A degree 
of compulsion may, for good and necessary reasons, have been applied to make them 
relocate in the first place, but there should be no need to adopt the same sanction 
once the original area has been declared safe. Compensatory schemes for these cases 
should be foreseen by the responsible authorities and reasonable options provided to 
those at variance with the 'modus operandi'. 

5.3.2. Control of food and water 

Whether or not evacuation or relocation has taken place, the immediate and 
direct use of food produced in a contaminated area may have to be forbidden for 
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some time, and the authorities must then assist in reducing stress by providing — 
or at the least, demonstrating their attempts to provide — food from elsewhere which 
meets the particular sustenance and health requirements, though not necessarily the 
preferences, of the people concerned. Some special arrangements may have to be 
made for hospitals and schools where diets may more directly affect the physical 
well-being of the patients or students of these institutions. 

The extent of the impact of control of water supplies will depend upon the 
means adopted to provide an alternative supply. If it is merely a matter of closing 
off one source and drawing water from another, through the same pipes and taps, 
then the only possible effect may be that associated with rationing — probably by 
time or 'water hours'. If, however, water is provided by means of temporary tanks 
or by tanker vehicles attending at fixed places and times, then there will at the least 
be some disruption of domestic life. 

5.3.3. Land use and access control 

The purposes of restrictions on land use, control of access and complete 
closure can be summarized as: 

(a) Prevention of unnecessary exposure of persons to ground contamination or 
inhalation of resuspended radioactive material; 

(b) Prevention of unauthorized re-entry and the security of (temporarily) aban-
doned property until it can be recovered and/or decontaminated; and 

(c) Prevention of unauthorized transfer of contaminated products or articles to 
clean areas, leading to the risk of persons in those areas being exposed to radia-
tion, either directly or by the ingestion of contaminated food and water. 

These intentions, if well understood by the public, are likely to be appreciated 
and the restrictions themselves accepted. 

5.3.3.1. Restriction on use of land 

The chief social impact of any restriction on the use of land is likely to be felt 
by individuals in terms of the nature of their employment rather than the income 
derived from it. If a town is interdicted, a major social impact will be the loss of 
dwelling, furniture and neighbourhood. Employment may not be affected for those 
not working in the interdicted area. If a farm is closed, on the other hand, not only 
may a dwelling be denied but the denial of land use affects farm income. 

Restrictions on the growing of crops or the production of milk or meat are 
imposed primarily to avoid the adverse consequences which would result at a point 
away from the land itself, e.g. through the consumption of contaminated food, and 
not because of the risks to persons working on the land: those risks are countered 
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by controls on access. The impact of restrictions is not always lessened by permitting 
the land to be used for other purposes which are not customary in the local area. 

Restrictions may also be imposed which permit the continued normal use of 
the land, e.g. recreational, but forbid the use of products grown upon it. The effects 
here will, however, be primarily economic rather than social. 

5.3.3.2. Control of access to areas, homes, buildings and land 

The social impact of control of access to areas, homes, buildings and land will 
vary with the type of control being applied and the time over which it is enforced. 
This control may be (a) by time, when the area,, home, building or land is open to 
any person between specified hours/days; (b) by Junction of the personnel allowed 
access, who may be, for example, industrial workers, decontamination workers, or 
farmers attending to livestock; or (c) a combination of these or other modes. The 
people affected by these restrictions often remain in nearby areas and must accept 
the fact that they no longer enjoy normal access to once familiar places — a 
knowledge rendered more oppressive by there having been, in most cases, no readily 
apparent or serious physical effects upon life and the land. This fact differentiates 
the nuclear, radiological and some toxic chemical accidents or disasters from the 
immediate visually perceivable natural disasters which commonly occur in most 
parts of the world. 

Social effects of a different kind may result from the restriction of access by 
visitors to any cultural, religious or other monuments or historic sites which may be 
found in a controlled/contaminated area. As well as interfering with the cultural 
heritage of the country, direct effects would be felt by those who previously gained 
all or part of their income from a tourist industry or other livelihood associated with 
these areas. 

5.3.3.3. Complete closure of areas 

Complete closure of areas, etc., may be permanent or temporary, depending 
upon the degree to which decontamination or natural weathering and radioactive 
decay of contaminants reduces or can be expected to reduce radiation to acceptable 
levels. : , 

As has been suggested, the real social impact of complete closure may in some 
circumstances be less than that of a restriction of access. A definite decision of this 
kind may be found more acceptable from a social and/or political point of view than 
from a technical (radiation protection) point of view. A decision to permit 'restricted 
access' might be viewed as an apparent compromise with reality. 
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5.4. ECONOMIC IMPACTS 

5.4.1. General 

The continuing necessity to apply protective measures designed for the public 
in the late phase will involve direct or indirect costs. Similarly, costs will have to 
be met as a result of the long term health surveillance or care of any persons affected 
by radiation. Social costs associated with evacuation, resettlement and relocation 
may, as explained earlier in this section, also assume considerable significance. 
Here, attention will be devoted principally to the direct and indirect economic impact 
of the protective measures themselves, and further reference will be made to the 
question of health care costs. 

Protective measures may be necessary, or their effects may be felt, not only 
within but also outside contaminated areas. It is this fact which confirms the defini-
tion that " a cost is not simply something which may have a bill of sale or receipt: 
instead a cost is defined as a benefit forgone" [35]. Thus, for any protective measure 
involving control or limitation of access to or activity in a land area, a direct cost 
component will be the lost opportunity to use the full potential of the land for agricul-
tural, commercial, residential or industrial purposes. This cost can be measured by 
estimating the difference between the integrated production that would have occurred 
in the area had it not been affected by the accident and the integrated production that 
occurs after the introduction of protective measures. This cost can also be 
represented by the net present value of the wealth loss caused by the accident since, 
in an economic sense, wealth is defined to be equivalent to the integral net benefit 
from all future production. 

Computer models have been developed for assessing costs (as defined above) 
using as a basis either the wealth loss or the integrated production loss in areas 
affected by protective measures [36, 37]. Wealth loss models employ regional statis-
tics on tangible assets weighted by the population in affected areas to determine the 
integrated production loss, or the cost to society of restoring production in unaffected 
areas by replacing assets. Regional statistics concerning tangible assets are not, 
however, readily available for all areas. Models which integrate production loss 
directly, employ regional statistics on gross domestic product (GDP) from economic 
sectors weighted by either the land use or the population within the affected area. 
Unfortunately, production which is not normally measured through market transac-
tions is not included in GDP estimates, and may be important for certain regions. 

5.4.2. Late phase protective measures 

5.4.2.1. Resettlement and relocation 

It is assumed that for the late phase the concern will be for the costs associated 
with the resettlement (i.e. with the amelioration of the evacuation) or with the reloca-
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tion (as defined in Subsection 5.3.1). The direct costs of resettlement may be 
assessed, for planning purposes, as approximately equal to those of the original 
movement, and they will include the costs of any administration of the resettlement 
which may be necessary. Indirect costs may flow from interruptions in production 
— for example, workers may have found employment in factories outside the 
affected area (some or all of which may be supporting the recovery from the acci-
dent). Even if they are to continue to work in these supporting activities, they will 
need time to carry out the resettlement process. There would similarly be an inter-
ruption if it had been found necessary to impose a change of land use. 

Any decision to apply permanent relocation as a protective measure in the late 
phase would inevitably have to be associated with complete or partial closure of the 
land area originally inhabited, or at the very least with such strict controls on access 
as to have virtually the same result. Thus, unless the people concerned were relo-
cated in family or small groups at a large number of separate places throughout the 
country, where they could be readily integrated, it would be necessary in effect to 
replace, in the area chosen for relocation, all the tangible assets contained in the 
closed area; and many of these costs (even indirectly) would fall on communities in 
areas not directly affected by the accident. If it were decided that permanent or long 
term relocation were to be in an area different from that originally chosen for the 
reception of persons evacuated or temporarily relocated, then additional direct costs 
related to the second movement would have to be absorbed. It is assumed, and it has 
been the experience, that a compassionate national government would do its utmost 
to alleviate the significant human, domestic and other difficulties associated with 
resettlement and relocation. Such was the case with Chernobyl. 

5.4.2.2. Restrictions on access; land use conversion; closure of areas 

The costs of restrictions on access to contaminated areas and facilities are 
directly related to the changes in productivity which result from the reduced eco-
nomic activity. The actual costs of access control, including the construction of bar-
riers, fences, etc., and their continuous surveillance, must also be taken into account. 

In the case of land use conversion, the costs result from the need to incur capi-
tal expenditures which would not have been required had contamination of the area 
not occurred in the first place. Clearly, the nature of the change will determine the 
extent of the costs, but if the area should somehow prove to be more productive eco-
nomically than before, then this net benefit should be considered in the economic 
impact analysis. 

The practice of commercial forestry may have to be forbidden in forests as the 
trees act as a trap or accumulator for radioactive particles; for this reason, additional 
forest fire prevention measures will have to be taken, and damaged trees removed, 
probably over a period of years. Losses and new costs will therefore be incurred. 
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The primary cost associated with the closure of contaminated areas results 
from the loss of tangible assets or wealth contained in the area. Apart from the land 
itself, and any unrealized investment in it (e.g. fertilizer, seeds, unharvested crops) 
or any minerals which it may contain and which can no longer be exploited, these 
assets include buildings, machinery, consumer goods, and public structures and serv-
ices. In areas which are used extensively for livestock, costs may have to be incurred 
for the transport of large numbers of animals to grazing areas free of contamination. 
Overall, the cost of closure will include the value of tangible assets, the loss of 
production — itself affected by the duration of the closure — and the rate of deprecia-
tion of fixed assets. It is generally accepted that assets depreciate more quickly when 
it is not possible to provide normal maintenance and upkeep for them (such as for 
an industry), and sometimes when they are simply not used. 

The costs of closure will thus vary considerably according to the characteristics 
of the area and the country where the off-site consequences are felt. Where the popu-
lation density of an area is extremely low, the tangible wealth will almost certainly 
be correspondingly reduced, and the costs of complete closure may be the same as, 
or even less than, those of decontamination. Where main roads or railways cross a 
contaminated area, traffic may have to be rerouted with additional costs being 
thereby incurred. 

5.4.2.3. Cleanup/decontamination 

Cleanup/decontamination can be a more disruptive or less disruptive measure 
than the long term closure of areas, depending upon circumstance. Proper 
cleanup/decontamination can restore much of the initial wealth and economic activity 
by making re-entry, and ultimately resettlement, possible. 

The possibility of effective cleanup/decontamination in rural areas depends 
very much upon the pattern of land use established. Where the greater part of the 
land is used for farming, whether arable or pastoral, or for market gardening (truck 
farming) the primary techniques for cleanup/decontamination are ploughing, deep 
ploughing, or scraping and removing contaminated topsoil. Depending upon radio-
activity levels, in some cases it may be better to let nature do the job in interdicted 
areas. Total cost estimates (1984) for cleanup/decontamination using these tech-
niques range from US $100 to US $1000 per acre (US $250 to US $2500 per hectare) 
[37], Cleanup/decontamination of buildings and other property, and the disposal of 
the waste from the cleanup/decontamination process itself, will also add to the total 
costs of this protective measure, though the sum involved for waste disposal will 
vary with the techniques employed. Normal ploughing costs relatively little, but 
transporting and disposing of many tonnes of contaminated soil could be extremely 
expensive. 

Where, however, a rural area is largely set aside for recreation, as for example 
in a national park, then cleanup/decontamination using any of the methods so far 
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described will be very expensive and may only be an economic proposition in the 
case of a unique or particularly important national area. Even then, cleanup/deconta-
mination may be physically impossible because of the topography. Here, strict access 
control or total closure is likely to be the most cost effective protective measure, and 
any economic effects will, in general, result from the loss of income from tourists 
or visitors and from any long term restrictions on the movement of livestock. 

It is much more difficult to estimate the probable costs of cleanup/decontami-
nation in urban areas than in rural areas because more types of techniques are avail-
able and their effectiveness differs quite widely between the two types of areas. In 
general, however, it may be assumed that urban cleanup/decontamination will be the 
more expensive. It may receive priority because of population density. The actual 
choice of technique will depend upon the radiological dose reduction factor desired 
and the physical characteristics of the area. Several studies have estimated the total 
costs for cleanup/decontamination of land and tangible assets in urban areas, based 
upon land use and population. In the United States of America, cost estimates (1984) 
have ranged between US $1000 and US $10 000 per person living in the area, and 
these values reflect the range of options open to the decision maker [37]. 

Waste disposal costs in urban areas will be of considerable importance, partic-
ularly for techniques requiring the replacement of building materials such as roofing 
and siding, etc. 

Consequential costs arising from a cleanup/decontamination programme will 
include those concerned with the maintenance of a radiological dose monitoring 
programme for emergency workers employed, since they are likely to be exposed 
to high radiation fields during cleanup/decontamination operations. 

