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Editorial Note

Parts C to G of this Technical Report contain the findings of the International Chernoby! Project and were
prepared by the respective task leaders. Part H presents the conclusions and recommendations of the International
Advisory Committee as adopted at its meeting in Vienna in March 1991. Other parts of the text have been compiled
by the Secretariat of the Project and the editorial staff of the IAEA. It should be noted that the views expressed in the
Report are not necessarily those of naminating governments or organizations.

The use of particular designations of countries or territories does not imply any judgement by the publisher or
the individual authors as to the legal status of such countries or territories, of their authorities and institutions or of
the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as registered) does not imply
any intention to infringe proprietary rights, nor should it be construed as an endorsement or recommendation on the
part of the publisher or individual authors.

While great care has been taken to maintain the accuracy of the information presented in the Technical Report,
neither the publisher nor the individual authors assume any responsibility for consequences which may arise from its
use,
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Introduction

1. Preamble

The accident at Unit 4 of Chernobyl nuclear power
plant occurred on 26 April 1986. The subsequent months
and years saw unprecedented technical and scientific
work in the Union of Soviet Socialist Republics (USSR)
to identify the composition and measure the amount of
radioactive materials released in the accident and to
assess and mitigate the consequences of the release.
These activities and their results have led to numerous
administrative and policy decisions since the accident
that have affected and will continue to affect the lives of
hundreds of thousands of people, including their health,
way of life, agriculture and socioeconomic conditions.

These decisions, which disrupted and indeed
redirected the lives of people who were exposed to
radioactive materials released in the accident, gave rise
to much opposition and anxiety. Because of this, the
Government of the USSR requested the International
Atomic Energy Agency (IAEA) in October 1989 to
organize and co-ordinate an assessment of the guidance
given by the Soviet authorities to persons living in radio-
logically contaminated areas and an evaluation of
measures to safeguard the health of the population.

The response to this request called upon the services
and assistance of around 200 scientists from 25 countries
(including the USSR) and from the Commission of the
European Communities (CEC), the Food and Agricul-
ture Organization of the United Nations (FAO), the
International Labour Organisation (ILO), the United
Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR), the World Health Organization
(WHO) and the IAEA itself.

The project on the Radiological Consequences in the
USSR of the Chernobyl Accident: Assessment of Health
and Environmental Effects and Evaluation of Protective
Measures was termed the International Chernobyl
Project (hereinafter referred to as the Project).

This Technical Report explains the organization and
implementation of the Project; presents the background
scientific information that served as the basis for the
Project; describes the technical activities and analyses
carried out under the Project; and sets out the conclu-
sions and recommendations resulting from the Project.
It is one of three reports, the others being an Overview
report and a Brochure for a wider non-technical
audience.
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2. Background

One of the major consequences of the Chernobyl
accident was the surface contamination by radionuclides
of large areas of primarily three Republics of the USSR:
the Byelorussian Soviet Socialist Republic (BSSR), the
Russian Soviet Federated Socialist Republic (RSFSR)
and the Ukrainian Soviet Socialist Republic (UkrSSR).
The consequent efforts made by the several authorities
to measure, monitor and assess the consequences of the
accident and the personnel and financial resources allo-
cated to this were probably the greatest ever in response
to a man-made environmental disaster.

Although the information available in the scientific
literature is not commensurate with the scale of the
radiological contamination, a substantial amount of
information on the radiological consequences of the
accident was presented at an All-Union Conference on
the Medical Aspects of the Chernobyl Accident
organized by the Ministry of Health of the USSR and the
All-Union Scientific Centre of Radiation Medicine of the
Academy of Medical Sciences of the USSR, which was
held in Kiev from 11 to 13 May 1988 [1]. The short term
human, economic and environmental dimensions of the
accident were reported at the Conference: 31 deaths;
over 100 000 persons evacuated; the evacuation of thou-
sands of head of livestock; and extensive soil and forest
contamination.

Additionally, a report on the radiocontamination pat-
terns and possible health consequences of the accident
has been published in the open scientific literature [2].

By mid-1989, the longer term consequences of the
accident, including the health and welfare of persons liv-
ing in contaminated areas outside the early evacuation
zone, were becoming a matter of increasing concern.
Although there were radiation protection criteria
governing relocation policies from 1986 to 1989, more
long term guidance was required. In order to provide
this guidance on radiological matters, the USSR
National Committee on Radiological Protection (NCRP)
ultimately proposed a ‘safe living concept’ and recom-
mended a policy setting a 70 year exposure limit of
35 rem (350 mSv) which would define the upper limit of
radiological conditions under which life could proceed
without requiring disruptive countermeasures to provide
adequate safety over a lifetime.

This policy on intervention criteria for dealing with
the radiological situation was summarized in a document
submitted by the Soviet delegation to the thirty-eighth
session of UNSCEAR [3]. The policy was discussed at
an informal experts meeting arranged by the IAEA
Secretariat on 12 May 1989. An unofficial summary of
this informal meeting was presented at a symposium in
Vienna in November 1989 [4]. This guidance immedi-
ately became controversial. Other concepts proposed
included a two tier lifetime dose limit concept and a sur-
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face contamination concept as a criterion for both relo-
cation and compensation payments.

There were conflict between the governments of the
USSR and the Republics and controversy among the
public in a climate of fear, anxiety, dissent and protest
when the USSR turned to the international community
for assistance and guidance.

The Government of the USSR requested assistance
from WHO with this problem. WHO sent a team
of experts in June 1989 whose conclusions were as fol-
lows [5]:

““The expert group was requested to assess the
concept of a lifetime dose of 35 rem [350 mSv] as
a limit following the accident. They agreed that
this was a conservative value which ensured that
the risk to health from this exposure was very
small compared with other risks over a lifetime.
The value of 35 rem [350 mSv] was based on
international assessments of the risks to health
from ionizing radiation. These are extensive and
well documented long term studies in epidemiol-
ogy and radiobiology.

““The experts felt that a dose level, and not a
ground deposition level, was the appropriate
primary limit since it was the sum of all pathways
of exposure and could be applied to all circum-
stances of the accident as they changed. Derived
levels could be developed for practical application
in specific local conditions, but were not the
appropriate criteria for a primary limit. The
experts volunteered the view that, had they been
requested to set a level for the lifetime dose, they
would have chosen a value of the order of two to
three times higher than 35 rem [350 mSv].

““It became very clear in the meetings that the pub-
lic and scientists who were not specialists in radia-
tion protection did not fully understand the
principles involved. For example, the difference
between the dose limits for the population during
normal operation and for design purposes was
confused with levels following an accident where
intervention may be necessary. These are two
separate circumstances where different dose levels
are appropriate.

““In addition, scientists who are not well versed in
radiation effects have attributed various biological
and health effects to radiation exposure. These
changes cannot be attributed to radiation exposure,
especially when the normal incidence is unknown,
and are much more likely to be due to psychologi-
cal factors and stress. Attributing these effects to
radiation not only increases the psychological
pressure in the population and provokes additional
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available to the appropriate organizations whose
programmes are directed towards emergency
preparedness.”’

stress related health problems, it also undermines
confidence in the competence of the radiation
specialists. This has in turn led to doubts over the
proposed values. Urgent consideration should be
given to the institution of an education programme
to overcome this mistrust by ensuring that the pub-
lic and scientists in allied fields can properly

A team of experts from the League of Red Cross and
Red Crescent Societies also went to the USSR in early
1990. Their report indicated the following [6]:

appreciate the proposals to protect the population.

*‘In addition, many scientists perceived a lack of
available information. The experts were pleased to
note that they had access to all information and
that the data were available to Soviet scientists.
However, in view of the perception that the data
were not freely available, every effort should be
made to ensure that information is made available
on a routine regular basis, perhaps through the
appropriate Academies of Science and Medicine in
the Republics.

““‘Considerable concern was expressed over the
possible synergistic effects of radiation and other
environmental agents. The experts stated une-
quivocally that at the dose limit proposed, no syn-
ergistic effect could result.

““To ensure that the 35 rem [350 mSv] lifetime
dose is not exceeded, extensive dosimetric mea-
surements and calculations will need to be con-
tinued for the foreseeable future.

‘“The experts were convinced that the 35 rem
[350 mSv] lifetime dose was the minimum at
which to consider relocating people, which
remedial action should be based on the local condi-
tions, the costs involved and individual prefer-
ences and should not be undertaken at a fixed dose
level in all situations.

‘“The experts noted that the lifetime dose limit
included the contribution from contaminated food
and that the Soviet standards were similar to the
levels adopted by the European Communities for
unrestricted trade in food and lower than the WHO
Guidelines for contaminated food. It was also
noted that the importation and consumption of
uncontaminated food, if feasible, could signifi-
cantly reduce the dose from ingestion. Food
processing, filtering and other measures can also
reduce the level of food contamination.

““The experts praised the efforts of the people and
Soviet scientists in dealing with the tragedy of
Chernobyl and its aftermath. The experience
gained by the Soviet scientists who dealt with this
catastrophe places them in the forefront of nuclear
accident management and they have a unique
opportunity to assist other countries in the
development of their emergency plans. It is hoped
that this expertise will be sought by and made

‘‘Following the accident at the Chernobyl nuclear
power plant in 1986, approximately 100 000 peo-
ple were evacuated from a 30 kilometre zone
around the plant. In July 1989 it was decided that
in arecas where the lifetime radioactive dose
exceeds 35 rem per person, further evacuations
would need to be carried out over the next three
years. This could involve relocation of as many as
another 100 000 people.

*‘If radiation dose were the only criterion for relo-
cation, there would be some contaminated areas
where life would be possible provided permissible
levels of contamination in foodstuffs were not
exceeded. However, our overall impression was
that in practice, in these agricultural communities,
there are too many restrictions to permit an accept-
able quality of life under these conditions. There-
fore, in accordance with well established prin-
ciples of radiological protection, the indications
for relocation should include consideration of the
socioeconomic conditions as well as the radiologi-
cal situation.

‘““Among the health problems reported it was felt
that many of these, though perceived as radiation
effects both by the public and by some doctors,
were unrelated to radiation exposure. Little recog-
nition appears to have been given to factors such
as improved screening of the population and
changed patterns of living and of dietary habits. In
particular, psychological stress and anxiety,
understandable in the current situation, cause
physical symptoms and affect health in a variety of
ways. We feel that there is a need for more objec-
tive information in order to allay many of the fears
of the population.

*“The Soviet Red Cross has been active in assisting
the victims of the Chernobyl accident and intends
to continue providing medical and welfare
assistance both to the people who have already
been relocated and to those about to be relocated.
It is felt that there are a number of ways in which
Red Cross workers could provide additional help
to the victims of the accident, with some assistance
from the League. In brief, these would include:
the provision of accurate information to people
directly affected by the accident; the use of coun-
selling skills in order to help alleviate many of the
psychological problems apparent in much of the
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population living in the affected areas; and the
provision of Geiger counters to Red Cross wor-
kers in order to help allay many of the fears of the
affected population.

““It is also felt that closer co-operation between
scientists, both within and outside the USSR,
should be encouraged and that closer links should
be established between organizations who have an
interest in this field.

““In addition, it is felt that other national societies
can better formulate their own disaster prepared-
ness plans in accidents of this type by learning
from the experience of the Soviet Red Cross.
Finally, it is becoming increasingly evident that
many large scale disasters result in much stress
related behaviour and it is recommended that the
Red Cross movement as a whole explore how it
can better respond to the psychological effects of
disasters.”’

3. The Request

In a letter dated 6 December 1989 to the Director
General of the IAEA, the Government of the USSR
requested that the JAEA initiate and co-ordinate the
organization and implementation of ‘‘an international
experts’ assessment of the concept which the USSR has
evolved to enable the population to live safely in areas
affected by radioactive contamination following the
Chernobyl accident, and an evaluation of the effective-
ness of the steps taken in these areas to safeguard the
health of the population™.

From this it is clear that the request had two
objectives:
¢ To examine the assessment of the radiological situa-

tion in the contaminated areas;

® To evaluate the criteria that were developed in order
to ensure safe living conditions in the affected areas.

Implicit in this was the corollary objective: to advise
the Government of the USSR whether additional protec-
tive measures, especially life disruptive measures such
as relocation, should be implemented in order to ensure
safe living conditions for the population still living in
contaminated areas.

It is important to understand that the request did not
extend to an assessment of the health and welfare of
those persons who may have been affected by the acci-
dent but were evacuated from the contaminated areas
and are no longer living in them. Nor did it extend to an
assessment of the health and welfare of the ‘liquidators’.
(This term is used for the emergency response and
recovery workers, including those persons who extin-
guished the fire and contained the accident at the plant,
those who entombed the destroyed reactor, and those
who participated in the decontamination and recovery
activities to reduce the likelihood of further effects on
the environment.)

4. The Response

The response was a proposal for a multinational team
to undertake an assessment of the radiological situation
in the three affected Soviet Republics — the BSSR, the
RSFSR and the UkrSSR. The International Chernobyl
Project was therefore organized, with the participation
of the CEC, the FAO, the ILO, UNSCEAR, WHO and
the WMO.

It was clear that extensive efforts had already been
made to assess the consequences of the Chernobyl acci-
dent and it would not be necessary for the Project to
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undertake a totally new, comprehensive assessment.
Rather, the task would be to assess the quality and cor-
rectness of the existing results. Secondly, to be manage-
able, the international assessment would have to focus
on the key issues of concern to the population and policy
makers, namely: the true extent of the contamination;
the past, current and future radiation exposure of the
population; the actual and potential health effects; and
the adequacy of measures being taken to- protect the
public.
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5. The International Chernobyl Project

5.1. Goals and Scope of the Project

The International Chernobyl Project was not intended
to have the rigour and comprehensiveness of an
elaborate long term research study. Nor was it intended
even remotely to duplicate the voluminous previous
assessments of the environmental contamination, the
radiation exposures of the population and possible health
effects due to exposures resulting from the accident. The
intention was to have a multidisciplinary group of inter-
national experts critically examine the extensive infor-
mation, address the key issues and put together an
understandable description of the situation.

The goals of the Project, in short, were to examine
assessments of the radiological and health situation in
areas of the USSR affected by the Chernobyl accident
and to evaluate measures to protect the population.
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FIG. 1. Geographical framework. The international assess-
ment focused on the approximately 25 000 km? in the BSSR,
the RSFSR and the UkrSSR officially reported to have a
caesium surface contamination level in excess of 5 Ci/km?®
(185 kBq/mz) and particularly on those areas with a level
greater than 40 Ci/km’? (1480 kBq/m?). The assessment
excluded the prohibited zone (30 km in radius) around the
Chernobyl reactor. [Doc. A/45/342 E/1990/102, United
Nations Economic and Social Councii, Geneva, 9 July 1990.]
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FIG. 2. Demographic framework. The international assess-
ment addressed the radiological consequences for the approxi-
mately 825 000 people living in 2225 settlements in the BSSR,
the RSFSR and the UkrSSR. It did not include those people
who had lived in contaminated areas but had since moved from
those areas. Nor did the Project address possible consequences
for the so-called ‘liquidators’, i.e. the recovery workers
occupationally exposed at the Chernobyl plant site. [Doc.
A/45/342 E/1990/102, United Nations Economic and Social
Council, Geneva, 9 July 1990.]

Thirteen districts in the USSR have been officially
identified as having a ground level contamination by
137Cs in excess of 1 Ci/km? (37 kBq/m?)!. Territories
covering approximately 25 000 km? are defined as
affected areas with ground concentration levels of *’Cs
in excess of 5 Ci/km? (185 kBg/m?). Of this total,
approximately 14 600 km? are in the BSSR, 8100 km?
in the RSFSR and 2100 km® in the UkrSSR. The
Project related to these affected areas. It was not in the
terms of reference of the Project to investigate the pro-
hibited zone (approximately 30 km in radius) around the

! Units of the Systtme international (SI) d’unités are in
general use throughout the world. However, in the USSR
old units are still used and the original data were usually
presented in the old units. The data in this Technical Report
are given in both units.
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damaged reactor, except to describe the measures taken
to contain the accident in the early post-accident phase.
The Project dealt exclusively with the radiological con-
sequences for the people living in affected areas when
the assessment began in 1990. From official Soviet
reports, this population was approximately 825 000, of
whom 45% lived in the BSSR, 24% in the RSFSR and
31% in the UkrSSR (Figs 1 and 2 show the geographical
and demographic framework of the Project).

5.2. Preliminary Arrangements

Following the request made by the Government of the
USSR to the IAEA for the international assessment, a
Preliminary Meeting was held between the appropriate
authorities and IAEA representatives to discuss ideas for

a project to make the necessary assessments. The meet-
ing was held at the headquarters of the Ministry of
Atomic Power and Industry of the USSR in Moscow
from 7 to 9 February 1990. It was attended by represen-
tatives of the organizations participating in the Project at
the request of the three IAEA Member States concerned:
the BSSR, the UkrSSR and the USSR.

The participants in the meeting considered a Draft
Proposal for the Project prepared by the IAEA
Secretariat. The Draft Proposal was well received in
general, although additional efforts, specifically on
advice pertaining to intervention levels and counter-
measures, were requested of the IAEA.

The meeting reached consensus on a number of
points:

* The scientific nature of the Project rather than public
informational aspects would be emphasized.

Preparation

Work plan

Implementation

Draft report

Final repon

February 1990

Preliminary meeting

March 1990

Fact finding mission

April 1990

International Advisory Committee meeting

May 1990 - January 1991

Work plan implementation

|

|

l I l I

Historical
portrayal

Environmental Radiation Health Protective
contamination exposure impact measures

February 1991

Report preparation

March 1991

International Advisory Commitiee meeting

21-24 May 1991

International conference

FIG. 3. The International Chernobyl Project. The Project was organized in response to a USSR Government request for an inter-
national assessment of the radiological consequences of the Chernobyl accident. The multinational effort was directed by the IAC
and included the participation of the CEC, the FAO, the IAEA, the ILO, UNSCEAR, WHO and the WMO. Five tasks defined the
Praject implementation: the historical portrayal of the events leading to the current radiological situation; the evaluation of the
environmental contamination; the evaluation of the radiation exposure of the population; the investigation of public health and possi-
ble clinical effects of irradiation; and the evaluation of the protective measures.
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¢ The ultimate objective of the Project was to be the
evaluation of the effectiveness of the measures taken
in the contaminated areas to safeguard the health of
the population; this point was stressed particularly by
representatives of the Academy of Medical Sciences
of the USSR and the USSR National Commission on
Radiation Protection.

¢ The Project would not be limited to the assessment of
doses vsing standardized transfer factors but rather it
would include an evaluation of whether the factors
themselves are correct (for example, by direct mea-
surements in contaminated areas).

® The Project would be carried out in distinct phases
(see Fig. 3):

Preparatory fact finding mission: A number of
experts, including independent experts and experts
from international organizations and the CEC, would
undertake a preparatory mission to selected locations
in the BSSR, the RSFSR and the UkrSSR.

International Advisory Committee: An International
Advisory Committee (IAC) would be established to
develop, approve and monitor a work plan.

Implementation of the work plan: Teams of interna-
tional scientific experts would be sent to the BSSR,
the RSFSR and the UkrSSR to implement the work
plan of the Project. '

Reporting of the results: The several international
teams of scientific experts would prepare a Draft
Report for consideration by the IAC.

Approval of the Conclusions: The Draft Report
(including conclusions and recommendations) would
be reviewed and approved by the IAC.

Presentations of the Conclusions: The findings, con-
clusions and recommendations of the Project would
be presented to the requesting authorities and to an
international conference of experts for scrutiny and
discussion. They would thereafter be presented to the
public in the BSSR, the RSFSR, the UkrSSR and the
USSR.

5.3. Preparatory Fact Finding Mission

Following the agreement reached at the Preliminary
Meeting in Moscow, the first phase of the Project
was immediately initiated. An international team of

experts visited the affected areas in the BSSR, the

RSFSR and the UkrSSR on a preparatory mission from
25 to 30 March 1990 to identify major problems that
would need to be considered in the assessments carried
out under the Project. Participants in the preparatory
mission included experts in radiation medicine and
radiology, radiation protection, radiation dosimetry,
radioecology, food technology and psychology. Some of

these experts were representatives of WHO, the FAO
and the CEC.
The preparatory mission had three objectives:

* To identify major problems to be addressed in the
assessments;

* To recommend the scope and terms of reference for
the Project;

¢ To discuss the Project with the population in the
affected areas.

The participants in the preparatory mission visited
seven settlements selected by the authorities in the three
affected Republics:

¢ in the BSSR: Bragin, Korma and Veprin,
¢ in the RSFSR: Novozybkov and Zlynka;
¢ in the UkrSSR: Ovruch and Polesskoe.

In addition, technical meetings were held in Gomel,
BSSR; Kiev, UkrSSR; and in Moscow. These meetings
gave the participants an opportunity to make observa-
tions in the affected areas, to hear the concerns of the
local population, and to begin to understand the type and
amount of data that had been collected at the Republican
level in the BSSR, the RSFSR and the UkrSSR during
the preceding four years.

The general observations made on the preparatory
mission can be grouped into the following three
categories.

(I} Publicly available data. Medical, radiological,
environmental and agricultural data were sought
during this preparatory mission. Some scientific and
technical information related to the Chernobyl acci-
dent was already available in the scientific litera-
ture. Radiological information had been presented
at an All-Union Conference on Medical Aspects of
the Chernobyl Accident organized by the Ministry
of Health of the USSR and the All-Union Scientific
Centre of Radiation Medicine of the Academy of
Medical Sciences of the USSR, which was held in
Kiev from 11 to 13 May 1988. (The IAEA pub-
lished the unedited proceedings of the conference
[1]. In addition, an article on radiocontamination
patterns and possible health consequences of the
accident has been published in the scientific litera-
ture [2].) Nevertheless, it was apparent that most of
the available data had not previously been made
available.

(2) Contamination in inhabited areas. Previously
unreported radiological data were reviewed and
assessed, and a more comprehensive understanding
of the geographic areas concerned and levels of con-
tamination was gained. Thirteen districts in the
three Republics have been identified officially as
having levels of contamination due to '¥'Cs in
excess of 1 Ci/km? (37 kBq/m?). As already
stated, approximately 25 000 km? of territory are
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defined as being in affected areas with ground
contamination levels due to *’Cs in excess of
5 Ci/km? (185 kBq/m?). Of these areas, approxi-
mately 8000 km? have '*’Cs contamination levels
in excess of 15 Ci/km? (555 kBq/m?) and approxi-
mately 1700 km?> have levels in excess of
40 Ci/km? (1.48 kBg/m?).

(3) Public concerns. It was in the encounters with the
people of the USSR, from the first greeting at the
airport in Kiev to the last question in a packed town
hall, that the dimensions of the task became clear.
Plans for the Project were presented to residents of
seven settlements in the three Republics, who were
invited to express their feelings and to put ques-
tions. The scientists found themselves responding to
very human concerns. Large numbers of people,
including local government officials, were present
at meetings in all seven of the settlements visited.
People expressed anxiety about the following:

(a) Health problems, particularly the health of their
children; past and future exposures; and assess-
ments of the radiological consequences of the
accident and their effect on living conditions in
contaminated areas in the future. These con-
cerns were aggravated by references to a higher
incidence of many illnesses as reported in the
news media and occasionally by local
physicians.

(b) The adequacy of the Government’s proposed
measures for limiting radiation exposures over
people’s lifetimes and those of their children.

(c) The independence of the Project. These
enquiries about the independence of the Project
indicated a considerable legacy of mistrust of
the authorities, particularly those associated
with nuclear programmes, and of scientific and
medical personnel. People were concerned that
the findings of the study would be vetted by the
central authorities in Moscow. Another major
concern was the accessibility of the results of
the Project. The IAEA report on the radiologi-
cal accident in Goidnia [7] (in Russian) was
provided to the mayors of the settlements in
order to show how the results of the Project
would be published. The questions asked at the
meetings in the seven settlements are listed in
Annex II of this Technical Report.

The information obtained, observations made and
impressions gained by the participants in the preparatory
mission led them to consider and propose two courses of
action:

(1) To develop a work plan to provide an operational
framework for the technical and scientific assess-
ments that would provide the basis of the response
to the request from the USSR;
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(2) To take short term actions designed to increase
understanding in the medical and environmental
fields as soon as possible.

Furthermore, they suggested that the work plan
should focus on at least four major activities that should
serve as the core of the Project assessment on the valid-
ity of the information produced and provided by the
Government of the USSR:

¢ The measurements of environmental contamination;

* The estimates of past, continuing and future radiation
exposures of the population;

® The reports of actual health effects and estimated
potential health effects;

s The protective measures taken and proposed to
safeguard public health.

5.4. The International Advisory Committee

The TAC was established to review the four proposed
assessments, to direct the Project and to be solely
responsible for its findings and their reporting. The JAC
was composed of 19 scientists and physicians selected
from universities and scientific institutions, from organi-
zations of the United Nations system and from the CEC.
The members represented a range of disciplines that
included specialists and social scientists in the fields
of clinical medicine, radiation pathology, radiation
protection, radiation dose assessment, environmental
measurements and analyses, psychology, epidemiology
and public health policy.

The chairman of the IAC was Dr. Itsuzo Shigematsu,
Director of the Radiation Effects Research Foundation
in Hiroshima, Japan. The Committee met from 23 to
27 April 1990 first in Kiev and then in Minsk. After
reviewing the preparatory work and the findings of the
preparatory mission, and making such modifications as
it deemed appropriate, the IAC endorsed the four key
areas to be included in the work plan identified earlier
and the short term activities. The four key areas then
became the basis of the work plan.

The scientific basis for the study was set from the
outset to conform with international recommendations of
the CEC, the FAO, the IAEA, the International
Commission on Radiological Protection (ICRP), the
ILO, the Nuclear Energy Agency of the Organisation for
Economic Co-operation and Development (OECD/NEA)
and the WHO.

5.5. Implementation

5.5.1. The Work Plan

The work plan adopted called for the investigation of
the validity of official methods and findings, and their
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independent verification through field sampling, labora-
tory analysis and internationally recognized calcula-
tional techniques. An account of the major events since
the accident would also be prepared to provide the
necessary background for a better understanding of the
complexity of the situation and the interrelated nature of
the Project’s goals.
The work covered five areas or ‘tasks’:

Task 1: Compilation of an account of the events that led
to the present radiological conditions;

Task 2: Evaluation of the official assessments of en-
vironmental contamination;

Task 3: Evaluation of the official assessments of radia-
tion exposure; :

Task 4: Investigation of public health and possible clini-
cal health effects due to radiation exposure;

Task 5: Evaluation of protective measures.

In the process of developing a work plan to achieve
the objectives identified, the IAC was obliged to operate
under a number of constraints:

Time elapsed since the accident: The fact that the Project
was to commence four year§ after the accident had
occurred precluded any independent evaluation of radio-
logical conditions in the period immediately after the
accident. (In this period, conditions were presumably
governed by the presence of short lived radioisotopes,
the most important of which were the isotopes of
iodine.) For this reason, and because of the relative lack
of documentation pertaining to the taking of protective
measures and their effectiveness, any evaluation of
radiological conditions prevailing in this period would of
necessity be limited mainly to evaluating the analytical
methods that had been employed, using such data as
existed.

Time to complete the project: The need for the results of
the Project was urgent for all interested parties: the
governments of the USSR, the BSSR, the RSFSR and
the UkrSSR, the relevant Academies of Sciences,
physicians and scientists, and the affected population.
The results were awaited with much anxiety and
guidance on issues such as the ‘safe living concept’ was
urgently needed. Therefore the goals were to complete
any field studies in 1990 and to prepare a Draft Report
by January 1991.

Scale: The contaminated areas were large and had
hundreds of thousands of inhabitants; consequently, a
comprehensive assessment of all the measurements of
environmental contamination and of ail exposures and
their associated health effects was neither feasible nor
possible. :

Data: There were several limitations to the data
provided to the Project: the majority of the supplied data
was received in the form of statistics, mainly as aver-
ages; in most cases, no error bands were included in the

data; very few raw data or detailed contamination maps
were submitted, although they were presumed to exist;
the data submitted were presented mainly in tabular
form and not as computer files, which limited the possi-
bilities of further processing; and most of the data
(including names and titles of tables) and methodologies
were received in their original Russian language form
which required translation and consequently delayed the
work.

Resources: The human resources available were depen-
dent upon the generosity of individuals and institutions.
The financial resources were provided mainly by the
Governments of the BSSR, the UkrSSR and the USSR;
these resources were limited.

All of the foregoing limitations combined to preciude
any possibility of making independent comprehensive
assessments of environmental contamination, exposure
and dose estimates, and public health throughout the
contaminated areas in the three Republics. Yet to have
relied exclusively on information from the extensive
assessments made by the several Soviet authorities
would be to have forgone the benefits of an independent
international assessment.

5.5.2. Short Term Activities

A parallel consideration was the desire of the popula-
tion living in the contaminated areas for practical advice
about how best to cope with the radiological conditions.
Project experts concluded that there was a poor under-
standing on the part of people in the contaminated areas
of the scientific principles relating to radiation and its
effects (as is indeed generally the case throughout the
world) and that this was at the root of many of the medi-
cal and social problems observed. Therefore, in addition
to the main tasks of the Project, several information
exchange activities were carried out in order to raise the
level of understanding of the problems in the local scien-
tific community.

Three activities were identified that would be short
term, that could be carried out relatively quickly and
easily, and that would help to provide some assistance to
the medical, scientific and technical communities and to
further their knowledge and understanding of radiologi-
cal issues. The first activity was to provide medical per-
sonnel in the BSSR, the RSFSR and the UkrSSR with a
more thorough understanding of the effects of exposure
to radiation. The second activity was intended to
increase the understanding of agricultural countermeas-
ures to mitigate the consequences of the accident and in
particular to alleviate problems associated with the
transfer of ‘caesium from soil to agricultural products.
The third activity was aimed at increasing the under-
standing of radioecological problems on the part of
inhabitants of the contaminated areas.

11
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5.5.3. Implementation of the Work Plan

The Project was carried out by a closely co-ordinated
multidisciplinary team of approximately 200 experts
from 25 countries (including the USSR) and seven inter-
governmental organizations. The experts were
organized into five Task Groups, each of which assumed
responsibility for reviewing data and carrying out
assessments relevant to one of the five tasks identified in
the foregoing. From April to December 1990, the
experts undertook nearly 50 separate missions to the
BSSR, the RSFSR and the UkrSSR. The participating
scientists and their affiliations are given in the List of
Participants at the end of the Technical Report.

Organizations in many countries volunteered equip-
ment, supplies and computing time which greatly
assisted the Project.

Details of the methods used and the implementation
of the work plans of the various Task Groups are
described in the other parts of the Technical Report.
Each Task was carried out by a number of experts who
participated in one or more field missions and who were
under the general direction of a Task Group leader.

The Project teams, in co-operation with local authori- ‘

ties, selected a number of settlements in the contami-
nated areas of concern in which to perform the necessary
surveys. Some of the settlements were in areas of rela-
tively high soil surface contamination; others were in
areas of relatively low soil surface contamination but
with the potential for giving rise to high radiation doses.
In this Technical Report, these settlements are termed
‘surveyed contaminated settlements’.