5.4.2.4. Diversion of food and water 

In the early and intermediate phases of an accident, direct deposition of radio-
nuclides can result in the need to impound or dispose of crops, milk or water supplies 
until projected doses from ingestion fall to acceptable levels. Further costs may be 
incurred in the late phase from the continued possible need to store, for example, 
if this decision is made, butter and cheese made from contaminated milk to await 
radioactive decay of short lived radionuclides. The possibility of having to import 
replacement food into the region affected would be an ever present concern to 
responsible authorities. If the region were large, or if it provided a large proportion 
of the national production of the food items concerned, then additional impacts could 
be felt, including possible foreign exchange costs, either through the need to import 
or through the loss of an export market. 

The economic effects of control of water supplies in the late phase will be 
limited and will be felt only in certain quite specific circumstances and locations. 
Whether the water is used for ordinary domestic purposes, or for agricultural pur-
poses such as drinking water for animals or the irrigation of crops, the costs involved 
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will result from the need to maintain a monitoring service, to filter supplies, or to 
provide water from an alternative source. Should this be necessary, additional 
indirect costs might be incurred in putting in new water supply machinery or taking 
some existing machinery out of service. Should it not be practicable to provide alter-
native sources of water for irrigation, the value of crops lost will also have to be 
taken into account. 

5.4.3. Secondary costs of protective measures 

The protective and restorative actions taken in one region of a country may 
have important negative or positive impacts on an uncontaminated region in a differ-
ent part of the country. This is possible where the effects of an accident cause the 
loss of a production facility which is the only one of its kind, or which holds a 
dominating position in the market it serves. This market may be for primary 
products, for manufactured goods (such as photographic film sensitive to radiation, 
or any of a variety of products), or for certain kinds of agricultural produce. Or it 
may be a tourist industry which depends for its existence upon a unique or unusual 
tourist attraction, cultural site or area. Although there may be some loss of markets 
in the contaminated area (e.g. for primary products which can no longer be 
processed there), markets for local consumer goods should not be materially affected 
because the people concerned will only have moved to a different place along with 
the local supporting supply infrastructure. There may be some temporary reduction 
in the level of consumption due to a fall in disposable income. Economic activity 
generally in uncontaminated areas may, over time, be found to have increased, with 
the creation of new employment opportunities as industry and agriculture adapt to 
the new situation, and with the development of support industries together with 
moves to fill the gaps in production caused by the accident. (This observation is not 
intended to imply that accidents are in general beneficial; sometimes they are so in 
terms of learning — sometimes not.) 

5.4.4. Costs of radiation induced health effects 

The direct economic costs of radiation induced health effects result from the 
loss of individual productivity and the need to provide the persons concerned with 
compensation and medical and follow-up care. 

On an individual basis, productivity losses depend upon the initial productivity 
of a person, the degree to which his or her productive capability has been affected 
by the health detriment he or she has suffered, the time required for medical treat-
ment, and any life shortening or other adverse effects which may result from the 
effects of the accident. 

Medical and follow-up care costs vary according to the type of treatment 
required and its duration. Estimates of these costs in the United States of America 
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have been made [38], An additional burden may be placed upon the medical treat-
ment sector if there is already a shortage of facilities and some of the capacity has 
to be devoted to the long term treatment of any persons affected by radiation. Addi-
tionally, and in general, very few medical facilities worldwide possess the necessary 
skills to deal with the victims of nuclear or radiological accidents in a comprehensive 
and definitive sense. In a real situation, those institutions that are the seats of compe-
tence in this field must transfer by instruction their knowledge and expertise to less 
qualified institutions which may be called upon to support the medical and health care 
response to a nuclear accident or radiological emergency. This requirement calls for 
more training in the above area on both an international and a national basis. 

Health care costs also embrace those associated with the treatment, education, 
training and rehabilitation of any persons born either with genetic defects or defects 
as a result of irradiation in utero. Some of the ramifications of this consequence of 
a nuclear accident are touched upon in a United Nations publication [39], where it 
is noted that some costs can be adopted by the family or community. Nevertheless, 
the costs remain both real and substantial over a very long period of time, and pre-
paredness for late phase and recovery action must include appropriate financial pro-
visions which extend well beyond those required for the treatment of immediate 
injuries or other short term health detriments. 

5.4.5. Compensation for financial loss 

Although the economic impacts on individuals, industries and communities — 
even on States themselves — can, in principle, be mitigated by the payment of com-
pensation from one source or another, the actual loss itself remains. Financial 
resources have, in a real sense, simply been reallocated. 

Internationally, the law on civil liability for nuclear damage is governed by two 
main Conventions: the Convention on Third Party Liability in the Field of Nuclear 
Energy (Paris, 1960) and the Convention on Civil Liability for Nuclear Damage 
(Vienna, 1963) [40], The effect of these Conventions is to subject all public and pri-
vate operators of nuclear facilities or installations in States which have ratified the 
Conventions to four basic principles: their liability is (a) absolute, and (b) limited 
in amount and time; (c) their obligation is to cover their liability by insurance or 
other security; and (d) there must be a guarantee of State intervention to meet claims 
in excess of the facility or installation operator's financial security. As with all laws, 
however, there are exceptions, some favouring the injured party and others acting 
against his interest [41]. The most important exceptions are mentioned below. 

The 'Operating Organization' ('operator') may be relieved from the obligation 
to pay compensation if he can show that the nuclear damage resulted wholly or partly 
from the gross negligence of the injured party or from the latter's deliberate act or 
omission done with intent to cause damage. Unless his national law provides other-
wise, an operator is not liable for nuclear damage caused by an incident triggered 
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by a grave natural disaster. (In this case, however, an injured party may be able to 
recover damages under other legislation [42] or through private insurance arrange-
ments.) An operator's liability may be limited in amount, with a lower limit set by 
the Vienna Convention of US $5 million3, but this sum does not include litigation 
costs. Finally, rights of compensation under the Convention are extinguished if an 
action is not brought within ten years after the nuclear accident. This limit may, 
however, be extended if the liability is covered by insurance which itself covers a 
period longer than ten years. Other exceptions and variations can be found in the 
Conventions, and of course in the provisions of the national law of the several Con-
tracting States. 

The liability faced by an operator is potentially so large that he must undertake 
to provide himself with financial protection or be given that protection by the State 
of which he is a part. In most countries with nuclear power plants in operation, the 
operator must protect himself to the extent of the amount available from private 
sources; the government then takes over compensation claims payable by the opera-
tor for amounts between the total of the private indemnity and the maximum of liabil-
ity which has been fixed. In these countries, insurance pools have been formed to 
spread the risk among individual companies and to offer the highest practicable 
degree of protection for the public. National pools also collaborate among them-
selves for these same purposes. It is worth noting here that Article XV of the Vienna 
Convention provides that compensation payments shall be freely transferable into the 
currency of the Contracting State in which the damage is suffered, and of the Con-
tracting Party in whose territory the claimant is habitually resident. 

The position where the State itself is an operator is in theory slightly different, 
because the terms of the Vienna Convention do not require a State to take out insur-
ance protection. Some State operators, however, do so. It would appear unlikely that 
sovereign immunity would ever be pleaded to prevent claims against a State owned 
nuclear facility or installation from succeeding. 

Since the inception of nuclear power, of the law on compensation following 
nuclear incidents, and of insurance arrangements to provide that compensation, 
claims have been relatively minor and few in number. Those responsible for late 
phase operations should, however, be aware of the provisions of national and inter-
national legislation and the insurance arrangements in existence, if they are properly 
to analyse the economic impact of a nuclear accident. 

It is also important that arrangements should be established for the equitable 
distribution of compensation to individuals and companies. Claims may be expected 
to be for personal injury or damage to property; some claims may, for reasons 

3 The Protocol of 16 Nov. 1982 to the Paris Convention on Third Party Liability in 
the Field of Nuclear Energy. This protocol provides that maximum and minimum amounts 
of compensation shall be expressed in "Special Drawing Rights as Defined by the Interna-
tional Monetary Fund". This protocol is not yet (May 1988) in force. 
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beyond the control of the claimant, be made too late, but equity may demand that 
they be met none the less. 

The arrangements should foresee the possibility of claims being received after 
protective measures have been taken in response to the threat of an accident which, 
in the event, did not occur because of in-plant action to correct the fault. An evacua-
tion in these circumstances will not cause less disruption and loss than if it had taken 
place because of an actual accident, although personal injury claims may be expected 
to be excluded. The liability for loss or damage in such a case is not explicitly dealt 
with in the international Conventions, and special national legal measures may be 
required to cover the matter adequately. 

Consideration should be given to methods of compensating governments of 
countries affected by fallout from an accident in another country (the 'transboundary 
release') [43] since those governments may have had to pay compensation for lost 
income, etc., to their own nationals by virtue of the protective measures imposed 
under the terms of their own national law. 

It has been suggested that, for example, if a nuclear power plant should have 
to be decommissioned after an accident, it may become important to decide at what 
stage it ceases to be a 'nuclear facility or installation' for the purposes of third party 
liability. While the Conventions associate the concept of nuclear facility or installa-
tion with the presence of nuclear fuel or radioactive waste, there must remain a risk, 
particularly to workers on the site, until all potential danger is removed; and, of 
course, some effects of exposure to radiation may not become apparent for a number 
of years. An associated problem is the need to continue the availability of compensa-
tion should it become necessary to pay it after the company which operated the facil-
ity or installation has gone into liquidation or otherwise lost its separate legal 
existence. As these matters are not covered in international law, it is desirable that 
national law or other suitable arrangements should be introduced to protect the 
interests of persons who may be affected. 

6. POST-ACCIDENT ASSESSMENT 

6.1. GENERAL 

Protective and recovery actions in the late phase should aim at the reduction 
of doses to the public in accordance with relevant national criteria (see Section 3) 
based on best available knowledge of the radiological situation and the need to avoid 
exposing emergency working personnel to unjustified risks. For this purpose a radio-
logical monitoring programme must be established, properly equipped and 
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organized, to determine the level and extent of the contamination. In so doing, it 
should be realized that, in the late phase, the size of the area of interest, even in the 
case of less severe accidents, could be considerable, and that for some accidents with 
very low probability it may cover thousands of square kilometres. The monitoring 
programme may also extend over a prolonged period of time and may involve very 
many people taking large numbers of samples and measurements. In view of the 
large amount of information to be collected, processed and analysed, careful atten-
tion will need to be given to information processing and documentation procedures. 
This subject is considered further in Section 7. 

In addition to a large radiological monitoring programme there is a need for 
suitable theoretical models to help interpret the measurements, to predict present and 
future doses and exposure pathways of interest, and to evaluate the likely impact of 
a range of possible countermeasures. 

6.2. ENVIRONMENTAL MONITORING 

The radiological monitoring organization and programme should be of a size 
and structure determined by the size of the accident that has occurred. Priorities and 
courses of action should be dictated by the size and characteristics of the affected 
areas, the nature of the accident, the resources available (e.g. manpower, equipment 
and instrumentation), and estimates of the time-scale of the protective and recovery 
operations. 

It is likely that in the late phase of an accident several different organizations 
or agencies will be charged with conducting parts of the radiological monitoring 
programme and recovery operations or will offer help or advice. This might include 
offers of assistance from other countries or international organizations [44, 45] and 
it is therefore important that an organization be established to co-ordinate the actions 
of the individual groups, distribute tasks, gather information, process data and advise 
the authorities in charge of the various remedial activities. All the organizations tak-
ing part in the monitoring programme and recovery operations should regularly 
report data, results and actions to this co-ordinating centre. Standardization of proce-
dures would facilitate the monitoring programme (see also Section 7). 

Before rational decisions can be made on the response in the late phase of an 
accident, it is necessary to have as detailed knowledge as possible of the resulting 
radiation environment. Many measurements will have been made in the early and 
intermediate phases; these will provide a valuable indication of the radionuclides of 
major interest and will help identify the most important potential exposure pathways. 
Additional monitoring will be required to complement these measurements, identify 
suitable remedial action and predict potential long term exposures. The most impor-
tant types of information required for decision making are indicated below. The rela-
tive importance of each kind of measurement and the accuracy required will, 
however, be dependent on the exact circumstances of the accident. 
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6.2.1. External dose 

Dose rate and integrated dose measurements over various time periods will be 
required. Knowledge of major radionuclides present will be important in order that 
doses already received and future doses from this route of exposure may be 
accurately calculated. In addition, measurement of dose rates inside and outside 
buildings may provide a rough initial guide to the savings in dose likely to result from 
decontamination procedures. 

6.2.2. Surface contamination levels 

The magnitude, extent and nature of surface contamination should be deter-
mined. Particular attention should be paid to determining the levels of fixed and loose 
contamination on roadways, buildings, animals, soil and crops. If the fraction of the 
contamination which is fixed to the surface is known, this will provide a useful guide 
to the likely effectiveness of cleanup/decontamination techniques. The major radio-
nuclides present must be identified to allow estimation of the doses resulting from 
intake of activity. 