Settlements outside the contaminated areas of con-
cern were also selected to serve as references for com-
parative purposes. These settlements are termed
‘surveyed control settlements’.

The surveyed contaminated settlements were:

Bragin Novozybkov
Daleta Novye Bobovichi
Gden Ovruch

Gomel Polesskoe
Khojniki Rakitnoe
Komarin Savenki

Korma Savichi

Kortsevka Slovechno
Malozhin Staroe Vasil’kovo

Michul’'nya Starye Bobovichi
Mikulichi Svyatsk

Milcha Veprin
Narodichi Zhatka

Novoe Mesto Zlynka

The surveyed control settlements were:

Chemer Surazh
Khodosy Trokovichi
Kirovsk Unecha
Krasilovka
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Not all the settlements were investigated in all the
Tasks of the Project.

It should be emphasized that the settlements were
selected for the study in depth not in order to obtain the
worst cases, but in order to obtain independent sampling
points, data from which could be compared with existing
data. The purpose of the assessment in these settlements
was to obtain an indication of the accuracy of the evalua-
tion made by the local authorities and, if possible, to
corroborate their results.

A brief summary of the activities of each Task Group
follows.

Task 1: Historical Portrayal of Events Leading to the
Present Radiological Situation (See Part C)

Project teams visited around 40 institutions in the
BSSR, the UkrSSR and the USSR that had participated
in the response to the Chernobyl accident and the subse-
quent actions to mitigate its effects and to assess its con-
sequences. On the basis of information they collected
and a review of international literature, the experts pre-
pared an account of the major events leading to the
present radiological situation. The issues considered
included the accident and its immediate impact on emer-
gency personnel; the measures such as evacuation,
decontamination and radioactive waste management that
were taken for the protection of public health and the
environment; and socioeconomic and political factors.
Part C sets the background for the analytical findings of
the Project.

Task 2: Examination of Assessments of Environmental
Contamination (See Part D)

Within the framework of this Task, technical mis-
sions examined the assessments made by the competent
authorities of environmental contamination. As part of
the work, Task Group members reviewed the officially
recorded data on environmental contamination for
caesium, strontium and plutonium and evaluated the
field sampling techniques, analytical methods and
laboratory instrumentation used for the original
assessments.

Field work in independently selected settlements
supplemented these efforts. The experts took some 2000
measurements of external gamma dose rates in indoor
and outdoor locations and collected over 1000 samples
of the soil-grass ecosystem and of milk from private and
collective farms. A specially equipped van was used to
monitor the ground for radioactive ‘hot spots’ over a
500 km route in and around three towns in the BSSR,
the RSFSR and the UkrSSR. The IAEA Laboratory at
Seibersdorf in Austria was a major participant in the
sample collection and analyses. Independent analyses
also were carried out at laboratories in participating
countries.
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Task 3: Corroboration of Individual and Collective
Dose Assessments (See Part E)

One of the major objectives of this Task Group
was to examine the original assessments made by the
competent authorities of the individual and collective
radiation doses to the affected population. Owing to the
constraints on time and resources, it would have been
impossible for the experts to evaluate the individual
doses received by all the inhabitants of the contaminated
areas. Instead, a key element of the task was the review
of the criteria, methods and input parameters used by the
authorities to calculate past, present and future radiation
doses to the inhabitants of the contaminated areas.

A second major objective was to monitor indepen-
dently the external and internal exposures of the popula-
tion. Monitoring equipment provided by the French
Service Central de Protection contre les Rayonnements
Ionisants (SCPRI) aided the work. For example, nearly
8000 radiation dosimeters were distributed to inhabitants
of selected settlements in both contaminated and non-
contaminated areas, and individual monitoring results
were recorded. Over a ten week period, Task Group
members used a mobile laboratory from SCPRI
equipped with four whole body counters to measure
internal caesium contamination for some 9000 inhabi-
tants of nine settiements in the BSSR, the RSFSR and the
UkrSSR. The results of the individual measurements
were validated in France and at the Austrian and IAEA
Laboratories at Seibersdorf. This work also included an
intercalibration comparison of whole body counting
systems in the USSR and in other countries.

Task 4: Investigation of Public Health and Possible
Clinical Effects of Radiation Exposure (See
Part F)

Initial work was directed towards an assessment of
public health in the contaminated areas and towards an
understanding of endemic problems, such as goitre and
anaemia, which medical authorities had already identi-
fied before the Chernobyl accident. An understanding of
endemic medical conditions is of importance because
reports in the media have attributed certain observed
illnesses and congenital malformations to radiation
exposures due to the accident. However, such effects
would not correlate with available radioepidemiological
data from elsewhere, such as those from the 40 year
follow-up studies of the survivors of the atomic bombing
of Hiroshima and Nagasaki in Japan. .

Task Group members met local doctors and examined
inhabitants of the contaminated areas and reviewed offi-
cially recorded patient data for haematological -and
immune system disorders, thyroid diseases, cataracts
and other factors relevant to both radiation induced and
non-radiation-related illnesses. Since medical data from
before 1986 are sparse, the experts compared the health

status of inhabitants of contaminated areas and inhabi-
tants of non-contaminated areas, the latter serving as a
control or reference population.

Nutritional studies were conducted in several settle-
ments to gain insight into lifestyle and dietary habits and
how these might affect the health of the population. Task
Group members surveyed eating patterns, alcohol and
tobacco consumption, and other health related factors,
and collected biological and total diet samples from
selected families residing in the contaminated areas.
Sample analyses for radioactivity, trace elements and
heavy metals were conducted at the IAEA Laboratory at
Seibersdorf in Austria and at laboratories in participat-
ing countries.

Independent medical examinations and clinical ana-
lyses of nearly 2300 inhabitants of seven settlements
in the contaminated areas and of six control (non-
contaminated) settlements were carried out late in 1990
by three Project medical teams. These teams included
specialists in thyroid diseases, paediatrics, oncology,
haematology, psychiatry and radiology. The examina-
tion of children for malignancies, thyroid disorders,
anaemia, disorders of the immune system and the clot-
ting system, anxiety, stress and other psychological
effects was of primary importance. Haematological,
hormonal and chromosomal analyses were carried out at
laboratories in six countries.

Task 5: Evaluation of Protective Measures (See Part G)

Task Group members sought in part to promote a
better understanding of the complex issues involved in
making policy decisions about future protective mea-
sures. A series of five decision conferences were con-
ducted by the CEC in the BSSR, the RSFSR and the
UkrSSR and with the central authorities of the USSR.
Groups of officials from the BSSR, the RSFSR and the

- UkrSSR and the central authorities of the USSR,

together with international experts, investigated quan-
titative techniques for decision making. The discussions
covered not only health and environmental consequences
of the accident but also the socioeconomic and political
factors relevant to future decisions on protective mea-
sures. In the final conference, representatives from the
previous conferences evaluated their findings.

Task Group members also evaluated protective mea-
sures taken to limit the radiation exposure of the public.
The early protective measures included evacuation,
sheltering and the administration of stable iodine;
possible future protective options include decontamina-
tion, agricultural countermeasures, food restrictions and
relocation. Pre-1990 protective measures were com-
pared with international guidance available at the time,
while the several currently proposed protective mea-
sures were analysed in the context of social and eco-
nomic factors as well as the potential consequences of
exposure to radiation.

13
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5.5.4. Implementation of Short Term
Activities

In order to respond to the needs of the public and
local experts, a series of practical information exchange
seminars with the participation of external and local
experts were initiated to broaden understanding of how
radiation exposures affect the environment and man,
how these exposures can be assessed and minimized,
and what criteria might be suitable for radiation protec-
tion (see Part B).

Medical Seminars

Three-day seminars were held in July 1990 in a
number of settlements in each of the three Republics to
broaden the knowledge of general practitioners and
health administrators. More than 1200 local experts
joined the visiting team of four international specialists
in discussing the results of long term studies on radiation
induced and related illnesses, the ways such illnesses can
be diagnosed and treated and the methods that are used
to study cancer and other diseases in populations
exposed to radiation.

Agricultural Seminars and Investigations

A fact finding mission to the USSR in August 1990
identified the concerns of farmers and farm workers
about living and working in a contaminated agricultural
environment. At a one-week workshop in Norway in
September 1990, agricultural scientists and ministry
officials from the three Republics learned about Nor-
wegian techniques for reducing caesium contamination
in milk and meat derived from grazing animals and a
series of trials using so-called caesium binders were
started. During October and November, a series of one-
day seminars were held in settlements in the three
Republics, with Project experts discussing with some
1300 collective farmers, farm workers, veterinarians
and others from the local agricultural community how to
use these practical methods and other techniques for soil
management in contaminated environments.

Radioecology Seminar

To help local experts better understand the assess-
ment of human radiation exposures following environ-
mental releases of radionuclides, a five-day seminar was
held in Kiev in January 1991. More than 200 specialists
in radiobiology, radioecology, environmental science
and public health from the three affected Republics took
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part in discussions on such topics as environmental

monitoring, the behaviour of radionuclides in the bio-

sphere and the relevance of these nuclides for people.

5.5.5. Participation

The Project was carried out on a completely volun-
tary basis by a closely co-operating team of some 200
experts associated with research institutes, universities
and other organizations in 25 countries and 7 interna-
tional organizations. The time devoted to the Project was
volunteered by governments, institutes, companies or
the experts themselves. Nearly 50 missions to the USSR
were completed between March 1990 and January 1991.
The IAEA Laboratory at Seibersdorf together with
13 laboratories in six countries also participated on a
voluntary basis in the collection and analysis of samples.
The JAEA Laboratories carried out an intercomparison
exercise with participating Soviet laboratories. Govern-
mental authorities and commercial companies in five
countries donated equipment and supplies, radiation
monitors and computing time to back up the Project
work. (See Acknowledgements.)

The Project received the full support of the Govern-
ment of the USSR and the Republican Governments of
the BSSR, the RSFSR and the UkrSSR. Assistance took
various forms, including the participation of local scien-
tists in intercomparison exercises, extensive discussions
with Project scientists, and assistance in the collection
and preparation of field samples and in making medical
examinations. Most of the logistical support for the
Project was provided by the Ministry of Atomic Power
and Industry of the USSR. Open and frank conversations
with authorities, scientists and especially local citizens
greatly helped the international experts in their under-
standing of the situation.

5.6. Reporting of the Results

The work of the various Task Groups consisted
primarily of the nearly 50 field missions undertaken by
teams of specialists. These trips were supplemented,
when necessary, by subsequent meetings among the par-
ticipants to prepare reports on each of the missions.
These reports were then submitted by the team leaders
to the Task Group leaders. Task Group reports were
prepared and submitted by the Task Group leaders
to the IAC.

This process culminated in the preparation of three
reports:

— a Technical Report
— an Overview report
— a Brochure.
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The Technical Report presents all the relevant results
from the five Task Groups. It is intended mainly for the
scientific community and includes descriptions of the
various methods used, interpretation and evaluation of
original data from the competent authorities, and compi-
lations and evaluations of data obtained independently
by the Task Groups, together with the final conclusions
and recommendations of the Project. The Technical
Report consists of the following major Parts:

Part C: Historical Portrayal

Part D: Environmental Contamination

Part E: Radiation Exposure of the Population
Part F: Health Impact

Part G: Protective Measures

Part H: Conclusions and Recommendations.

In addition, Part B presents an explanation of radia-
tion and radiation protection issues central to an under-
standing of the Project as well as a description of
activities aimed at achieving a common level of under-
standing among local and international experts.

The preparation of the draft Technical Report
required the collaboration of all the Task Group leaders.
This was achieved by first distributing the Task Group
reports to all Task Group leaders. A meeting of Task
Group leaders chaired by the Chairman of the IAC in
December 1990 reviewed the various Task Group
reports and sought to achieve coherency and consistency
between them. Following the meeting in December
1990, further work was undertaken by the Task Group
leaders to finalize their reports, which were then
incorporated into the draft Technical Report. The draft
Technical Report was distributed to the members of
the TIAC (see Section 5.7) for review and comment in
February 1991.

The Overview report presents a summary of the most
important points discussed in the Technical Report
together with the conclusions and recommendations. It
is intended primarily for decision makers, concerned
groups and opinion formers, and also for the public.

Both the Technical Report and the Overview report
are issued by the IAEA under the authorship of the IAC.

5.7. Approving the Conclusions:
Final IAC Meeting

The IAC, under the chairmanship of Dr. Itsuzo
Shigematsu, met in Vienna on 18-22 March 1991 to
review and approve the draft Technical Report and the
Overview report.

5.8. Presentation of the Conclusions

The work plan envisaged four stages in the presenta-
tion of the results of the Project:

— Publication of the Technical Report, the Overview
and the Brochure;

— An International Conference on the International
Chernobyl Project to be held on 21-24 May 1991 in
Vienna;

— Presentation of the results in the BSSR, the RSFSR,
the UkrSSR and the USSR;

— Distribution of the Brochure to the public in the con-
taminated areas.

The International Conference was mainly intended
for the presentation of the Project results to a technical
audience for discussion. It was open to nominated par-
ticipants from the Member States of the international and
intergovernmental organizations that participated in the
Project. In addition, it was open to representatives of the
media.

The Technical Report and the Overview are to be
presented in the BSSR, the RSFSR, the UkrSSR and the
USSR in September 1991. These presentations are for
the benefit of decision makers, concerned groups and
scientists who have an interest in the Project.

The Brochure is to be presented in open meetings in
the contaminated areas in September 1991 to provide the
basis for question and answer sessions as well as discus-
sions. It is hoped that these meetings increase under-
standing of the Project, its aims its accomplishments,
and of what its conclusions might mean for the people
living in the contaminated areas.
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6. Resources

6.1. The BSSR, the RSFSR, the UkrSSR
and the USSR

Most of the logistical support for the Project was
provided by the Ministry of Atomic Power and Industry
of the USSR. A great effort was required in the BSSR,
the RSFSR, the UkrSSR and the USSR and a consider-
able number of personnel had to be allocated to the
Project in order that its objectives could be achieved
within the extremely tight schedule imposed.

It is impossible to overestimate the support that the
Project received in the BSSR, the RSFSR, the UkrSSR
and the USSR. The Project could not have been accom-
plished without the major efforts made by and the sup-
port received from the Ministry of Atomic Power and
Industry of the USSR, the Governments of the BSSR,
the RSFSR and the UkrSSR and the central Soviet
Government, local authorities and scientists. Also, the
many citizens who spoke freely to the participants in the
preparatory mission and the subsequent field missions
greatly assisted them in their difficult work.

Specific support included the flights to and from and
internal travel within the BSSR, the UkrSSR and the
USSR, accommodation, the provision of interpreters
and guides, and the assistance of several scientific and
technical staff in the field missions and in the inter-
calibration exercises.

6.2. Participating Experts

The time devoted to the Project by the participating
experts was donated by their governments, their organi-
zations, their companies and, in several cases, by the
experts themselves. In no case did an expert require to

be paid for assisting. The experts’ willingness to partici-
pate in the Project overcame all obstacles and without
them the Project could not have been accomplished. The
participating experts are listed at the end of the Techni-
cal Report in the List of Participants.

6.3. The TAEA

The IAEA, which was requested by the Government
of the USSR to co-ordinate the Project, served as its
secretariat.

The resources that the IAEA would need to devote to
the Project were underestimated at first. By the time of
the International Conference in May 1991, over eight
man-years of JIAEA staff time had been devoted to the
Project. In addition, some unforeseen expenses were
encountered in the execution of the Project, such as for
travel and purchase of equipment. The IAEA bore all
these expenses.

In order to facilitate the field work in the BSSR, the
RSFSR and the UkrSSR, an IAEA office was set up in
Gomel in the BSSR during the most work intensive
period in mid-1990. This office, which was staffed by
local personnel, carried out liaison duties with the local
authorities, co-ordinated the field visits and served as the
central office for the various missions, with word
processing and communications facilities at their
disposal.

6.4. Other Sources

Many items of equipment were given or loaned to the
Project by various institutes and commercial companies.
These are mentioned in the Acknowledgements.

References

[1] Medical Aspects of the Chernobyl Accident, IAEA-
TECDOC-516, IAEA, Vienna (1989).

[2] ILYIN, L.A., et al., Radiocontamination patterns and
possible health consequences of the accident at the Cher-
nobyl nuclear power station, J. Rad. Prot. 10 13 (1990).

[3] UNITED NATIONS SCIENTIFIC COMMITTEE ON
THE EFFECTS OF ATOMIC RADIATION, The Policy
of the USSR National Commission on Radiation Protec-
tion on the Substantiation of Temporary Annual Dose
Limits for Public Exposure Due to the Chernobyl Acci-
dent, UNSCEAR/XXXVIII/10 (internal document of
an UNSCEAR Working Group), UNSCEAR, Vienna
(1989).

[4] GONZALEZ, A.J., ‘‘Recovery operations after the
Chernobyl accident: the intervention criteria of the

16

USSR’s National Commission on Radiation Protection’’,
Recovery Operations in the Event of a Nuclear Accident
or Radiological Emergency (Proc. Symp. Vienna, 1989),
IAEA, Vienna (1990) 313-346.

[5] WORLD HEALTH ORGANIZATION, Report on the
WHO Mission of Radiation Protection Experts to the
USSR, 19-25 June 1989, WHO, Geneva (1989).

[6] LEAGUE OF RED CROSS AND RED CRESCENT
SOCIETIES, Report on Assessment Mission to the Areas
Affected by the Chernobyl Accident, LORCS, Geneva
(1990).

[7] INTERNATIONAL ATOMIC ENERGY AGENCY,
The Radiological Accident in Goidnia, JAEA, Vienna
(1988).



Part B
Broadening Understanding



Contents

L B 113 00 Yo N Lot 4 1 ) o R

2.  Radiation: concepts and qUANHTES ...........oevviriniiiiiiiiiiniii i
2.1. Jonizing radiatiOns ........cccoeieruiiiiieinii e e
2.2. Radioactivity and radioactive decay ............ccooviiiiiiiiiiiiiii
2.3. Radiation quantities and uUnits .............c.coeiiiiiiiiii

3. Radiation in the living environment ..................ocooiiii
3.1. The natural radiation environment ...............cooiiiiiiiiiiiiiiiiiiiii e
3.2. Altering the natural radiation environment ...............ceeererveieneneuennierenenen,
3.3 A SYNOPSIS teretininetiiiiet s e e e

4.  Release of radioactive material to the environment:
Pathways of human exposure .............ccoovviiiiiiiiiiiiiiiii
4.1. Dispersion and deposition of radioactive material ...............ccoeveeiiinini.
4.2. External exposure pathways ..............c.cooiiiiiiiiiiiiiiiiin
4.3. Internal exposure pathways ...............cccoiviiviiiiiiiiiiiiiiiiii e

5. Health effects of radiation ...............coieiiiiiiiii
5.1. Deterministic effects ..ot
5.2. Stochastic effects ........cocoiiiiiiiiiiiiiiiiii
5.3. Prenatal effects .......ociuiiiiniiiii e
5.4. Effects of hot particles ...........cccooviiiiiiiiiiiiiniii e
5.5. Summary of estimated probabilities of effects of irradiation .......................

6.  Environmental effects of radiation on species other than man .................c.c.ooolis
(o7 SR £ 10 e 4 11Tt o PPN
6.2. Effects on terrestrial plants ..........cocoiiiiiiiiiiiii e
6.3. Effects on terrestrial animals ...............ocoiiiiiiiiiiiiii e
6.4. Effects on aquatic OTanisms ..........cooeueiiiiiiiininiiiiiiiiiiiieieenaanes
6.5. Observations in areas of elevated radioactivity levels ...............................

7. Radiation Protection ...........ccccieiiiiiiiiiiiiiiiiiiiiiii s
7.1. The dose-response relationship for radiation safety purposes ......................
7.2. Implications of the dose-response relationship .............cocoooiiiiiini.
7.3. Radiation Safely .........occooiiiiiiiiiit e e
7.4, Evolution of radiation proteCtion ...........c.ceovueueniinereariieiineniiearaeaeaenens
7.5. Basic aims of radiation protection ...............c.cooiiiiiiiiiiiiiiiiiiie e
7.6. Source related and individual related requirements .............c.coiiiiiiiinn
7.7. Exposure situations and safety criteria ..............c.coooii
7.8. Practices and Intervention ...........c..oocviiiiiiiiiiiiiii
7.9. The system of radiological protection ...........c.coceeoiiiniiiiiiiiiiininenenen.
7.10. Principles of radiological protection for intervention .............................
7.11. De facto situations in which intervention may be needed

8.  Achieving a common level of understanding among local and international

141 o o £ PP
8.1, INrodUCHION .....cooviiiinin it e
8.2. Medical seminars for general practitioners on the health effects

of ionizing radiation
8.3. Agricultural activVities ...........o.oeiiiiiiiiii e
8.4. Radioecology seminar: systematic assessment of doses to

persons following a release of radionuclides to the environment ..................
8.5. Summary and general concClusions .............ccoociiiiiiiiiiiiiiiiii i

........................................................................

References



Broadening Understanding

1. Introduction

One of the main challenges of the International
Chernobyl Project was to achieve a common level of
understanding on the expected effects of radiation
exposures as well as on international radiation protection
principles. This common understanding is a necessary
condition for building up a consensus within the scien-
tific and technical communities in the Republics affected
and at the All-Union level on the radiological conse-
quences of the Chernobyl accident and on the evaluation
of radiation protection measures.

Part B of the Technical Report, therefore, presents
basic knowledge on ionizing radiation and its effects on

human beings and the environment. It also discusses the
internationally agreed radiation protection principles for
controlling radiation exposure. Finally, it includes a des-
cription of the exchanges of information among local
and international specialists carried out under the Project.

The information introduced in Part B has been taken
mainly from assessments and recommendations from the
United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR), the International Com-
mission on Radiological Protection (ICRP) and the Inter-
national Commission on Radiation Units and Measure-
ments (ICRU) [1-3].

2. Radiation: Concepts and Quantities

2.1. Ionizing Radiations

The stability of an atom is a result of the balance of
the forces within it. Many atoms are unstable. An un-
stable atom may become stable by releasing energy in
various ways, often with the emission of ionizing radia-
tion. Ionizing radiation covers a small part of the elec-
tromagnetic and particle radiation spectrum that includes
radio waves, microwaves, visible light, ultraviolet and
infrared radiation and even electromagnetic waves

“induced by electric power lines. Radiation of very short
wavelength may transfer sufficient energy to an atom to
cause an electron to be ejected. This process is termed
ionization and radiation able to induce ionization is
termed ionizing radiation.

The mass, charge and velocity of a particle or wave
form affect the rate at which ionization occurs. Heavy,
highly charged particles (such as alpha particles) lose
energy rapidly with distance and therefore do not pene-
trate deeply into matter. Alpha particles (which consist
of two protons and two neutrons) do not penetrate the
layer of dead cells on the skin surface. Beta particles
(electrons from the change of neutrons into protons in
the nuclei of radionuclides) may penetrate up to several
centimetres into the body. Other types of electromag-
netic radiation, such as X radiation and gamma radia-
tion, penetrate well enough to be used for medical
diagnostic purposes.

2.2. Radioactivity and Radioactive Decay

An atom of a radioisotope that is unstable attains sta-
bility by disintegrating and emitting ionizing radiation.
This property is termed radioactivity and such an atom
is termed a radionuclide. Radionuclides may emit alpha
particles, beta particles, X rays, gamma rays or other
types of radiation in radioactive decay. The activity of
a substance is defined in terms of the number of disin-
tegrations occurring spontaneously per unit time and its
historical unit is the curie (Ci), which is equivalent to
3.7 x 10" disintegrations per second. This unit has
generally been superseded by the Syst¢me International
(SD) d’Unités unit, the becquerel (Bq), which essentially
represents one disintegration per second.

Individual radionuclides decay randomly. The
activity of a large number of radionuclides of a given
radioisotope decays exponentially with time and the term
half-life is used to characterize this decay. The physical
half-life of a radionuclide is the time taken for the
activity present to be reduced by one half and is a con-
stant for any given radioisotope. Two other concepts are
also used: the biological half-life and the effective half-
life. The biological half-life is the time taken for an
organism to eliminate half its content of a given sub-
stance on a strictly biological basis. The effective half-
life combines the physical and the biological half-lives.
This is the most significant parameter for radioactive

19



Part B

substances in the human body. If a given radionuclide
has a physical half-life of 24 000 years but its biological
half-life is only three hours, the body quickly eliminates
the substance.

2.3. Radiation Quantities and Units

2.3.1. Primary Dosimetric Quantities

Absorbed Dose

As radiation passes through air, it can be measured by
counting the number of ionized particles it produces.
The quantity ‘exposure’ has been historically defined as
the number of electrical charges produced in a unit mass
of air and measured in units of réntgens (R). (The inter-
national SI unit of exposure is the coulomb per kilogram
of air, but this is rarely used in practice.) As radiation
penetrates any material, its energy is absorbed and
released by the constituent atoms. The absorbed energy
per unit mass of material is termed the absorbed dose.
The old unit of absorbed dose was the rad, defined as
100 ergs of energy per gram of material. The SI unit is
the gray (Gy), one gray being equal to one joule of
energy absorbed per kilogram of matter, and equivalent
to 100 rads. The effects of radiation on any material,
including biological materials such as tissue, depend on
the magnitude of the absorbed dose.

Radiation Weighting Factors

Radiation effects, including harm to tissue, are found
to depend not only on the absorbed dose, but also on the
type and energy of the radiation causing the dose. For
radiation protection purposes, these factors are taken
into account by weighting the absorbed dose in tissue by
a factor related to the effectiveness of the radiation. The
weighting factor for this purpose is termed the radiation
weighting factor, wg, and it reflects the type and energy
of the radiation incident on the body or, in the case of
radiation sources within the body, the radiation emitted
by the source (see Table 1).

Equivalent Dose

The absorbed dose weighted by the radiation weight-
ing factors is strictly a dose that is termed equivalent
dose in a tissue or organ T, represented by Hr, is given
by the expression:

Hy = Egp-wg-Dry
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TABLE 1. Radiation Weighting Factors®

Radiati ighti
Type and energy range adiation Weighting

factor wy
Photons, all energies 1
(including gamma radiation
and X rays)
Electrons and muons, all energies® 1
Neutrons <10 keV 5
10 keV to 100 keV 10
100 keV to 2 MeV 20
2 MeV to 20 MeV 10
>20 MeV 5
Protons, other than recoil protons
>2 MeV 5
Alpha particles, fission fragments,
heavy nuclei 20

# All values relate to the radiation incident on the body or, for
internal sources, the radiation emitted from the source.

® Excluding Auger electrons emitted from nuclei bound to
deoxyribonucleic acid (DNA).

where Dy is the mean absorbed dose in the tissue or
organ T due to radiation R. The unit of equivalent dose
is the joule per kilogram and is termed the sievert (Sv).

Tissue Weighting Factors and Effective Dose

For a given equivalent dose, the likelihood of radia-
tion effects is found also to depend on the tissue or organ
irradiated. It is therefore appropriate to define a further
quantity, derived from the equivalent dose, to indicate
the combined effect of different doses to several differ-
ent tissues. The factor by which the equivalent dose in
a tissue or organ T is multiplied is termed the tissue
weighting factor wy, which represents the relative con-
tribution of that tissue or organ to the total harm (or
detriment) resulting from uniform irradiation of the
whole body. Tissue weighting factors are given in
Table 2. The weighted equivalent dose (a doubly
weighted absorbed dose) is termed the effective dose E.
The effective dose is thus a measure of the total risk due
to any combination of radiations affecting any organs of
the body. Generally, effective dose is what is meant
when the term dose is used.

The effective dose is thus the weighted sum of the
equivalent doses in all the tissues and organs of the
body. It is given by the expression:

E = ET WT'ER WR°DT,R
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TABLE 2. Tissue Weighting Factors®

. Tissue weighting
Tissue or organ

factor w,

Gonads 0.20
Bone marrow (red) 0.12
Colon 0.12
Lung 0.12
Stomach 0.12
Bladder 0.05
Breast 0.05
Liver 0.05
Oesophagus 0.05
Thyroid 0.05
Skin 0.01
Bone surface 0.01
Remainder® 0.05

1.00

* The values of the weighting factors have been developed for
a reference population of equal numbers of both sexes and
a wide range of ages. In the definition of effective dose, they
apply to workers, to the population as a whole, and to both
sexes.
For the purposes of calculation, the remainder comprises
the following additional tissues and organs: adrenal glands,
brain, small intestine, kidney, muscle, pancreas, spleen,
thymus and uterus. The list includes organs that are likely
to be selectively irradiated. Some of these organs are known
to be susceptible to cancer induction. If other tissues and
organs are subsequently identified as having a significant
risk of induced cancer, they will then be included either with
a specific w, or in the additional list constituting the
" remainder. The latter may also include other tissues or
organs selectively irradiated. In exceptional cases in which
a single one of the remaining tissues or organs receives an
equivalent dose in excess of the highest dose in any of the
twelve organs for which a weighting factor is specified, a
weighting factor of 0.025 should be applied to that tissue or
organ and a weighting factor of 0.025 to the average dose
to the rest of the remainder.

where Dy is the mean absorbed dose in tissue or
organ T delivered by radiation R. The radiation is either
that incident on the body or that emitted by a source
within the body. The effective dose can also be
expressed as the doubly weighted sum of the absorbed
dose in all the tissues and organs of the body.

2.3.2. Subsidiary Dosimetric Quantities

Committed Equivalent Dose and Committed
Effective Dose

Following an intake to the body of radioactive
material, there is a period in which the material gives

rise to equivalent doses in the tissues of the body at vary-
ing rates. The time integral of the equivalent dose rate
is termed the committed equivalent dose, H1(t), where t
is the integration time (in years) following the intake. If
t is not specified, it is assumed that the value is 50 years
for adults and for children the number of years from age
at intake to age 70 years. By extension, the committed
effective dose E(t) to the whole body is similarly defined
from the effective dose.

Collective Equivalent Dose and Collective
Effective Dose

All the dosimetric quantities already referred to relate
to the exposure of an individual. Further quantities in
use relate to exposed groups or populations. These quan-
tities take account of the number of people exposed to a
source by multiplying the average dose to the exposed
group due to the source by the number of individuals in

TABLE 3. Hierarchy of Dose Quantities

Absorbed dose  The amount of radiation energy that is
absorbed per kilogram of tissue. It is

expressed in grays (Gy).

Equivalent dose The absorbed dose weighted for the harm-
fulness of different radiations (by radiation
weighting factors) to take into account the
different types of radiation and their ener-
gies. It is expressed in sieverts (Sv), with
submultiples of millisieverts (mSv), micro-
sieverts (uSv), etc. For most practical
applications, the radiation weighting factor
is unity; that is, the numerical values for
absorbed dose and equivalent dose will be
equal.

Effective dose  The equivalent dose weighted for the sus-

ceptibility to harm of different human tis-

sues. It is a (modified) equivalent dose and
is also expressed in sieverts.

Collective
effective dose

The effective dose to all the people
exposed to a source of radiation. It is
expressed in man-sieverts (man-Sv).

Note: In practice, these quantities are expressed as rates (for
example, millisieverts per hour, or man-sieverts per
year). If the rates are summed over time, the resulting
quantity is generally termed the dose commitment.
Unless specified, the integration time for a dose com-
mitment is theoretically infinite; for example, the col-
lective effective dose commitment is the sum of all doses
received by all individuals (present and future
individuals over all time) as a result of a practice or
action involving radiation.
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the group. The relevant quantities derived are the collec-
tive equivalent dose St, which relates to a specified tis-
sue or organ, and the collective effective dose S. If
several different groups of people are involved, the total
collective quantity is the sum of the collective quantities
for each group. The unit for these collective quantities
is the man-sievert. These quantities can be thought of as
representing the total consequences of the exposure of a
population or group, but their use in this way should be
limited to situations in which the consequences are actu-
ally proportional to both the dosimetric quantity and the
number of people exposed. When it is necessary to dis-
tinguish between a collective dose and the dose to an
individual, the latter is termed the individual dose.

The collective effective dose to a population resulting
from the presence of radioactive materials in the en-
vironment may be accumulated over long periods of
time, encompassing successive generations of indivi-
duals. The total collective effective dose to be expected
in a given situation is the integral over all time of the col-
lective effective dose rate resulting from (that is, com-
mitted by) a single release (or in the case of a continuing
operation involving radiation, a unit period of a prac-
tice). If the integration is not performed over infinite
time, the quantity is described as being truncated at a
defined time. If the range of individual doses is large or
the time is long, it may be useful to subdivide the collec-
tive quantities into elements covering more limited
ranges of dose and time. In considering the conse-
quences of a unit period of a practice, it is sometimes
convenient to distinguish between the collective effec-
tive dose already delivered and the collective effective
dose committed over all time.

Dose Commitment

The dose commitment (H, 1 or E,) is a calculational
tool. It can be assessed for a critical group as well as for

22

the global population. It is defined as the infinite time
integral of the per caput dose rate

HT or E

due to a specified event, such as a unit (e.g. one year)
of a given practice:

H.r = j Hy () dt
0

or

-]
E, = S E () dt
0

In the case of an indefinite period of a practice at a
constant rate, the maximum annual per caput dose rate
Hy or E in the future for the specified population will
be equal to the dose commitment of one year of practice,
irrespective of changes in the population size. If the
practice is continued only over a limited time period 7,
the maximum future annual per caput dose will be equal
to the corresponding truncated dose commitment,
defined as:

H,1(r) = j f; ) at
(1]

or

E(7r) = j E @ dt

0

See Table 3 for a simplified hierarchy of dose quantities.
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3. Radiation in the Living Environment

Section 3 provides a broad perspective on the levels
of radiation in the living environment. Throughout his-
tory people have lived in a ‘radiation environment’ (i.e.
an environment with radiation as a constituent element):
part of the radiation in this environment is natural and
part is man-made. Gradually, this ‘artificial’ man-made
radiation has been integrated into the steady radiation
environment. Human interaction with this environment
and its resulting modifications mean that the radiation
environment of today differs from that of yesterday, and
it will continue to be transformed in the future.

3.1. The Natural Radiation Environment

Natural sources deliver the highest radiation dose that
people normally receive (see Fig. 1). The average

atural background
radiation

oo Test explosions
70% ////// 0 N uslear energy

® production

0.006%
Occupational exposure
0.06%

FIG. 1. Sources of radiation exposure: relative contribu-
tions to average individual radiation doses. [Source:
UNSCEAR {2]]

annual dose due to natural sources is some 2.4 mil-
lisieverts (mSv). Within this statistical average are typi-
cal individual doses that range from 1 to 5 mSv a year
and in extreme cases, doses to 1 Sv or more.

The two major natural radiation sources are outer
space, from which the Earth is irradiated continuously
by cosmic radiation; and the Earth’s biosphere, which
includes radionuclides that have been present, mainly in
the Earth’s crust, for billions of years. Human irradia-
tion occurs both externally, through exposures to cosmic
radiation and to radiation from naturally occurring
radioactive materials outside the human body, and inter-
nally, through exposure to natural radionuclides biologi-
cally present in the human body or incorporated in
inhaled air and ingested foodstuffs. Terrestrial radiation
is by far the largest natural cause of irradiation, con-
tributing as much as 85% to the average annual dose (see
Fig. 2).

Rb-87
Radionuclides 0;0/06 mSv
(cosmic) K-40
0.015 mSv ™ 0.33 mSv (14%)

Cosmic rays
0.37 mSv (15%)

Other (from U-238
and Th-232 series)
0.4 mSv (17%)

8 Terrestrial dose:

Radon 2.0 mSv (84%)

1.3 mSv (53"/0) Cosmic dose:
0 :

0.4 mSv (16%)

FIG. 2. Estimated annual radiation doses per head from
natural sources.

3.1.1. The Cosmic Source

Levels of cosmic radiation are relatively stable at the
Earth’s surface, but they are affected by the Earth’s
magnetic field, polar regions receiving more than
equatorial regions. More importantly, the level in-
creases greatly with altitude, doubling approximately
every 1500 m. Most people live at or close to sea level,
so there is little variation around the average dose of
0.37 mSv a year due to cosmic radiation. However, in
cities at high altitudes (such as La Paz in Bolivia, Bogota
in Colombia and Denver in the USA) the annual doses
of cosmic radiation may be much higher than the aver-
age level, reaching 1 mSv or more.

3.1.2. Terrestrial Sources

Terrestrial radiation is present at various levels
throughout the environment, depending on the activity
concentration in such natural materials as rocks, soils,
water and air, in food and even in the human body. The
most important terrestrial sources are “°K, ¥Rb and the
two series of radioactive elements arising from the decay
of 228U and %*2Th. Other radionuclides, such as those in
the 235U decay series, make little contribution to total
radiation exposure.

The radioactivity in certain rocks and soils is the main
source of terrestrial irradiation to people outdoors.
Generally, igneous rocks such as granite are more radio-
active than sedimentary rocks, with highly radioactive
shales and phosphate rocks as notable exceptions.
Recent surveys of outdoor external radiation levels in
23 countries, accounting for more than half the world’s
population, revealed only minor variations. These

23



Part B

studies suggest that about 95% of the world’s population
live in areas where the average annual dose is around
0.4 mSv. Even so, there are well documented examples
of areas where people are exposed to exceptionally high
levels of terrestrial irradiation. In the coastal areas of
Kerala and Tamil Nadu in India, thorium rich monazite
sands result in exposure rates that can be up to 1000
times higher than those due to the normal radiation back-
ground elsewhere. In Guarapari, Meaipe and Pogos de
Caldas in Brazil, dose rates can be as much as 100 times
the normal level.

Since most people spend most of their time indoors,
radiation levels in dwellings are crucial to their ex-
posures. Practically speaking, most indoor terrestrial
irradiation can be traced to one all pervasive source: the
noble gas radon. (Radon is here used to refer to the
nuclides ?*?Rn and ??°Rn and to the chain of their decay
products, the so-called radon daughters.)

On average, radon, a naturally occurring, chemically
inert radioactive gas created by the decay of 2*U,
causes slightly more than half (1.3 mSv per annur) the
per caput effective dose due to natural background radia-
tion. When radon is inhaled it irradiates the lung and
increases the risk of developing lung cancer. This risk
increases as the level of radon and the duration of
exposure increase. Radon levels in the air vary not only
from place to place, but also from season to season,
from day to day and, indoors, from hour to hour.

There are several channels for radon entry to build-
ings, the most important being the underlying or sur-
rounding soils; and also, to a lesser extent, building
materials; outdoor air penetrating through openings,
gaps and cracks; tap water; and natural gas. Results of
indoor surveys have only recently become available and
it is likely that exceptionally high radon levels will be
recorded for dwellings in many areas that are built on or
with materials containing relatively highly radioactive
substances.

Internal irradiation by terrestrial sources other than
radon is mainly due to the intake of 40K 210ph and
2190, Compared with those of radon exposures, their
contribution to the average annual dose level is small. As
the intake of “°K is homeostatically controlled in the
body, the variability range is low. However, dietary
patterns can influence internal exposures to 2!°Pb and
210pg . For example, these nuclides are concentrated in
seafood; and in Japan, where seafood is a preferred
food, annual intakes of these radionuclides were found
to be five times higher than those in the Federal Republic
of Germany and India and ten times higher than those in
the USA (Ref. [2], p. 60). An exceptionally large intake
of these radionuclides is also known to occur in the
extreme northern hemisphere, where reindeer or caribou
meat is a staple food for tens of thousands of people.
Consumption of the meat of these animals, which graze
on lichens that concentrate lead and especially polo-
nium, results in doses to this exposed group that are
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about ten times higher than the normal level. Lead-210
and 2'°Po have also been detected in tobacco and in
cigarette smoke.

3.2. Altering the Natural Radiation
Environment

Four human activities in particular influence the
natural radiation environment: the increasing regular
and routine use of radiation for medical diagnosis pur-
poses; the atmospheric testing of nuclear weapons;
industrial processes that use natural radionuclides; and
the generation of electricity by nuclear power.

3.2.1. Medical Uses of Radiation

Medical irradiation is a major source of human radia-
tion doses in addition to the natural environment. The
average annual dose due to medical irradiation is
between 0.4 and 1 mSv, depending on the method used
to estimate doses.

Medical radiation is used largely for diagnostic X ray
examinations, including medical and dental radiogra-
phy, for diagnosis in nuclear medicine by means of
internally administered radionuclides, and in radiation
therapy! for treating cancer and other diseases.

Reliable and detailed information on radiation uses in
medical practices is available mainly only for the popu-
lations of the developed countries, which amount to less
than one quarter of the world’s population of over five
billion. Sparser data exist for another quarter of the
world’s population. For more than two and a half billion
people, virtually nothing is known about the medical
irradiation they undergo, if any.

Medical Diagnostic Radiography

Diagnostic X ray examinations account for nearly
95% of the total doses people receive annually due to
medical irradiation. These totals conceal widespread
variations in both the absorbed doses due to radiodiagno-
sis and the extent of its use. For example, on average,
there is one X ray machine for every 4000 people in
countries with the most comprehensive health care and
for every 170 000 people in countries with the least
health care. In the first group of countries, on average,

Radiation therapy in the context of this description is
unique. Unlike the medical and dental radiological exami-
nations that many people undergo relatively frequently,
radiation therapy is generally regarded as highly unusual,
remote from daily life and of no influence on the radiation
environment. Radiation exposures due to therapeutic medi-
cal practices are excluded from further consideration here.
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800 X ray examinations are made annually per 1000
people; in many developing countries, there are fewer
than 30 examinations annually per 1000 people.

Independently of the extent of use of radiography,
individual doses also differ, depending on such factors
as the type of examination, the procedure adopted and
the efficiency of the equipment. For one thing, the prac-
tice of performing mass chest X rays is no longer consid-
ered useful in most developed countries, whereas in
many developing countries the opposite seems to be the
case. In China, for example, more than 75% of all diag-
nostic radiographical examinations are of the chest.
More importantly, while for chest examinations radio-
graphic techniques are still used exclusively or exten-
sively in most developed countries, data for developing
countries suggest wide use of fluoroscopic techniques
which can result in doses to patients that are 15 times
higher than those due to radiography (and even higher
doses for the medical staff).

The lack of data on the use of fluoroscopy in many
countries gives rise to major uncertainties in conclusions
about doses from diagnostic X rays. Another factor
affecting dose levels is the performance efficiency of the
diagnostic equipment. Significantly, it is estimated that
in many countries 30-70% of items of diagnostic X ray
equipment are estimated to be malfunctioning.

Dental Radiography

Dental radiography accounts for only 1% of medical
exposures, with the dose for individuals averaging
0.04 mSv per examination. This is the most frequent
type of diagnostic X ray examination: some 340 million
dental X rays are performed each year, mainly in coun-
tries with well developed health care systems.

Diagnostic Nuclear Medicine

As a whole, the use of nuclear medical techniques has
increased since they were introduced some 30 years ago.
In a few cases, such as in the USA, the frequency of the
use has declined periodically because of the advent of
alternative techniques such as ultrasound. Absorbed
doses from diagnostic nuclear medicine represent only
4% of the collective absorbed dose due to all diagnostic
medical irradiation. The different types of radionuclide
used (for example, 'T or *™Te) account for the wide
range in the average annual doses.

3.2.2. Nuclear Weapons Testing
Between 1945 and 1980, there were more than 400

nuclear explosions in the atmosphere for the purpose of
testing nuclear weapons. Atmospheric testing had two

peak periods: 1957-1958 and 1961-1962, in each of
which there were 128 tests but with the yields for the lat-
ter period being about four times higher than those for
the earlier peak. These tests released substantial amounts
of radiocactive material into the environment.

In 1963, the USSR, the United Kingdom and the USA
concluded the Partial Test Ban Treaty, undertaking to
cease atmospheric testing; subsequent atmospheric tests
by France and China were considerably less frequent
and smaller in yield. However, underground testing of
nuclear weapons continues.

The fallout from atmospheric testing contains several
hundred different radionuclides, but only four are of
concern to present and future populations: 4C (with a
half-life of 5730 years), '*'Cs (half-life 30 years), *Sr
(half-life 30 years) and tritium (half-life 12 years).
Carbon-14 accounts for some two-thirds of the commit-
ted exposures because of the relatively short half-lives of
the other radionuclides. A very small contribution from
239py, 240py and #*!'Am (0.1%) to the dose rate will
occur over thousands of years. Individually, the average
annual due to atmospheric testing is 0.01 mSv; however,
because of the long lived nuclides yielded, the collective
dose commitment due to atmospheric testing is the lar-
gest of all those from man-made sources.

3.2.3. Industrial Processes and Natural
Radionuclides

Industrial processes, such as geothermal energy
production and phosphate mining, bring to the Earth’s
surface materials with above average concentrations of
natural radionuclides. Other processes, such as coal
combustion and phosphate fertilizer production, treat
materials with average or above average amounts of
natural radionuclides, concentrating the radionuclides
into one or more products or by-products. The impact of
the resultant exposures on the radiation environment has
not been significant. However, these exposures are not
systematically monitored, and the accelerated growth of
many of these processes, particularly energy produc-
tion, suggest a greater effect in the decades ahead.

Electricity generation from energy sources other than
nuclear also may increase human radiation exposures
(see Fig. 3). In many countries, coal is a viable energy
option for meeting the increasing demand for electricity.
In fact, nearly 70% of the 2.7 x 102 kilograms of coal
equivalent produced worldwide in 1981 was used for
generating electricity (with 20% for carbonization and
10% for domestic heating and cooking). Coal, like most
natural materials, contains natural radionuclides and
these are released during combustion. How much radio-
active material is released depends on the activity con-
centration in the coal, the ash content, the combustion
temperature, the partitioning between the heavy slag-ash
at the bottom of a furnace and the lighter fly-ash, and the
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FIG. 3. Estimated collective dose commitments (in man-
sieverts per gigawatt-year) due to different means of gener-
ating electricity.

efficiency of the emission control devices. There are two
different types of coal fired power plants in use: older
plants that release about 10% of the fly-ash, and more
modern plants equipped with pollution control devices
that release only about 0.5% of the fly-ash. On the
assumption that two thirds of plants worldwide are older
plants, the generation of electrical energy by coal
combustion results in a collective dose commitment of
4 man/Sv per gigawatt-year of electricity generated.
Coal combustion gives rise to radiation exposures
through other pathways also. Much of the fly-ash col-
lected by emission control devices is used to manufac-
ture cement and concrete for construction, which cause
radiation exposures. Waste material is frequently
dumped in the vicinity of the power plant, posing poten-
tial radiation hazards by resuspension and contamination
of surface and underground waters. Assessments of
radiation dose due to these practices are lacking.
Geothermal energy is another source of radiation
exposure. Although its share in electrical energy
production is small, its relative importance is expected
to grow. Most of the activity in geothermal fluids
derives from the uranium decay chain, specifically from
radon. On the basis of measurements of radon in
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geothermal fluids for several countries, the normalized
collective dose commitment is estimated at 2 man/Sv per
gigawatt-year of electricity generated.

Peat is burned for energy production in several coun-
tries, notably Finland, Ireland and Sweden. Flowing
surface and ground waters carry natural radionuclides
into peat bogs, where they are eventually absorbed in
peat matter. Little information is available on the
environmental discharges of natural radionuclides from
peat power plants. Assuming that the combustion of
5 x 10° kilograms of peat is needed to generate 1 giga-
watt of electrical energy, the normalized collective dose
commitment is estimated at 2 man-Sv per gigawatt-year
of electricity generated. Over the long term, the storage
and disposal of uranium rich peat ash may have the
greatest radiological impact.

Both oil and natural gas play a lesser role in radiation
exposures from electricity generation worldwide. The
collective dose commitments are comparatively low: 0.5
and 0.03 man- Sv per gigawatt-year of electricity gener-
ation, respectively.

3.2.4. Radiation and Nuclear Energy

The routine generation of electricity by nuclear
means releases radioactive materials into the environ-
ment. Additionally, nuclear generation of electricity,
like all industrial activities, has the potential for acci-
dents. Since the first commercial nuclear power plant
began operation in 1956, the nuclear power industry
worldwide had accumulated more than 5000 reactor-
years of operation without experiencing any large
accidental release of radioactive materials into the
environment. However, the accident at Chernobyl took
severe accidents out of the hypothetical realm. Given the
uneven distribution of exposures, it is questionable
whether the average global exposures due to the
Chernobyl accident should be compared with those
from steady sources, including natural radiation.
However, such comparisons may be useful for under-
standing the impact of the accident in particular (see
Subsection 3.2.4.2) and of nuclear energy in general on
the radiation environment.

Routine Generation of Nuclear
Electricity

Under normal circumstances nuclear -electricity
generation releases only negligible amounts of radioac-
tive materials into the environment. On average, the
annual dose from all practices in the nuclear fuel cycle
is only a tiny fraction (less than 0.1%) of that from
natural radiation. Exposures due to nuclear energy
production occur at all stages of the fuel cycle, and con-
sequent radiation doses are assessed over space and time
(see Figs 4 and 5).
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Uranium mining and milling: Operations at mines give
rise to radioactive effluents mainly in the vented air from
underground mines or from the pit releases for surface
mines. The stockpiles of ore and accumulations of other
materials from uranium extraction are responsible for
atmospheric releases. The current practice is to store
tailings in open uncontained stockpiles or behind
engineered dams or dikes with a solid or liquid cover.
Radon from mining and milling results in average dose
commitments of 0.1 man-Sv per gigawatt-year of elec-
tricity generated. Dose commitments to local and
regional populations from mining and milling are
approximately 0.3 and 0.04 man-Sv per gigawatt-year
of electricity generated, respectively.

Nuclear fuel fabrication: Nuclear fuel fabrication gives
rise to comparatively minor atmospheric and aquatic dis-
charges. Most uranium compounds are solid and can be
easily removed from airborne effluent streams. The col-
lective dose commitment to the public due to nuclear
fuel fabrication is 0.003 man-Sv per gigawatt-year of
electricity generated.

Reactor operation: Doses to the public due to reactor
operations have steadily declined over the past few
years, even as electricity generating capacity has
increased. This is attributable partly to the comprehen-
sive radiation protection systems at nuclear power plants
and partly to increased plant operational efficiency.

Reprocessing: A number of reprocessing plants are
operating commercially, including La Hague and Mar-
coule, both in France, and Sellafield (formerly Wind-
scale) in the United Kingdom. Together, these facilities
reprocess only a small percentage of the world’s irradi-
ated fuel. The rest is in storage, pending national policy
decisions on fuel reprocessing. Long lived nuclides (e.g.
14C  tritium, 8Kr and 129I) in reprocessing effluents are
of major concern. Liquid discharges from reprocessing
plants are responsible for most of the dose commitment
of 1.27 man-Sv per gigawatt-year of electricity
generated.

Transport: Exposures to local and regional populations
due to the transport of radioactive material in the fuel
cycle chain are comparatively low, with a dose commit-
ment of about 0.1 man-Sv per gigawatt-year of electri-
city generated.

Long term prospects: Fuel cycle operations also give rise
to much longer lived radionuclides which remain in the
biosphere for thousands of years. On the assumption that
these radionuclides deliver doses over a hypothetically
infinite time, the dose commitment is 66 man-Sv per
gigawatt-year of electricity generated. However, only
10% of this total will be delivered over the next
100 years. Conceptually, radon exposures from mill
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tailings could become significant in the very long term
(e.g. over the next 10 000 years), contributing as much
as 150 man-Sv per gigawatt-year of -electricity
generated.

The Chernobyl Accident:
Out of the Hypothetical Realm

Global radiation exposures due to the Chernobyl acci-
dent can be assessed on the basis of the extensive infor-
mation available from the international and national
groups that have collected and analysed data on the con-
sequent radioactive fallout. In particular, UNSCEAR,
together with the IAEA and the World Health Organiza-
tion (WHO), assessed the global radiological impact of
the accident based on the basis of data from nearly
40 countries.

The findings on the major radionuclides released
indicate widespread variations in the estimated doses to
the public in countries other than the USSR. The dose
commitments from the accident will be delivered mainly
over the next 30 years or so, mostly owing to the con-
tinuing exposures due to !*’Cs. Even the highest
regional commitment (nearly 1.2 mSv), recorded for
populations in southeastern Europe, represents only a
small fraction of the 30 year dose (some 70 mSv) that the
populations concerned will receive inevitably over this
period due to natural background radiation (see Fig. 6).

The doses received during the first year after the acci-
dent are also comparatively small. In Europe, first year
doses varied, representing 25-75% of the annual doses
due to natural background radiation. Countries in the
western part of Europe and in Asia, North Africa and
North and Central America were less affected. As
expected from previous experience in the measurement
of fallout due to the testing of nuclear weapons, the
southern hemisphere remained essentially unaffected by
contamination (see Fig. 7).

In addition to the assurances in the UNSCEAR
reports [1,2] (see Section 1), in January 1988 the
Nuclear Energy Agency (NEA) of the Organisation for
Economic Co-operation and Development (OECD) pub-
lished the findings of its evaluation of the radioactive fal-
lout due to the accident recorded in the OECD countries
(mainly western European countries). It concludes that
*‘... individuals in the OECD countries are not likely to
have been subjected to a radiation dose significantly
greater than that received from one year of exposure in
the natural radiation background. As a consequence, the
lifetime average risk of radiation related harm for the
individual members of the public has not been increased
to any noticeable extent by the accident; the number of
potential health effects (cancers and genetic effects) that
can be derived by calculating collective doses will not
constitute a detectable addition to natural incidence of
similar effects within the population.’’
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3.3. A Synopsis

From a comparative analysis of radiation in the
living environment, a sound factual basis emerges.
Under normal conditions, the contribution of nuclear
power production to radiation exposure is orders of
magnitude lower than the exposure to which an
individual is subjected from all other sources. In terms
of the collective dose commitment, under normal condi-
tions and excluding the commitment from the very long
lived radionuclides, average public exposure due to the
production of nuclear generated electricity is equivalent
to one additional hour of average exposure to natural
background radiation yearly. When these long lived
radionuclides (mainly 'C) are included, the committed
dose is equivalent to that due to slightly more than
one and a half days of natural background radiation
yearly.

In the extreme case of the Chernobyl accident, the
global collective dose commitment, mainly due to
37Cs, to be delivered over the next 30 years cor-
responds to 21 days of exposure to natural background
radiation. (However, individual doses due to the acci-
dent were very unevenly distributed.)
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The routine worldwide use of radiation for medical
diagnosis is a major modifier of the radiation environ-
ment. The average annual dose due to this use of medical
radiation, particularly diagnostic X ray examinations, is
equivalent to 20-45% of the annual average individual
dose due to natural background radiation. Collectively,
exposures due to medical irradiation are equivalent to
1.4 to 6 months of exposure to natural background radia-
tion yearly. (Medical radiation practices, however, vary
widely among the population, with some individuals
subject to twice as much exposure from medical irradia-
tion as from natural background radiation.) Moreover,
medical irradiation is likely to increase over the next
decades if life expectancy increases and medical services
reach more of the population in developing countries. By
2000, the collective dose will probably have increased
by 50% and by 2025 it may have doubled.

Irradiation due to !*C affects the dose commitment
from the atmospheric tests over the past few decades.
When the exposure due to this very long lived radionu-
clide is taken into account, the annual collective dose com-
mitment corresponds to 28 months of exposure to natural
background radiation; excluding this, it corresponds to
6 months of exposure to natural background radiation.
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4. Release of Radioactive Material to the Environment:
Pathways of Human Exposure

The pathways by which man may be exposed follow-
ing a release of radioactive material to atmosphere are
qualitatively well known and their relative importance is
understood. If good quantitative data are available for
the various processes involved, then accurate assess-
ments of the exposure via each of the pathways are
possible.

Following any release of radionuclides to atmo-
sphere, people can be exposed via a number of different
routes. As the radioactive cloud is dispersed and trans-
ported by the prevailing winds, people are initially
exposed to radiation by two principal routes: external
irradiation from material in the cloud and internal irradi-
ation following inhalation of radioactive material in the
air. Subsequently, the contents of the cloud are gradu-
ally depleted during its dispersion as radioactive

materials are transferred to the ground and water bodies
under dry weather conditions, with precipitation or in
fog. People may then be exposed and may continue to
be exposed by other routes, the three main ones being:
external irradiation from the deposited material itself,
the inhalation of any material resuspended into the
atmosphere, and the transfer of material through the
terrestrial and aquatic environment to food and water,
which can give rise to internal irradiation.

Figure 8 illustrates the main pathways leading to radi-
ation exposure of the individual following a release of
radioactive materials to the atmosphere. This provides a
rather simple picture of the routes of exposure. In real-
ity, of course, each of these pathways has its own addi-
tional complexities and these are discussed in more
detail in the following sections.
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4.1. Dispersion and Deposition of
Radioactive Material

The processes whereby material is dispersed in and
deposited from the atmosphere are very complex. Once
the radioactive material is released, turbulent eddies in
the atmosphere mix the effluent particles and gases
within the expanding contaminated plume, which is
transported in the wind direction. Both these processes
are summarized in the term ‘dispersion’, which depends
on the wind direction, speed and weather stability as
well as on the heat content of the plume, features of the
terrain and coastal influences.

The dispersing material may then become involved in
precipitation formation processes within a cloud, leading
to removal by rain-out. Wet deposition may also result
from interaction between falling rain drops and dis-
persing material, referred to as wash-out. Under atmo-
spheric conditions without precipitation, the material
may be removed from the plume by gravitational settling
and contact with the ground, vegetation or structures in
urban areas. These removal processes are referred to
collectively as dry deposition. All material except the
noble gases is assumed to be removed from the
atmosphere by dry and wet deposition processes. Depo-
sition depends on many factors, such as the physico-
chemical form of the material, the nature of the
underlying surface for dry deposition, and the type and
intensity of precipitation for wet deposition.

4.2. External Exposure Pathways

Accidental releases of airborne radioactive material
lead to the contamination of air and the ground surface
due to atmospheric dispersion and deposition processes.
Indeed, external irradiation due to radioactive material
deposited on the ground would usuvally make a signifi-
cant contribution to both short and long term exposures
following a nuclear accident.

In general, external exposure depends on the distribu-
tion of the concentration of radionuclides in the passing
air and subsequently deposited on the ground, the types
and energies of the radiation emitted by each radionu-
clide, and the transmission of the radiation from the
source through different media to the body. In Subsec-
tion 4.2.1, general principles common to all the routes
of external exposure are described. The subsequent sub-
sections deal with the exposure pathways.

4.2.1. General Principles
As discussed in Subsection 2.2, radioisotopes emit
alpha particles, beta particles or photons or some combi-

nation of these. Since alpha particles are rapidly
absorbed within a few centimetres of air, they do not
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travel far and even if originating from close to the body
do not usually penetrate the outside layers of dead skin.
Therefore, alpha radiation is not an external exposure
hazard. Beta particles travel several metres in air before
being absorbed. Because of this, the beta radiation dose
will depend only on the beta emitter concentration local
to an individual. Beta radiation also has only a limited
range in tissue, a few centimetres at the most, before
being completely absorbed, and thus represents a radia-
tion hazard only to those organs situated close to the
body surface, in particular the skin. However, photons
or gamma rays travel typically hundreds of metres in air
and their highly penetrating radiation leads to exposure
of all tissues of the body. Thus the gamma radiation dose
can depend on the gamma emitter concentration at large
distances from an individual. However, the dose dis-
tribution within the body is much more uniform than
that produced by beta emitters, particularly for higher
energy photons. The exposure due to penetrating pho-
tons is generally found to be the most significant source
of external exposure, although beta irradiation can be a
significant component of the skin dose.

In order to assess the distribution of individual doses
in the exposed population, it is necessary to take account
also of the time spent by different subgroups of the popu-
lation in different exposure situations (e.g. outdoors, in
buildings of different types, in vehicles, etc.) when they
are shielded from external irradiation.

4.2.2. External Irradiation due to Radioactive
Material in the Passing Cloud

The magnitude of the external exposure due to the
radioactive material in the air as it passes over depends
on the spatial and temporal distribution of the radioac-
tive material, on the type and energy of the radiation
emitted by each radionuclide and on the shielding
provided by overlying tissues before absorption within a
particular organ of the body.

In addition, the radiation would be attenuated by
buildings and transport systems, such that the open area
dose would be reduced by a so-called shielding factor,
whose possible value ranges from near zero (complete
shielding: zero dose) to one (no shielding: open air
dose). It has been shown in various studies that, for
example, during evacuation the shielding provided by
cars and buses may reduce the radiation exposure rate
significantly. Also in urban areas there is a shielding
effect of neighbouring buildings. Consequently not only
the type of building but also the type of settlement would
affect the dose.

However, in most types of accidents this pathway is
not a major contributor to total radiation dose. This is
certainly the case for the Chernobyl accident, and hence
the pathway does not warrant such detailed investigation
as other more significant routes of exposure.
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4.2.3. External Irradiation due to Radioactive
Material Deposited onto Surfaces

When assessing the dose due to radioactive materials
in a passing plume, all beta and gamma emitting nuclides
released must be considered. However, when consider-
ing the dose resulting from radioactive materials
deposited on the ground, the noble gases and the beta
radiation components can be safely neglected. This is
because noble gases are not deposited, and because the
beta radiation is almost completely absorbed by the
rough elements of the ground surface, even for the case
of a relatively smooth paved road. Consequently only
gamma radiation from deposited radionuclides has to be
considered.

Radionuclides are deposited from the cloud by dry
and wet deposition processes; these, together with the
nature of the surface and shielding provided by any sur-
rounding structure, lead to variation in the resulting
external radiation exposure.

Following deposition, the dose rate above the surface
will decline due to radioactive decay and the removal of
material from the surface by natural weathering pro-
cesses (e.g. penetration of radioactive material into the
soil, and wash-off of already deposited material by rain-
fall) or mechanical action. There are significant differ-
ences in the behaviour of material deposited on soil or
agricultural land and that deposited on less permeable
urban surfaces, as well as differences in behaviour
depending on the physicochemical form of the material,
how it is deposited (e.g. wet or dry processes), and the
nature of the surface. (During accidents, the external
dose to an individual can be reduced by forced decon-
tamination methods, such as the removal or ploughing of
soil and the cleaning of buildings and roads. The most
important factor leading to dose reduction in urban areas
is the shielding by buildings and transport systems.
However, the shielding effect of buildings would be
reduced if radioactive materials were deposited on inter-
nal surfaces, such as walls, floors and ceilings.)