It may not be feasible to make an appropriate measurement of surface contami-
nation in situ owing to high external background dose rate. Should this be the case, 
the surface contamination may be estimated by 'wiping' the surface and removing 
a fraction of the activity (using a suitable material such as filter paper) which may 
be taken to a laboratory for subsequent measurement. Some experiments may be 
necessary to provide an accurate value for the fraction of activity removed in each 
particular case. For rough surfaces a portion of the surface layer could be removed 
to estimate the contamination. Fractions of loose versus fixed or total contamination 
could be estimated by comparing the above test for decontaminated versus untreated 
surfaces. 

6.2.3. Air contamination 

Although in the late phase there is unlikely to be a direct inhalation hazard, 
such a hazard may be presented by resuspended material. To estimate the resulting 
doses it is necessary to measure the concentration of activity in the air and, where 
practicable, its particle size distribution, and to identify the major radionuclides 
present. Since resuspended activity may result from disturbance of contaminated soil 
by wind or by the use of mechanical farming methods, it will be constructive to make 
surface contamination measurements in conjunction with the air concentration meas-
urements. Meteorological conditions, the state of the soil and a record of any human 
activity in the area should also be noted at the time of measurement. More detailed 
investigations may be necessary to identify the likely inhalation hazard to specific 
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personnel involved in decontamination or in farm work, such as ploughing or 
harvesting. 

Portable air sampling equipment will be required, incorporating particulate 
filters and, if necessary, gaseous absorbers. In selecting such equipment, care should 
be taken to achieve the largest practicable air flow rates. Sampling time should nor-
mally be at least one hour, and in some circumstances continuous sampling over 
longer periods may be desirable. Reference sampling locations should be chosen in 
such a way as to avoid interference by trees, buildings or other large structures, and 
it will be important to specify standard heights above the ground at which samples 
are to be taken. It will also be necessary to determine the radionuclide composition 
and to select counting techniques appropriate to the types of radiation present. 

6.2.4. Activity in environmental materials 

Assessment of doses through terrestrial and aquatic food chain pathways 
requires data on: 

— Concentration of radionuclides in milk, meat and other animal products result-
ing from ingestion and inhalation by animals; 

— Concentration in plant tissues as a result of either direct deposition or root 
uptake of activity deposited on soil; 

— Concentrations of radionuclides in water and aquatic organisms. 

In order to evaluate the likely level of human exposure, it is necessary to have 
information on consumption and inhalation rates as well as on dietary habits. Discus-
sions of this topic can be found, for example, in Refs [46, 47] and elsewhere. 

Once information is available on contamination levels in a sufficiently large 
number of environmental materials, it should be possible for detailed models of the 
local, site specific environment to be used to predict the movement of activity 
through the various sections of the environment and hence to allow the estimation 
of future doses. 

Exposed water bodies and drinking water sources will need to be monitored. 
Determination of alpha, beta and gamma activity may all be necessary, depending 
on the nature of the release. Representative results from large volumes of water can 
be obtained for some radionuclides by passing samples through suitable ion exchange 
resins. 

Measurements in soil may be required at different depths depending on the 
nature of the contaminants and the degree of any land disturbance which may have 
taken place. These measurements will give information about the wet and dry deposi-
tion that has occurred from the plume and the possible risk of transfer of radioactivity 
to crops. Care must be taken in the choice of (a) the sampling point (it should not 
be influenced by such things as overgrowing trees, large structures, etc.); and 
(b) collection techniques. Standard techniques should be applied. 
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Samples relating to food chains will be required. Sampling locations and fre-
quencies will be determined by the size of the affected areas, the nature of the 
agricultural use, the results of other measurements, and the changes due to natural 
effects (radioactive decay, meteorological influences, etc.) and recovery operations. 
Once again, care should be taken in the choice of sample locations and sampling 
techniques to ensure selection of representative samples. 

6.3. PERSONAL CONTAMINATION 

Monitoring personnel, other personnel involved in recovery work, and perhaps 
members of the public, may be working in the contaminated area. In order to control 
their exposure, a regular check on levels of personal contamination must be kept. 
It will be necessary to make an assessment of activity taken into the body as well 
as that deposited on clothing or skin. In areas of high external radiation dose rate, 
it may also be necessary to control the length of time for which personnel are exposed 
in order to keep the dose they receive within acceptable limits. Particular importance 
is attached to regular determination of contamination levels on skin and protective 
clothing worn by persons engaged in recovery operations. 

6.4. MONITORING TECHNIQUES 

The methods used to monitor the radiation environment resulting from an acci-
dent will be very dependent upon the nature of the release and the resources avail-
able. However, some of the more important techniques likely to prove generally 
useful are discussed below. 

6.4.1. Mobile monitoring 

It is advisable to use remotely controlled radiation monitoring and surveillance 
in a high radiation environment to avoid unnecessary exposure of emergency person-
nel. In a low radiation environment, monitoring may be undertaken using hand held 
or vehicle borne equipment to provide information on spot measurements of external 
dose rate, surface contamination and airborne activity levels; in some cases, gamma 
spectrometry of representative samples of sources of external radiation may be 
possible. 

6.4.2. Measurements at fixed ground locations 

At many nuclear facilities, a number of fixed monitoring devices are perma-
nently deployed around the site. These may be the only source of information on 
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exposure levels during the accident itself, and in the later stages of the accident their 
number may be maintained or extended as necessary. Moreover, these measurements 
may be the only record at a single location covering all phases of the accident. Meas-
urements may be made of the external radiation using a dose ratemeter and data log-
ging or telemetry equipment, and of integrated external dose by integrating dose 
ratemeters, thermoluminescent dosimeters (TLDs) or film badges. Equipment is also 
widely available which can continuously monitor and record activity concentrations 
in air and water. It is generally desirable, although not always practicable, for all 
the different types of measurement to be made at a single location. It will, for 
instance, be important to ensure that readings from fixed dose rate measuring instru-
ments are not invalidated by external contamination of the instruments. 

6.4.3. Aerial survey 

In some countries, a capability has been developed in recent years for aerial 
radiological survey. A suitably trained team, equipped with a detector (or a group 
of detectors) mounted in a fixed wing aircraft or helicopter, is able to undertake large 
scale monitoring over large areas in a very short time. Some aircraft are equipped 
to transmit by radio the readings of on-board instrumentation (dose rate, position and 
height) to a computerized facility where maps of the radiological conditions may be 
produced. This requires highly trained personnel and rather costly equipment which, 
at present, not all countries have. A simpler technique is to fly a small helicopter 
equipped with suitable detectors at an approximately constant height above the area 
of interest. The readings of the instruments can either be recorded on board or trans-
mitted to a ground receiving station for analysis. This system facilitates monitoring 
over large areas, but may not be practicable in all weather conditions. It requires spe-
cial equipment and highly trained technicians and cannot easily supply all the infor-
mation which a ground team can obtain. 

6.4.4. Environmental samples 

Environmental samples can be subjected to simple screening checks as they 
come into the laboratory, and may require some preliminary segregation in order to 
minimize any possibility of contaminating the laboratory. It is important to establish 
a procedure for recording the arrival of samples and to ensure careful handling in 
order to avoid any cross-contamination problems within the laboratory. A pre-
screening check for this purpose, using portable monitors or a sodium iodide (Nal) 
scintillation counter, could also provide useful preliminary information for the 
analysts. 

The total activity in the sample must be within the limits acceptable for work 
in the laboratory; if it is not, samples can be subdivided into smaller portions which 
do have an acceptable level of activity. In doing this, care must always be taken to 
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avoid transfer of contamination, and contaminated samples must be properly iso-
lated, e.g. in a plastic envelope or a sealed container. The detailed procedures to be 
adopted will need to take account of the external dose rate and contamination levels 
at the location from which the sample was taken and of any initial laboratory screen-
ing checks. If pure beta or alpha emitting nuclides are also present, then radiochemi-
cal separation and physical segregation may be required. On the other hand, if the 
activity of the sample is very low, some volume reduction may be necessary (e.g. 
dry ashing or concentration of liquids by evaporation). Care should be taken to avoid 
any loss of volatile materials due to heating or other unsuitable methods of sample 
preparation. 

Both alpha and beta activity determinations may be required in some instances. 
For specific nuclides (e.g. 90Sr or Pu), radiochemical separations and relatively 
sophisticated counting techniques (low background counters, liquid scintillation or 
gamma and alpha spectrometry) may be necessary. As these latter types of measure-
ment require time and effort, previous results and external monitoring information 
will have to be used to determine priorities and indicate which samples require the 
most urgent attention. 

6.4.5. Personal monitoring 

The personnel involved in monitoring and in carrying out appropriate protec-
tive measures such as decontamination will be working in a contaminated environ-
ment, and it will be necessary to control their radiation exposures in the same way 
as for any other radiation worker. Internal contamination may be estimated using 
whole body monitoring or bioassays. External doses may be measured using film 
badges, quartz fibre electroscopes, integrating dosimeters or TLDs. In some cases, 
exposures to high dose rates may be monitored by electronic dose ratemeters with 
appropriate alarms. If a significant resuspension hazard is generated in cleanup oper-
ations, personal air sampling may provide an estimate of potential inhalation doses. 

6.4.6. Instrumentation 

The instrumentation required will depend on the nature and level of the con-
tamination as well as on local conditions. Instruments should have known energy 
response for the major radionuclides present and cover an appropriate range of dose 
or dose rate. They should also be capable of operating in the prevailing environmen-
tal conditions, which may in some cases involve extremes of temperature and 
humidity. 

Facilities to check and recalibrate instruments will be needed, particularly for 
those used for long periods in the field. The instruments themselves may periodically 
become contaminated, and a means of decontamination will therefore also be 
required. Contamination of instruments can be largely avoided by sealing them 
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inside clear plastic bags, which can be replaced if they become contaminated. If it 
is necessary to keep large numbers of instruments repaired, calibrated and available 
for accurate measurements, a major support facility will have to be provided. 

Reference may be made to a number of useful publications prepared by the 
manufacturers of instruments which provide guidance on the characteristics of a wide 
range of instrument types currently available. 

6.4.7. Laboratory measurements 

Laboratory facilities will be needed to provide processing for personal 
dosimeters such as film badges and TLDs and measurements of environmental sam-
ples. Depending upon the nature of the accident and the purpose of the measure-
ments, a wide variety of techniques will need to be available. Gamma spectrometry 
will generally be required for the majority of the samples sent to the laboratory, 
although in some circumstances gross activity measurements may be all that is neces-
sary. In some cases where particularly difficult nuclides (e.g. 90Sr and actinides) 
are present in constant proportion to a more easily detectable radionuclide, it may 
be possible to reduce the number of very time consuming radiochemical analyses. 

6.4.8. Monitoring and sampling records 

A full record must be kept of all measurements, observations and actions so 
that they may be used for subsequent analysis and for any technical and legal reasons. 
A more extensive discussion of information and data handling requirements is con-
tained in Section 7. 

6.5. MODELLING TECHNIQUES 

Radiological monitoring will give rise to a large number of measurements 
made in different phases and at different times, and appropriate environmental 
models will be required to interpret this wealth of data and predict future doses. In 
many cases suitable models may already be in use in connection with the normal day 
to day work of the installation. Other models may have to be developed or modified 
in response to the accident. In either case site specific data and parameters specific 
to the particular accident will be required. Sequential measurements from standard 
locations will be a particularly valuable aid to predictive modelling studies. 

Models may be of a wide range of complexity, ranging from a simple mathe-
matical relationship such as the half-life of contamination on pasture to a complex 
physical representation of a portion of the environment such as atmospheric disper-
sion or dynamic food chain models. Sophisticated multicompartment models in 
which the various parts of the environment are represented by 'boxes' enable many 
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complex dynamic transport processes to be represented by first order transfer coeffi-
cients between compartments. Such models may, however, need to be developed and 
validated well in advance of any serious need to use them. 

In addition to modelling the transfer of activity through the environment it is 
also necessary to have available models or data relating to the behaviour of radionu-
clides in the human body in order to allow intakes of activity by inhalation or inges-
tion to be translated into dose. Dosimetric models are available which do this, and 
they are unlikely to need more modification to reflect the particular features of the 
local population. 

Within the terrestrial environment, models relating to surface contamination 
and the transfer of activity through soil are also needed to allow the proper evaluation 
of the significance of directly deposited activity and resuspension. The degree of pro-
tection afforded by various types of buildings may also be evaluated given appropri-
ate modelling assumptions and reliable estimates of the time people spend indoors. 
In order to calculate doses from deposited activity, information is required on shield-
ing and resuspension factors. It has been calculated that doses to people staying out 
of doors within urban areas in European conditions could be lower than those in open 
country (subject to the same level of initial deposition) by factors in the range 
0.5-0.8 [48]. 

Within the aquatic environment, models of the particular rivers, lakes, estu-
aries and coastal water involved may need to be developed if precise predictive cal-
culations are to be made, since generic models may be of little use. The influence 
of sediments may need particular attention. Biological processes which concentrate 
activity must be taken into account, and these models should allow determination of 
both the internal exposure resulting from the consumption of contaminated food and 
water and the external exposure due to contaminated water bodies. 