4.2.4. External Irradiation due to Radioactive
Material Deposited on Clothes and on
the Skin

Individuals in the exposed population around Cher-
nobyl may have been directly contaminated by deposi-
tion of radionuclides from the passing cloud onto clothes
and the uncovered skin. Contamination of the body sur-
face would have occurred when persons were standing
outside in the contaminated cloud or in rain from the
passing cloud. Both beta and gamma radiation exposure
of the human body resulted.

Due to its low penetration, beta radiation could only
have led to radiation doses to the body surface (e.g.
skin). Its significance is dependent on the thickness of

clothing worn, and on the position of deposited materials
in relation to the body organs. Gamma radiation is not
significantly attenuated by clothes and a more or less
homogeneous radiation field would have resulted. (Dur-
ing accidents, the importance of this exposure pathway
depends on the extent and timing of the introduction
of protective actions such as changing clothes and
washing.)

4.2.5. External Irradiation due to Radioactive
Materials in Water

The contamination of water bodies may be caused by
direct release, by deposition or by run off processes dur-
ing or after rainfall. External irradiation from radioac-
tive material in water may be received by individuals
swimming, standing by rivers and lakes, or in boats.

4.3. Internal Exposure Pathways

The stages involved in determining the internal
irradiation of people following a release to atmosphere
are illustrated as follows:

Release
!
Atmospheric dispersion
|

Concentration in environmental materials

|

Intake of radionuclides by man

|

Internal irradiation

The starting points for the determination of the inter-
nal irradiation of people are the concentration of radio-
nuclides in air and the amount deposited on the ground
at a particular place. The next stage is to consider the
transfer of the radionuclides to environmental materials
that are taken into the body, i.e. air, food and water. In
some cases this is relatively straightforward, for exam-
ple in the case of inhalation of radionuclides in air from
the passing cloud, but in others the radionuclides may be
transferred through various media before being taken
into the body (e.g. the soil — grass — cattle —milk —man
pathway). Once the concentration of a radionuclide in a
given environmental material is known, the amount of
that material ingested or inhaled is required so that the
intake of the radionuclide of interest by this pathway can
be determined. Finally a dosimetric model is required so
that the extent of internal irradiation received following
the intake of the radionuclide can be determined.
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The two important routes by which radionuclides can
enter the body are by inhalation and ingestion. Another
possible route of intake is across the skin. It is rare for
chemicals to be able to transfer across intact skin and the
only radioactive material for which this exposure route
is normally important is tritiated water. Other materials
would only cross the skin through cuts and abrasions and
would then only lead to local irradiation of the tissue sur-
rounding the point of entry. The entry of radioactive
material through the skin is of minor importance in
assessing the consequences of accidental releases and is
not considered further.

In the following paragraphs, the main pathways by
which radionuclides are inhaled or ingested following a
release to atmosphere are considered.

4.3.1. Intake of Radionuclides by Inhalation

Radionuclides in air can be inhaled either directly
from the cloud of material as it passes overhead or fol-
lowing the resuspension of radionuclides deposited onto
the ground. The former is of interest only during the
passage of the cloud and is an important short term
exposure pathway following an accidental release.
However, resuspension may occur for long periods
afterwards.

Direct inhalation of radionuclides in the cloud can be
assessed simply by using the predicted concentration in
air at a point multiplied by an inhalation rate to deter-
mine the intake of the radionuclide. In addition, the
radioactive material concentration inside a building is
typically lower than that outside, so it is necessary when
assessing their inhalation doses to consider the time
people spend indoors, whether they have been told to
shelter and what protection this provides.

In addition, breathing rate depends on age and size
and on whether the individual is engaged in physical
activity or resting; it will also vary from person to per-
son, even among persons engaged in similar activities.

Radioactive material deposited on the ground can be
resuspended as a result of disturbances caused by wind
or human activities, for example digging or ploughing.
The extent to which materials are resuspended from sur-
faces depends on many factors such as the nature and age
of the deposit, the physical characteristics of the surface
and the strength of the wind. A fine particulate on a dry
surface will be resuspended to a greater extent than a
deposit on wet ground, particularly if this is on agricul-
tural land. Resuspension due to mechanical disturbance
will only affect the individuals in the immediate vicinity
and is not significant in assessing the exposure of large
groups of people.

Exposure through inhalation of resuspended material
normally makes only a small contribution to the overall
exposure following releases from thermal reactors, such
as the Chernobyl plant. In general, therefore, it can be
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excluded from the dose assessments. However, it may
need to be considered for regions where the deposit con-
tains significant quantities of the actinides (e.g. 2>°Pu).
Here intake by inhalation leads to larger radiation doses
than that received following intake by ingestion and
where external irradiation is of little concern.

4.3.2. Intake of Radionuclides by Ingestion

Deposited radionuclides may be transferred to both
the terrestrial and aquatic food-chains. Freshwater food-
chains are normally of secondary importance in deter-
mining the consequences of accidental releases of radio-
nuclides to atmosphere. However, in particular cir-
cumstances restrictions may need to be placed on water
utilization or on the consumption of foods originating in
the aquatic environment.

The transfer through terrestrial food-chains is an
important exposure pathway when considering both long
term health and economic impact. A large number of
processes are involved and much depends on the charac-
teristics of the nuclides and the particular environment.

When radionuclides deposit from the atmosphere
onto agricultural land, part may be intercepted by the
foliage of vegetation and part will land on the soil.
Radioactive material is removed from the surface of
plants by natural loss processes such as weathering, with
a half-life ranging from a few to several tens of days.
Part of the surface deposit may be absorbed and trans-
ferred to other parts of the plant; this process is known
as translocation and is far more significant for some
nuclides, notably caesium, than for others, for example
plutonium. Interception, retention and translocation are
the dominant transfer processes in the first weeks after
an accidental deposit, provided this occurs during the
growing season.

Radionuclides in the soil may be absorbed through
the plant root system and transferred to the edible parts
of the plant. The extent to which root uptake occurs
depends markedly on the element concerned and its
chemical form, together with the soil and plant type.
Root uptake is an important plant contamination process
in the longer term when direct surface contamination has
declined. It is significant, therefore, for longer lived
radionuclides (half-lives greater than a few months),
notably those of strontium and caesium. Plants may also
become contaminated with radionuclides deposited on
the soil by resuspension processes or by splashing due
to rainfall. Immediately following deposition these
routes are insignificant compared with the direct con-
tamination process from atmosphere. In the longer term
they are only important for those nuclides that are rela-
tively insoluble in soil and hence which are not taken up
to any extent by the roots, e.g. plutonium,

Radionuclides are lost from the system by migration
down the soil column and out of the root zone. In some
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cases, long lived radionuclides in soil may be modified
progressively by biochemical changes in soil, and this
may alter the extent to which they are absorbed by the
plant’s root system. The fixation of caesium by clay par-
ticles in some soils is a well known example of such a
process where root uptake is drastically reduced for
some types of soil.

The transfer of radionuclides to animals is another
important route that can lead to the exposure of man.
The most studied pathway is the pasture—cow—milk
pathway. This is important because cows graze a rela-
tively large surface area and hence have a substantial
intake of deposited material. The transfer of radionu-
clides from pasture grass or other fodder crops to
various types of livestock and hence to human meat sup-
plies can also be an important exposure pathway, partic-
ularly when the livestock graze pasture. The most
important route of intake of radionuclides by animals is
by the consumption of contaminated grass or fodder.
Other possible routes of intake are from contaminated
water supplies, by inhalation of radionuclides in the
atmosphere and by the inadvertent consumption of con-
taminated soil. In general, these routes of intake are of
less importance than direct ingestion of radionuclides in
fodder. Inhalation is only likely to be significant for
those nuclides for which only a small fraction of the
radioactive material ingested by an animal is transferred
across the gut wall. The inadvertent consumption of soil
by these animals may become important after deposition
has ceased, but only for those radionuclides that are
inefficiently taken up from the soil by plant roots.

Another important factor is the removal of radioac-
tive material during food preparation and processing. A
significant proportion of material on the surface of crops
is removed by preparation processes such as removal of
outer leaves and washing, or in processes such as milling
and the manufacture of flour from grain. In the dairy
industry, the concentration of radionuclides varies signi-
ficantly between the different final products (e.g. butter
produced from contaminated milk contains practically
no radiocaesium). Indeed, changing the management of
food processing is an important countermeasure for
reducing radiation exposure of the population.

The transfer of radionuclides through terrestrial food-
chains following an accidental release will be influenced
by the prevailing agricultural and food consumption
practices, as well as by the physical processes described
earlier. These practices can lead to significant variation
in the transfer depending on the season of the year when
the release occurs. For instance, accidents in the sum-
mer growing season when animals may be grazing out-
doors would lead to greater contamination of foods than
accidents occurring in winter when many fields are fal-
low and animals are housed indoors. An analysis of the
effect of season on the agricultural consequences of
accidental releases has indeed shown large variations
with the season of year in both the extent to which coun-

termeasures would need to be implemented and in the
health effects due to eating locally produced food.
The output of food-chain models is in the form of
concentration of radionuclides in the foods of interest,
and this has to be multiplied by some form of food intake
rate to determine the intake of radionuclides by people.

4.3.3. Internal Dosimetry

Unlike external irradiation, which ends when the
source of exposure is removed, internal irradiation is
protracted in time after an intake of radioactive
materials. Radiation doses to body organs following
intake of a radionuclide depend on many factors, includ-
ing the physical and chemical form of the nuclide, the
type of radiation emitted and the metabolism of the
individual concerned. Metabolic data and models are
required to determine the distribution and retention of
the radionuclides in the body. For a given distribution,
an assessment is then required of the irradiation of
individual organs and tissues, which originates both
from the nuclear transformations occurring within the
organ itself and from those occurring in surrounding
organs. The absorbed dose in both target and source
organs depends on the physical properties of the radio-
nuclides as well as on the sizes of and distances between
the various organs. )

For inhalation, the models used to predict the
behaviour of radionuclides entering the body represent
the extent to which radioactive material is deposited in
different regions of the respiratory system, the length of
time it is retained there and how much is transferred to
the body fluids for circulation to other organs. Similarly
for ingestion, transfer through the gastrointestinal tract
is considered together with the extent to which radionu-
clides cross the walls of the tract to enter the circulatory
system. Whether the radionuclides enter the body fluids
from the respiratory or the gastrointestinal systems,
their subsequent transfer to body organs is generally
treated in the same way. Radionuclides will be deposited
in various body organs and will also be removed from
the body by excretion. The pattern of deposition and
removal from various body organs and tissues will vary
markedly depending on the element concerned and its
physical and chemical forms.

If a radionuclide has radioactive daughters, an
allowance has to be made for the absorbed dose con-
tributed by the build-up of daughters produced in the
body. In general, there is little evidence to indicate
whether the daughters will remain associated with and
behave as their parent, or whether they will assume their
own metabolic behaviour. With some exceptions (for
example the iodine daughters of tellurium) it is usually
assumed that any radioactive daughters produced in the
body behave metabolically like the parent radionuclide.
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There are significant variations in the doses per unit
intake by ingestion and inhalation between different
individuals related to variations in size and metabolism.
In particular, age can have a marked effect on internal
dosimetry.

4.3.4. Specific Cases

As a result of the Chernobyl accident, people living
in the contaminated areas incorporated radionuclides
that were released in the accident, including caesium,
iodine, strontium and plutonium. There follows a brief
description of specific aspects of the internal exposure
due to these radionuclides.

Caesium

Caesium has two radioactive isotopes of biological
importance: '*’Cs with a half-life of 30 years and **Cs
with a half-life of 2.1 years. *’Cs is likely to be
encountered because it is a major fission product of both
uranium and plutonium reactor fuels. Caesium-137 has
been the subject of many studies of radiobiological and
metabolic effects over the last several decades. Caesium
and potassium have similar chemical and biochemical
behaviours, including their distribution and metabolism
in the body. Caesium is soluble in body fluids; upon
ingestion it is absorbed rapidly, distributed almost uni-
formly throughout the body and finally eliminated by the
kidneys with an effective half-life in the body of 70 to
110 days. Its biological half-life in children is much
shorter, ranging from 12 days in infants to 57 days in
older children, and it is shorter in women than in men.
The most effective means of removing radioactive
caesium from the body on an acute basis is by the oral
administration of ferric hexacyanoferrate (Prussian
Blue) containing hexacyanoferrate ions, [Fe(CN)g]*+.
Usually this method is reserved for high levels of acute
ingestion. This therapy was used in the treatment of
several patients following the radiological accident in
Goilnia, Brazil, in 1988 [4].

Caesium has been studied with regard to its effects
during pregnancy in humans. The foetal to maternal
plasma concentration ratio is usually about 0.13 and the
placenta appears to respond differently to caesium and
potassium, with caesium being more inhibited in transfer
to the foetus. The effective half-life of caesium in the
foetus is approximately 7 days. The whole body is the
critical organ and the 50 year committed dose equivalent
to the whole body is 8.1 mSv per MBq of activity in that
organ. In historical units, this is 0.03 rem per uCi of
caesium in the body.

lodine

About half the 20 radioactive iodine isotopes occur as
fission products. The dominant isotope causing internal
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exposure after a reactor accident in which fresh fission
products are released is likely to be *!'I; however, short
lived isotopes such as 1321, 13, 13 and '*1, with half-
lives from 52 minutes to 7 hours, can contribute signifi-
cantly to exposure in close proximity to the source of
a major release. lodine-131 has a physical half-life of
8 days and an effective half life in humans of approxi-
mately 7.6 days.

Most radioactive iodine released in an accident will
be soluble and would be quickly absorbed into the body
via inhalation or ingestion or through the skin. Inhaled
iodine reaches equilibrium with body fluids in about 30
minutes. Mean values for 24 hour normal thyroid uptake
of 13! are usually in the range of 10% to 30% of a total
oral dose. Hypothyroidism as well as an increased fre-
quency of occurrence of nodules and cancers may result
from large absorbed doses. Preventive actions to reduce
exposure to radioactive iodines include control of the
food-chain and administration of iodide compounds of
either potassium or sodium. This saturates the thyroid
with stable iodine and thereby blocks radioactive iodine
from the thyroid. If blocking stable iodide is given
immediately, it can be almost 100% effective. However,
when given six hours after exposure to radioactive
iodine, the blocking effect is only up to 50% effective.

The amount of radioactive iodine needed to produce
early hypothyroidism in a patient with normal thyroid
function is in excess of 5.5 X 10° Bq/kg (150 pCi/g) of
estimated thyroid gland weight. Dose equivalent esti-
mates to the thyroid for *!I are 1755 mSv per MBq
(6.5 rem per uCi) of *'I in the thyroid.

Radioiodine rapidly and readily crosses the placenta
and the human foetal thyroid begins to accumulate
iodine in about the 13th week of gestation. Between the
14th and 22nd week of gestation, the percentage uptake
of iodine by the thyroid is higher than that in adults,
ranging between 55% and 75%.

Strontium-90

Strontium-90 is radiologically the most important
radioisotope of strontium. It has a long physical half-life
(28 years). Strontium-89 is an indirect fission product
of uranium and has a physical half-life of 51 days. Ex-
perience suggests that after a single intake by mouth
about 25% of strontium will be absorbed into extracellu-
lar fluid (after inhalation about one third is absorbed into
extracellular fluid) and about half this amount is depo-
sited in bone. Beta particles are emitted by *°Sr and its
daughter product and irradiate both calcified bone and
adjacent bone marrow. The effective half-life for *Sr is
about 15 years. A number of techniques are available to
reduce the amount of radiostrontium that is absorbed,
including oral administration of ammonium chloride,
aluminium phosphate and/or barium sulphate. Sodium
alginates are also used following large acute ingestion.
Very few if any of these methods have been used for
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reduction of absorption on a chronic basis. The com-
mitted effective dose equivalent to bone from gy
is 8600 mSv per MBq of *Sr in the bone (32 rem
per uCi).

Several studies have been performed on placental
transfer of strontium during pregnancy. There does
appear to be some discrimination between *°Sr and cal-
cium with a ratio of 1 to 10; nevertheless, strontium can
readily cross the placenta.

Plutonium

Plutonium is a metal of the actinide series which oxi-
dizes readily to form plutonium dioxide (PuO,), a com-
pound most likely to be of concern following a reactor
accident. Plutonium-239 is the radioisotope whose
radiobiology has caused most concern. It has a physical
half-life of about 24 000 years and emits energetic alpha
particles that have a range of 24 um in bone and 40 pm
in tissue. Since 2°Pu emits mainly alpha particles, it
represents a biological hazard only when internally
absorbed and deposited. Inhalation is the most common
route of internal contamination by plutonium. Deposi-
tion patterns and the retention of plutonium in the lungs

depend on its physical and chemical properties, includ-
ing its solubility and particulate size. Relatively insol-
uble particles have a high degree of retention in the lungs
and lymph nodes. The retention half-life in the lungs is
between 150 and 1000 days. If plutonium is soluble or
becomes soluble, the body distribution is as follows:
skeleton 45%, liver 45% and other tissues 10%. The
half-life in the body is about 200 years, with retention
half-lives of plutonium in the liver and the skeleton
assume to be 40 years and 100 years respectively. A
number of long term studies relating to accidental
exposures to 2>°Pu have been made and at the present
time no statistically significant increase in tumours has
been demonstrated. This does not, however, exclude
some element of risk from plutonium. The critical organ
for soluble plutonium is bone, with an absorbed dose
of 8 X 10% mSv per MBq of plutonium in that organ
(30 000 rem per xCi of 2°Pu in bone). Internal deposi-
tion of plutonium has been treated in accidents by utiliz-
ing either aerosol or intravenous calcium diamine
triamine penta-acetic acid (DTPA). In the relatively few
cases to date, there has been some increase in the rate
of elimination of plutonium. This method has been
reserved for treatment of acute exposure to relatively
high levels of plutonium.

5. Health Effects of Radiation

Scientific investigations over almost a century of the
complex interaction of radiation with living tissue have
helped to define many knowns and to narrow the range
of uncertainties in human radiobiology. This under-
standing comes from extensive in vitro and in vivo
animal experiments and from well documented epidemi-
ological studies of the survivors of the atomic bombing
of Hiroshima and Nagasaki in 1945 and of other groups
exposed to relatively high doses in radiotherapy, in acci-
dents.and in some occupational situations. The theoreti-
cal basis of radiobiology rests on a model of the
interaction of radiation with living matter and an
associated set of factors relating the magnitudes of quan-
tities in the model to data on health effects observed for
cases of radiation exposure in humans and in experimen-
tal animals.

As ionizing radiation passes through human tissue, it
can transfer energy and ionize atoms in cellular
molecules that are biologically important for the func-
tioning of cells. The process of ionization necessarily
changes atoms and molecules, at least transiently.

Once ionization has occurred, the free electron and
the ion or free radical that remain may cause chemical
reactions. Typically there is recombination. Occasion-
ally, however, the free radicals do not recombine but
interact with other molecules in a number of ways. This
may cause inactivation of cellular mechanisms or may
lead to interaction with genetic material. For most
processes of interest, the interaction is only important
when genetic material is affected or inactivated, since
this controls the structures and functions of the cells of
the body.

"Tonization by radiation may thus sometimes damage
cells. Changes of this type usually occur throughout the
lifetime with various causes (radiation exposure being
one). Most commonly, the organism is able adequately
to repair cellular damage. There is a common miscon-
ception that all radiation that is absorbed causes detri-
ment. This is not true; for example, if the ionization and
the creation of the free radical affect a single protein
within a cell, there would be no functional change, since
the cell would simply synthesize another protein. Even
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FIG. 9. The effects of radiation on human health,

if the damage affects deoxyribonucleic acid (DNA) or
genetic material, it is clear that cells are capable of
single stranded DNA repair. This process is somewhat
time dependent; thus if a given absorbed radiation dose
is spread out over time it is much less effective in pro-
ducing damage than if the dose is incurred acutely. The
reason for this is that if the dose is spread out over time,
repair of sublethal cellular damage and also cellular
repopulation by means of cell division occur.

If cellular damage does occur and is not adequately
repaired, it may prevent the cell from surviving or
reproducing, or it may result in a viable but modified
cell. The two outcomes have profoundly different impli-
cations for the organism as a whole, leading to so called
deterministic and stochastic effects (see Fig. 9). Stochas-
tic effects are effects that occur at random, i.e. that are
of an aleatory or statistical nature. Somatic effects (i.e.
effects in the exposed individual) and prenatal effects in
the embryo can be either deterministic or stochastic.
Hereditary effects (i.e. effects in the progeny of the
exposed individual) are stochastic.
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5.1. Deterministic Effects

Cell death is not necessarily life threatening to the
human organism, unless a tissue or an organ absorbs a
certain threshold dose that is high enough to kill or to
impair the reproduction of a significant fraction of vital
cells. Most organs and tissues of the body are unaffected
by the loss of even substantial number of cells, but if the
number lost is very large, there will be observable harm
reflecting a loss of tissue function. If killed cells are not
replaced, an acute effect will be clinically observed in
the organism relatively shortly after irradiation. Al-
though the original effect of cell killing is (at the cell
level) stochastic in nature, at the tissue level the effect
appears to be of a deterministic nature: the given level
of dose determines whether the effects occur or not, and
a direct cause-effect relation can be clinically demon-
strated for the irradiated individual. The likelihood of
effects is zero at doses lower than some threshold dose
and increases steeply to certainty (100%) above such a
threshold dose, the severity of the harm also increasing
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with dose. (Deterministic effects were originally termed
non-stochastic effects.) (See Fig. 10.)

Not all cells in the body are equally radiosensitive and
typically cells that divide rapidly are more radiosensitive
than those that divide slowly or not at all. Cells that have
high sensitivity to radiation include lymphocytes, imma-
ture bone marrow cells and intestinal epithelium. Cells
with slightly less sensitivity include those of the lens of
the eye and the linings of the stomach, oesophagus,
mouth and skin. Cells of intermediate sensitivity are
those of the liver, kidneys, lungs, thyroid and fibrous
tissue, Mature red blood cells, muscle connective tissue
as well as bone, cartilage and nervous tissue all have low
sensitivity. The differing radiosensitivity of cells natur-
ally leads to differences in the radiosensitivity of organs.
As one might expect, exposure of an individual to
absorbed dose levels of about 1 Gy to the whole body
might kill only those cells with very high radiosensi-
tivity. As the dose is increased, additional types of cells
and organs would be subject to damage and this would
alter the clinical presentation of the exposed person.

If the tissue that is damaged is vital, the end result
may be death of the individual. If some individuals and

exposed groups are already in a state of health approach-
ing the pathological condition, they may reach the condi-
tion as a result of exposure to radiation after a smaller
loss of cells than would usually be the case. Examples
of deterministic effects are erythema or reddening of the
skin, bone marrow depression, radiation cataracts and
sterility.

The threshold for temporary sterility in men for a sin-
gle absorbed dose to the testis is about 0.15 Gy and
under conditions of prolonged exposure the threshold is
about 0.4 Gy per year. Corresponding values for perma-
nent sterility are 3.5 to 6 Gy for acute exposure and
2 Gy per year for prolonged exposure. The threshold for
permanent sterility in women is an acute absorbed dose
in the range from 2.5 to 6 Gy or a protracted dose over
many years of more than about 0.22 Gy per year.

Clinically significant depression of the blood forming
bone marrow has a threshold for acute absorbed doses
of about 0.5 Gy and for protracted exposure over many
years of more than 0.4 Gy per year. The dose which, in
the absence of medical care, would result in the death
within 60 days due to bone marrow depression of half
the individuals in a heterogeneous population that is
acutely exposed is about 3 to 5 Gy.

The threshold dose for opacities sufficient to cause
impairment of vision,which occurs after some delay,
seems to be in the range of 2 to 10 Gy for an acute
exposure to X rays or gamma rays. The dose rate
threshold for chronic exposure over many years is
thought to be somewhat above 0.15 Gy per year.

In summary, there is scientific consensus on the
levels of relatively high doses of radiation received over
defined time periods that can cause deterministic effects
leading to acute radiation injury. Deterministic effects
have occurred as a result of the atomic bombing of
Hiroshima and Nagasaki and of the hundreds of acci-
dents with radiation sources that have been recorded
over the past 40 years. These events have served to con-
firm the nature of the deterministic effects in signifi-
cantly overexposed individuals. Death is almost certain
for an individual incurring a whole body dose of around
6 Gy or more over a short period. Doses of around 3 Gy
may be lethal for around half of those in an irradiated
population who receive little or no medical care (the
median lethal dose). For healthy persons receiving good
medical care, the median lethal dose may be 5 Gy and
as high as 9 Gy with very intensive medical treatment.
For doses below 1 Gy the likelihood of deterministic
effects is practically zero.

5.2. Stochastic Effects

The outcome is very different if the irradiated cell is
modified rather than killed. Despite highly effective bio-
logical defence mechanisms, the cloning of cells result-
ing from the reproduction of a modified but viable
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somatic cell may result, after a prolonged and variable
time termed the latency period, in the manifestation of
a malignant condition, a somatic cancer.

The probability of a somatic carcinogenesis resulting
from radiation is assumed to increase with increments of
dose, probably with no threshold of dose below which
the probability is zero, and in a way that is roughly
proportional to dose, at least for doses well below the
thresholds for deterministic effects. The severity of the
cancer does not depend on the level of dose. If the
damage occurs in a cell whose function is to transmit
genetic information to later generations, any resulting
effects, which may be of many different kinds and
severities, will presumably be expressed in the progeny
of the exposed person as a hereditary effect. Somatic
carcinogenesis and hereditary effects are termed
stochastic effects. In summary, therefore, it is presumed
that any transformed cell can become cancerous,
reproducing dysfunctionally so as to produce a clone of
cells that eventually may become a malignant tumour. If
the cell is germinal, the transformation may be
hereditarily transmitted.

Years and even decades may be required before the
effect of cell transformation could be biostatistically
detectable (and epidemiologically demonstrable) as an
increase in the incidence of malignancies or of severe
hereditary defects in a large population (this does not
apply at the individual level). According to the current
radiobiological theory, the process leading to a stochas-
tic effect can originate at any dose level, however small,
the probability of occurrence of an effect being propor-
tional to the incurred dose. This model is termed the
linear, no threshold dose-response relation.

The doses received by members of the public as a
result of the Chernobyl accident could produce only
stochastic effects such as somatic carcinogenesis and
hereditary effects. Prenatal effects can also occur at
these dose levels and will be discussed separately.

5.2.1. Somatic Carcinogenesis

Cancer: a Common Disease

In industrialized countries, in which life expectancy
averages some 70 years, about 20% of all deaths are
attributable to cancer. Radiation is only one of a vast
number of chemical, physical and viral agents that may
influence cancer development in a not fully understood
manner. Cancer incidence varies very widely among
regions: industrialization seems to be a relevant factor in
higher incidences.

Radioepidemiology: the Statistical Evidence

Most biostatistical evidence for human radiation car-
cinogenesis relates to individuals who have incurred
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relatively high doses, most commonly delivered at high
dose rates. Efforts to quantify with certainty the inci-
dence of radiation carcinogenesis in human populations
receiving relatively low doses are constrained by a
whole set of factors, including the natural incidence of
cancer, the vast number of carcinogenic agents, the
insufficiency of information on the mechanisms of
cancer induction, the inescapable exposure to natural
background radiation and the extremely small estimated
likelihood of cancer induction at low doses. (These
problems are to be discussed in more detail in the
following.)

Studies of the survivors of the atomic bombings in
Japan in 1945 are the most valuable source of informa-
tion. Since 1947, the Radiation Effects Research Foun-
dation, jointly funded by the governments of Japan and
the USA, has closely monitored the medical health pat-
terns of over 100 000 people who received relatively
high doses of whole body radiation. Other large popula-
tion study groups include some 200 000 persons who
received high doses of radiation to specific parts of the
body for medical treatment of ailments, such as spinal
arthritis and cervical cancer. Although lifetime data for
these groups are incomplete, data from the follow-up
period are extensive. In the case of the survivors of the
atomic bombings, it is well into its fifth decade. Study
findings for these survivors show a statistically signifi-
cant increase in the frequency of death due to leukaemia
as well as to many solid cancers: in total, they show that
in addition to the around 20 000 (20%) of that population
who would have been expected to incur cancer, around
1000 incurred cancer that would have been due to doses
received as a result of the bombing.

Current Estimates of the Incidence of
Radiocarcinogenesis

Recently, UNSCEAR increased its previous (1977)
estimates of the lifetime risk of excess cancer deaths for
adults exposed to low linear energy transference (LET)
radiation at relatively high doses and high dose rates.
Among the reasons, for the increases in estimated risk
are a revised dosimetry for the survivors of the atomic
bombing of Hiroshima and Nagasaki, the extended
observation period and methodological advances in
accounting for different causes of mortality.

While the 1977 UNSCEAR estimate of the incremen-
tal risk (that is, above the ‘normal’ cancer risk of around
20% during lifetime) for an average adult was 2.5% per
sievert of dose incurred at relatively high doses and dose
rates, the current (1988) UNSCEAR estimates are 4.5%
and 7.1% per sievert, depending on whether an additive
(A) or a multiplicative (M) model is used for projecting
the future incidence of cancer in the atomic bombing
survivors (see Fig. 11). (By definition, the additive
model estimates the annual risk arising after a latency
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FIG. 11. UNSCEAR risk estimates for radiation induced
excess cancer deaths. A: additive model; M: multiplicative
model. {Source: UNSCEAR (2]}

period and thereafter remaining constant over time. The
multiplicative model estimates the excess risk after
latency, given by a constant factor applied to the age
dependent incidence of natural cancers in the popula-
tion.) Figure 12 shows the stylized additive and mul-
tiplicative models. Plot (c) shows possible curve shapes
under more realistic assumptions. For plot (a), the
simple additive model, the excess conditional probabil-
ity rate (of death due to cancer) after a single radiation
dose D is assumed to be proportional to the dose, but
only after a minimum latency period and over a plateau
period of time. For plot (b), the simple multiplicative
model, the excess probability rate is assumed to be
proportional also to the background rate of cancer death
B(u). These estimates generally apply to doses in the
0.5-1.0 Sv range (although for some cancers and at
specific body sites they apply to doses of 0.2-0.5 Sv),
usually received at high dose rates.

Uncertainties

There are, however, several significant uncertainties
in estimating the incidence of cancer induced by radia-
tion. One is that most of the observations relate to high
dose rates, which enhance the biological effects at high
doses because more than one ionizing event can then
occur in a cell in the relevant period. Thus, according
to the radiobiological model in use, the fatal cancer risk
factor following exposure to relatively low doses deli-
vered at low dose rates is smaller than the values
assessed for high doses at high dose rates; the issue of
by how much it is lower seems to remain moot.
UNSCEAR'’s reported correction factor is highly varia-
ble, ranging from 2 to 10, and the Committee is studying
this important question further. The ICRP judges that
this enhancement can be represented by a factor of 2 in
the range of doses for which direct observations exist.
It therefore applies this factor by reducing the observed
probability of stochastic effects when estimating the low
dose and low dose rate effects.

The observable information at high doses may be
interpreted with some confidence to give estimates of the
risks at smaller doses. The extrapolation is not large
because the small doses from artificial sources are added
to the inescapable doses due to natural background radia-
tion. These latter doses amount to more than 100 mSv
in an average lifetime. Statistically significant direct
observations in man in homogeneous populations, such
as in the studies of the atomic bombing survivors, are
available for doses down to about 200 mSv.
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FIG. 12. Ilustration of projection models for the probabil-
ity of death due to cancer following a single radiation dose
D. (a) The simple additive model: the excess conditional prob-
ability rate (of death due to cancer) after a single radiation dose
D is assumed to be proportional to the dose D, but only after
a minimum latency period and over a ‘plateau’ period of time.
(b) The simple multiplicative model: the excess conditional
probability rate is assumed to be proportional also to the back-
ground rate B(u) of death due to cancer. p: conditional death
probability rate; r: unconditional death probability rate; u: age.
(c) Possible curves under more realistic assumptions. [Source:
ICRP [3]]
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A further uncertainty is introduced by the fact that
some members of the study populations are still alive, so
the ultimate number of fatal cancers attributable to radia-
tion has to be predicted.

Finally, there is an uncertainty in transferring obser-
vations for one ethnic population to others. For cancer
in individual organs, this uncertainty is considerable,
perhaps within a factor of 10, but for the total incidence
of all cancers it is much less. It is unlikely that any
national population with a high standard of living differs
from the typical by more than about 30% in its overall
sensitivity to radiation.

In summary, the sources of uncertainty are:

— The factor by which estimates of probability of fatal
cancer per unit dose incurred at high doses and dose
rates should be reduced for application at low doses
and low dose rates.

— The projection of the data for populations, some
members of which are still alive, to give the lifetime
probability of attributable cancer.

— The utilization of observations on one population to
produce estimates for different ethnic populations.

The combined effect of these factors introduces an
uncertainty in the risk estimates for carcinogenic effects
which may represent an overestimation of the risk by a
factor in the region of 3. It is unlikely that the current
conclusions underestimate the risk.

There are, therefore, many considerations in the
evaluation of the magnitude of the risk of radiation
induced cancer. However, for a population receiving
high doses at high dose rates, a lifetime fatality probabil-
ity coefficient for a whole population, including chil-
dren, is considered to be about 5 X 1072 per sievert for
low doses and low dose rates. In simplistic terms, this
means that if in a heterogeneous population each person
incurred a dose of 1 Sv, 5% of those persons might die
from a radiation induced malignancy. This should be
contrasted with the normal spontaneous cancer incidence
of about 30% in most developed countries and a proba-
bility that death will be due to cancer of about 20%.

Since there is no known threshold for malignant
stochastic effects, there might be an increase in the inci-
dence of neoplasms (occurring over the next several
decades) for persons living in some regions contami-
nated as a result of the Chernobyl accident. The magni-
tude of such increases would be dependent upon the dose
received as well as the age at exposure, but it may not
be detectable (see Subsection 7.3).

5.2.2. Hereditary Effects

A substantial percentage of the population is born
with some type of inherited genetic disorder that will
affect these persons during their lifetimes, with or
without their knowledge. The hereditary defect may be
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fairly minor or it may lead to a serious disease or a life
impairing condition, such as Down’s syndrome and
severe mental retardation. Congenital abnormalities and
other diseases of complex aetiology comprise the largest
groups of inherited defects affecting the well-being of
human populations. A hereditary defect can be lethal for
the developing organism, with some 40% of spontane-
ous abortions observed in human populations being due
to serious chromosomal disorders.

All told, UNSCEAR estimates the natural incidence
of human hereditary defects from all causes at nearly
700 000 cases (as distinct from individuals) in one mil-
lion live births. The findings of other major studies sug-
gest an even higher number, which would imply that
human beings are born with a very high probability of
manifesting a hereditary defect of some kind.

While the propensity of radiation to cause hereditary
defects has been experimentally demonstrated in highly
exposed animals and plants, there is still no epidemio-
logical evidence linking exposures at any dose level to
any severe hereditary defect in human populations.
Genetic and cytogenetic studies of the nearly 15 000
children born to the atomic bombing survivors in Japan
have so far yielded no evidence of a statistically signifi-
cant increase in severe hereditary defects. Constraints
encountered in studying the probability of radiation
induced hereditary effects in humans are formidable,
because of the need to monitor vast numbers of people
in irradiated and control group populations over many
generations and because such effects may be indistin-
guishable from disease conditions due to other causes.

In the absence of useful data on human populations,
the only way to evaluate the hereditary risk to humans
is to make a number of reasonable assumptions and to
use experimentally observed data for other mammals,
notably for mice. The following assumptions are usually
made: (a) the amount of hereditary damage induced by
a given type of radiation is the same in human germ cells
as in those of the test species; (b) biological and physical
factors affect the magnitude of the damage similarly in
the experimental species and in humans; and (c) at low
doses and low dose rates of low LET irradiation there
exists a linear relationship between the dose and the fre-
quency of occurrence of a severe hereditary defect.

UNSCEAR used two largely independent methods
(the doubling dose and the direct method) to estimate the
risks to humans of severe hereditary disorders due to
radiation induced gene or chromosomal mutations.
Essentially, the results are in reasonable agreement, in
view of the large uncertainties.

The risk estimates for the doubling dose method are
illustrated in Table 4. The estimated mutation risks
(grouped to include both gene mutations and chromo-
somal aberrations) have remained relatively stable over
the last decade. While previously UNSCEAR addressed
the risks of radiation induced congenital diseases [1], in
its recent reports it chose not to provide estimates
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TABLE 4. Probability of Severe Hereditary Effects Estimated by the Doubling Dose Method after 1 Gy Low Dose
Rate, Low LET Radiation to the Parental Population. The Doubling Dose Assumed is 1 Gy. [Source: Ref. [3]]

Radiation induced probability

Natural 2
Doubling prevalence (10~ /Gy)
dose of genetic First Second All
(Gy) di(slo(;flzc;rs generation generation generations
UNSCEAR 1977 (6] 1 10.51 0.63 - 1.85
UNSCEAR 1982 [7] 1 10.63 0.22 — ~1.50
UNSCEAR 1986 (1] 1 1.63 0.18 - 1.04
(excluding multifactorial diseases)
UNSCEAR 1988 [2] 1 ~1.30 ~0.18 0.14 ~1.20
(excluding multifactorial diseases)
BEIR 1980 [8] 0.05-2.5 10.70 0.15-0.75 — 0.60-1.10
BEIR 1990 [9] 1 3.6-4.6 0.15-0.40 — 1.15-2.15

(including congenital abnormalities,
- excluding common multifactorial diseases)

? BEIR: Committee on the Biological Effects of Ionizing Radiations of the United States National Research Council.

because of persisting uncertainties about the main-
tenance mechanisms for these disorders in a population
and the possible response.

UNSCEAR estimates 1 Sv as the radiation dose
required to double the frequency at which severe heredi-
tary disorders appear in the population. Accordingly,
irradiation at 1 Sv per generation would induce for one
million live births a total of 12 000 cases of gene and
chromosomal mutational diseases in equilibrium and
1700 cases over the first generation. The UNSCEAR
risk factor for severe hereditary effects of radiation is
estimated to be around 0.5% per sievert.

Thus it is difficult to predict what hereditary effects
of radiation may be observed in subsequent generations
following the first. There have been large and long term
studies of the survivors of the atomic bombings in Japan
and it does appear that the risk of significant hereditary
effects is substantially less than that of radiation induced
tumours. The UNSCEAR report in 1986 examined the
effect of irradiation at 1 Sv per generation over many
generations and estimated that the incidence of severe
genetic disease per million live births might be about
12 000 cases. This should be contrasted with the spon-
taneous occurrence of congenital anomalies alone of
about 60 000 per million and about 15 000 additional
cases of other genetic abnormalities.

The estimated probabilities of severe hereditary
effects of irradiation that were given in the recent ICRP
recommendations [3] are shown in Table 4.

5.3. Prenatal Effects

While major strides have been made over the past
decades in understanding the effects of radiation at the
embryonic and foetal stages of development, the causes,
mechanisms and incidence level of detriment following
prenatal exposure continues to be uncertain. Observa-
tional data for humans apply mainly to the studies of
exposures in utero in the atomic bombing of Hiroshima
and Nagasaki.

Some years ago, the finding of a dose related increase
in the frequency of serious mental retardation in children
irradiated in utero in Hiroshima and Nagasaki was
reported by the ICRP and UNSCEAR. The number of
cases is small, but the data indicate an excess probability
of 0.4 at 1 Sv received between 8 and 15 weeks after
conception. The results of intelligence quotient (IQ) tests
for those children exposed in utero indicate a general
downward shift in the distribution of IQ with increasing
dose, by a coefficient of about 30 IQ points per sievert
of dose incurred in utero between the 8th and the 15th
week after conception. A smaller shift is identified for
irradiation in utero between the 16th and the 25th weeks
after conception.

This downward shift in IQ of 30 points per sievert is
consistent with the foregoing observation of an excess
probability of serious mental retardation of 0.4 for a
dose of 1 Sv. At doses of the order of 0.1 Sv, no effect
would be detectable in the general distribution of IQ, but
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Retarded fraction f

FIG. 13. The shift of the IQ curve due to irradiation in
utero. The curve is shifted by 30 IQ units (i.e. 20 where o is
the standard deviation) per sievert, i.e. Ax = 2H where H is
the dose equivalent in sieverts and x denotes the number of
standard deviations below IQ 100. x,, denotes the number of
standard deviations below 1Q 100 at which an individual is
classified as mentally retarded; thus the fraction f with an IQ
below 100 — x,0 is classified as mentally retarded. [Source:
ICRP [3]]

at somewhat larger doses the effect might be sufficient
to show an increase in the numbers classified as seri-
ously mentally retarded. The net result is that the end
extreme of serious mental retardation would appear to
demonstrate a dose-response threshold, which is indeed
observed. The ICRP judges that the phenomenon is
deterministic with a threshold related to the minimum
shift in IQ that can be measured. It is not therefore taken
into account in the definition of detriment used for pro-
tection purposes. (Figure 13 shows the schematic
representation of the downward shift in IQ following
irradiation in utero.)

As for the risks of induction of leukaemia and solid
cancers in early childhood, the findings of the study of
those exposed in the atomic bombing of Hiroshima and
Nagasaki and those of studies of children whose mothers
underwent medical irradiation during pregnancy are
inconsistent. For the first group, and even for those in
the highest risk group who received doses of 0.5 Sv or
more in utero, there is no evidence of a significant
excess of mortality from childhood leukaemia or cancer.
By contrast, studies of children exposed in utero for
medical reasons show an excess of tumour and leukae-
mia cases at a level considerably higher than the natural
incidence. However, the study findings of those medi-
cally irradiated are widely considered to have confound-
ing and biasing factors. Data are still incomplete on the
development of excess cancers late in life for individuals
irradiated in utero in the atomic bombings in Japan,
although there is some evidence to suggest an increased
incidence of cancer for this group.

5.4. Effects of Hot Particles

A controversial subject in relation to the Chernobyl
accident is the radiation risk due to ‘hot spots’ (due to
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small particles of high specific radioactivity) that it
caused. For this reason, the health effect of hot particles
are specifically discussed here.

A direct inference of the radiobiological model for
carcinogenesis described in Subsection 5.2.1 is that the
risk of cancer induction has to be assumed to be broadly
proportional to the number of the irradiated viable stem
cells in a given organ or tissue. If a given amount of
radioactive material is uniformly distributed in the organ
or tissue, all the stem cells are irradiated and the risk of
cancer induction will therefore be the maximum for the
circumstances. But if the same amount is concentrated in
some parts of the organ or tissue such that only a fraction
of the stem cells are irradiated, the risk of cancer induc-
tion will be proportionately lower.

An extreme case of organ or tissues being irradiated
non-uniformly occurs when ‘hot particles’ are incor-
porated in organs such as the lung or the liver. The aver-
age number of stem cells irradiated over the whole tissue
is then much less than in the vicinity of the hot particles
and the risk of cancer induction is therefore proportion-
ately lower than that due to the same activity uniformly
distributed. The actual number of cells irradiated by a
hot particle depends on the type of radiation, e.g. it is
higher for gamma and beta hot particles than for alpha
hot particles. According to the theoretical predictions,
therefore, hot particles in organs or tissues can be
regarded as posing a smaller risk of cancer induction
than the same activity uniformly distributed in those
organs or tissues. Experimental studies, particularly for
alpha particles in the lung, are in accord with these
predictions: generally, high concentrations of radioac-
tive material in hot spots in organs or tissues have been
found to be less carcinogenic than the same amount of
material spread uniformly and delivering a uniform but
lower dose.

Hot particles may create areas of necrosis around
them, however, if the cellular dose is sufficiently high
to induce cell killing. Dead cells are not available for
subsequent cell transformation and therefore do not
increase the cancer risk due to hot particles. In case of
deposition on the skin, the lesion of concern is ulceration
or breakdown with subsequent infection that leads to
ulceration. The threshold dose for particles 1 mm in
diameter is estimated to be 70 Gy measured over an area
of 1.1 mm? or about 1 Gy when averaged over 1 cm?
at a depth of 100~150 um. However, below 250 Gy the
ulcers are transient, lasting less than a week. Erythema
over a larger area is detectable at these doses. Other esti-
mates based on the number of beta particles emitted
from the source (which is approximately independent of
beta energy) suggest threshold values, at least for more
severe or more persistent ulceration, of about 10'° par-
ticles or becquerel-seconds. This emission level cor-
responds to a dose of about 5 Gy when averaged over
1 cm? at 100-150 pm, which is a somewhat higher
threshold than those values proposed in the foregoing.
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TABLE 5. Summary of Estimates of Probabilities of Effects of Low LET Radiation [Source: Ref. [3]]

Effect Population Exposure period Exposure modes Probability

Mental effects

Reduction in IQ Foetus 8-15 weeks of gestation High dose, 30 IQ points/Sv
high dose rate

Severe mental retardation Foetus 8-15 weeks of gestation High dose, 40 x 10 at 1 Sv

Hereditary effects

Severe hereditary effects, Whole
including multifactorial population
diseases
Cancer
Fatal cancers (total) Workers Lifetime
Fatal cancers (total) General Lifetime
population

All generations

high dose rate

Low dose, 1.0 x 107%/Sv
low dose rate
Low dose, 4.0 x 107/Sv
low dose rate
Low dose, 5.0 X 107%/Sv

low dose rate

Many of the experimental studies have concentrated
on alpha emitter particles and detailed results have been
available mainly in the open scientific literature. The
IAEA has initiated a Co-ordinated Research Programme
on the issue of hot particles, particularly beta emitter
particles, with the participation mainly of laboratories
of eastern European countries. Objectives of the
programme include fostering the exchange of informa-
tion already available and extending research on beta
emitter particles. It would be expected that the laborato-
ries participating in the programme would confirm the
aforementioned conclusions on the lower risk of cancer
induction from hot particles than from homogeneously
distributed radionuclides.

The corroboration assessments in this report will
therefore concentrate not on hot particles but on the con-
tamination that can conceivably be incorporated uni-

formly in organs and tissues. In the work to corroborate
the environmental contamination (see Part D), for
instance, not the corpuscular contamination of the
environment but rather the average contamination of
macroareas and materials has been investigated.

In investigating the doses received, it has been
implicitly assumed that the activity is homogeneously
distributed in the relevant organs and tissues, which
assumption is prudent for radiation protection purposes.

5.5. Summary of Estimated Probabilities of
Effects of Irradiation

The estimated probabilities of effects of irradiation

that were given in the recent ICRP recommendations 3]
are shown in Table S.
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6. Environmental Effects of Radiation on
Species Other than Man

6.1. Introduction

The effects of ionizing radiation can be seen at all
levels of biological organization, ranging from the
molecular level to ecosystems. Effects at all higher
levels of biological organization can be traced to
molecular and cellular responses. However, molecular
and cellular responses do not necessarily lead to observ-
able effects at the individual, population or ecosystem
level. For people, our values are strongly focused upon
the individual, as individuals are considered to have
great value and importance. In contrast, most other spe-
cies are viewed and valued more as populations than as
identifiable individuals. In general, measurable changes
in populations and communities (population assem-
blages) require rather severe effects at the cellular level
for many individual organisms. For the structure of a
biotic community to be altered requires a change in com-
ponent populations, which in turn requires widespread
mortality and/or reduced reproduction of individuals.
On the other hand, genetic or somatic mutations which
can be produced by lower levels of exposure may have
little or no impact on population or community perfor-
mance because of natural selection and convergence of
genetic information among adjacent populations.

Many research studies have been directed at acute
exposures of the individual organism where pathological
responses were observed. The expense and difficulty of
doing meaningful study of radiation effects on plant and
animal populations and communities in their natural
environments preclude the possibility of providing infor-
mation on a large number of species and community

types.

6.2. Effects on Terrestrial Plants

Radiation effects in individual plants express them-
selves as abnormal shape or appearance, reduced growth
or yield, loss of reproductive capacity, wilting and death
at high exposures. Among the plant community, charac-
teristics which have been measured in relation to the
stress of ionizing radiation are physiognomy (growth
form), species composition, species diversity, and vege-
tation cover and production. Most of the available data
on terrestrial plant communities are summarized in
Table 6. It can be seen that there is substantial variation
in sensitivity among the plant communities. Among the
communities studied, the pine forest appears to be the
most sensitive, with a threshold total dose of ~3 Gy
causing changes in the coefficient of community (see
Table 6). It should be noted that in the oak-pine forest,
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where the pine was again the most sensitive species, the
value of the coefficient of community was unaffected at
exposure rates <0.5 Gy/d over a period of 18 months.
However, measurable change in litter production and
leaf fall was observed with exposure rates down to
~20 mGy/d. The other communities listed in Table 6

TABLE 6. Minimum Gamma Ray Exposures and
Exposure Rates Observed to Produce Detectable
Effects in Terrestrial Plant Communities

. Minimum Minimum
Exposure  Attribute

Community . exposure total
type l()g:(g meazzl)lred rate exposure
Y (Gy/d) (Gy)
Pine forest 8 cc 3.75 3
Oak-pine 540 cc 0.5 270
forest 900 H 0.5 450
1400 L 0.02 2.9
Deciduous 165 B 0.24 40
forest
Tropical 34 B 1.18 40
forest
Old fields 17 S,H 0.59 10
(abandoned 29 cc 12.0 350
cropland) 29 B,S,H 5.86 170
365 . cc 0.5 180
365 H 1.0 360
Meadow 11 cc 2.27 2.5
vegetation
Short grass 30 cc 4.67 140
plains 30 H.B 3 90
420 cc 1.2 500
420 H 0.4 950
510 B 1.7 870
Lichen 92 S,B 22 2000
780 cc,H 3 2340
Note:

cc is the coefficient of community, which measures qualita-
tive changes in species composition;

S is the similarity index, which relates to changes in abun-
dance of individuals within species as well as in the number
of species;

H is the diversity index, which measures balance among
individuals of different species, as well as the number of
species;

B is the biomass index, which is measured as the dry above
ground mass of biological tissue per unit ground area;

L is the leaf fall index, which is measured as the dry mass
deposited per unit ground area.
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are much more resistant; in particular, lichen dominated
communities are exceptionally resistant.

The radiation sensitivities of cultivated plants, such
as vegetables, grains and fruit trees, are in general simi-
lar to those of closely related species that occur natur-
ally. Such radiation sensitivities are predictable to within
a factor of perhaps 2 from cellular characteristics, par-
ticularly the interphase chromosome volume. Lettuce
(Lactuca sativa) for example has an LDy, (defined as
the lethal dose for one half of the irradiated population)
of 50 Gy, while barley (Hordeum vulgare) and wheat
(Triticum aestivum) have LDs, values of ~20 Gy and
~30 Gy, respectively. LDsy values for peach and
apple tree buds and seedlings ranged from 32-150 Gy,
depending on the stage of leaf development.

The data in the literature also indicate another aspect
of the responses of organisms to radiation; the dose rate
at which a given response was observed declined with
the protraction of the exposure even though the total
dose needed to produce the response increased. It would
appear that there are unlikely to be any detrimental long
term effects on plant communities in which the maxi-
mum dose rate is of the order of 10 mGy/d or less.

While a reduction in productivity and an increase in
leaf fall may be sensitive indicators of stress in the oak-
pine community, there may be little impact on the com-
munity structure in the long term. This would be particu-
larly true if only a small part of the community ex-
perienced dose rates sufficiently high (~20 mGy/d) to
induce this response. However, it must also be remem-
bered that a significant increase in leaf fall (and litter
production) could have implications for the ground liv-
ing invertebrate populations which, while relatively
insensitive to the direct effects of radiation, could
respond indirectly to the exposure through the change in
food supply.

In summary it appears that in the natural environment
the most sensitive plants display similar radiation sensi-
tivities to those of mammals.

6.3. Effects on Terrestrial Animals

6.3.1. Mammals

In the case of mammals, most work relevant to popu-
lations has involved studies of lethality. The LDsgs39
values (defined as the lethal dose for one half of the
irradiated population over 30 days) ranged from
~5-11 Gy. Direct mortality has been observed in
individuals at acute whole body doses down to ~2 Gy.
Considerable work has also been done on reproduction,
and the majority of results suggests that natality is a
more radiosensitive parameter than mortality. Minimum
acute doses required to depress reproduction rates may
be less than 10% of the doses required to produce direct
mortality. Various factors such as competition, hiberna-

tion, degree of confinement and temperature can modify
mammalian responses to acute radiation, but such modi-
fications appear insufficient to cause significant effects
on mortality at acute whole body doses below ~1 Gy.

The basic radiosensitivity of domestic mammals in
terms of lethality appears similar to that of the wild
mammals. The whole body LDsg,e values derived from
gamma radiation in the range from 4-7 Gy for sheep,
cattle, pigs and horses. One of numerous factors affect-
ing LDsy values is dose rate. For example, reported
LDsg60 values for sheep range from > 10 Gy delivered
at <10 mGy/h to 2.5 Gy delivered at 6.5 Gy/h.

Species vary greatly in the radiosensitivity of the
gonad, but female mice are among the most sensitive. In
studies with mice, reproduction was impaired by doses
down to 0.2 Gy for females. Male mice were less sensi-
tive, requiring doses of over 3 Gy to impair reproduc-
tion. Permanent sterility in female mice was produced
by 1 Gy.

With regard to the effects of chronic radiation
exposure on animal populations, reproduction was the
population attribute most sensitive to damage from
chronic irradiation and also the attribute of greatest sig-
nificance in the ecological context. The long lived spe-
cies in which reproductive activity was spread over a
number of years would be the most sensitive to radiation
stress. At 0.1 Gy/d, pigs and donkeys showed some
deterioration in a few weeks and died after a few months
of continuous exposure. At an exposure rate of 1 mGy/d,
no effects were observed. However, in other experi-
ments, chronic exposure of ~4 mGy/d produced meas-
urable declines in the number, mortality and viability of
sperm in dogs, while exposure rates < 1.2 mGy/d failed
to produce sperm count changes in dogs. Under continu-
ing irradiation, animal populations are able to compen-
sate for radiation stress and adjust to new equilibrium
states. Higher birth rates may offset higher death rates,
or improved late survival may compensate for impaired
early survival in populations.

Overall it may be concluded that a dose rate of
~ 10 mGy/d represents the threshold at which slight
effects of radiation become apparent in those attributes,
e.g. reproductive capacity, which are of importance for
the maintenance of the population.

6.3.2. Birds

In terms of mortality, birds (including domesticated

- varieties) appear to exhibit LDsq3 values in the range

of 4.6-30 Gy. Domestic poultry are reported to exhibit
an LDsg/g0 of 9 Gy. Irradiation of tree swallow (Zachy-
cineta bicolor) and house wren (Troglodytes aedon)
nestlings immediately after hatching has shown that
growth through the nestling stage is unaffected by a total
dose of 0.9 Gy but may be slightly depressed at doses
>2.6 Gy.
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There have been few studies of the effects of acute
irradiation on the reproductive capacity of birds, but
indications are that birds show radiosensitivity similar to
that of mammals. In male weaver finches (Quelea
quelea), exposures of ~0.5 and 2 Gy produced no tes-
ticular change, but ~4 Gy induced apparent abnormali-
ties. In white leghorn chickens, a dose of 4 Gy reduced
egg production for 10 days post-exposure. At higher
doses the effects were greater and longer lasting.

Studies of chronic irradiation on bird populations are
inherently more difficult because of their mobility, and
relatively little work has been done in this area. A few
investigators have looked at nesting success of passerine
birds in irradiated ecosystems. In these studies,
exposure rates of 0.2 Gy/d caused embryonic mortality.
In contrast, the breeding success of swallows and wrens
exposed to ~0.7-6 mGy/d appeared essentially normal.
However, large dose rates (1 Gy/d) reduced hatching
success. The minimum chronic exposure level at which
effects on reproduction or mortality would become
manifest does not seem to be well established.

6.3.3. Reptiles and Amphibians

Literature on reptiles and amphibians suggests that
these groups are somewhat less sensitive to acute radia-
tion in regard to lethality than birds and mamimals,
although there is substantial overlap in sensitivity. A
similar comparison for reproduction has not been made,
but it is likely that the response for reproduction effects
is roughly similar to that of mammals.

6.3.4. Invertebrates

A large number of data are available on the effects of
radiation on invertebrates, especially on insects. Insects
are, in general, far less sensitive to radiation than ver-
tebrates. Adult insects usually require about 100 times
the dose to produce lethality as compared with ver-
tebrates. This difference has generally been ascribed to
the fact that there is very little cell division and differen-
tiation in progress in adult insects. Gonadal cells of adult
insects do divide, however, and it is found that
reproduction can be impaired at much lower doses.
Juvenile insect forms are much more sensitive to the
lethal effects of radiation, as would be predicted from
the high cell turnover rates in these age classes. Many
factors have been shown to modify the response of
insects to radiation; however, it is very unlikely that spe-
cies more sensitive than vertebrates to either the lethal
or the reproductive effects of radiation will be found.

In order to observe effects on populations, several
types of soil invertebrates were counted in an ecosystem
with radionuclides. Dose rates that apparently produced
reductions in animal numbers were generally quite high
(0.5-10° Gy/d); however, some effects were reported
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at dose rates on the order of 24 mGy/d. The most sensi-
tive organism observed was the common earthworm, of
the family Lumbricidae.

With respect to chronic exposures in natural environ-
ments, invertebrates appear to be more affected by
indirect than by direct effects. Exposure rates that sig-
nificantly alter vegetation structure or character may not
have direct impact on invertebrates. However, these
animals exhibit clear responses, both negative and posi-
tive, to the vegetative changes.

Genetic effects on insect populations from chronic
irradiation are not likely to be more important than
effects on fertility. Even severe genetic damage was
reparable through succeeding generations.

6.4. Effects on Aquatic Organisms

For many aquatic animals, mortality and induction of
histopathological changes occur only after exposure to
radiation at high dose rates or in large doses. In general,
their early life history stages are more sensitive than
their adult stage, and organisms occupying successively
higher positions in the phylogenetic tree require progres-
sively lower doses or dose rates to elicit effects.
However, it is expected that these responses would be
limited to individuals and not populations, unless the
area of the marine environment affected by radiation
encompasses all or almost all of a species’ domain.

The effects of radiation on the mortality rate have
been evaluated for most phylogenetic groups of marine
organisms. Microorganisms, and other organisms that
occupy the lower phylogenetic positions, may require
enormous doses to kill them. Bacterial populations con-
tinue to form colonies at doses greater than 100 Gy. One
of the most resistant observed to date is the ciliate pro-
tozoan Paramecium aurelia, which is reported to have
an LDy, of 3000 Gy. Other radioresistant organisms
include sponges and hydroids.

The effects of acute radiation have also been deter-
mined for a variety of higher invertebrates and fishes.
Results of the effects of acute radiation on mortality indi-
cate that the range of lethal levels in adults of different
species of fish is from about 3.75 to 100 Gy. The effects
of chronic irradiation on mortality of fishes and higher
invertebrates have been examined in a few studies. No
significant differences were reported in mortality be-
tween the salmon Oncorhynchus tschawytscha embryos
irradiated at about 0.21 mGy/h for approximately
20 days (total dose about 0.1 Gy) and the control salmon
embryos. Adults of the blue crab Callinectes sapidus
subjected to chronic gamma irradiation required dose
rates greater than about 290 mGy/h for 70 days to cause
death, and juveniles of the clam Mercenaria mercenaria
exposed to about 0.06 to 370 mGy/h for 14 months
exhibited decreases in survival and growth only at the
highest dose rate, 160 to 370 mGy/h.
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The effects of ionizing radiation on reproductive tis-
sue in fishes have been studied and it was found that
counts of primordial germ cells in the chinook salmon
Oncorhynchus tschawytscha exposed to 2.5 Gy from an
X ray source were 10% of the control values. In rainbow
trout Salmo gairdnerii embryos exposed to a ®Co
source for total doses of about 6.0 and 8.0 Gy, sterility,
which was induced at the lower dose tested, was
detected at all observation periods (60 to 150 days). A
reduced egg production rate was observed in adults of
the amphipod Gammarus duebeni receiving about 2 Gy.
However, this was offset by a higher survival of adult
females and an increased brood size. Increased embryo
mortality was found in the marine polychaete worm
Neanthes arenaceodentata when mated pairs received
doses greater than 0.5 Gy.

The effects of chronic, low level irradiation on germ
tissue in fish and invertebrates have been evaluated for
a limited number of species. The lowest dose rate at
which effects of chronic irradiation exposure on fertility
of aquatic invertebrates and fish were demonstrated is
about 0.25 mGy/h. With respect to the effects of chronic
irradiation on fish embryos, a significant increase in
opercular defects of smolt was found at exposures of
about 0.3 to 0.5 Gy given at 0.21 mGy/h from the
moment of fertilization. There have been few studies on
the effects of radiation on the development of inver-
tebrate embryos. Studies on Physa acuta gave results
similar to those for fish. The lowest observed effect level
was an LDsgy of about 11 Gy for embryos at the four
cell stage.

In summary, dose rates between 5 and 100 mGy/d
appear to define a critical range in which detrimental
effects on fertility are first observed in sensitive organ-
isms. Increased mortality might be expected at sustained
dose rates exceeding 240 mGy/d, while reduced repro-
ductive success would be likely at dose rates in the range
of 24-240 mGy/d. At lower dose rates there would be
minor effects which could be accommodated within the
reproductive capacity of the population or eliminated by
the process of natural selection. This is of interest
because it shows that effect levels in some aquatic
animals are comparable to those observed in some mam-
mals, and it indicates that germ cells from some fishes
and invertebrates are not more radioresistant than those
of mammals.