Model predictions should be regularly updated in the light of each new set of 
measurements as the accident and the recovery progress. Their chief value will be 
in allowing the influence of countermeasures to be assessed and as an aid to rational 
discussion of alternative courses of action and their consequences. 

In order to improve confidence in model predictions, every effort should be 
made to validate existing models using monitoring data obtained in connection with 
routine low level radioactive waste emissions, and by conducting standard problem 
intercomparison exercises between different models developed for the same purpose. 
More detailed discussion of the principles involved may be found in Ref. [46]. 
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7. INFORMATION PROCESSING 
AND DOCUMENTATION 

7.1. GENERAL 

Decisions taken in the late phase should be based upon or influenced by an 
analysis of information collected earlier and the results of information still becoming 
available. Announcements to the public should also be based on interpretations of 
the data available. 

Records will be needed for: quality control and assurance of data sampling and 
analysis; legal decisions regarding any compensation; later investigations into the 
causes and effects of the accident; and as a basis for any reports to international 
organizations and other agencies involved. All these records should be kept in 
national archives, possibly for very many years. 

7.2. PLANNING 

An outline plan for information processing and documentation should be drawn 
up as part of normal emergency planning for the operation of nuclear facilities. This 
plan can be elaborated and augmented as the situation develops, having particular 
regard to the amount of data which will need to be collected, the national resources 
available, and any external assistance which may be required or requested [44]. 

Because many different organizations will be involved in information gathering 
and processing, and because there should be an interchange of information between 
organizations, a co-ordinating and controlling mechanism, at the national level, 
should be foreseen, and common and compatible information recording and process-
ing systems set forth in the national emergency plans [2]. 

The core categories of information that should be required will include: 

(a) Radiological measurements data (type of measurement; equipment used; time 
and place of sampling; radionuclide identification; activity, etc.); 

(b) The accident itself, operations and developments at the installation; 
(c) Results of calculations from models, comparisons of calculated and measured 

values, patterns and projections; 
(d) Information and data about proposed protective measures (and their rationale) 

and actions taken; 
(e) Data on the environmental, socioeconomic situation in the affected area includ-

ing demography and characteristics of affected areas. 
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7.3. PRE-ACCIDENT INFORMATION 

Some of the information which is likely to be needed in the late phase must 
be obtained and documented as a part of the advance emergency planning 
programme and updated periodically [1]. 

7.3.1. Essential baseline information 

A detailed knowledge of the area which has been affected by the accident is 
assumed to have been acquired as a part of the advance emergency planning efforts, 
and this information, essential to making decisions in the early and intermediate 
phases, will be required as a basis for decision making in the late phase. Most of 
this information will be obtainable from official statistical sources, and much of it 
should have been compiled in the original licensing procedure for the installation. 
Care should be taken, however, to see that significant changes in older data have 
been incorporated in the information to be used in the late phase. 

Maps of the site and the surrounding areas offer the most convenient way of 
displaying information about communications, topographical features, population 
densities, water supplies and sewage disposal, land use (including different kinds of 
farming activities), and so on. The use of overlays on these maps may be found help-
ful to highlight the various categories of information. 

Demographic and related data, within the Emergency Planning Zones (EPZs) 
of the site [1] should include information about distribution of population by location, 
age and sex, and occupation. Other characteristics of the EPZs for the site and areas 
outside these zones, as identified in Ref. [1], will be essential to recovery operations 
in the late phase. 

If foodstuffs of any kind, or industrial products of certain kinds, continue to 
be sent from an area affected by an accident to other parts of the country, knowledge 
of the marketing procedures, destinations and final distribution may be needed in 
order to control potential exposures in persons living at a distance from the site (see 
also Subsection 2.1.1). 

7.3.2. Radiological baseline conditions 

Pre-accident baseline radiological data in the areas affected may be of some 
use should issues concerning the adequacy of protective measures (particularly 
decontamination) arise. Although pre-accident radiological levels or radioactive 
materials near a nuclear facility are likely to be very low, and mainly from natural 
background sources of radiation and global weapons testing fallout, there may also 
be a contribution from normal emissions from the facility. It is clear that the amount 
of this contribution can only be determined by baseline environmental radiological 
monitoring before an accident: thereafter, it is likely to be obscured by the emissions 
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resulting from the accident. Routine and advance (baseline and subsequent) environ-
mental monitoring, therefore, will ensure that this information is available. This is 
the normal practice that is, or should be, followed for the siting of nuclear facilities. 
It should be noted that accidental releases may contain radionuclides which are not 
present in emissions during normal operation. 

Around most nuclear and radioactive materials facilities or installations, 
gamma radiation from radionuclides occurring naturally in the ground usually far 
exceeds the contribution from radionuclides in normal effluents from the installation. 
If necessary, the relative contributions of naturally occurring radionuclides and those 
radionuclides released in the accident could be determined by gamma spectrometry, 
but this might be expensive and time consuming to carry out over a wide area. In 
most circumstances, the necessary baseline data could comprise gamma radiation 
exposure rate measurements at one metre over normal undisturbed ground, bare 
rock, road surfaces and inside a few buildings which are representative of the differ-
ent types of building materials used in the area. The calibration of instruments used 
for these baseline measurements should be traceable to a primary standards labora-
tory since the information obtained may have to withstand any future legal scrutiny. 
An exposure rate calibration in a standard radium spectrum is common and is also 
suitable for environmental gamma radiation measurements. The contribution of cos-
mic radiation and atmospheric radon to such baseline readings will be appreciable. 
However, it is unlikely that any differences in these contributions at the time of a 
post-accident survey will be large enough to cause serious difficulty. 

7.3.3. Epidemiological baseline conditions 

In some countries, it is normal practice to maintain records and statistics of 
morbidity and mortality, including incidence of cancers of various types, hereditary 
diseases and birth defects. Records of this type may, however, be of limited value 
as a baseline in establishing the long term impact of a radiation accident, unless they 
are available for a relatively fine geographical grid in the country. In order not to 
dilute morbidity and mortality statistics attributable to the accident, it is therefore 
desirable to relate the epidemiological statistics in the environs of nuclear facilities 
to relatively small geographical areas. Even then, the proof of an increased incidence 
will be difficult because of the long latency periods of some health effects, the 
absence of reliable, comparable statistics, and the possible presence of some natur-
ally occurring factor in the region of interest which may cause adverse health effects 
similar to those expected after an accident. 

7.4. POST-ACCIDENT INFORMATION 

In the late phase, all data collected during the early and intermediate phases 
should be analysed and reviewed in detail. As a result of this review, an analysis of 
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the accident should be available with detailed information about the releases, e.g. 
time and duration of releases, their nature (such as radionuclide composition, 
chemical-physical form), the amounts of released activities and the prevailing 
meteorological conditions. Readings of in-plant monitoring and external measure-
ments, the results of dispersion and diffusion calculations and contamination meas-
ured should also be available by the time the late phase is determined. 

Meteorological and climatological data are very important aids in identifying 
the areas likely to have been affected in the radiological release. Meteorological data 
for the period of the accident are essential for evaluation of the situation and interpre-
tation of the measured data. These data should be available in a form that will be 
compatible with the models employed for analysis and prediction. 

7.4.1. Monitoring results 

Radiation monitoring results should be gathered and stored in convenient for-
mats-and preferably in a computer compatible form [2], Data from measurements 
of the same type should be reported and stored in the same formats. 

The monitoring results can be usefully divided into broad categories such as: 

(a) (Beta/gamma) external radiation data. These should include where possible an 
indication of the energy composition of the radiation fields and the radionu-
clides contributing to it in the areas of interest. The measured data should also 
be stored in the form of isodose maps of beta and gamma radiation fields drawn 
at different times. 

(b) (Alpha/beta/gamma) surface contamination data. The radionuclide composi-
tion of the contaminating activity is very important; results from field measure-
ments and laboratory measurements should be recorded. 

(c) (Alpha/beta/gamma) air contamination data. These should include data on the 
particle size distribution and radionuclide composition, and be related to 
appropriate climatological measurements and the local conditions at the time 
of sampling. 

(d) Environmental samples data. These data should be arranged by type of sample 
(foodstuff, water, agricultural crops, animal products, wildlife, soil, sand, 
sediment, grass, etc.); by location (sector, distance and exact location from the 
facility); and by time and date of sampling and should include details of the 
weather and other conditions at the time of sampling. 

(e) Individual dosimetric data. Absorbed doses (from externally placed dosimeters 
or from calculations) and internal contamination (from whole body counters or 
bioassays). These data can have two main origins: dosimetric data from emer-
gency personnel employed in the affected area for intervention actions, and 
dosimetric data from individuals of the population living or moving in or out 
of the area. 
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A very detailed analysis of health effects in the population will be possible if 
dosimetric data are available concerning individual histories of exposure to radiation. 
Though it will be expensive to collect and process such a mass of detailed data, the 
information obtained may be of considerable value. Additional difficulties may be 
caused by the laws concerning the confidential nature of individually related data, 
and arrangements must be made with medical and legal authorities to solve these 
problems. 

7.4.2. Results of calculations from models 

It will prove important to compare the results of the radiological, meteorologi-
cal and environmental models with the actual situation as observed through data from 
the facility or installation or from the monitoring programme which has been set up. 
It is important in addition to record all the relevant parameters employed and the 
main assumptions upon which the models are based. All the outputs should clearly 
indicate the source of the data and the units in which results are expressed. Using 
field data, attempts should be made to validate and refine models being used. 

7.4.3. Records of protective measures implemented 

The geographical extent of all areas where protective measures have been 
implemented should be recorded along with the nature of the protective measure(s) 
themselves. Colour coded markings on maps or transparent overlays are convenient 
for quick and comprehensive reference, either as permanent records or as temporary 
records until the information can be entered for computer retention and subsequent 
display as required. 

The dates and times at which the various protective measures were put into 
effect or withdrawn in various areas should be recorded. So far as possible, actual 
times of implementation as well as the times of issue of the order to implement or 
withdraw the protective measures should be recorded. This information could be 
very helpful in assessing the exposure of the population not equipped with dosimetric 
devices, as well as in later reviews of the accident. 

Records showing progress in decontamination and its effectiveness should be 
kept. 'Before and after' radiological surveys are needed to determine the effective-
ness of the different methods used since much of this work will be novel, at least 
initially. 

7.4.4. Health records 

It has been noted in Subsection 7.4.1 that records of doses (and, by extension, 
dose commitments) will have to be kept for individuals once they have left the area 
affected by radiological exposures. It cannot be expected that, during an evacuation 
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in the early phase, it will be possible to fully control or document the evacuation 
process or the individuals affected. Moreover, evacuees could probably be spread 
over a very wide geographical area, and only a very small proportion will remain 
for long at official reception or relocation centres. It will be necessary to issue 
requests through the public media for those who have left their homes to contact one 
or other of the local authorities in the vicinity of their places of refuge, in order that 
their presence can be recorded and their health records kept under review as being 
records belonging to persons who have been exposed to abnormal radiation doses. 

7.5. INFORMATION PROCESSING 

7.5.1. Transmission of information 

Results from many monitoring teams and laboratories should be co-ordinated 
and collated by a national organization designated for this task. Data should be sent 
to this organization in a predetermined, agreed format to ensure the compatibility of 
all measurements made and should be transmitted by previously determined 
methods. Many communication facilities may be useful for this purpose: teletype, 
radio, telephone, facsimile transmission, mail and computer links including data 
transmission networks. 

All data should be characterized by date, time (and/or period) of measuring or 
collection, location of measuring or sampling point, name of person and/or organiza-
tion/agency making the measurement, type of sampling and of measurement or tech-
nique employed (these should be standardized), identification of instrumentation, and 
relevant environmental conditions prevailing at the time of measurement. 

If transmitted data cannot be characterized by a description of their origin, 
there should be, at minimum, a label within the dataset that clearly indicates the filing 
system kept by the delivering organization where the data generating procedure can 
be found. 

7.5.2. Data storage and processing 

Although various filing systems are available for the different kinds of data 
obtained, such data should be stored as far as possible in computerized systems in 
order to facilitate access and data and information processing. A set of proven pro-
grammes should be available for converting data formats, for information retrieval 
and for statistical evaluation of the data. The latter set should include at least pro-
grammes for data reduction, handling missing data, correlation analysis, time series 
and trend analysis. Calculational models developed for related purposes should also 
be available. 
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The procedures needed to protect the data against loss (e.g. by backup) or mis-
use (e.g. by limiting access to the data) should be addressed in the information 
processing and documentation procedures which should be a part of the national 
emergency planning efforts. 

Computer technology is developing so quickly that it is not practicable to give 
special advice on preferred computer systems. There are many suitable systems. For 
quick and reliable results, qualified personnel are as important as proven soft-
ware [2]. 