6.5. Observations in Areas of Elevated
Radioactivity Levels

6.5.1. High Natural Background Radiation
Areas

There are regions in various countries where the ter-
restrial radiation dose is substantially high. Animals

living in such areas have been investigated for the effects
of chronic irradiation. In the studies of a population of
the black rat in southern India, a population of inver-
tebrates in Mount Arabia in Georgia (USA) and lizards
on the Colorado Plateau (USA), comparisons of the var-
ious parameters failed to indicate any significant differ-
ences between the populations undergoing elevated
radiation exposure rates ranging from two to seven times
average levels and those experiencing average back-
ground exposure rates. More recent work, however,
suggests definite effects on reproduction in female mice
maintained in captivity at a site in France where the dose
rate from external natural background was measured as
~2 mGy/d. In this study, the number of offspring
weaned from the irradiated females was 74% of the
comparative number weaned from the control females.
In contrast, irradiated male mice produced 1.4 times as
many weaned young as did control males. In the same
study, rabbit lymphocytes carried an increased number
of unstable chromosomal aberrations, such as fragments
and dicentrics, when exposed to the enhanced back-
ground radiation. These findings, while of considerable
interest, do not necessarily imply that populations of
mammals receiving comparable dose rates would be per-
ceptibly altered in terms of density or general fitness.
For animals inhabiting areas of high natural radioac-
tivity in the USSR (~ 1-2 mGy/d), a large number of
abnormalities were reported, such as abnormal mitoses,
decreased body fat, lower fertility, degeneration and
necrotic processes. All of these phenomena helped to

_explain the reduced fertility, the decrease in the number

of animals, and the lower densities of animals in these
areas; however, internal doses from incorporated radio-
nuclides and differences in chemical toxicity of the
environment were not taken into account.

6.5.2. Contaminated Environments

A number of field studies have been conducted at
sites of enhanced environmental radioactivity from
anthropogenic sources. A comparison of various biolog-
ical measurements between two ecologically similar
study areas of greatly differing 3°Pu levels at Rocky
Flats (Colorado, USA) was conducted. Measurements
included vegetation structure and biomass; litter mass;
arthropod community structure and biomass; and occur-
rence, population density, biomass, reproduction, organ
mass, pathology, and parasite occurrence in a small
mammal species. No differences attributable to radiation
exposure were found for any of the measurements, even
though levels of 2*°Pu in the upper 3 cm of soil were as
high as 1.5 x 107 Bq/m?.

Populations of the midge (Chironomus tentans) and
the snail (Physa heterostropha) that inhabit White Oak
Lake (a radioactive waste retention pond) at the Qak
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Ridge National Laboratory, USA, have been the subject
of several investigations. In 1960, an increased fre-
quency of chromosomal aberrations was found in the
salivary gland chromosomes of Chironomus larvae that
inhabited White Oak Lake, where they receive a dose of
~2 Gy/a, approximately 1000 times normal back-
ground level. However, ten years later when the dose
rate had decreased to ~0.1 Gy/a, the frequency of chro-
mosomal aberrations was not significantly different
from that in control populations. This decrease in fre-
quency of chromosomal aberrations supported the previ-
ous conclusion that chronic irradiation of ~2 Gy/a
increased the frequency of chromosomal aberrations in
the Chironomus population, although there were no
apparent additional consequences for the population.
An extensive review of research on ecological effects
of nuclear testing at the Pacific proving grounds was
provided for rat populations, Drosophila cultures, land
plants and marine organisms. The effects of the testing
programmes could not, in general, be ascribed solely to
radiation because of concomitant effects of blast and
heat. Furthermore, human exploitation of the resources
was altered considerably. Although many significant and
complex effects on these ecosystems were observed, the
recovery processes following the testing programme

were relatively rapid and vigorous. Deleterious effects
on marine and terrestrial populations were not persis-
tent, presumably because of the rapid declines in the
intensity of radiation and other impacts, the selective
elimination of defective genetic information, and the
recolonization of damaged areas with healthy individuals
from distant locales.

The Chernobyl accident provides an example in
which comparatively high levels of radioactivity were
found in plants and animals exposed to the fallout. A few
months afler the accident, lethal effects were visually
manifest in pine trees that had received more than 10 Gy
(most of it from beta radiation) and pronounced morpho-
logical changes were observed in the dose range from
3 to 10 Gy. Other tree species present in the damaged
pine area (mainly beech, aspen and oak) suffered
practically no damage, and no obvious morphological
changes were apparent in herbaceous plants. In Sweden,
reindeer were found with levels of '*’Cs as high as
1.6 x 10* Bg/kg fresh meat, and fish with levels of up
to 4.8 X 10* Bg/kg fresh tissue. The internal dose rate
to the fish containing the maximum observed '*’Cs level
of 4.8 x 10* Bq/kg would be of the order of 0.2 mGy/d.
This upper limit dose rate is not likely to produce
observable effects on the fish population.

7. Radiation Protection

The use of the term radiation protection is confined to
the criteria and approaches adopted to protect human
beings against the effect of ionizing radiations.
However, it is considered that the standards of
environmental control necessary to protect man to the
degree currently thought desirable will ensure that
other species are also protected.

7.1. The Dose-Response Relationship for
Radiation Safety Purposes

Many attempts have been made to incorporate the
current knowledge of radiation biology into workable
models for radiation safety purposes. One such attempt,
in which the overall (deterministic and stochastic) prob-
ability of harm is plotted against effective dose in a sim-
plified manner, is shown in Fig. 14,

The figure illustrates the dose-risk relation used for
radiation protection purposes. Three regions can be
recognized:

— For doses higher than about 5-10 Sv, delivered in a
short period of time, practically all irradiated
individuals will suffer an acute radiation syndrome
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and eventually die as a consequence of the irradia-
tion. Therefore, the relation is assumed to approach
asymptotically a probability of unity for doses higher
than about 5-10 Sv.

— For doses of a significant fraction of 1 Sv, delivered
in a short period of time, non-stochastic effects may
occur. The dose-risk relation approximates to a sig-
moid relation. The exact shape depends on a number
of factors, such as the dose rate, which could be rele-
vant for particular scenarios of exposure. For a dose
of approximately 3 Sv, the probability of death is
about 0.5.

— At dose levels below a fraction of 1 Sv, only stochas-
tic effects occur, the probability of occurrence being
directly proportional to the dose level. These include
malignancies in the irradiated individual and severe
hereditary effects in the succeeding generations of
descendants of the irradiated individual. In this range
it is assumed that, following any increment of dose,
there is a proportional increment in the probability of
an effect. The relation of probability of harm to dose
is therefore assumed to be linear in this range. For
radiation protection purposes, the slope of the line
(i.e. the risk factor in this region) is currently taken
to be around 5 X 1072 (5%) per sievert.
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FIG. 14. The dose-risk relation used for radiation protec-
tion purposes, showing three distinct regions.

The use of the linear, non-threshold dose-response
relation for stochastic effects is much more than a sim-
plistic conservative assumption. It is founded in radio-
biology and fits the human data on radiation induced
cancer at the low end of the observable range. It has the
great advantage for regulatory purposes of allowing
separate sources of exposure to be considered separately
because the detriment associated with each exposure is
independent of the doses due to the others (if the
response were non-linear, all doses would have to be
considered together as a single entity). The slope of the
relation is subject to uncertainties (see Subsection 5.2.1),
but there is widespread scientific agreement that the cur-
rent value of 5% per sievert for a general population is
unlikely to be an underestimate of the risk. There are
some scientists who claim that the risks are higher and
others who consider that the current figures are serious
overestimates, but neither view has gained wide accep-
tance. The radiobiological theory, which supports the
linear, non-threshold relation at low dose levels, is con-
ceptually and mathematically simple and plausible,
accommodates present scientific knowledge and pro-
vides a sound scientific base for future projections.

The advantages mentioned do not alter the fact that
the linear, non-threshold dose-response relation is no
more and no less than a scientific theory based on
mechanisms that fit the available data. As a scientific
theory, it is intrinsically subject to invalidation. The lack
of observational data on human health effects at very low
doses constrains the testing of the theoretical projections

for these ranges (this lack of data will probably persist
for some time, necessitating a reliance on indirect
evidence).

Although a radiation source may deliver a low dose,
this dose is not necessarily incurred at a low level in the
dose-response relation. Indeed, because of the inescapa-
ble exposure to natural background radiation, no human
being can sustain zero dose or even receive only very
low doses. The exposure to natural background radiation
results in a per caput individual dose of about 2.4 mSv
per annum, so that by mid-life an average person would
have accumulated a dose of the order of 0.1 Sv. (In areas
of high natural background radiation, the dose incurred
can be orders of magnitude higher than this average.)
Doses from specific exposures to man-made sources are
additional increments to this accumulated ‘natural dose’.
(For the body it is immaterial whether a dose received
is due to radiation from natural sources or from a given
man-made source: the important value is the summed
dose.)

If the dose-response relation were so non-linear as to
preclude the assumption of proportionality between dose
and risk increments, a given dose increment would carry
different risks, depending on the dose at which the incre-
ment occurred. Thus, in order to control the risk, it
would be necessary to know the sequence in which each
and every dose contribution was incurred. This would
entail a control regime for radiation safety purposes that
would be unworkable. Seemingly, even if the relation
were shown to be non-linear, regulatory authorities
would have no real choice other than to retain the
assumption of a linear relation.

7.2. Implications of the Dose-Response
Relationship

The relevant implication of the no threshold linear
relation is that since it is impossible to achieve zero dose
from a given radiation source, it is also impossible to be
at zero risk from any source.

The risk may be extremely small but is theoretically
quantifiable. Figure 15 shows the extremely small theo-
retical increase in the total conditional death probability
rate (for the population of Sweden in 1986) produced by
a dose rate of 5 mSv per year over a lifetime. The
change is only shown for the additive projection model.
With the multiplicative model the change is smaller for
ages below 50 years. At higher ages it is less than 4.5%
for females and less than 2.5% for males; these changes
are too small to illustrate on the figure.

Moreover, radiation risk at low doses is so small that
stochastic radiation effects can be undetectable in most
cases. While deterministic effects can be detected (diag-
nosed) in the exposed individual by clinical methods and
can be related to their cause (the absorbed dose),
stochastic effects cannot be detected individually, with a
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FIG. 15. The change in the total conditional death proba-
bility rate (reference: the population of Sweden in 1986) fol-
lowing an exposure of 5 mSv per year from birth over a
lifetime. The change is shown for the additive projection
model only. With the multiplicative model, the change is
smaller for ages below 50 years. At greater ages it is less than
4.5% for females and less than 2.5% for males; these changes
are too small to be shown on the figure. [Source: ICRP {3]]

causal relation with the individual’s absorbed dose, but
only statistically in a population group. And, there is a
dose threshold for the epidemiological detectability of
stochastic effects, which depends of the number of per-
sons exposed. The epidemiological data need considera-
ble interpretation and studies cannot provide reliable
information on the effects of very low doses. This is
because cancer and hereditary disorders are naturally
common in human populations. The sensitivity of
studies of the effects of low doses of radiation on
humans is thus very limited. There are two main limita-
tions, one statistical and the other demographic, as
follows:

(@) The normal probability that death will be due to
cancer of any origin, including cancers due to radiation
from natural sources, is about 20%. Thus there is a
statistical limitation to radioepidemiological studies that
requires very large numbers in both the study group and
the control group for any statistical effects of small doses
to be observed. For the present estimates of the proba-
bility of incurring fatal cancer attributable to radiation,
the study and the control groups would each have to con-
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tain about 5 million people in order to be able to detect
with confidence the effects of an excess dose of 10 Sv.?

(b) The demographic limitation is due to unknown
differences between the study group and the control
group (e.g. due to social conditions, genetic composi-
tion, exposure to infections, etc.). Unless the two groups
are drawn from a homogeneous population, the effects
of doses less than about 0.5 Sv cannot be detected or
excluded with confidence.?

Under the implication of no zero risk, therefore, the
aim is not to seek an idealistic absence of risk but mainly
to keep all risks as low as reasonably achievable under
the prevailing social and economic conditions; to
optimize safety rather than to seek absolute freedom
from risk. Thus the relevant safety issue is not whether
one could reduce the level of risk further but whether

> If two similar populations are being compared, then, to

detect with confidence the effect of a higher average radia-
tion dose in one of them, it is necessary to obtain a differ-
ence in incidence between them about twice as large as its
standard deviation. The difference in the number of fatal
cancers is given by (N — C) and its statistical standard devi-
ation by V(N +C), where N is the expected number of
cancer deaths in the observed group and C is the expected
number in the control group. With 500 people in each
group and an expected cancer incidence of 25 % in the study
group, N would be 125 and C 100. The expected difference
would be 25 with a standard deviation of v/225, or 15. This
difference would then be observable with a confidence of
about 90%. An incidence of fatal cancer of 25%, i.e. an
increase of 5% over the normal probability of 20%, cor-
responds to an excess dose in the exposed group over that
in the control group of about 1 Sv. To detect the effects of
0.1 Sv, the groups would each need to be increased to about
50 000 people, giving a difference (N —C) of 10 250 —
10 000 = 250 with the standard deviation of V20 250, or
142. To observe the effect of a dose of 10 mSv in excess
of the natural background would require groups numbering
5 million each.

For geographically scparated groups, it is unlikely that con-
founding factors (such as age distribution, for which cor-
rections can be made, and social conditions, genetic
composition, environmental influences and exposure to
infections, for all of which the corrections are imprecise or
unknown) can be eliminated to the extent that differences
of a few per cent can be confidently excluded. That is, if
the control group has an incidence of fatal cancer of 20%,
the figure for the study group may well be anywhere in the
range from 18% to 22%. At current estimates of risk, this
precludes the detection of the effects of doses of less than
about 0.5 Sv however large the groups may be, unless, as
in the studies of the survivors of the atomic bombing of
Hiroshima and Nagasaki, the study and control groups are
drawn from a single homogeneous population. Conversely,
a zero difference in cancer incidence can rarely be used to
derive information about doses lower than 0.5 Sv.
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one should. In confronting this issue, the safety specia-
list must make subjective judgements of what are appro-
priate levels of protection and safety.

7.3. Radiation Safety

Safety is a complex concept. Typically it has been
linked to the ideas of protection and security, and used
to denote reliability, prudent caution and freedom from
danger. Early toxicologists used the concept of safe dose
to indicate an amount of harmful substance that was
below a level (threshold) above which toxicity could be
manifested. Technologists and engineers, on the other
hand, generally use the term safety to denote accident
prevention. Not surprisingly, these ambiguities have
created problems of interpretation of what are the ulti-
mate safety objectives.

In relation to radiation the concept of safety is espe-
cially cryptic: historically, the discipline of radiation
protection has dealt mainly with the a priori limitation of
radiation doses from anticipatable, ‘normal’ exposures
to man-made radiation sources; the discipline of nuclear
safety has dealt mainly with the prevention of nuclear
accidents and — should they occur — with the mitigation
of their consequences by technological means. At the
time of the Chernobyl accident, neither discipline had
fully developed safety criteria for dealing with the type
of de facto situations that would be created by wide-
spread contamination following a catastrophic accident.

Judgements leading to decisions on safety principles
for radiation risk are usually made by professional and
governmental organizations. Far from being a mechani-
cal operation, the judgemental process in reality reflects
cultural perspectives, national traditions, social values
and professional attitudes. At least three cultural
responses to risk are exhibited by western societies:
these may be termed pioneering, regulating and moraliz-
ing altitudes. (This discussion is taken from Ref. {10].)
These are applicable to the radiation safety community’s
pattern of response to radiation risk. A pioneering soci-
ety considers freedom important; it has little concern for
risk and in fact is stimulated by risk taking. The regulat-
ing society prefers structures and rules; for it, order is
most important. For the regulating society, the problem
of harmful risks must be solved quantitatively for the
sake of order: a value must be clearly set. The moraliz-
ing society is strongly motivated by purism, cleanliness
and protection. For it, even small risks from any human
action are unacceptable, in spite of any derived benefits.
Globally, there seems to be a tendency towards the
moralizing society, with the associated implications: the
pursuit of the ‘perfectly safe’ technology or the ‘abso-
lutely clean’ environment.

In making decisions on radiation safety measures, it
is a major challenge to establish a healthy equilibrium in
which these three cultural approaches interact to pro-

mote a rationalized safety. In doing so, it should be
recognized that most decisions about human safety are
based on an implicit form of balancing benefits against
cost and disadvantages, leading to the conclusion that a
particular course of action either is, or is not, worth-
while. Decisions on radiation safety are no exception to
this rule. Less commonly, it is also generally recognized
that the conduct of a protective action should be adjusted
to maximize the net benefit to the individual or to soci-
ety. This is not a simple process because the objectives
of the individual and those of society may not coincide.
In radiation safety, as in other areas, it is becoming pos-
sible to formalize and quantify procedures that help in
reaching these decisions. In doing so, attention has to be
paid not only to the advantages and disadvantages for
society as a whole, but also to the protection of
individuals. When benefits and detriments do not have
the same distribution throughout the population, there is
bound to be some inequity. Serious inequity can be
avoided by paying attention to the protection of the
interests of individuals.

The Chernoby! accident demonstrated a failure of that
plant’s nuclear safety measures: the accident was not
prevented and its consequences were not limited by the
technological features of the plant. Radiation protection
specialists had to deal with the radiological conse-
quences of an unanticipated, abnormal situation for
which no a priori criteria had been developed.

7.4. Evolution of Radiation Protection

The philosophy of radiation protection has been
elaborated by the International Commission on Radio-

-logical Protection (ICRP). For over 60 years, the ICRP

has issued recommendations on radiation protection,
which international organizations, including the CEC,
the JAEA, the ILO, the OECD/NEA and WHO, have
implemented adaptively. Pioneering radiation protection
specialists — influenced by the knowledge of conven-
tional toxicology of the time — presumed the existence
of dose thresholds for any biological effects of radiation
and, reducing these assumed thresholds by ad hoc
‘safety factors’, derived the concept of ‘safe’ dose
limits. However, with the growing recognition that any
radiation exposure, however small, could be assurned to
pose some statistical harm in large populations, protec-
tion gradually developed from pragmatic prescriptions
of evolving individual related requirements (termed
maximum permissible doses) to a sophisticated protec-
tion system of individual related and source related
requirements (see Subsection 7.6.) intended to con-
strain, a priori, increases in existing dose levels due to
anticipatable, ‘normal’ exposure caused by the introduc-
tion of practices using radiation sources.

Recently, radiation protection specialists have recog-
nized the need to expand the scope of the discipline.
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Thus, in the light of the recent concern over, for exam-
ple, abnormally high radiation exposures due to natural
sources in dwellings and post-accident contamination,
the need for safety criteria for reducing radiation doses
actually incurred in such de facto situations has been
recognized. Together these factors have served to em-
phasize the need for a universal approach to radiation
safety for all exposure situations. At the time of the
Chernobyl accident, there was no such common
approach.

7.5. Basic Aims of Radiation Protection

Since everyone is exposed to radiation from natural
and artificial sources, any realistic system of radiologi-
cal protection must have a clearly defined scope if it is
not to apply to the entirety of human activities. It also
has to cover, in a consistent way, a very wide range of
circumstances or situations.

The basic framework of radiological protection
necessarily has to include social as well as scientific
judgements. Furthermore, it must be based on current
radiobiological knowledge and on the assumption that
even small radiation doses may produce deleterious
health effects. Radiation protection should therefore be
aimed at preventing the occurrence of deterministic
effects by keeping doses below the relevant thresholds,
and ensuring that all reasonable steps are taken to reduce
the probability of stochastic effects. In simple terms, a
system of radiological protection (1) should aim to do
more good than harm when taking radiation related deci-
sions; (2) should call for radiation protection arrange-
ments that maximize the net benefit to people; and
(3) should aim to limit the inequity in the distribution of
radiation risks that may arise from a conflict of interest
between individuals and society as a whole.

7.6. Source Related and Individual Related
Requirements

It is convenient to think of the processes causing
human radiation exposures as a network of events and
situations. Each part of the network starts from a source.
(The term source is used to indicate the source of an
exposure, not necessarily a physical source of radia-
tion.) Radiation or radioactive material then passes
along environmental pathways (see Section 4), which
may be very complex in the natural environment, with
some pathways being common to many sources. Even-
tually, individuals, possibly many individuals, are
exposed as a result of a single original source. Since
there can be many sources, some individuals will be
exposed to radiation from more than one source. For
instance, all individuals are exposed to radiation from at
least a few natural sources.
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Assessments of the effectiveness of protection can be
related to the source giving rise to the individual doses,
which in such a case is called a source related assess-
ment, or related to the individual dose received by a per-
son from all relevant sources, which is termed an
individual related assessment.

Source related assessments make it possible to judge
whether all reasonable steps have been taken to reduce
the radiation exposures that the source will cause. The
source related assessment will take account of the mag-
nitude of individual doses attributable to that source, and
of the number of individuals so exposed, but will not
consider the additional contributions from other sources.
Individual related assessments are intended to determine
the total doses to individuals from all relevant sources,
in order to determine whether any individual has too
high a probability of stochastic effects and whether any
individual dose approaches a threshold for deterministic
effects.

7.7. Exposure Situations and Safety
Criteria

An important step towards coherency in safety mat-
ters is the development of consistent criteria for all types
of situations posing radiation risks. Two types of situa-
tion can be envisaged in forecasting possible scenarios of
radiation exposure:

(a) Anticipatable, preplanned situations which can be
envisaged when the introduction or modification of a
practice involving radiation risks is decided. They (i) are
expected to give rise to ‘normal’ exposures that are
assumed to occur with certainty (e.g. as a result of
planned releases of radioactive materials into the
environment) and (ii) may present potential scenarios of
exposures of a probabilistic nature (an example being
exposures that might occur should an engineering safety
system fail). Appropriate engineering protection sys-
tems can be planned in advance for restraining the in-
crease in radiation risks expected from these situations.

(b) De facto situations, where the only possible pro-
tection measure is some kind of intervention to reduce
radiation doses. They are unplanned situations, such as
‘discovered’ exposures to high levels of natural radia-
tion, or exposures occurring following a nuclear acci-
dent or a radiological emergency.

In principle, a coherent approach to radiation safety
should be applicable to all types of situations involving
exposures. In practice, at the time of the Chernobyl
accident, a set of consistent and internationally recog-
nized criteria existed only for normal exposure situa-
tions, for which the system of dose limitation
recommended by the ICRP was widely applied. Criteria
for dealing with de facto situations were either excluded
from, or only mentioned in passing in, international
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regulations current at the time. While these regulations
recognized implicitly the possibility of unanticipated
conditions for which exposures could only be limited by
remedial actions, if at all, they did not establish any
specific criteria for dealing with such situations. As a
result, there were no universal safety criteria for decid-
ing on intervention or remedial actions for dealing with
post-accident contamination.

7.8. Practices and Intervention

Following the Chernobyl accident, therefore, new
thinking on radiation protection principles evolved.
Today’s radiation protection philosophy distinguishes
between the introduction or modification of a ‘practice’
and ‘intervention’ in de facto situations:

Practices are human activities that increase the over-
all existing exposure to radiation, either by introducing
whole new blocks of sources, pathways and individuals,
or by modifying the network of pathways from existing
sources to man and thus increasing the exposure of
individuals or the number of individuals exposed.

Interventions are human activities intended to
decrease the already existing radiation exposures by
removing the existing sources, modifying pathways or
reducing the number of exposed individuals. Typical
cases for intervention are old dwellings with high levels
of radon or situations such as that following the
Chernobyl accident.

In the case of the introduction or modification of a
practice, there are the options of accepting the practice,
as proposed or with modifications, or of rejecting it out-
right. Existing practices can be reviewed in the light of
new information or changed standards of protection and,
at least in principle, can be withdrawn. But these options
are not available in the case of a de facto situation, where
the only available action to modify the situation is some
form of intervention.

The steps needed to restrict the exposure of indi-
viduals, either in the control of a practice or by interven-
tion, can be taken by applying actions at any point in the
environmental network linking the source to the indi-
viduals. The action may be applied to the source, to the
environment or to the individual. Actions that can be
applied at the source will be the least disruptive. They
influence all the pathways and individuals associated
with that source. Where available, therefore, controls
applied at the source are to be preferred. Actions applied
to the environment or to individuals are more obtrusive
and may have social disadvantages, not all of which are
foreseeable; moreover, their effectiveness will be
limited because they apply only to some of the pathways
and individuals. After the Chernobyl accident, all possi-
ble types of actions were applied to limit the releases
from the source, the destroyed reactor, but subsequent
measures had to be applied in the environmental network
and to the exposed or potentially exposed individuals.

The various types of exposure and the distinction
between practices and intervention give rise to different
degrees of controllability and thus influence judgements
about the reasonableness of the various control proce-
dures. The appropriate radiation protection require-
ments would depend on whether they are to be applied
to a practice (where they are intended to constrain the
expected increase in exposure) or to intervention (where
they are aimed at reducing existing exposures); how-
ever, a system of radiation protection should be intended
to be as general as possible, partly for consistency and
partly to avoid changes of policy resulting from the
demarcation of different situations.

7.9. The System of Radiological Protection

The ICRP is currently recommending a new system
of radiological protection which applies to both practices
and intervention. For the introduction of practices, the
system is basically the same as the historical ICRP dose
limitation system and is based on the following general
principles:

(a) No practice should be adopted unless it produces
sufficient benefit to the exposed individuals or to society
to offset the radiation detriment it causes. This principle
is termed the justification of a practice.

(b) In relation to any particular source, the magnitude
of individual doses, the number of people exposed and
the likelihood of incurring exposures where these are not
certain to be received should all be kept as low as
reasonably achievable, economic and social factors
being taken into account. This principle is termed the
optimization of protection.

(c) The optimization process should be constrained by
restrictions on the doses and risks to individuals, so as
to limit the inequity likely to result from the inherent
economic and social judgements. The overall additional
exposure to individuals resulting from the introduction
of a practice, therefore, should be subject to overriding
individual dose limits aimed at ensuring that no indi-
vidual is deliberately exposed to radiation risks that are
judged to be unacceptable. This principle is termed
individual dose limitation.

(The principles of the system of radiological protec-
tion for practices have been extensively discussed in the
literature and incorporated in international and national
standards-of radiation protection. They will not be dis-
cussed further in this Technical Report.)

These basic principles should also apply — in a modi-
fied form — to intervention in de facto situations, such
as that following the Chernobyl accident, as follows:

— The proposed intervention should be chosen so that
the reduction in expected harm is large enough to off-
set the social effort and consequences, including
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costs, of the intervention itself. This principle is
called the justification of intervention.

— The form, scale and duration of the intervention
should be chosen so as to give as large a net social
benefit as is reasonably achievable under the prevail-
ing circumstances. This principle is called the optimi-
zation of the protective measures.

At some level of projected dose to an individual,
some intervention will almost always be justified with
the aim of preventing serious deterministic effects.
However, dose limits do not apply in the case of inter-
vention because their use may conflict with the principle
of justification by calling for intervention that does more
harm than good.

These are the basic international radiation protection
principles that are applicable to the situation that fol-
lowed the Chernobyl accident and they are now dis-
cussed in more detail.

7.10. Principles of Radiological Protection
for Intervention

7.10.1. Justification of Intervention

Decisions concerning the adoption of intervention
measures that would reduce exposures from the de facto
contamination situation that followed the Chernobyl
accident required a choice between possible options and
should ideally have been carried out in two stages. The
first stage is the examination of each option separately
in order to identify those options that can be expected to
do more good than harm. The second stage is the final
selection of the intervention option, which will often
require a change from the existing de facto situation to
another. The net benefit of the change will then be the
relevant feature to be taken into account in the justifica-
tion of the intervention, rather than the net benefit of
each option separately.

The justification of the intervention measure in terms
of radiation protection requires that the radiation detri-
ment should be explicitly included in the process of
choice. The detriment to be considered should not be
confined to that associated with the radiation; it should
include other detriments and the social efforts (including
costs) of the intervention itself. It should be emphasized
that the social cost of intervention is not just the mone-
tary cost, since some protective or remedial actions may
entail non-radiological risks or serious social impacts.
For example, the removal of people from their homes
may not be very expensive, but it may result in consider-
able anxiety and is sometimes traumatic. In a situation
such as that following the Chernobyl accident, the radia-
tion detriment will be a small part of the total detriment.
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The justification of intervention thus goes far beyond
the scope of radiological protection. It is for these rea-
sons that the use of the term justification should be
limited, for radiation protection purposes, to requiring
only that the net benefit be positive. The overall justi-
fication of intervention is usually a task beyond the
responsibility of radiological protection authorities.

7.10.2. Optimization of Protective
Measures

Once an intervention option has been justified and
adopted, it should be considered how best to use
resources in reducing the radiation doses to individuals
and the population. The broad aim should be to ensure
that the net benefit is maximized. The net benefit is the
reduction in radiation detriment less the social detriment
caused by the intervention itself. The radiation detriment
is reduced by reducing individual doses and/or the num-
ber of people exposed. In deciding on the type, scale and
duration of the intervention, the benefits must be
weighed against the social efforts, including costs. If
the next step in reducing the detriment requires a
deployment of resources, or causes an increase in the
social detriment, that is disproportionate to the resultant
reduction in the radiation health detriment, it is not in
society’s interest for that step to be taken. The protective
measures can then be said to have been optimized and
the remaining exposures to be as low as reasonably
achievable, economic and social factors having been

“taken into account.

These considerations are complicated by the interac-
tion between the various factors to be included, and the
methods for dealing with them are diverse. These
methods range from common sense to complex tech-
niques of cost-benefit analysis or multiattribute analysis.
All these techniques are aids for deciding when suffi-
cient effort has been applied to the reduction of the
radiation detriment. The application of these techniques
can be improved by means of ‘decision conferences’
for facilitating congensus among those who are respon-
sible for formulating and implementing the policy of
intervention (see Part G).

The judgements required in optimizing the protective
measures are not purely quantitative; they reflect prefer-
ences between detriments of different kinds and between
the deployment of resources and the tolerance of health
effects. The process of optimizing the protective
measures should therefore be carefully structured. It
should be applied at the stage of the design of the protec-
tive measures following the justification to intervene. It
is here that dose reductions are most likely to be achiev-
able in effective ways.

It follows that it is not possible to define quantitative
intervention levels for application in all circumstances.
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Nevertheless, because some kinds of action may be
needed urgently, it is useful to have guidance prepared
in advance for possible use following accidents and
emergencies.

7.10.3. Individual Limitations

In de facto situations such as after the Chernobyl acci-
dent, the sources, the pathways and the exposed
individuals are already immutable when decisions on
control measure come to be made, and control can be
only achieved by intervention. The dose limits estab-
lished by radiation protection standards are intended for
use in the control of practices and not for intervention.
The use of these dose limits, or of any other predeter-
mined limits, as the basis for deciding on intervention
might suggest measures that would be out of all propor-
tion to the benefit obtained and would then conflict with
the principle of justification. Although at some level of
individual dose, approaching that at which serious deter-
ministic effects would occur, some kind of intervention
will become almost mandatory, dose limits must not
be used for deciding on the need for or scope of
intervention.

It should be emphasized that the- dose limits estab-
lished for the introduction of practices are widely, but
erroneously, regarded as: (i) a line of demarcation
between ‘safe’ and ‘dangerous’ (only if the limits were
equal to the threshold dose for deterministic effects
would this perception be correct); (ii) the most simple
and effective way of keeping exposures low and
stimulating improvements; and (iii) the sole measure of
the stringency of a system of protection. These miscon-
ceptions are, to some extent, strengthened by the incor-
poration of limits into regulatory instruments. (Causing
a limit to be exceeded then becomes an infraction of the
rules and sometimes a statutory offence.) Against this
background, it is perhaps not surprising that manage-
ments, regulatory agencies and governments all impro-
perly set out to apply limits whenever possible, even
when the sources in question are partly, or even totally,
beyond their control, and when the optimization of pro-
tection is the more appropriate course of action. (As may
be seen from this Technical Report, the ‘limits’ applied
following the Chernobyl accident are a good example of
these misconceptions.)

7.11. De Facto Situations in Which
Intervention May Be Needed

The contamination due to the Chernobyl accident is
an extreme but by no means unique de facto situation
requiring intervention. There are many types of de facto
situations in which intervention may be considered.

They can be long standing situations that do not call for
urgent action, or situations in which serious exposures
may result unless immediate action can be taken, which
call for prompt decisions. (The Chernobyl accident gave
rise to situations of both types.) Such long standing situ-
ations are typically exposure to high levels of natural
background radiation in general (and to radon in dwell-
ings in particular) and exposure to radioactive residues
from previous events (the current contamination due to
the Chernobyl accident can be viewed as such a situa-
tion). A typical situation calling for prompt decisions is
that immediately following an accident (the early phase
of the response to the Chernobyl accident is a good
example of this).

7.11.1. Long Standing Situations

Radon in Dwellings

Radon in dwellings needs special attention because
both the individual doses and the collective doses from
radon are higher than those from almost any other
source. In many countries, some individual doses due to
radon are substantially higher than those that would be
permitted due to occupational exposure. If improve-
ments are needed, they have to be achieved by interven-
tions including modifications to the dwellings or to the
behaviour of the occupants.

Radioactive Residues from Previous Events

The long term contamination due to the Chernobyl
accident is, however, not a unique case of residues from
previous events. The most common cause of residues is
the burial of long lived materials from early operations
such as mining and luminizing with radium compounds.
The use of mining spoil as a landfill material, and the
subsequent construction of dwellings on sites, has
caused substantial problems. Buildings used for radium
work have subsequently been put to other purposes, with
the radium being discovered only years later. There
have been several accidents in which long lived radioac-
tive materials have been dispersed in residential and
agricultural areas. The necessary remedial actions vary
greatly in complexity and scale. The need for and the
extent of remedial action have to be judged by compar-
ing the benefit of the reduction in dose with the detri-
ment of the remedial work, including that due to the
doses incurred in the remedial work. No general solu-
tions are possible, but the methods recommended for the
optimization of protection can be used to give guidance
in each individual case.
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7.11.2. Situations Requiring Prompt
Decisions

The essential differences between emergencies and
other situations calling for intervention are the urgent
time-scale on which action is needed and, following
most accidents, the fairly short duration for which action
has to be continued.

The first step in deciding on the intervention likely to
be needed after an accident is to define the type of all
likely protective actions and to consider the costs and the
expected reductions in individual and collective doses as
functions of the scale and duration of each action. A sub-
stantial amount of preliminary work on economic and
environmental models and on accident forecasting is
needed for these assessments.

Because the initial introduction of protective actions
on any scale, however small, may have significant costs,
it may well be that small scale, short duration interven-
tion is costly without being effective. As the scale and
duration are increased, the effectiveness initially
increases without a marked increase in costs. Eventu-
ally, further increases will fail to achieve increased
benefits comparable with their costs and the net benefit
again begins to fall. There is then a range of values of
the possible intervention level of individual dose aver-
ted, within which there is an optimum level. If the net

benefit at that optimum is positive, intervention of the
defined type, scale and duration will be justified. The
initial planning for emergencies should include the
choice of intervention levels of dose averted, or a limited
range of such intervention levels that are likely to lead
to intervention that is justified and reasonably well
optimized.

The benefit of a particular protective action within a
programme of intervention should be judged on the basis
of the reduction in dose achieved or expected by that
specific protective action; that is, the dose averted. Thus
each protective action has to be considered on its own
merits. For example, decisions about the control of
individual foodstuffs are independent of decisions about
other foodstuffs and of decisions about sheltering or
evacuation. In addition, however, the doses that would
be incurred via all the relevant pathways of exposure,
some subject to protective actions and some not, should
be assessed. If the total dose in some individuals is so
high as to be unacceptable even in an emergency, the
feasibility of additional protective actions influencing
the major contributions to the total dose should be
urgently reviewed. Doses giving rise to serious deter-
ministic effects or to a high probability of stochastic
effects would call for such a review. For this purpose,
an intervention level of dose received by all pathways
should be chosen at the planning stage.

8. Achieving a Common Level of Understanding among
Local and International Experts

8.1. Introduction

An important activity of the International Chernobyl
Project was to arrange specialist meetings of interna-
tional and local experts in medical, agricultural and dose
assessment sciences. The principal aim was to seek
through these meetings a common level of understanding
of the effects of radiation exposure, methods for assess-
ing exposure and reducing it, and appropriate criteria for
radiological protection. The need for medical and
agricultural seminars was identified and anticipated at
the outset of the Project following the international
experts’ preparatory mission. A radioecology seminar
was incorporated later.

Because of the nature of the agricultural problems in
the affected areas, the support provided under this part
of the Project was extended from the basic aim of foster-
ing exchange of information to assisting in the imple-
mentation of positive actions, in addition to actions
already taken, for reducing the transfer of radiocaesium
into food.
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8.2. Medical Seminars for General
Practitioners on the Health Effects
of Ionizing Radiation

One of the key groups of people to whom the public
turn for information and whom they will trust is the
medical community. The knowledge of medical person-
nel in the areas affected by the Chernobyl accident about
the effects of radiation exposure was limited. Three-day
seminars were thus held in the BSSR, the RSFSR and the
UkrSSR as a means of exchanging information on the
health effects of ionizing radiation between a visiting
team of four experts and local medical personnel from
the affected areas.

The main objectives of the seminars were as follows:

— To gain better understanding of the medical problems
reported in the affected areas, through presentations
and discussions between the invited experts and local
medical personnel;



Broadening Understanding

— To familiarize the participants (mostly general practi-
tioners) with the results of long term comprehensive
studies on radiation induced and related illnesses and
their diagnosis and treatment, as well as the epidemi-
ological methods used in studies of morbidity and
mortality in population groups exposed to radiation;

— To review the basic principles of radiation protection
with emphasis on problems relating to unanticipated
de acto situations.

Visiting experts from Hungary, Japan, Sweden, the
USA and the IAEA secretariat, including specialists in
clinical oncology, radiobiology, occupational hygiene
and radiation protection, supported the seminars with
scientific presentations on the subjects covered in Part B
of the Technical Report.

The seminars were held in Ovruch, UkrSSR (10-12
July 1990); Gomel, BSSR (14-16 July 1990); and
Novozybkov, RSFSR (18-20 July 1990). A total of
more than 1200 local doctors and health administrators
participated. They included hospital doctors, general
practitioners and professional staff of epidemiological
centres and local health authorities from affected areas
and areas adjacent to those affected.

The IAEA made available 1000 copies of reference
material that were distributed at the seminars. Synopses
of most of the presentations (in English) were also deli-
vered to local organizing committees.

The programme comprised the following three
modules: basic concepts; health effects of radiation
exposure; and protection against harmful effects of
ionizing radiation. Topics covered included basic facts
on radiation and radioactivity — quantities and units;
pathways of radiation exposure to man; basic cellular
radiobiology; acute radiation syndrome — diagnosis,
prognosis and treatment; localized early radiation inju-
ries; effects of radiation on the thyroid gland —
prophylaxis, diagnosis and treatment; other effects of
radiation exposure; late effects — radiation carcinogene-
sis; dose-response relations; consequences of in utero
exposure; hereditary effects of radiation; epidemiologi-
cal methods used to study morbidity and mortality in
population groups; and basic principles of radiation pro-
tection. Considerable time was given over to questions
and discussion.

Remarkable interest was shown in the seminars by
local medical personnel and the general public. This was
reflected in the intensive open discussions, which were
evaluated by visiting experts as being at a high profes-
sional level. Another indication of the interest shown
was the hundreds of questions put by the participants to
the visiting specialists (see Annex IT). The seminar in
Ovruch was tape recorded in order to be able to publish
the proceedings. A simultaneous broadcast of the
proceedings through loudspeakers attracted a crowd of
listeners, and there was substantial coverage of the semi-
nars in central and local media.

In discussions, several participants observed that the
information provided at the seminars was valuable and
beneficial for background knowledge on the health
effects of radiation. They also indicated the relevance of
the information to their practices and their daily contact
with patients.

8.3. Agricultural Activities
8.3.1. Fact Finding Mission

As a first step in the organization of the agricultural
seminars, there was a joint FAO/IAEA fact finding mis-
sion to the USSR from 12 to 24 August 1990. The group
of four experts from the United Nations Food and
Agriculture Organization (FAO), Norway, the United
Kingdom and the USA had expertise covering genetics,
animal husbandry, soil science, plant uptake and general
problems of managing radioactively contaminated agri-
culwral land. The objectives of the mission were to hear
the concerns of farmers and farm workers with regard
to living and working in a contaminated agricultural
environment; to assess the most effective type, level,
size and numbers of seminars that could meet their needs
for information; and to draft syllabuses for seminars and
to recommend suitable lecturers and dates. In addition,
the team visited some key agricultural institutes to exam-
ine what information was to hand on managing contami-
nated agricultural environments, formulated recommen-
dations for future work in this field and carried out a
preliminary investigation of reports of malformations
and mutations in flora and fauna outside the prohibited
exclusion zone around the Chernobyl plant.

The team returned with technical information and
impressions, much of which have been incorporated into
this Technical Report. In particular, the team recom-
mended that the agricultural seminars be organized to
give practical advice on improved soil management tech-
niques and on how animals can be fed with hitherto
unacceptably contaminated forage by blocking the gut
uptake of *’Cs with specific binders. It also suggested
that the seminars should give the opportunity to empha-
size that positive and economic countermeasures can be
effective in relatively high fallout areas, and that they
should be given adequate coverage in the media. A
workshop on the use of caesium binders was proposed
to be held in co-operation with the government of Nor-
way, with attendance by experts from the BSSR, the
RSFSR and the UkrSSR, before the seminars took place.

8.3.2. Workshop in Norway on Caesium
Binders

A one week workshop was subsequently organized in
Norway from 24 to 28 September 1990 for a group of
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seven agricultural scientists and ministry officials
representing the BSSR, the RSFSR and the UkrSSR.
The main purpose of the workshop was to exchange
scientific, technical and administrative information on
and experience in the use of techniques for reducing
caesium contamination in milk and meat derived from
grazing animals. These techniques employ ‘caesium
binders’, which are additives to fodder, such as ben-
tonite and Prussian Blue (specifically, ammonium
hexacyanoferrate (II) (AFCF), containing hexacyanofer-
rate ions, [Fe(CN)¢]*), which fix free caesium ions in
the gut and make them unavailable for absorption
through the gut lining and into meat or milk. Adding
these caesium binders to animal feed can substantially
reduce the levels of caesium radionuclides in the meat
and milk (by factors of ten or more), and this was known
and understood in the USSR and elsewhere many years
before the Chernobyl accident. The technique had not,
however, been applied in the USSR as a countermeasure
for two reasons: (1) the use of Prussian Blue for this pur-
pose was not licensed by the Ministry of Health, and (2)
most of the problems relating to grazing animals occur
when they are feeding from natural pasture, and thus
when it is difficult to administer any additives. In Nor-
way, methods were developed of administering Prussian
Blue to reindeer, goats and sheep contaminated with
radiocaesium with minimal interference from or impact
on the farming community. These methods include the
impregnation of salt licks with Prussian Blue, which in
tests with sheep reduced caesium levels in meat by a fac-
tor of 2 or 3 simply by passive intake of the salt; and,
more importantly, the development of sustained release
boli, which after oral administration to cattle deliver
Prussian Blue (AFCF) to the rumen over a two to three
month period, during which the absorption of caesium
into meat and milk is inhibited by a factor of S or more.

The team from the BSSR, the RSFSR and the USSR
visited and had discussions at the Norwegian Ministry of
Agriculture, the National Institute for Radiation Hy-
giene and the Agricultural University of Norway, as
well as visiting farmers and a veterinary control labora-
tory in the high fallout areas in Norway. They were
informed about the general situation in Norway with
regard to radioactive contamination of soil, crops, fresh
water resources and forests, as well as the activity levels
in domestic and wild animals and milk, meat and fish.
The Norwegian agricultural specialists informed the
visiting team of their research work and results and of
the system of environmental and food control. The visit-
ing team was also informed about the national press
arrangements and the distribution of information to
farmers. Of particular importance was a demonstration
of how the caesium binders were used in Norway to
reduce caesium levels in the meat and milk of grazing
animals. Also of interest to the visiting team were the
importance of modern radiological equipment for the in
vivo monitoring of animals and the governmental com-
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pensation scheme adopted in Norway. The workshop
also finalized the programme for the agricultural semi-
nars and proposed a field experiment with Prussian Blue
boli in the BSSR, the RSFSR and the UkrSSR before the
seminars. In summary, the workshop established close
co-operation between the Norwegian scientists and their
visiting counterparts dealing with the problems of con-
taminated animal products.

8.3.3. Agricultural Experiments in the BSSR,
the RSFSR and the UkrSSR

Field experiments with the Norwegian Prussian Blue
boli were proposed for collective farms in the BSSR, the
RSFSR and the UkrSSR. Experiments were set up in
Gomel, BSSR; Novozybkov, RSFSR; and Polesskoe,
UkrSSR. Groups of cows received one of three treat-
ments, namely a control, administration of two boli of
caesium binder, and administration of three boli of
caesium binder. Each group consisted of six animals and
a feeding regime was selected that would normally have
given rise to relatively high radiocaesium values in milk.
In Gomel, this proved difficult because, according to
local scientists, it was hard to find such contaminated
fodder. Also in the UkrSSR, the people from the collec-
tive farm were relocated at the end of October 1990,
curtailing the experiment. However, an extra experi-
ment with two and four boli per cow was also started at
an experimental farm.

The treatment of the animals was followed with
interest by large groups of local people, and in the
UkrSSR the interest was so great that the treatment of
the animals was handed over to local veterinarians after
the techniques for administering the boli had been
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FIG. 17. Results of experiments with boli containing the
caesium binder AFCF in the UkrSSR: Plot of percentage
reduction in the activity concentration of 'Cs in milk
versus time following the administration of two and four
boli.

demonstrated. Videos were made of the bolus treatment
and of discussions on the use of caesium binders in both
the BSSR and the UkrSSR.

Animals were monitored for radiocaesium content in
vivo upon administration of the treatments. The radio-
caesium levels in milk were subsequently measured
approximately weekly by scientists from branches of the
All-Union Institute of Agricultural Radiology. Figure 16
shows the activity of '*’Cs in milk from three groups of
animals, receiving respectively no treatment, two boli
and four boli, plotted aginst time. Figure 17 shows the
percentage reduction in the transfer of *’Cs to milk
effected by the boli: typically a 70% reduction over the
first month after treatment with two boli, but maintain-
ing a 50% reduction over the next month also. The
reductions achieved for four boli were clearly greater.
Comparable results were found for the experiments in
the other two Republics. No negative effects were found
on the animals’ productivity over the period of the
experiment.

Secondary problems were also discussed between
Professor Hove and the scientists relating to the cows’
micromineral shortage (cobalt, zinc, molybdenum),
which apparently had been aggravated as a consequence
of the treatment of contaminated soils with lime and
dolomite. The inclusion of such microelements in Prus-
sian Blue boli might be a way to combine caesium bind-
ing with micromineral supplementation.

8.3.4. Agricultural Seminars

A series of seminars on the management of contami-
nated agricultural areas were held in the BSSR, the
RSFSR and the UkrSSR over the period 28 October to
4 November 1990.

The main objectives of the series of seminars were as
follows:

— To provide an overall understanding and background
knowledge for agricultural managers, administrators,
farmers, local authorities and other interested parties
of problems pertaining to the management of con-
taminated agricultural land.

— To give an opportunity for local and visiting experts
to exchange information and experience relating to
past, current or future research work and studies in
the field of management of contaminated agricultural
land.

— To review and analyse national and international
practices and experience in the methods and the appli-
cations of radiocaesium binding for reducing transfer
to agricultural products.

— To provide practical advice and recommendations to
local authorities, agricultural specialists and farmers
on the management of contaminated soils.

— To demonstrate the use of various methods and tech-
niques for the rapid monitoring of radiocaesium in
live animals.

— To inform interested parties, including representa-
tives of the press and other media, of relevant
developments in the management of contaminated
agricultural land.

— To summarize international experience in informing
the population on the radioactive contamination of
agricultural land.

— To review socioeconomic and psychological prob-
lems related to living and working under such
conditions,

— To consider and discuss international experience on
derived intervention levels in agricultural raw mate-
rials and foodstuffs, and their practical application.

— To discuss control systems and ways of utilizing con-
taminated agricultural products, including processing
(cooking, canning, diluting, etc).

The faculty comprised experts from Austria, Nor-
way, the United Kingdom and the IAEA secretariat,
whose specialties included soil science, crop manage-
ment, veterinary science, radioecology, health physics
monitoring and radiation protection.

The series of seminars was part theoretical and part
practical. The theoretical part was convened in Gomel,
BSSR on 28-29 October 1990. The first day was de-
voted to considering scientific and technological aspects
of the objectives noted earlier; the second day concen-
trated on the practical implementation of the various
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methods and the necessary administrative effort and sup-
port. The audience for the first day comprised approxi-
mately 100 people, scientists from all three Republics
and the All-Union level; the second day’s audience num-
bered 150 and included in addition administrators,
managers and decision makers at various levels, as well
as other interested parties (such as representatives of the
Green movement and of the press and other media).

The programme for the scientific/technical seminars
included reports on the findings of the fact finding mis-
sion; comparison of national and international derived
intervention levels for food; measurements of fallout
radionuclides in soil; management of contaminated
soils; soil contamination and uptake by crops and animal
fodder; in vivo monitoring of grazing animals; caesium
binders; and research in the various countries
represented. The preliminary results of the administra-
tion of Prussian Blue to cattle in the BSSR were
presented. Substantial time was given over to discus-
sion, particularly with respect to the use of caesium
binders.

The practical part consisted of three identical semi-
nars held consecutively in Gomel (BSSR), Novozybkov
(RSFSR) and Korosten (UkrSSR). The audiences for
these seminars comprised collective farmers, farm wor-
kers, public health service representatives, veterinarians
and others. The numbers of participants at each seminar
were 200 (BSSR), 300 (RSFSR) and 800 (UkrSSR).

The programme for the practical seminars included
background to the International Project, the results of
the fact finding mission; comparison of national and
international derived intervention levels for food; use of
caesium binders for grazing animals; and methods for
reducing radiocaesium levels in the diet through
management of food. In the BSSR and the UkrSSR, the
video recordings of the experiment on the administration
of caesium binders to cattle, which had been made two
weeks previously, were shown to the audiences. The
programme allowed for questions from the audience.
Many of the questions related to the effectiveness and
safety of caesium binders, as well as to the safety of
living in the affected areas, the 350 mSv lifetime dose
concept, intervention levels and general environmental
contamination levels in the countries represented by the
faculty and general radiation protection matters. Other
specific food related questions related to the effective-
ness of washing and preparation techniques at reducing
radiocaesium levels in various foodstuffs. It seemed to
the faculty team at least that basic information about the
effectiveness of normal food preparation techniques had
not been made widely available, especially in Gomel and
Korosten.

The IAEA made available 700 copies of a four page
handout, which were distributed at the practical semi-
nars. The handout contained summary information, in
Russian, on the management of livestock in contami-
nated areas (including a discussion on caesium binders
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and special feeding regimes); management of arable
soils (including ploughing, addition of fertilizers and
other chemicals and land management); food process-
ing; and foodstuff ‘derived intervention levels’. The
audiences at the three seminars all wanted copies of the
handout. Synopses of most of the scientific/technical
presentations (in English) were also made available to
the Soviet organizing committees.

8.3.5. Follow-up on Caesium Binders

Currently, Prussian Blue (AFCF) is not licensed in
the USSR for use as a caesium binder for grazing ani-
mals. The necessary certification comes from the Minis-
tries of Health and of Agriculture. A list of references
of work performed on the compound’s toxicity, effi-
ciency and other potential problems was made available
to the Ministry of Health of the USSR, as well as copies
of the documents justifying and permitting its use for this
purpose in Norway.

Various forms of Prussian Blue are already manufac-
tured in the USSR, since the chemical has uses as a
dyestuff. However, for the purposes of administration to
animals as a caesium binder, it is necessary that the
chemical meets certain standards of quality and safety.
To this end, samples of Prussian Blue (ammonium
ferric-hexacyanoferrate (I) or AFCF and potassium
ferric-hexacyanoferrate (II)) manufactured in the BSSR,

o Ferrozin (UkrSSR)

e K-PB (BSSR)

2 Co-PB (Finland)

® AFCF (Germany)

A AFCF (United Kingdom)

100

Percentage reduction in transfer of 137Cs to milk
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Dose (mg/d)

FIG. 18. The efficiency of different types of Prussian Blue:
Plot of the percentage reduction in transfer of "'Cs to
milk versus dosage.
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the RSFSR and the UkrSSR were sent to the Agricul-
tural University of Norway. They were tested for purity,
specificity and efficiency at reducing radiocaesium
uptake by grazing animals. The efficiency of forms of
Prussian Blue produced in the BSSR and the UkrSSR at
reducing transfer to goats’ milk are presented in Fig. 18,
with the percentage reduction in the transfer of '¥’Cs to
milk plotted against the daily dosage of Prussian Blue.
Also shown are comparable results for other sources of
Prussian Blue. It can be seen that the UkrSSR and BSSR
products are comparable with those from other sources,
and indeed considerably better than the particular brand
from the United Kingdom. The results on purity and
specificity are not yet available.

Conditional on the acceptability, in principle, of the
technique of administering Prussian Blue to grazing
animals, and before a decision on full scale implementa-
tion of the method can be taken, it was considered highly
desirable to carry out a pilot study in a real farming
community. Plans for this study are in hand. It aims to
identify problems and provide solutions relating to the
implementation of the production and distribution of
caesium binders, monitoring of animals and food
products and economic/compensation issues; the main
conclusion of this study should be to recommend an opti-
mum system of administering the caesium binders and of
control.

8.4. Radioecology Seminar: Systematic
Assessment of Doses to Persons
Following a Release of Radionuclides
to the Environment

This seminar was organized later on in the project
following a request from the UkrSSR to the IAEA. The
main objectives of the seminar were as follows:

— To elucidate the principles of environmental mo-
delling that enable predictions of doses to persons
following a release of radionuclides into the environ-
ment, with particular emphasis on releases from
waste disposal facilities.

— To appreciate the data required to carry out such
assessments and to review the methods for obtaining
such information.

— To review the behaviour of radiologically significant
radionuclides in the biosphere and their relevance to
man.

— To facilitate the exchange of scientific and technical
information between experts in this field and to
stimulate further appreciation of its importance.

— To provide an opportunity for lessons to be learned
from the Chernobyl accident with relevance to these
subjects.

The seminar took place at the University of Kiev,
UkrSSR, on 21-25 January 1991, with lecturers from

TABLE 7. Summary of Numbers and Professions of
Seminar Participants

Nan'le of Number Nature of participants

seminar

Medical 1200 Local physicians, health adminis-
trators, hospital doctors, general
practitioners, professional staff of
epidemiological centres and
health authorities

Agricultural

Theoretical 150 Agricultural scientists, adminis-
trators, managers and decision
makers, environmentalists, media

representatives

Practical 1300 Collective farmers, farm wor-
kers, public service representa-

tives, veterinarians

Radioecologists, radiobiologists,
environmental scientists, public
health and regulatory officials

Radioecology 200

Canada, Germany, Spain, the United Kingdom and the
IAEA secretariat. The lectures covered sources of envi-
ronmental radioactivity, pathways of exposure, dosimet-
ric concepts, the effects of radiation, environmental
measurements, dose assessment modelling, sample
collection and processing, quality assurance, para-
meter determination, reliability of models, sensitivity/
uncertainty analysis, validation of models, presentation
of results, decision making and case studies of dose
assessments in practice. As with the other seminars,
considerable time was allowed within the programme
for questions from the audience.

The audience consisted of approximately 200 people,
with backgrounds in radiobiology, biology, radioecol-
ogy, environmental science, public health and regula-
tions; they were drawn from the BSSR, the RSFSR and
the UkrSSR. The IAEA made available 200 copies of its
Safety Series No.77, Principles for Limiting Releases of
Radioactive Effluents into the Environment (in Russian),
one for each participant. In addition, lecture notes, in
English, for most of the presentations were provided by
the faculty to the USSR counterparts.

8.5. Summary and General Conclusions

Table 7 presents information on the numbers and
nature of participants in three series of seminars
organized as part of the International Chernobyl Project.
The seminars proved to be a timely response to prevail-
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ing common concerns and continuing great demand for
accurate technical information relating to the conse-
quences of the Chernobyl accident in the affected areas.
The seminars were welcomed and appreciated as making
considerable progress in establishing a common level of
understanding of the problems involved.

The seminars were given a high profile by the Soviet
press and media, and the willingness of the international
experts to answer questions openly and frankly was con-
sidered to be of great importance. The large numbers of
questions and the discussion support this statement.
Questions invariably returned to health matters and con-
cepts of ‘safe living’, as well as covering more technical
issues relevant to each seminar.

There is a continuing need for international follow-up
assistance in this respect. This should be continued in
association with or by WHO and the FAO within exist-
ing agreements on co-operation. In the agricultural
sphere, a practical programme of co- operation with
regard to the utilization of caesium binders in grazing
animals has already been instigated.

Finally, not only did the seminars make considerable
progress in achieving their stated objectives, but direct
contacts between faculty members and senior represen-
tatives from some of the major research institutes in the
USSR were established, aimed at future co-operation
and exchange of information pertinent to the subject of
the seminars.
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1. Introduction

Part C is a historical account of the events following
the Chernobyl accident which led to the environmental
contamination and consequent radiological hazards. The
primary intent is to provide the necessary historical
background for the sections of the Report that address
the questions of exposure pathways, doses to people and
‘possible health effects and the issue of protective
actions. Human aspects of the period of disruption fol-
lowing the accident are also described.

Sources used in preparing this account include the
many articles, documents and books on the Chernobyl
accident and its consequences and interviews conducted
by the various international teams that have visited the
USSR under this Project with many people who lived
through the disaster as well as with numerous officials
from various institutes and government bodies. The

historical account is unavoidably incomplete. Only the
various authorities and organizations, the scientists and
the public in the USSR who were involved would be able
to prepare a complete history of events.

The account is intended to be factual, but areas of
policy and policy implementation by authorities of the
USSR, the BSSR, the RSFSR and the UkrSSR have also
been examined from a historical perspective. Interpreta-
tions of the events must take into account the emergency
that confronted those who had to deal with the accident,
which was unprecedented in its size and its repercus-
sions. The report is in no way intended to express or to
imply judgements based on hindsight or to detract from
the courage of those who acted to save the lives of others
and those who had to take difficult decisions on the basis
of limited information.

2. The Accident and Emergency Measures at the Site

2.1. The Explosion

At the time of the accident, in the early hours of
Saturday 26 April 1986, there were nearly 200
employees at the Chernobyl nuclear power plant
engaged in the normal operation of Units 1, 2 and 3 and
the experiment at Unit 4 that was to lead to the devastat-
ing explosion. The cause of the explosion is well sum-
marized in Refs [1, 2]. A further 300 people were
working on a night shift to construct two further reactors
(Units 5 and 6) about a kilometre away (Fig. 1).

At around 01:24 Moscow time, two explosions in
quick succession blew the roof off the Unit 4 reactor
building, sending concrete, graphite and debris flying
and leaving a gaping hole exposing the reactor core to
the outside air [1-5]. Smoke and fumes rose over 1 km
into the air, together with a large amount of uranium
fuel, transuranics and fission products from the reactor
core, including essentially all the noble gases. The heav-
ier material fell out near the site, but lighter particles
drifted to the west and north of the plant in a radioactive
cloud that contaminated the surface wherever it touched
down. The lightest material was carried up by the heat
of the explosion to over 1 km in altitude and was blown
to the northwest [1-5].

Fires broke out on the roof of the adjoining turbine

hall. There were also fires inside the Unit 4 building,
together with clouds of steam and dust [3, 4]. The
graphite, which constituted a major part of the core, was
ignited by the heat and the explosion. A plant employee
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FIG. 1. Map of the immediate surroundings of the Cher-
nobyl nuclear power plant. [Source: Ref. [18]]
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working above the reactor was killed instantly in the
explosion; his body could not be recovered. Another,
crushed by debris and badly burned, was rescued within
minutes but died of his injuries a few hours later [3-5].

2.2. Fire-Fighting

Alarms went to fire units in the region [1, 4, 5].
Within minutes, the plant firemen arrived, followed
quickly by other squads from around Pripyat. Pripyat
was the nearest settlement, at just 3 km from the site,
and housed most of the power plant’s personnel. Other
fire units from further away began to arrive within half
an hour. The Pripyat fire team seems to have had no spe-
cial training in fighting fires at a nuclear reactor and
involving radioactive materials [4]. Some firemen set to
work, with the help of plant staff, to fight the fires in the
turbine hall and the Unit 4 building. Others climbed onto
the roofs of the Unit 3 building and the turbine hall to
fight fires. Hot lumps of burning graphite from the
exploded core were carried by hand from the roof and
thrown down.

In the Unit 4 control room, despite the fact that all
normal means of monitoring critical core parameters had
been lost, it seems that it was not initially clear to the
operating staff that the core itself had been destroyed.
An explosion in the core had not been considered possi-
ble by nuclear experts in the USSR [6, 7]. Even when
rescue workers had entered the Unit 4 building and
reported that the core had been destroyed, their initial
reports seem not to have been credited by the operating
crew for several hours [3, 4, 7, 8]. Thus, the operators
continued to seek ways to direct more water into the Unit
4 reactor building to combat the fire, and contaminated
water flowed down below the core to lower floors that
connected with the other units [2, 7].

By dawn on the Saturday, the more than 100 firemen
had succeeded in putting out the roof fires, and by about
05:00 all but the graphite fire in the core had been extin-
guished {2, 3]. These courageous actions by the early
fire-fighters and plant personnel resulted in many inju-
ries, but they were essential to preventing the spread of
fire to the other units and to preventing a hydrogen
explosion or fire that might have ignited the oil in the
turbines [2, 3, 5]. Many firemen stayed on the alert on
the premises for several hours after the fire was out,
which resulted in a number of radiation exposures [3, 7].

Radiation levels were so high in the damaged part of
the plant and just outside it that monitoring equipment in
the plant could not measure them [3, 8]. Available porta-
ble radiation meters went off scale and systematic
monitoring became impossible. It seems that many of
those who entered the buildings to rescue others, fight
fires, perform critical operations or assess damage did
not appreciate the radiation risk. The levels in some
accessible places are now said to have exceeded
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100 Gy/h [3, 9]. As a result of this lack of awareness,
as well as the urgent need to fight the fires, no measures
were taken to reduce exposure and doses to the emer-
gency personnel. The plant personnel and firemen had
no personal dosimeters to measure their radiation doses.
As a result, many firemen from the plant and others who
fought the fires were seriously irradiated. Some
exposures exceeded 10 Gy. Within an hour the first of
many cases of acute radiation syndrome (ARS) became
evident. There were 132 emergency workers affected by
high levels of radiation in the first 12 hours following the
accident [2]. (See Appendix of Annex G of Ref, {10].)