7.5.3. Summary reports 

Information in summarized form, usually numerical or statistical, will be 
required during all phases of the accident both by officials and the news media. Much 
of the basic data for this information might not be entered into databases immediately 
and therefore would not become available until the late phase, even though it referred 
to events in the earlier phases. The number of stable iodine tablets distributed to 
achieve thyroid blocking [1], and the number of people evacuated and their age dis-
tribution, are examples of this type of information. 

Statistical summaries would be required for late phase activities also. Some 
examples of types of information requiring collation and reduction of large volumes 
of data are: average contamination levels in different types of food in different 
geographical areas; quantities of food involved; average specific activities; types of 
radionuclides; and total quantities of materials removed in decontamination work. 

7.5.4. Visual display of information 

Much of the analysed and summarized information mentioned above would 
have to be presented graphically, for example, as lines or coloured areas on maps, 
or as bar graphs or 'pie charts'. Some information might be for presentation on tele-
vision screens; other information would appear on printed material. Whatever the 
mode of presentation, all graphic formats require, for effective production, addi-
tional quality processing capability beyond simple database management. Suitable 
computer software and hardware now exist. Fortunately, in the late phase there is 
more time than in earlier phases to organize such presentations. Since the relevant 
technology is rapidly improving and becoming less expensive, it is probably ade-
quate and desirable to leave detailed planning and implementation until the need 
arises, but it does no harm to set up programmes in advance to handle such data. 

7.5.5. Permanent visual record 

Videotape records of decontamination and other operations in the recovery 
areas would be useful for future work of the same nature and for studies. Their value 
should not be underestimated. 
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8. DECISION MAKING DURING THE LATE PHASE 
AND FOR RECOVERY 

8.1. GENERAL 

8.1.1. Decisions and constraints 

Sections 3, 4 and 5 have set out the main foreseeable considerations and 
criteria which the decision maker must deal with during the late phase. These consti-
tute inputs to his/her decisions on: 

(a) Need for, nature and extent of protective measures; 
(b) Utilization of resources (human, financial, technical); 
(c) Acceptability or adequacy of remedial work leading to re-entry and recovery 

of lands and property in the affected areas. 

During the late phase, the decision maker will have to contend with economic 
and political constraints on the resources with which to implement the recovery plans 
and on the acceptability and credibility of priorities and criteria for recovery. Since 
the nature and extent of these constraints are hard to foresee, most of them will have 
to be managed at the time when they occur. 

8.1.2. An interdisciplinary approach 

Assessment and decision making constitute a process which will be continually 
repeated, undoubtedly involving many types of organizations and advisers, until the 
final recovery work has been completed. It has already been stated [2] that radiologi-
cal emergency assessment and response require an interdisciplinary approach. This 
is particularly true of the late phase when, in addition to the issues of radiological 
health which dominate the earlier phases, there will also be other wide ranging 
problems involving, among other factors, civil engineering, agronomy, economics, 
urban planning, transport and subsequent health care. The procedures leading to 
decision making must therefore ensure that all due weight and consideration are 
given to each specialized aspect of the wide ranging problems of the late phase of 
an accident. It is the task of the decision maker in arriving at a decision to: 

(a) Determine which specialist opinions are relevant; 
(b) Hear and consider relevant specialized social and technical representations; 
(c) Balance and synthesize conflicting viewpoints and competing requirements. 

At each major decision point, the decision maker must consider the facts as 
they have been determined at the time. He/she will also have to consider the views 
and recommendations of these specialized advisers in the broad categories discussed 
earlier: 
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(i) Technical and radiological 
(ii) Socioeconomic 

(iii) Political. 

The recommendations of specialized advisers are also 'decisions' in the sense that 
they represent assessment of what the situation calls for, albeit from specialized or 
limited viewpoints. Particularly in the radiological domain, sophisticated techniques 
of assessment by modelling can be designed so that, at the end of the process, the 
situation is clarified and highlighted for the decision maker to the point that, within 
the premises of the model, the correct decision flows as a logical consequence. 
However, many constraints and competing 'decisions' will have to be weighed and 
balanced to arrive at a final decision which leads to the best way to protect public 
health and safety and to assist the long term recovery process. 

8.1.3. The time element 

Though the late phase may last up to several years [1, 2], the exigencies of 
the situation will gradually change with time, from the acute and urgent to the less 
pressing. However, even during the late phase and its attendant recovery phase the 
time factor cannot be ignored. This is because any action to improve a situation must, 
if it is to be worth while and effective, be implemented in a time which is short com-
pared with the time-scale of those natural processes which, in the absence of human 
intervention, would alter the situation for better or for worse. Some, but not all, of 
the natural processes which dictate the pace for human intervention may make a bad 
situation worse. For example, natural processes will disperse further a spill of radio-
active material unless it is cleaned up before those processes occur. Contaminants 
may attach chemically to some surfaces unless they are washed off promptly. On the 
other hand, removal of radioactive contamination may be worth while only if the task 
can be completed before radioactive decay would significantly ameliorate the situa-
tion without human intervention. Most options, unless implemented in a timely 
fashion, may not remain open or at least will be of rapidly declining usefulness or 
practicability. 

8.1.4. Protective measures and recovery measures 

Protective measures are defined as those directed towards the affected popula-
tion, while recovery measures are directed mainly towards the physical environment 
and the restoration of living conditions, i.e. entry into the recovery phase [1, 2, 15]. 

Protective measures in the late phase include relocation, control of access, and 
control of food and water supplies. They must, if their full benefits are to be felt, 
be implemented as soon as practicable; there may not, however, be quite the same 
degree of urgency as in the early or intermediate phases, because of the degree of 
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protection already provided by the measures earlier adopted. None the less, they are 
characteristic of an 'emergency' (i.e. an abnormal) situation. 

Recovery measures include cleanup/decontamination of buildings and land 
which are directed towards the return, so far as possible, to pre-accident conditions. 
A variety of options exist for dealing with contaminated real property. A building 
may be demolished or rebuilt; alternatively, access to it (or to an area) may be res-
tricted until cleanup/decontamination or until contamination levels drop as a result 
of radioactive decay. 

8.2. MULTIPLE OBJECTIVES 

Decision making, however undertaken, has to be preceded by a statement of 
objectives. Usually there will be several objectives, of varying degrees of impor-
tance. While the main objective, namely dose limitation and reduction, is the same 
during the late phase as during earlier phases, competing requirements and con-
straints are likely to become much more prominent in the later stages. While it will 
be clear to all that only the most urgent matters can receive attention during the early 
and intermediate phases, the late phase brings with it the full ramifications of the 
problem, in geographical extent, in numbers of people affected and in secondary 
impacts on society in general. The list of objectives, requirements and constraints 
will lengthen. 

From the viewpoint of the decision maker, the objectives of protective, recov-
ery and restorative work may be classified broadly under the following headings: 

(a) Radiological objectives 
(b) Socioeconomic objectives 
(c) Political objectives. 

8.2.1. Radiological objectives 

From the radiological health standpoint, the general objective, both for protec-
tive measures during the late phase and for restorative actions leading to recovery, 
is dose limitation or, even better, minimization of exposure. Doses received both by 
the public and by workers engaged in protective or restorative measures must be 
taken into account. 

The International Commission on Radiological Protection (ICRP) has 
introduced [11, 13] the concept of detriment to incorporate and, where possible, to 
quantify all the deleterious effects of exposure of a population to radiation. Both 
stochastic and non-stochastic effects in the exposed individuals and stochastic effects 
in later generations are included among the effects on health. These effects are 
referred to by the ICRP as the objective health detriment of which dose is the mea-
sure [11]. 
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The objective health detriment in a population exposed to radiation is defined 
as the mathematical 'expectation' of deleterious effects on health. The mathematical 
expectation takes account not only of the probability of each type of health effect but 
also its severity. Thus if pi5 the probability of suffering the effect i, is small, and the 
severity of the effect is expressed by a weighting factor, gj, then the objective health 
detriment, G, in a group of P persons is given by: 

G = P £ Pigi 
i 

The purely radiological objective of the late phase may be stated to be the 
reduction of objective health detriment, G, to as low a value as possible. 

8.2.2. Socioeconomic objectives 

Some major deleterious impacts of the radiation emergency cannot be quanti-
fied in terms of radiological dose although they may be regarded as components of 
the detriment, as envisaged by the ICRP. Such detriments are referred to as subjec-
tive health detriments [11], They are effects such as anxiety (see Section 5) about 
the situation in general or about the threat of radiation exposure (generally related 
to the risk perceived), together with discomfort or inconvenience caused by protec-
tive measures. Since, for the most part, these experiences are common to any emer-
gency, precedents exist by which some of them have been and can be expressed and 
quantified in monetary terms. A significant part of the sum estimated as the valuation 
of this component of detriment may become payable in compensation to the persons 
affected. 

The presence of radiological hazards will generate additional temporary, 
socioeconomic forces among the affected population and beyond. The desire to avoid 
risks as perceived may cause many to leave the area with little regard for official 
advice. Increase or distortion in demand is likely to cause prices of accommodation 
and food to rise in areas receiving evacuees. Changes in the pattern of supply may 
further strain the situation. The provision of assuredly uncontaminated food may 
bring additional costs. On the other hand, uncontaminated foodstuffs originating 
from previously contaminated areas might be difficult to market. The decision maker 
will wish to overcome these temporary economic problems as soon as possible and 
to chart a course towards recovery based on sound long term economic and health 
considerations. 

The socioeconomic conditions and objectives which were characteristic of the 
area before the occurrence of the accident are relevant since they point the direction 
towards recovery and provide the impetus for it. People who have been evacuated 
will wish to return to their homes and to normal living. There will be pressures for 
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business and industry to resume and for transport routes to be reopened. Strong 
efforts should be made to ensure acceptance by the public of the different protective 
or recovery measures decided upon, and to ensure their co-operation during the 
implementation stage. 

However imprecise and arbitrary it may seem in comparison with radiological 
measures, society's only way of quantitatively expressing socioeconomic impacts 
and objectives is in monetary terms. Money is the common denominator of such 
diverse effects as lost sleep and lost time at work or at leisure, lost production, and 
so on. While the costs of lost production, lost time at work and objective health detri-
ment may be estimated fairly accurately, the valuation of the more subjective detri-
ments such as stress, lost sleep and loss of leisure time are largely matters of 
judgement. Thus, at least in principle, the socioeconomic objective may be summar-
ily expressed as limitation of costs to individuals and to society. In practice, this may 
be very difficult to do, but monetary and other compensation was paid and given by 
the Government of the Soviet Union to persons directly affected by the Chernobyl 
accident in the vicinity of the nuclear power station. 

8.2.3. Political objectives 

In general, political objectives set the context and the bounds of all other objec-
tives. Again, the direction and impetus is towards a return to normality, but it may 
often be tempting to allow political considerations to predominate over the social, 
economic and radiological considerations which have been analysed and presented 
to the decision maker. 

8.3. FORMAL AIDS IN DECISION MAKING 

8.3.1. The role of modelling 

Decision making is the culmination of the assessment process and is conceptu-
ally hard to separate from it. If assessment is defined as distilling and capturing the 
essence of large volumes of information, decision making is then the final stage of 
assessment: weighing their relevance and importance to determine what the situation 
requires. 

The present discussion is not intended to imply that any formal or structured 
system could reliably render optimum decisions automatically in a situation as com-
plex as a serious nuclear accident or radiological emergency. Nevertheless, methods 
may be devised to comprehend and summarize major parts of a complex situation 
and to indicate the best decision within their limited viewpoints. These techniques 
are both tools of the assessment process and aids to decision making. The more com-
prehensive their applicability to the total situation, the more useful they are. 
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Models are used both implicitly and explicitly throughout the process of assess-
ment leading to decisions. (A model here means a mathematical formulation, based 
on theory or empirical data, which represents an actual situation or process.) To 
complete the assessment process, a decision analysis model may be devised which 
explicitly conjoins the essentials of several separate assessment parameters and con-
straints. Such a model can point to a decision which is optimum for the limited num-
ber of parameters and constraints of which it takes account. 

8.3.2. Radiation dose-effect models 

8.3.2.1. The linear, non-threshold dose-effect model 

It has already been pointed out that non-stochastic health effects can and should 
have been avoided in the early and intermediate phases, and if this is so, they need 
not be considered in the analysis. As will be shown in this section, this permits 
modelling with a high degree of aggregation and the use of concepts and methods 
which are already well developed for radiation risk situations. These are usually 
referred to as optimization methods [11]. 

The basic element of any model dealing with radiation risk reduction is likely 
to be the linear, non-threshold dose-effect hypothesis of the ICRP. The commission 
states [13] that: "There is proportionality between dose and the probability of a 
stochastic effect ... doses are additive in the sense that equal dose increments 
increase equally the risk by a value which is independent of the previously accumu-
lated dose." This hypothesis is considered by the commission to be appropriate for 
the range of doses encountered in radiation work and in accidents where doses are 
not high enough for non-stochastic effects to occur. 

The linear, non-threshold dose-effect hypothesis of the ICRP permits the 
introduction of a single number concept, collective committed effective dose equiva-
lent (usually expressed in person-sieverts or man-sieverts), to express the deleterious 
effect of radiation exposure of a large number of individuals, each of whom may 
have received a different dose. As has been pointed out, the possibility of using a 
single number concept (collective effective dose equivalent commitment) to describe 
a heterogeneous situation is a powerful technique in modelling. It should be noted, 
however, that collective effective dose equivalent commitment is a valid measure of 
stochastic health effects and that, strictly speaking, the concept as currently devel-
oped is intended only for adults.4 

4 The organ tissue risk weighting factors used in defining effective dose equivalent 
apply only to adults. Effective doses make no allowance for non-fatal malignancies or for 
genetic effects after the first two generations. Since the risk coefficients have been revised for 
individual organs, it can only be an approximation (although still useful). 

71 



8.3.2.2. Non-linear dose-effect models 

The ICRP's linear, non-threshold dose-effect relationship is a universally 
accepted working or planning hypothesis. However, it has been pointed out that if 
the projected dose equivalents accrue mainly from sources of low linear energy 
transfer (LET) radiation such as fission products, the ICRP assumption may overesti-
mate the risks of small doses received by large numbers of people. This is because 
a concave-upward, linear quadratic relationship may better represent the epidemio-
logical evidence. However, the difference between the predictions of the two 
hypotheses is small compared with the other uncertainties of emergency assessment. 
Furthermore, a strong argument against using any dose-effect hypothesis other than 
the linear one is that only the latter permits, in a simple way, a high degree of aggre-
gation in radiological decision analysis modelling. This is because in a dose-effect 
relationship which includes a non-linear dose term, the increment of risk associated 
with an increment of dose depends on the dose already received. The single number 
concept, collective effective dose equivalent commitment, is no longer a measure of 
radiological impact on a community as a whole. Despite their inherent difficulties, 
non-linear models may be relevant in the recovery phase when spending large sums 
of money is at issue and when there is time to conduct a thorough analysis. 

8.4. DECISION ANALYSIS 

8.4.1. General 

A decision analysis may be summarily described as a formal method for decid-
ing among a number of options. The methodology explicitly recognizes that subjec-
tive judgements are an inevitable, but not inseparable, part of decision making. 
Indeed, the subjective and objective elements are identified, separated and treated in 
quantitative terms. It is an axiom of the method that the attractiveness of a given 
option depends on: 

(a) The likelihood of occurrence of the possible consequences of that option, and 
(b) The preferences of the decision makers for those consequences. 

The consequences of the various options are usually calculated from models 
which concisely represent elements of the situation confronting the decision maker. 
The likelihoods of the various consequences are estimated by using probabilities. 
The preferences and attitudes of the decision maker are expressed as 'utility 
functions'.5 

5 A utility function is a scale of numbers increasing (not necessarily linearly) from 
0 to 1 expressing the degree of desirability of various levels of attainment of a given criterion 
or objective. 
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The general approach and relevance of formal decision analysis in radiation 
emergency response have already been described in a companion publication [2]. 
Since, as noted in Subsection 8.1.1, the issues involved in decision making in the 
late phase are even broader and more numerous than in the early and intermediate 
phases, structured methods for decision analysis are almost indispensable for the late 
phase and subsequent recovery. 

Apart from the radiological aspects, the techniques of decision analysis by 
modelling are the same as those commonly used in government or business decision 
making about budgets and resources. This and previous sections deal with analytical 
methods to aid decision making mainly for the late phase. They should be read as 
an extension of the corresponding Section 9 in Ref. [2]. It is beyond the scope of 
this publication to present the details of any of the methods; the aim here is to empha-
size the relevance and power of structured methods and to draw the reader's attention 
to the fact that detailed techniques already exist. 

8.4.2. Differences between the late phase and the early and intermediate 
phases of an accident 

The description in Ref. [2] of the application of decision analysis emphasized 
that uncertainties and even near-imponderables can be brought into the process of 
analysis leading to decision. In the late phase, however, the factors to be included 
in the analysis and their relative weights will be very different from those applicable 
in earlier phases. 

First, since the crisis period of the emergency will obviously have passed, the 
attitudes of the decision makers will be influenced in the later phase more by readily 
quantifiable and justifiable health and economic factors than during the earlier crisis 
phases when less rational concerns may have played a role. 

Secondly, many uncertainties which would affect decision making should have 
been largely resolved and will therefore play little part in the analysis. Decision anal-
ysis during the early and intermediate phases may have to take due account of major 
uncertainties such as the probability or timing of an expected release6, or the dura-
tion and total amount of a prolonged release of radioactive material. These uncertain-
ties are taken into account by assigning probabilities based on the best judgements 
of knowledgeable persons. 

In contrast, during the late phase, uncertainties which would affect decision 
making are progressively removed. For example, the magnitude and extent of the 
contamination can be determined by environmental monitoring to any necessary 
degree of accuracy. Thus, to an increasing extent, the uncertainties surrounding the 

6 An example of an event wherein an 'expected release' might occur would be a situ-
ation in which, following a serious accident in a nuclear power plant, only one barrier remains 
to prevent a release of fission products into the environment. 
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consequences of each decision option decrease so that it becomes possible to associ-
ate a set of consequences with each alternative. Decision analysis then reduces to a 
choice of the preferred option. This leads to a major simplification of the process 
of decision analysis. 

8.4.3. Cost-benefit analysis 

Several methods exist for solving the simplified decision problem: that of iden-
tifying the most desirable option (and thus the corresponding set of consequences). 
These range from simple, iterative ranking schemes to the construction and use of 
'utility functions' to represent the decision maker's preference regarding each com-
ponent of consequences. All methods are attempts, with varying degrees of detail, 
rigour and explicitness, to achieve a consistent application of the decision maker's 
values with respect to a set of multiple objectives. The method of utility functions 
is now widely used to quantify the decision maker's scales of values, both in the 
degree to which each objective may be met (a utility function) and in the relative 
importance of separate objectives [49], 

Cost-benefit analysis is developing as an approach to decision making in radia-
tion protection endeavours [11, 12]. Whereas the general method of decision analysis 
determines the alternative which is optimum according to preference criteria 
arbitrarily assigned, cost-benefit analysis determines the alternative which is best in 
monetary terms for society as a whole. The method is in fact a special case of the 
utility function approach. It assumes that all relevant criteria and the relative weight-
ing among multiple objectives are expressed by their attributed value or cost of 
attainment. The optimum decision is represented by the option whose net beneficial 
consequences (expressed in monetary terms) to society are maximized in relation to 
all the costs of exercising the option. Usually the analysis of options reduces to 
minimizing the sum of the costs including those of radiation protection and of the 
residual detriment (i.e. the detriment remaining after the protection work is 
complete). 

Cost-benefit analysis is the practical or operational expression of one of the 
ICRP's three basic recommendations: "All exposures shall be kept as low as 
reasonably achievable, economic and social factors being taken into account." It 
aims to determine what is optimum for society as a whole. Thus, cost-benefit analy-
sis can address simultaneously both the radiological objective and the socioeconomic 
objectives, as discussed earlier in this section. 

In common with all methods for or aids to decision analysis, the procedure of 
cost-benefit analysis and its results should be regarded as helpful or illuminating 
rather than definitive. Perhaps the most useful aspect of the procedure, once it is set 
up for a given situation, is in providing a ready means for sensitivity analysis. 
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8.4.4. Cost effectiveness analysis 

In cost-benefit analysis, no absolute limit of any kind is placed on the solution 
which is sought. The method simply selects the maximum on the benefit/cost curve. 
It may, however, be unrealistic in addressing a massive contamination problem, for 
example, to seek a solution without reference to total cost. Cost effectiveness analy-
sis is a method of tackling such a decision problem in which an optimum is to be 
found within the bounds of an absolute constraint. The aim of cost effectiveness anal-
ysis is to determine the least costly way of achieving a selected reduction in radiation 
exposure, or the maximum reduction in exposure that can be attained for a fixed cost. 

The conclusion of cost effectiveness analysis could well be different from the 
conclusion of a cost-benefit analysis of the same problem. 

9. ORGANIZATIONAL CONSIDERATIONS 
FOR THE LATE PHASE 

9.1. GENERAL 

During the early phase and, to a large extent, during the intermediate phase 
of an accident, the off-site organization chiefly concerned with the protection and 
welfare of people will in all likelihood be that established in most countries for deal-
ing with many kinds of emergencies (e.g. civil defence, police/military), assisted as 
required by personnel qualified in the science of radiation protection and other 
appropriate technical and social science disciplines. The general principles upon 
which both national and local authorities and organizations should operate are 
described in Section VI of IAEA Safety Series No. 55 [1]. A radiation protection 
group will certainly play a major role in advising the decision makers. 

In the late phase it is probable that an early opportunity will be taken to revert 
to a governmental organization as similar as possible to that which operates in non-
emergency conditions. However, the nature of the problems being dealt with, and 
the length of time which may be needed for their solution, will require some addi-
tional support. 

Many ministries and government departments, and almost certainly several 
autonomous and quasi-autonomous scientific and specialist organizations, will be 
involved in or responsible for different aspects of the management of the late phase 
and attendant recovery operations. It will thus be essential to establish a 'lead 
agency' or 'lead organization' to control and co-ordinate their several activities; to 
identify and, if necessary, acquire and allocate resources; and to be responsible for 
maintaining technical contact with appropriate authorities and institutions in other 
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countries that may be providing assistance. The importance of this step was noted 
in 1981 in IAEA Safety Series No. 55 [1]; it was underlined after the accident at 
Chernobyl in 1986 by Soviet authorities responding to the Chernobyl accident [5]. 
This step will be necessary both for the exchange of technical information and in 
order to facilitate obtaining any additional specialized or expert advice which may 
be required. If a transboundary release of radioactive material has occurred, this 
international liaison may assume much greater importance [50, 51]. 

9.2. ROLE OF PUBLIC AUTHORITIES 

9.2.1. Need for preplanning 

To a very large extent, the role to be played by the public authorities in the 
late phase and recovery will be defined by the actual conditions then prevailing. 

In the late phase of a severe accident, the situation within a particular off-site 
area is very likely to vary according to its distance and (with the exception of an area 
around the facility) its direction from the facility suffering an accident. It can nor-
mally be expected that, beyond a few kilometres, only the people living in areas 
directly affected by the plume release will have been subjected to protective meas-
ures such as evacuation, relocation, sheltering, radioprotective prophylaxis (thyroid 
blocking) and decontamination. Complete closure of any part of the affected sector 
or sectors, control of access to these areas or to other areas partially or temporarily 
closed, and controls on the consumption or diversion of contaminated food and water 
may of course have had and may continue to have indirect effects upon people in 
other areas more remote from the facility site, and possibly in other countries. 

The organizational problem, then, falls into two parts: (a) maintenance, possi-
bly for an indefinite period, of certain protective measures initiated in the earlier 
phases, and (b) planning and execution of a process of recovery and/or redevelop-
ment. In its most severe manifestation, where an area has had to be permanently 
closed and its inhabitants relocated in one or more places, the situation may be com-
pared to that following a severe natural disaster in which housing and industrial and 
public infrastructures have been completely destroyed. 

Recovery after a major natural disaster such as an earthquake, where condi-
tions of that kind would commonly be found, usually comprises four partially over-
lapping stages, and it has been shown [39] that each lasts approximately ten times 
longer than the one before. After a severe earthquake, it might be reasonable to 
expect the emergency phase to last up to 2 weeks; the restoration phase from 1 to 
20 weeks; the initial period of reconstruction from 10 to 200 weeks; and final recon-
struction from 100 to 500 weeks. For recovery after a severe radiation accident the 
actual length of these periods would depend at first upon the characteristics of the 
radiological release and, later, upon the extent of contamination and the measures 
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BASIC ISSUE 

Are there to be changes 
in the public policy 
decision making process? 

Are there to be 
changes in land use? 

How will compensation 
be dealt with? 

F U N D A M E N T A L 
QUESTION 

Will there be special 
ad hoc political 

t mechanisms to decide 
upon broad outlines 
of recovery plans? 

SUBSIDIARY AND 
RELATED QUESTIONS 

j Will special interest 
groups be involved in 

j planning decisions? 

I Will there be 
I communication 
I between special interest 
I groups and those likely 
1 to be affected by 
I planning decisions? 

Will outside agencies 
be permitted to 
influence recovery 
plans? 

How will differences 
of technical and 
political/citizen 
opinion be resolved? 

" t I 

Are economic or social 
I factors to be given 

greater influence in 
arriving at decisions? 

If there are to be 
changes in land use, 
how.will any necessary 
compensation be 
handled? Will it be based 
on pre-accident values? 

If undeveloped land is 
to be taken for public 
use, should it be 
bought at pre-accident 
values or at its 
development value? 

Are wholly equitable 
I policies to be followed? 

Is absolute need to be 
the final criterion? 

Will those who were 
insured receive the same 
as those who were not, 
losses being equal? 

How should personal 
and family problems 
be dealt with? 

How is increased 
local public expenditure 
to be financed? 

Will the less knowledgeable 
be assisted in 
establishing their claims to 
compensation? 

=T 

If local facilities 
and services are less 

. than adequate, will 
new actions and 
programmes be 
initiated? 

Will temporary or new 
housing be allocated so as 
to encourage social 
compatibility and good 
relationships between 
neighbours? 

Will there be a need for 
rent or price controls to 
combat any danger of 
profiteering from a 
housing shortage? 

"I 
I If substantial un 
I employment results 
1 from the accident 
I or from a counter-
I measure, will special 
' action be initiated 
' to provide job 
] opportunities? or 

payment of unem-
] ployment benefit? | 

1 

Will changes in 
decision making 
processes lead to 
rates of expenditure 
which are faster 
than normal? 

How will local government | 
absorb a possible shortfall I 
in tax revenue at a time of I 
increasing expenditure? I 

Should there be a change 
in the local tax structure? 

_1 
To what extent 
should priority be 
given to those 
affected by the 
accident in the 
filling of job 
vacancies, in order 
to widen the tax 
base? 

FIG. 4. Basic issues for late phase decision making. 
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FIG. 5. Illustrative example of placing the recovery organization in a national administration. 



adopted for the protection of the public, but the relationship between them may well 
remain constant. 

In the same research, seven basic issues for decision were defined in relation 
to the reconstruction after a major earthquake. Not all of these would be relevant 
in the late phase after a severe nuclear or radiological accident, but the long term 
impacts being considered here can and do give rise to five basic issues. An identifica-
tion of the issues subsidiary to each helps to begin to define the kind of late phase 
organization which will be required. The problem, and the interrelated nature of 
many of its various elements, may be summarized as shown in Fig. 4. These basic 
issues are: 

— Whether there are to be changes in the process of decision making in the area 
of public policy; 

— Whether there are to be changes in land use; 
— How compensation is to be handled; 
— How personal and family problems are to be dealt with; 
— How increased public expenditure is to be financed. 

From the nature of these issues, and from the time-scale mentioned previously, 
it will be clear that not only will the recovery organization have to remain in being 
for a considerable time: ideally there should also be only one lead organization 
charged with responsibility for the conduct of affairs in the late phase. It need not, 
however, and probably should not, itself undertake any operations. These should 
properly be left to the appropriate and specialized supporting government depart-
ments and non-government organizations of various kinds. This will help to avoid 
the possibility of (apparently) overlapping responsibilities leading to a conflict 
between two or more organizations — a conflict in which the interest of the 
beneficiaries themselves is all too often forgotten. The lead organization must have 
both the authority and the ability to resolve any conflicting recommendations which 
may be made to it. 

Both the nature of the issues and the probably extended existence of the late 
phase and recovery organization emphasize the need for preplanning, as a minimum, 
the outline of the organization itself. This should be just as much a part of advance 
emergency planning as are the measures to be taken in the early and intermediate 
phases of an accident. The actual participants at local public authority level, and 
representatives of non-governmental organizations and the people themselves, will 
naturally vary with the area affected by the accident. This does not, of course, pre-
vent impersonal designations being made, for preplanning purposes, of the holders 
of various offices (e.g. the Minister of Agriculture, the Mayor of a town) to the 
several posts in the organization. A possible method of placing the recovery organi-
zation in its logical position in the national administration is shown in Fig. 5. 
Figure 6 enlarges on the probable membership, by sector, of what is described in 
Fig. 5 as the Executive Committee of the recovery organization. It will be seen that 
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FIG. 6. Illustrative example of relationships between governmental sectors and private groups represented on the Executive Committee of the 
recovery organization. 



the sectors most likely to be involved in operations are supported by infrastructural 
sectors, and that the interests of the general public are safeguarded through the work 
of non-governmental organizations as well as by the public's elected representatives, 
such as town councillors. It is assumed that the problems of individuals will be dealt 
with by the non-governmental organizations, and community concerns by the elected 
representatives. 

Whatever organization may be decided upon — and its form may be very 
different from one country to another, depending upon its existing emergency plan-
ning and preparedness organization and infrastructure, and whether or not it has 
nuclear facilities of its own — there are certain essential elements which must be 
developed. These are: 

(a) The authority to: 
(i) Control and co-ordinate the activities of supporting departments of 

government and non-government organizations; 
(ii) Arbitrate between, and adjudicate upon, conflicting claims and recom-

mendations which may be made by different supporting organizations, 
and call in any additional expertise which may be required for this pur-
pose; and 

(iii) Identify, call forward and allocate resources, particularly if competing 
claims are made for the same limited resources. 

(b) The duty to: 
(i) Avoid duplication of effort, e.g. in processing similar information by two 

or more departments or organizations; 
(ii) Ensure that all relevant and necessary information is communicated to all 

departments and organizations concerned; 
(iii) Arrange for appropriate information to be communicated to the competent 

authorities in neighbouring countries, and to international organizations 
concerned with nuclear safety and radiation protection; 

(iv) Arrange to obtain any necessary advice and assistance from outside the 
country, and arrange for the entry of personnel or equipment into the 
country without unnecessary or unduly restrictive formalities; and 

(v) Ensure that the information media and the public generally are aware of 
the situation, its likely development, the health risks involved, the possi-
ble economic consequences, the protective measures imposed or removed 
and the benefits or consequences of these actions. 

Preplanning for the late phase and recovery is not often undertaken, largely 
because of human reluctance to believe that a serious emergency will ever happen 
in a particular place. Nor has such planning the attraction of immediacy which 
attaches to preparation for rapid action in the early and intermediate phases. Without 
it, however, there is a danger that central government will be unprepared legally or 
financially to take certain actions (commandeering land, for example, with or 
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without compensation). At both central and local levels, legislative and regulatory 
gaps will be identified: preplanning allows time for them to be filled. Policy issues 
can be discussed and settled in a calm atmosphere, without the pressure of events: 
preplanning helps to ensure that correct decisions will be reached, leading in turn 
to an action oriented late phase and a recovery organization able to respond smoothly 
to the problems with which it will be presented. Where the planning area contains 
much industrial activity, it may be helpful to associate trade union representatives 
with the planning process. Trade union agreement may well have to be obtained 
when deciding upon the doses which may be received by workers in essential indus-
tries, and by members of the emergency services (fire brigades, police, ambulance) 
whose duties require them to enter areas to which access is controlled. The agreed 
dose limits should of course be consistent between the different emergency services. 

9.2.2. Need for co-ordination 

Although the lead organization suggested will not have a direct responsibility 
for carrying out operations, it should have a command authority, i.e. the authority 
to direct and control the actions of the several professionally, technically and legally 
competent bodies engaged. These activities could include the undertaking of major 
engineering or construction projects. If this authority is given, then the organization 
will ipso facto possess a capability to co-ordinate. Such an authority will need to be 
exercised in relationships and dealings upwards to central government, outwards to 
technical authorities in other countries, and downwards to the operational bodies and 
the general public, as indicated in Fig. 5. 

9.3. ROLE OF THE LEAD ORGANIZATION AND CO-ORDINATION WITH 
THE NATIONAL GOVERNMENT 

The establishment of a direct and special relationship between the lead organi-
zation and the national government will benefit both parties directly, and all others 
concerned indirectly. From the national government's point of view, it will provide 
a single channel through which all political decisions on recovery matters can pass 
to an organization with power to compel compliance (and to be able to do so, 
moreover, without being thought to be following any particular interest of its own). 
For the lead organization itself, the arrangement offers a means of quickly drawing 
attention to new developments or particular problems and (it is to be hoped) a means 
of obtaining quick decisions at political policy level as well as any extra legal powers 
or financial assistance which may prove necessary. For these reasons, the lead 
organization should be represented at the highest government level. 
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9.3.1. Communication and co-ordination with technical authorities in other 
countries 

Primarily, the requirement for the lead organization to deal directly with cor-
responding technical authorities in other countries (after approval by the national 
governments involved) arises from the desirability of harmonizing protective and 
associated actions in the case of a transboundary accident. A secondary, but not 
necessarily always related, need is to be able to obtain the assistance of technically 
qualified personnel to supplement the expertise available nationally. Such persons 
should be able to enter the country with a minimum of formality, under the same 
conditions as personnel sent during the early and/or intermediate phases. Similarly, 
there should be no administrative or other delay in the supply of equipment by one 
country to another, and direct contact will facilitate this. 

Co-ordination of the flow of international non-technical assistance may also be 
required, but such assistance in the late phase is more likely to take the form of eco-
nomic and/or technical specialist advice, rather than technical resources which, if 
needed, should already have been supplied in the early and intermediate phases. 
Even where a long term or permanent relocation has had to be enforced for many 
people, the greater part of their immediate needs should have been met long before 
the start of the late phase. 

It is also desirable that, within the limits of government policy, comprehensive 
reports on operations in the late phase should be provided as soon as practicable to 
technical authorities outside the country, and to international agencies concerned or 
assisting, in the interests of disseminating knowledge and experience to those who 
might one day face similar problems. Events of the kind giving rise to the problems 
dealt with in this publication are likely to continue to be rare. It is therefore all the 
more important that they should be documented and available as learning experiences 
in an effort to ensure optimum performance on any later occasion. 

9.3.2. Co-ordination of operational activities 

In late phase and recovery operations, when sectoral departments are working 
in their own areas of competence, supported or supplemented by non-government 
organizations, there should in theory be little risk of overlapping or of unfilled gaps. 
In practice either may occur: by error of omission or commission, through the exer-
cise of too much zeal or of insufficient effort, or by failure to foresee either a need 
for a particular action or its consequence. There must therefore reside in the lead 
organization the power to compel specific performance in the interests of the opera-
tion as a whole. 

A more important requirement, however, is to provide for the proper alloca-
tion of resources to the various supporting organizations, and thus to ensure that tar-
get dates are met for completion of the successive stages of the late phase and 
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recovery operations, so that they may proceed according to plan and so that organiza-
tions will not be delayed while others are finishing their tasks. To this end, the lead 
organization should be in a position to draw up a series of linear flow diagrams show-
ing the tasks to be undertaken, where the responsibility for them lies, and the time-
scale or dates for completion. Diagrams of this sort can be used for most if not all 
kinds of protective measure or recovery activity (e.g. decontamination of an urban 
area, restarting essential economic activities, provision of new public infrastructure 
in an area of relocation). They will also help to identify critical paths where certain 
things may have to be done before others can proceed. 

9.3.3. Communication with the general public 

It has often been said that if emergency plans are to be successfully 
implemented when they are needed, it is essential to create mutual confidence and 
trust between the public, the public authorities' emergency response organization and 
the facility's operating organization. The same principle applies in the late phase of 
an accident. Conditions in various parts of an area affected by an accident may range, 
in the late phase, from the virtually normal (where the effects were relatively limited, 
or where the measures taken might have been precautionary rather than protective) 
to the permanently abnormal (closure and relocation on one or more new sites). To 
the public eye, however, there will be little difference in the appearance of two 
differently affected areas. 

Considerable and timely thought should therefore be given to the ways in 
which the public should be informed about the actual and predicted problems, e.g. 
levels of radioactivity; implementation of protective measures and the reasons for the 
imposition, and later lifting, of the protective measures employed; and the effects 
which may be expected both from the radiation itself and the protective measures. 
A useful method is to employ simple visual aids that are easy to understand. 
Moreover, the greater part of the information provided will reach the public through 
the media, so that allowance will have to be made for the possibility of distortion 
of even the most simple facts. Maps will be found helpful in explaining what is hap-
pening. They should show: (a) the areas affected and the degree of contamination 
in each; (b) the kinds of protective measures being taken in each area; (c) the status 
of each area (resettled, evacuated with controlled access, evacuated, closed with re-
entry planned, closed and population relocated); and (d) the recovery actions in oper-
ation. These maps can be supplemented by simplified versions of the flow diagrams 
mentioned in Subsection 9.3.2, so that people may gain some idea of how much 
longer it will be before their own conditions are restored to normal. 

It is important too that the public should understand that there are, inevitably, 
uncertainties in estimating or projecting radiation doses and the risks of consequent 
health effects. There should therefore be a programme for explaining the techniques 
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and the associated uncertainties to both media personnel and members of the public 
and their elected representatives. 

It is desirable that all public information should be issued through one office 
which not only forms part of the lead organization itself, but which has direct access 
to the organization's head. If the recovery operation follows a transboundary acci-
dent, then the information offices in each country should co-ordinate their activities 
in order to minimize the possibility that conflicting information will be given to the 
public [51]. 

The work of the public information office will be greatly facilitated if, prior 
to any accident, a public education programme has been put into effect. 

9.4. RESPONSIBILITY OF THE MEDIA 

Television, press and radio, both individually and together, possess a very con-
siderable power to influence public attitudes and, sometimes, a government's 
actions. This latter power may or may not be exercised in order to reflect public 
opinion generally. During the late phase of a nuclear accident, the authorities should, 
so far as practicable, seek to obtain positive assistance from the media. If they do 
not, or if they attempt to do so and fail, then public confidence may be undermined 
and the task of the authorities rendered more difficult. 

It is not to be expected that the media will carry daily stories of events during 
a late phase extended over a long period of time. In the nature of things, interest in 
the situation will gradually wane except among the people most nearly concerned. 
This can work to the advantage of the authorities for, just as they have more time 
to consider their actions in the late phase, so they have more time to present to the 
media through the public information office (Subsection 9.3.3) prepared, reasoned, 
credible and generally understandable statements about developments in the areas 
affected by the accident. Should mistakes have been made, wrong decisions taken, 
or unwise actions implemented, it is essential that this be acknowledged, together 
with an explanation of what is being planned or done to put things right. The creation 
of reciprocal confidence between the authorities and the media is as important as that 
between the authorities and the public. 

9.5. ROLE OF THE OPERATING ORGANIZATION OF THE INSTALLATION 

During the late phase, the role of the operating organization of the facility will 
to some extent depend upon the actual on-site situation but its overriding responsi-
bility will be to keep the off-site public authorities' radiation protection group and 
the lead organization informed of the situation and, so far as practicable, of any prob-
able changes thereto. This implies that a duty will continue to rest upon the operating 
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organization for much longer than had previously been foreseen, but, in terms of the 
late phase organization generally, it emphasizes the need for appropriate channels of 
communication to be established and for formal representation of the operating 
organization in the decision making process into the late phase. In discharging this 
duty, the operating organization should, so far as possible, not be inhibited by any 
considerations relating to any public inquiry into the accident and the actions subse-
quently taken. 
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Appendix A 

EXAMPLE OF DERIVATION OF DOSE CRITERIA 
FOR RELOCATION 

For most developed countries an average individual relocation cost could be 
in the range US $100-$1000 per month of relocation. Values in the range 
US $1000-$100 000 per man-sievert have been suggested. The IAEA has recom-
mended a minimum value of US $3000 per man-sievert in 1983 prices [1]. When 
these two parameters have been determined a relocation criterion can be derived 
from: 

Individual dose/month X Value of man-sievert > Relocation costs/person per month 

Average relocation costs/person per month . _ , 
Dose criterion = [Sv/month] 

Value of man-sievert 

It should be noted that high values of relocation costs together with a low value 
of a man-sievert will lead to a high value of dose criterion and vice versa. With the 
ranges of relocation costs cited above and a value of a man-sievert of $3000, the dose 
criterion range can be calculated to be 0.03-0.3 Sv per month. The criterion chosen 
must ensure prevention of non-stochastic effects (see Subsection 3.3). 
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Appendix A 

EXAMPLE OF COST-BENEFIT ANALYSIS OF RELOCATION 

Let D(t) be the representative dose rate at any time t in the contaminated area 
from which relocation of the inhabitants is being considered. (By the combined 
actions of radioactive decay and weathering, D(t) may be assumed to be a declining 
function of time.) 

If relocation is implemented at time to, then at any later time t, D(t) dt is 
the dose thereby avoided by each person during the time period from tg to t. 

a D(t) dt (US $ per person) is the benefit of the dose avoided during the 
same time period, (a is the $ value assigned to a man- or person-sievert). The 
'benefit' function of ckĴ , D(t) dt (the darker curve) is plotted against time t in 
Fig. 7. It approaches the asymptotic value aD, , , where Da, is the dose avoided 
from time to to infinite time (i.e. relocation is permanent even though the dose rate 
D(t) has declined to zero). 
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The cost of relocation can be expressed as the sum of: 

(a) A fixed cost f($) representing the transport cost of a person and his/her belong-
ings to the new location, and 

(b) A linearly accumulating cost d(t-to) where d is the $ cost per day for food and 
accommodation in the area of relocation. 

The cost of relocation is therefore: 

f + d(t-to) (in US $ per person) 

It is also plotted against time (the solid straight line with intercept f) in Fig. 7. 
In Fig. 7, the shape of the benefit function and the slope and intercept of the 

cost line are only examples. In any given situation, appropriate best estimates should 
be used. In the present example, relocation at to is cost justified since for a finite 
time the benefit curve exceeds the cost line. If, however, the cost line had always 
exceeded the value curve, relocation at to would not have been cost justified. 
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From Fig. 7, it is clear that relocation continued beyond time T L is no longer 
cost justifiable since cost thereafter exceeds benefit. TL is therefore the latest time 
for terminating the relocation which was implemented at to-

From Fig. 8, it is clear that relocation continued beyond time TE is of 
decreasing net value (where net value equals benefit minus cost). T E is therefore the 
earliest time for terminating the relocation which was implemented at to- TE is 
given by D(TE) = d. 
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Appendix A 

EXAMPLE OF OPTIMIZATION REQUIREMENT 
IN RELOCATION DECISIONS 

An example of the use of the optimization requirement in relocation decisions 
was presented and discussed at the Symposium on Optimization of Radiation Protec-
tion organized by the IAEA and the OECD/NEA just before the Chernobyl accident 
[52]. The optimum dose rate for deciding evacuation or relocation actions resulting 
from the example was similar to that used during the accident. 

For relocation of population groups, decisions would be required regarding 
permission to reinhabit the evacuated areas or to continue the use of other areas. One 
component of these decisions can be based on optimization assessments, taking 
account of the residual contamination and the ensuing doses, together with the cost 
of maintaining the protective measures as a function of time. The example presents 
a rationale of such optimization assessments and the procedures to obtain interven-
tion levels from them. 

After some time has elapsed since the occurrence of an accident, the radioac-
tivity level of the contamination that had necessitated evacuation would have decayed 
sufficiently and the radiological harm avoided by maintaining evacuation (and relo-
cation of evacuees) may well not justify the efforts involved. Competent authorities 
must then decide whether to permit the reinhabitation of the evacuated areas. To 
make the decision rational and consistent with radiation protection recommenda-
tions, optimization must enter into the decision process. 

Several techniques have been proposed for implementing the optimization 
requirement. Cost-benefit analysis is a particular aggregative method that has been 
used. It assumes that (a) the criteria involved are the costs of the protective measure 
and of the avoided detriment, and (b) these costs can be expressed in monetary terms. 

In relocation decisions, many factors should be considered before deciding 
when the evacuation measure must be terminated. Some of these factors may not be 
readily amenable to aggregation. However, in the example, the cost-benefit 
approach is explored, on the understanding that it oversimplifies the problem. Cost-
benefit techniques for optimizing protection have been analysed in detail by the ICRP 
in its Publication 37 [11]. 

For relocation decisions, the two relevant variables in the cost-benefit proce-
dure will be the cost X of continuing evacuation and the cost Y assigned to the radio-
logical detriment avoided by such continuation. The protection parameter will be the 
time T at which evacuation should be terminated and relocation accepted. X will nor-
mally be proportional to time T and to the number of people N who have been evacu-
ated. Thus, 

X = KNt (1) 

where K is the cost of maintaining evacuated an average person per unit time. 
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Since at low individual doses the health detriment is proportional to the collec-
tive dose, in the example the cost of the detriment Y is also taken to be proportional 
to the collective dose S: 

Y = «S (2) 

where a is the cost assigned to the unit collective dose. 
On the other hand, the dose rate that an individual will incur as a result of the 

deposited contamination will be: 

where D0 is the rate at time zero and K is a decay constant, which takes into account 
not only the physical decay X but also any other environmental removal of activity, 
both for each nuclide i involved. 

Thus, the collective doses due to maintaining evacuation after a time T will be 
the time integral of Eq. (3) multiplied by the number N of people involved: 

where the interval of integration starts at r. Except for very long lived and persistent 
nuclides, the collective dose will then be 

Optimized protection would be obtained in conditions satisfying the following 
equation: 

D = £ D 0 i e"*1 ' (3) 

(4) 

(6) 

Therefore, 

KN - a N £ K-, 
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k i 

(7) 



or 

K = a £ D0i e-*lT (8) 

But, since 

£ D0i e ^ dt = D r (9) 

where D is the dose rate at time T resulting from all nuclides, then the dose rate at 
the optimized time for relocation is 

Therefore, under the assumptions made in the example, the optimized time for 
re-entry of evacuated people should be such that the dose rate at that time is equal 
to the ratio of the cost rate K for keeping evacuated an average person and the mone-
tary value a assigned by the regulatory authority to the unit collective dose for the 
purposes of radiation protection. 

It is interesting to note that the optimal solution depends on two parameters, 
a and K, that are not related to any physical condition of the accident and its conse-
quences. The solution is independent of the radiochemical composition of the 
release, of the subsequent dispersion, deposition and transport of the radioactive 
materials and, therefore, of the weathering, penetration in soil and other transport 
phenomena, and of the exposure conditions of the people, including their location 
and habits. This conclusion has been reached under assumptions that are quite nor-
mal in the framework of optimization implemented by cost-benefit analysis 
techniques. 

Regulatory authorities are using (implicitly or explicitly) a values that range 
from a few thousand to a few tens of thousands of US dollars per man-sievert, 
reflecting different attitudes and socioeconomic conditions in various countries. An 
interesting conclusion is that the ratio KJa will probably be less socioeconomically 
dependent than a or K alone. It seems likely that, if conditions in a given place are 
such as to encourage authorities to select a high or a low value of a , the value of 
K will also be high or low for the same reasons. It seems therefore that the a /K ratio 
should be rather insensitive to local conditions. 

K 
(10) D, 

a 
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Appendix A 

EXAMPLE OF DERIVATION OF INTERVENTION LEVELS 
FOR EXTERNAL DOSES 

This appendix shows how to derive a meaningful operational parameter 
(present dose rate) corresponding to an integrated dose for a given time period after 
the release. 

In a serious reactor accident with a major release of radioactive iodines and 
other radioactive aerosols (solid fission products), the radiation risk in the first few 
months after the passage of the plume is due mainly to iodine and other short lived 
nuclides. The derived intervention level for relocation should be based on the dose 
rate representative for the area under consideration, i.e. the average individual dose 
rate determined from the dose rate measured over a large open ground area and the 
time averaged shielding factor. The time averaged shielding factor is normally 
defined as the ratio between the dose over a certain time period (a day) for a given 
indoor/outdoor location (home, work/school, transport, outdoors) and the dose over 
the same time period out of doors on an infinite (some hundred metres dimension) 
surface. 

The dose rate from deposited fission products has a time dependence of the 
type t~\ where a is in the range 0.2 to 0.8 for the first few months depending on 
the nuclide composition. The ratio of the accumulated dose over a given interval (tj, 
t2) to the average individual dose rate measured at different times (t3) following 
plume passage can therefore be calculated from: 

Table IV shows this ratio for t3 = 1 d, 3 d, 5 d, 7 d, 14 d and 28 d and for 
(t„t2) equal to (1 d, 31 d), (30 d, 60 d), (60 d, 90 d) and (90 d, 120 d). The value 
of a is here assumed to be 0.8, which is valid for a mixture of all the iodine and 
caesium radionuclides. 

From Table IV it is seen that if the accumulated dose over the first month is 
not to exceed 0.10 Sv, then the average individual dose rate on day 1 must not exceed 
0.10/0.12 = 0.83 mSv/h. If the accumulated dose over the second month is not to 
exceed 0.10 Sv, the average individual dose rate at the beginning of the second 
month must not exceed 0.1/0.51 = 0.2 mSv/h. 

Similarly, if the average individual dose rate on day 7 is estimated to be 0.10 
mSv/h, then the accumulated dose over the first, second and third month can be 
determined from Table IV to be 0.056, 0.017 and 0.011 Sv, respectively. 

Furthermore, if the accumulated dose over the first four months is not to 
exceed 0.40 Sv (0.1 Sv per month on average) then the average individual dose rate 
on day 1 should not exceed 0.40/(0.12 + 0.035 + 0.023 + 0.017) = 2.0 mSv/h. 
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TABLE IV. FRACTION OF PROJECTED DOSE D(t,, t2) (Sv) OVER TIME 
INTERVAL (t1; t2) TO DOSE RATE D(t3) (mSv/h) AT TIME t3 AFTER THE 
ACCIDENT (t IN DAYS) 

D(t l,t2)/D(t3) 
(dose per unit dose rate in Sv-mSv' -h ) 

(t„ t2) (days) 

t3 

(days) (1,31) (30,60) (60,90) (90,120) 

1 0.12 0.035 0.023 0.017 

3 0.29 0.085 0.055 0.042 

5 0.43 0.13 0.083 0.063 

7 0.56 0.17 0.11 0.083 

14 0.98 0.29 0.19 0.14 

28 1.70 0.51 0.33 0.25 

If the time averaged shielding factor for the urban area under consideration is, 
say, 0.2, then the derived intervention levels calculated from Table IV should be 
divided by 0.2, giving intervention levels as dose rates in large open areas inside that 
urban area. 
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