2.3. Emergency Medical Response

The plant personnel and auxiliary and emergency
staff present at the site in the immediate vicinity of the
accident zone were subjected to the combined effect of
radiation from several sources: short term external
gamma-beta radiation from a gas emission cloud, exter-
nal gamma-beta radiation of decreasing intensity from
fragments of the damaged reactor core scattered over the
site, inhalation of gases and aerosol dust particles con-
taining a mixture of radionuclides and deposition of
these particles on the skin and mucous membranes
during the generation of large amounts of steam and
dust. The most significant factors were the general
external and relatively uniform whole body gamma
irradiation and the beta irradiation of skin surfaces. The
basic clinical picture was of a distinctive ARS caused by
gamima irradiation of the whole body and by beta irradi-
ation of extensive areas of the skin surface.

Small squads of medical personnel and emergency
teams provided first aid and comfort to affected
individuals during the first three to six hours after the
accident [3, 9]. They evacuated some of the victims to
medical units, administered antiemetic and symptomatic
drugs, and distributed potassium iodide (KI) tablets. KI
tablets were also given to some operating staff to lessen
their accumulation of radioiodine from the contaminated
air that had penetrated the other three units through con-
necting corridors and the ventilation system [3]. During
the day of the accident, those who had assisted in the
emergency response were urged to undergo medical
examinations. The 132 persons suspected from suffering
acute radiation induced injuries in the first hours were
hospitalized in Pripyat.

After about 12 hours, a specialized emergency team
arrived at the site. Within 36 hours this team examined
more than 350 persons in an on-site medical unit and
made about 1000 blood tests, each person having two or
three tests. (See Appendix of Annex G of Ref. [10].)

As a result, during the first 3 days after the accident,
a total of 299 persons suspected of suffering from ARS
were sent either to a specialized treatment centre in
Moscow or to hospitals in Kiev. Over the subsequent
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few days, about 200 additional persons were admitted to
these hospitals for examination. Patients were monitored
for contamination and, if necessary, underwent decon-
tamination measures. Blood and urine samples were
taken and tested for the presence of radionuclides. Meas-
urements of radioactive iodine concentrations in the
thyroids of the emergency workers were made in situ on
about four to six occasions during the first six to ten
days. In addition, whole body counting was performed
at measuring clinics with a scintillation counter or a
semiconductor detector [9]. (See Appendix of Annex G
of Ref. [10].)

The total number of those persons who had been
present at the reactor site on 26 April and who subse-
quently showed clinical effects due to radiation exposure
or burns was finally 203, of whom 115 were treated
beginning on the second day after the accident at the
specialized treatment centre in Moscow. (See Appendix
of Annex G of Ref. [10].) Twelve patients with clearly
defined clinical patterns of second degree ARS and one
person with fourth degree ARS were also treated at
hospitals in Kiev (see Tables 1 and 2). By November
1986, the total number of individuals in treatment had

TABLE 1. Degrees of Acute Radiation Syndrome
(ARS): Distribution of Patients with ARS Treated at
the Specialized Treatment Centre

Degree of Number of Number of
severity of ARS patients deaths

I Slight 31 -

I Intermediate 43 l

III Severe 21 7

IV Extremely severe 20 20

Source: Appendix of Annex G of Ref. [10].

TABLE 2. Symptoms of ARS: Prognostic Groups
According to Severity of Bone Marrow Syndrome

Degree of severity Dose

of bone marrow syndrome (Gy)

I Slight 1-2
i Intermediate 2-4
m Severe 4-6
v Extremely severe >6

Source: Appendix of Annex G of Ref. [10].

increased from 203 to 237, with the addition of other
persons suffering from first degree ARS. By then, there
were 31 persons suffering from first degree ARS in the
Moscow specialized treatment centre and 109 in Kiev
(see Appendix of Annex G of Ref. [10]). Twenty-eight
of the ARS victims died. Sixteen were still under treat-
ment in Moscow in 1988,

2.4. Moscow Alerted and Governmental
Commission Formed

Signals from the Chernobyl plant were transmitted
automatically, in the first moments of the accident, to
the central emergency centre in the Ministry of Atomic
Power and Industry in Moscow. They indicated that
there had been a serious event involving a nuclear reac-
tor, explosion, fire and radiation. In accordance with
national emergency plans, the duty officer immediately
informed those on his call list, each of whom took action

TABLE 3. Radionuclides Released [2]

) Core Percentage
Radionuclide Ha::'l-)hfe inventory® releasedg

(Bq) (%)
Kr-85 3930 3.3 x 10 ~100
Xe-133 5.27 1.7 x 16" ~100
1-131 8.05 1.3 x 10" 20
Te-132 3.25 3.2 x 10" 15
Cs-134 750 1.9 x 10" 10
Cs-137 1.1 x 104 2.9 x 10" 13
Mo-99 2.8 4.8 x 10" 2.3
Zr-95 65.5 4.4 x 10" 3.2
Ru-103 39.5 4.1 x 10'® 2.9
Ru-106 368 2.0 x 10'® 2.9
Ba-140 12.8 2.9 x 10" 5.6
Ce-141 32.5 4.4 x 10'8 2.3
Ce-144 284 3.2 x 10" 2.8
Sr-89 53 2.0 x 10" 4.0
Sr-90 1.02 x 10* . 2.0 x 10" 4.0
Np-139 2.35 1.4 x 107 3
Pu-238 _ 3.15 x 10* 1.0 x 10" 3
Pu-239 8.9 x 10° 8.5 x 10" 3
Pu-240 2.4 x 10° 1.2 x 10 3
Pu-241 4800 1.7 x 10" 3
Cm-242 164 2.6 x 10' 3

Decay corrected to 6 May 1986 and caiculated as prescribed
by the Soviet experts.
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USSR Action Team of the Politburo
Supreme of the Central Committee of the
Soviet Communist Parly of the USSR 1986-1990
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T\
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UkrSSR State Committees on Rectification of the Consequences by competent bodies
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FIG. 2. Control structure of the Soviet effort to overcome the effects of the Chernobyl accident.

according to written instructions. Officials went im-
mediately to the emergency centre in Moscow to analyse
incoming information. Initial telephone communications
with the plant indicated (erroneously) that the core was
still intact and the event was still controllable [3, 5,
7, 11]. ,

Officials of the Ministry of Atomic Power and
Industry in Moscow decided within hours that the fires
and injuries warranted sending a team of specialists to
the site. As analysis of the accumulating information
continued, even though the full magnitude of the acci-
dent had not yet been appreciated, it was decided that the
indications were serious enough to justify sending offi-
cials from key ministries and agencies — including the
military — to direct follow-up operations at the plant.
Later, on Saturday morning, top Ministry and Com-
munist Party officials were called together as a Govern-
mental Commission with the co-ordinating authority for
the ‘liquidation’ of the accident’s consequences and also
the authority to mobilize the resources needed to deal
with the accident [3, 5, 7, 9] (see Table 3 and Fig. 2).

The first group of government specialists arrived at
the Chernobyl plant early on Saturday afternoon, 26
April, and surveyed the site to assess the damage. Aerial
reconnaissance with Civil Defence helicopters provided
the first clear visual evidence of the major damage to the
Unit 4 reactor. Highly radioactive graphite blocks on the
ground outside Unit 4 attested to the core’s explosive
destruction [3].

70

2.5. Emergency Response

The Civil Defence forces apparently received infor-
mation about the accident at 03:35 on 26 April from the
Civil Defence headquarters [3, 8). The Chief of Staff of
the All-Union Civil Defence authorized forces to go to
Chernobyl and also put on the alert the entire Civil
Defence forces of the UkrSSR, including military and
non-military units. All had to go to Pripyat, in accor-
dance with the official plan for protecting the plant per-
sonnel and the surrounding population. This plan had
been prepared several years earlier.

The Deputy Chief of Staff of the All-Union Civil
Defence forces left Moscow by plane with the first
specialists and stayed in Chernoby] until 7 May. He was
not a member of the Governmental Commission, but
was charged with reporting information and measure-
ments and preparing for the evacuation of Pripyat [3, 4].
After radiation data had been obtained from the site, no
immediate protective measures were taken for the plant
and site workers.

Unit 3, which adjoins the destroyed Unit 4, had been
shut down at around 05:00 on 26 April [2], but, because
of links between its cooling system and that of the des-
troyed Unit 4, the Unit 3 operating crew had problems
keeping the core cooled. Units 1 and 2 were not shut
down until 01:13 and 02:13 respectively on Sunday 27
April, about 24 hours after the explosion. However, per-
sonnel from Units 1 and 2 remained on the site after this
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time at the plant manager’s instruction [8]. They were
not asked to leave the site until the following day. Con-
tamination inside these units had also spread through the
ventilation system, which, together with the water feed-
ing and flooding problem, led to difficulties in shutting
them down [2, 3, 7, 11].

Among the first actions of the Governmental Com-
mission was to request the Chemical Defence forces to
carry out the first radiological assessment and Soviet Air
Force helicopters to assist in extinguishing the fire in the
core [3, 8]. The first measurements showed neutron
emissions, indicating continuing nuclear reactions.
Valerij Legasov, Deputy Director of the I.V. Kurchatov
Institute of Atomic Energy in Moscow, was charged
with checking the source and intensity of the emissions
and investigating how to prevent a further criticality
excursion [7]. The Governmental Commission also con-
sidered how to stop the raging graphite fire, and sub-
mitted their ideas to the 1.V. Kurchatov Institute of
Atomic Energy and specialists of the Ministry of Atomic
Power and Industry of the USSR in Moscow [7]. -

The last Governmental Commission members arrived
in Pripyat at about 20:00 on Saturday evening. Techni-
cal specialists identified the key requirements for con-
taining the accident and preventing further radioactive
releases. These were [5, 7, 8}):

(1) Extinguishing the graphite fire to reduce the radio-
active aerosol emissions, which were rising in a
plume of smoke and had led to widespread
contamination;

(2) Ensuring that the core was not and could not go crit-
ical, which could have resulted in intense heat
and/or meltdown of the core and possible further
releases of radioactive materials;

(3) Cooling and covering the core to prevent further
releases; and

(4) Ensuring that the other units on the site were kept
safe.

The Governmental Commission set priorities and
assigned specialists to assess the problems and to report
back with recommendations.

After shutdown, Units 1, 2 and 3 were brought into
a deep subcritical state by inserting all their control and
protection rods into the core and loading 20 additional
absorbers into Units 1 and 2. Two hundred additional
absorber rods were introduced and the flux was continu-
ously monitored. To remove residual heat, all technical
channels and the multiple forced circulation circuit were
left filled with water. Residual heat was dissipated by
natural circulation. The water temperature in the core
was maintained at 20-80°C and the temperature of the
graphite was maintained at 30-90°C [1].

V. Legasov notes that he arrived in Pripyat at around
14:00 on 26 April [7, 8]. Civil Defence authorities
specified possible shelters for the population, organized
the distribution of KI tablets to the population, and pro-

posed to the town executive committee that it inform the
population by radio of the danger due to radiation.
However, this was not done at this time [7, 8]. Decisions
about protective measures were within the purview of
the plant management, which in fact did not recognize
the magnitude of the accident and its potential radiologi-
cal consequences [3, 4, 7].

The plant management did not have the authority or
the resources to manage the response to an emergency
on this scale, and the Governmental Commission itself
had to appraise the situation and take action. Part of the
problem was the lack of prior planning for an accident
with such a large and prolonged release of radioactive
materials. During the first few days, for example, while
the Governmental Commission was in Pripyat, there
were no respiratory masks and no individual dosimeters
available to its members [7, 8].

The plant itself had no antomatic means of perform-

-ing external environment dosimetry, which could have

indicated that there was radioactive contamination for
several kilometres around the site. It was necessary to
bring in a large number of people and a great deal of

. equipment, including helicopters, to make such measure-

ments. Many of the first officials of the Governmental
Commission present were themselves later hospitalized
for medical tests [3, 8]. High levels of radiation forced
the Commission to move its headquarters from highly
contaminated Pripyat to the somewhat less contaminated
settlement of Chernobyl, 17 km south-southeast of the
plant and 20 km southeast of Pripyat, on 4 May.
There were by then thousands of people working on
the site; it was necessary to provide them with equip-
ment, motor fuel and food, and all this had to be
organized. To co-ordinate this, the Deputy President of

‘the Council of Ministers of the USSR, Silaev, replaced

Cherbinya on 4 May as President of the Governmental
Commission and created a centre for the management of
operations. Under a Civil Defence Chief of Staff as
director, the centre included a specialist on military
transmissions, teams of chemical dosimetrists, a com-
mander of the Chemical Defence force units and the new
management of the Chernobyl plant {7, 8].

2.6. Limiting Further Damage to the Core

Once it became clear that the core had been destroyed
and was open to the atmosphere, the Governmental
Commission decided to stop the use of water to fight the
fire in the core’s remains. Instead, the Commission
decided to cover the reactor crater with heat absorbent
and filtering materials {24, 7, 8]. Helicopters were
rigged to drop 5000 tonnes of boron, dolomite, sand,
clay and lead onto the core between 27 April and
10 May. The mix of materials was chosen for specific
purposes: boron to absorb neutrons and to prevent the
reactor from becoming critical again; lead to absorb heat
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and melt into gaps to act as shielding; sand to filter out
radioactive particles; and dolomite to give off carbon
dioxide in order to reduce the flow of oxygen to the
graphite fire. Air Force pilots flew thousands of danger-
ous missions over the core to perform this task.

On around 1 May, the temperature of the core started
to rise, probably as a result of heat from the decay of fis-
sion products inside the covered reactor, giving rise to
fears of a further meltdown. Officials of the Govern-
mental Commission decided to pump liquid nitrogen into
the space beneath the reactor [2, 4, 5, 7). Miners were
brought in to drill holes in several places so that large
quantities of nitrogen could be piped in to help cool the
core. By 6 May, the temperature in the vault began to
decrease, for reasons that remain unclear. It may have
been due to the effects of the boron and sand, or simply
a fortuitous result of graphite burnout or further melting
of the fuel into a safer configuration.

At this time, one major fear was that, despite all the
efforts to control the fire, the hot core would melt
through the bottom of the reactor and react with the
water in the spaces below, causing another explosion
and further releases. Volunteers therefore went down
into the water of the pressure suppression pools to open
valves so that emergency coolant stored on the first level
below the core could be pumped out to a cooling pond.
Under difficult working conditions and in a radioactive
environment, a volunteer squad of military firemen
managed to rig up temporary piping to pump out the
water that had filled the normally dry second level [2-5].

In the days following the accident, in order to provide
a safer environment from which to command operations,
workers dug an underground bunker under a site build-
ing at a distance of 600 m from Unit 4, which served as
a control outpost for the co-ordination of site operations.
This work was performed by the army and coal miners
from Tula and the Donets basin, who worked on three
hour shifts day and night to avoid serious individual
exposures. After this bunker had been built, the com-
mand team decided to install a concrete slab underneath
the damaged reactor in order to prevent further interac-
tions between the core and compartments below the core
which might still have contained water. Miners and sub-
way constructors dug a tunnel from underneath Unit 3
so that a massive cooling plate might be installed below
the foundations of Unit 4 should it be needed. The tunnel
was 168 m long and 1.8 m in diameter. Four hundred
persons worked continuously and completed the tunnel
in 15 days, on 24 June. This permitted the installation
of a monolithic reinforced concrete slab under Unit 4
2, 11].

The explosions had destroyed all built-in means for
monitoring critical parameters in the reactor: core neu-
tron flux and temperature, radiation and radioactive
emissions. Alternative ways had to be found to measure
them in order to guide follow-up actions [2, 4, 12].
Army troops, trained for radiological warfare, installed
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radiation meters at a number of locations on the site
from which readings could be telemetered to a central
point. Instruments were also suspended from helicopters
hovering above the core to measure emissions. Later,
monitors were mounted at fixed points around the des-
troyed unit. All these activities resulted in radiation
exposures to the emergency workers, both civilian and
military [3, 7, 13, 14].

No reactions producing neutrons could be measured
externally, and this was a sign that the reactor was no
longer critical (i.e. that fission had stopped); however,
other approaches were necessary to confirm this finding.
In mid-May, one group of workers managed to find a
way into the lowest level, by then pumped dry, beneath
the remains of the Unit 4 core and to install instruments
to measure the temperature and heat flux. Days later, a
second group broke through a wall to rig radiation and
neutron measuring instruments against the ceiling of the
area immediately below the core. Measurements with
these instruments suggested that the core was not critical
and that further criticality was unlikely [2, 4, 5, 12].

Various types of sensors were installed on Unit 4, and
contamination of the area around the core was plotted to
determine which areas still contained significant
accumulations of fuel. The surviving structural elements
of the building were also analysed. By early May, meas-
urements were being made from above from helicopters.
By August, special sensors (diagnostic buoys) could be
placed on the break in the core in the region of the upper
reactor plate and around the periphery of the break.
These sensors measured gamma radiation, conductive
and convective heat fluxes, air temperature and the
speed of air movement in vertical and horizontal direc-
tions [2, 12].

Nine diagnostic buoys were installed from helicop-
ters. Thermocouples and gamma sensors were installed
in tubes in the space around the core. Readings showed
a radiation field of 10 to 103 Gy/h, confirming the
presence of fuel. Four more buoys were installed on the
break by building cranes at the end of September and,
with improved access to various sections of the des-
troyed reactor, the number of measurement points
increased. These measurements made it possible to
evaluate the quantify of nuclear fuel remaining in the
reactor building, and they were later supplemented by
evidence from plugs drilled from the damaged fuel in the
remains of the core. Analysts then considered that they
had a very good knowledge of the distribution of the fuel
in the core, and they ruled out the possibility of any
future criticality [12).

The measurements in the building also agree with
data on radioactive releases and deposits on and around
the site. These indicate that approximately 96% of the
total fuel inventory remains in the reactor and/or on the
premises of Unit 4. Research results and data from these
measurements similarly indicate the effectiveness of the
natural air flow ventilation system under the reactor (in
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the area of the pressure suppression pool) and the forced
extraction ventilation with release to the atmosphere
through a special filter system via the exhaust stack on
top of the reactor building. To make this ventilation sys-
tem possible, it was necessary to ensure free access of
air to the fuel mass as well as to remove the heated air
passing through the reactor vault [2, 12].

2.7. Releases and Transport

Radioactive materials were released from the reactor
to the atmosphere over the first ten days following the
accident before the releases could be contained. The heat
from the fire increased the release rates of radioiodine
(311, 1331), a substantial fraction of the volatile metallic
elements, including radiocaesium ('*Cs, 1*’Cs), and
somewhat lesser fractions of other radionuclides nor-
mally found in the fuel of a reactor that has been operat-
ing for several years [2].

The current best estimate for the source term (the
activity of the total emissions), based on research in the
USSR and collaboration with other countries, is
1.9 x 10'8 Bq (50 x 10° Ci), excluding the noble gases.
The activity of the caesium released in both gaseous
and aerosol forms is now evaluated at 74 x 10 Bq
(2 x 10% Ci). Iodine with an estimated activity of
370 x 10'° Bq (10 x 10 Ci) was also released; some
experts consider that twice this amount was released.

The releases did not occur in a single large event. On
the contrary, only 25% of the materials released were
emitted during the first day of the accident; most of the
rest was emitted over the next nine days (Fig. 3). The
estimated percentages of the inventories of various
radionuclides that were released are shown in Table 3
[2, 10]. The release rate curve may be divided into four
stages:

(1) The initial release was on the first day of the acci-
dent. During this stage the physical discharge of
radioactive materials was the result of the explosion
in the reactor and the subsequent heating by the fire
and the core.

(2) In the five days that followed, the release rate
declined to a minimum approximately six times
lower that the initial release rate. In this stage, the
release rate decreased owing to the measures taken
to fight the graphite fire and to the cooling of the
reactor. These measures, which consisted of drop-
ping about 5000 t of boron carbide, dolomite, clay
and lead onto the core from helicopters, led to the
filtration of the radioactive substances released from
the core. At this stage, finely dispersed fuel escaped
from the reactor directly with the flow of hot air and
with fumes from the burning graphite.

(3) A period of four days then followed during which
the release rate increased again to about 70% of the
initial release rate. Initially, an escape of volatile
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FIG. 3. Rate of release of radioactive material from the
core after the accident. [Source: Ref. [2]]

components, especially iodine, was observed; sub-
sequently, the radionuclide composition resembled
that in spent fuel. These phenomena were due to
heating of the fuel in the core to a temperature
above 2000°C, as a result of residual heat release
and insulation by the materials dropped onto the
core.

(4) A sudden drop in the release rate to less than 1% of
the initial rate occurred ten days after the accident
and there was a continuing decline in the release
rate thereafter. This final stage, starting on 6 May,
was characterized by a rapid decrease in the emis-
sion of fission products and a gradual termination of
discharges. These phenomena were the conse-
quence of the special measures taken, which caused
the fission products to be incorporated into com-
pounds that were chemically more stable [2, 10].

On the basis of radiation measurements and analysis
of samples taken within a 30 km radius of the plant
and throughout the USSR, it was estimated that
materials with an activity in the range of 1-2 x 10!¥ Bq
(25-50 x 106 Ci) had been released from the fuel dur-
ing the accident. These figures do not include the
releases of the noble gases xenon and krypton, which are
thought to have been released completely from the fuel.
Up to 20% of the volatile radionuclides iodine, caesium
and tellurium and 2-6% of other more stable radionu-
clides such as barium, strontium, plutonium and cerium
that were present in the core were estimated to have been
released [1, 2, 15]. The estimate of the *’Cs release
agrees with the amount calculated from estimated depo-
sition in the northern hemisphere, if the wide uncertain-
ties associated with both estimates are taken into account
[16,17].

By 7 May 1986, a map of radiation levels over the
European territory of the USSR had been completed
from the data collected by aircraft. The main boundaries
of the areas of radioactive contamination were identi-
fied, in addition to the main contaminated areas around
the plant and in the Mogilev and Gomel regions in the
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BSSR and in the Bryansk region of the RSFSR. The air
measurements and the ground measurements showed
that during the first four to five days after the accident
the radioactive materials spread far away, to various dis-
tances depending on the meteorological situation. A
short term increase of radiation levels (10 to 100 times
the natural background) due to short lived radionuclides
was detected by the radiological measurement network
of the USSR State Committee on Hydrometeorology
within a significant part of the European territory of the
USSR (the Moldavian SSR, the Sumskaya, Poltavskaya,
Rovenskaya, Voroshilovgradskaya, Krimskaya, Donet-
skaya, Vyunitskaya, Cherkasskaya, Kirovogradskaya,
Odesskaya, Brestskaya, Grodnenskaya, Minskaya,
Tul’skaya, Kaluzhskaya, Orlovskaya, Lipetskaya,
Kurskaya, Leningradskaya, Voronezhskaya, Smolen-
skaya, Gor’kovskaya, Rostovskaya, Tambovskaya and
Penzenskaya districts, the Caucasus Black Sea coast,
Kol’skij peninsula and Baltic Sea areas) and even in
Alma-Ata, Ural’sk, Khabarovsk, Vladivostok and the
central Atlantic. The first maps of the *'Cs, *Sr and
Pu contamination densities on the territories of the
BSSR, the RSFSR and the UkrSSR were established by
the USSR State Committee on Hydrometeorology in
June 1986 and more detailed ones in July 1986. Percen-
tages of the core inventory deposited at various distances
from the plant were estimated to be:

On-site: 0.3-0.5%
Within 20 km: 1.5-2.0%
Beyond 20 km: 1.0-1.5%

On the first day, 26 April 1986, the distribution of
radionuclides by altitude in the atmosphere directly
above the plant was: 20% above 1800 m; 60% between
1800 m and 1200 m and 20% between 1200 m and
600 m. By the following day, the maximum height
reached by emitted radionuclides was 1200 m, although
the bulk of the material did not exceed 600 m. After the
first two days, the plume did not exceed 600 m in height,
as indicated by air sampling. From 27 April 1986 up
until the end of the releases from the damaged reactor,
the Institute of Hydrometeorology prepared daily factual
and forecast data regarding the trajectories of the air
mass transfers from the accident area at various alti-
tudes. Specialists of the Institute of Experimental
Meteorology used computer codes and meteorological
information to prepare expeditions into the areas with
higher probabilities of radioactive contamination. This
allowed the sequences of detailed exploration in con-
taminated territories to be optimized. This information
was transmitted to the local authorities and to the Minis-
tries of Health and of Agriculture. The Institute of
Hydrometeorology was able to use the subsequent meas-
urements of deposition to back-calculate the radioactive
releases day by day, and its assessment is still credited
in broad terms internationally [18].
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Plume A ==== Plume B

FIG. 5. Descriptive plume behaviour and reported initial
arrival times of detectable activity in air. Plumes A, B and
C correspond to air mass movements originating from Cher-
nobyl on 26 April, 27-28 April and 29-30 April, respectively.
The numbers 1 to 8 indicate initial arrival times: 1 (26 April),
2 (27 April), 3 (28 April), 4 (29 April), 5 (30 April), 6
(1 May), 7 2 May), 8 (3 May). [Source: Ref. [10]]
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At the time of the accident, surface winds were light
and variable, but at 1500 m altitude the winds were
8-10 m/s from the southeast (Fig. 4). The initial explo-
sions and heat from the fire carried some of the radioac-
tive materials to this height, from where they were
transported by the jet stream flow over the western parts
of the USSR towards Finland and Sweden. Radioactive
materials were first detected outside the USSR in
Sweden on 27 April. They took some 36 hours to travel
1200 km, at an average wind speed of about 10 m/s
[19].

The volatile elements iodine and caesium were
detected at greater altitudes (6-9 km), with traces also
in the lower stratosphere. The refractory elements, such
as cerium, zirconium, neptunium and strontium, were
for the most part of significance only in local deposition
within the USSR.

Changing meteorological conditions, with winds in
differing directions at different altitudes and continuing
releases over a ten day period, resulted in a very com-
plex dispersion pattern. The plumes of contaminated air
spread over Europe (Fig. 5). News of the accident was
broadcast on Moscow television on the evening of Mon-
day 28 April. Part of the plume at lower altitude then
moved southward towards Poland and the German
Democratic Republic. Other eastern and central Euro-
pean countries became affected on 29 and 30 April. Air-
borne radioactive materials entered northeast Italy on
30 April. Central and southern Italy had first evidence
of the plume’s passage the following day. Switzerland
also reported its passage on 30 April. The generally
northward flow of air across western Europe then
brought detectable radioactive contamination to eastern
France, Belgium and the Netherlands on 1 May, and to
the United Kingdom on 2 May. Contaminated air
reached northern Greece on 2 May and the southern part
on 3 May. Airborne contamination was also reported in
Israel, Kuwait and Turkey in early May [17, 19].

The radioactive contamination was spread throughout
the northern hemisphere by long range atmospheric
transport. Reported initial arrival times were: Japan: 2
May; China: 4 May; India: 5 May; Canada/USA: 5-6
May. The simultaneous arrival of contamination at both
western and eastern sites in Canada and the USA
suggests a large scale vertical and horizontal mixing
over wide areas. No airborne contamination from
the Chernobyl plant was reported in the southern
hemisphere.

2.8. Protection of the Rivers and the
Kiev Reservoir

Immediately after the accident, one of the most criti-
cal issues was the potential danger from contamination
of the water system. From the first days after the acci-
dent, studies of water contamination were started by the

USSR State Committee on Hydrometeorology . Monitor-
ing of radionuclide concentrations in the River Pripyat
and River Dnepr areas showed that their contamination
resulted from fallout during the transfer of contaminated
air masses. After the decay of airborne contaminants, a
sharp decrease in the concentration was observed.

In the very first days after the accident, estimates
were made of the total quantities of radioactive products
in water locations due to the fallout and projected con-
centrations if rainfall were to bring radioactive products
from the contaminated ground into the water system.
The calculations made around 5-7 May showed that in
the event of intensive rainfall in the vicinity of the River
Pripyat, the most critical radioactive isotope, *Sr,
would not exceed the limits set by the regulations for
drinking water, provided that no further release from the
plant occurred. Later measurements confirmed this
forecast.

Because of the heavy fallout in the immediate vicinity
of the reactor, the nature of the soils in the area and the
direct connection through the nearby cooling pond to
Kiev’s principal reservoir on the River Dnepr north of
Kiev, a good deal of effort was made to slow the move-
ment of long lived radionuclides (such as '*’Cs and
%Sr) through groundwater or surface water. Three
major elements were involved. First, 140 dams and
dikes were built to limit runoff from the site area into the
cooling pond and the adjacent River Pripyat, a tributary
of the Dnepr. Second, a series of silt traps were scoured
from the bottoms of the rivers, the pond and the reser-
voir. Third, an 8 km long barrier, 30-35 m deep, was
built in the ground around the plant down to the
impermeable clay layer to control the flow of radicactive
water towards the Dnepr. An extensive system for
monitoring the condition of the structure and determin-
ing its effect on the radiation levels on the site and
beyond was incorporated. The barrier was completed
before the spring floods in 1987. Appropriate actions
were taken against clouds to prevent and inhibit the rain-
fall over the contaminated area of the Chernobyl plant
and to limit the transport of radionuclides by rainwater
into waterways (the River Pripyat and the Kiev reser-
voir). The actions were carried out from aircraft by
meteorological laboratories of the USSR State Commit-
tee on Hydrometeorology after they had performed the
surveys of the main contaminated areas. They were per-
formed in two time intervals, 10 May to 15 June 1986,
and 15 September to 20 October 1986. The work con-
sisted in freezing clean clouds at distances of between
100 and 30 km from the plant in directions from which
the wind was blowing.

The barrier dams and dikes were successful in imped-
ing the flow of water into the rivers and the reservoir,
but had the unexpected effect of causing the water table
in the area around the plant to rise to only 2 m. When
the barrier was constructed, experts believed they had
to protect the water system, which serves 40 million
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people, from contamination. Even low levels of con-
tamination, they believed, could have led to panic
among the population [9].

2.9, Construction of the ‘Sarcophagus’

In the period following the accident, specialists began
considering how they might isolate the reactor building
itself, which continued to cause high levels of radiation.
A number of approaches were considered to contain the
destroyed unit and to prevent further emissions, and
work even began on some. One approach considered
was the construction of a one piece hat-like structure, to
be lifted by helicopter and lowered over the reactor.
Parts were delivered to an assembly area in the settle-
ment of Chernobyl, but trial runs with helicopters
showed the concept to be unfeasible and it was
abandoned.

Finally, on the basis of radiation measurements and
the determination of the status of the fuel in the core, as
well as an analysis of the remaining structure of the reac-
tor building, engineers designed a structural covering
with a span of 55 m that used the remaining walls and
the top of the building as supports. Outer protective
walls were built along the perimeter; inner concrete par-
tition walls were built in the turbine hall between Units
3 and 4; a metal partition wall was installed in the tur-
bine hall between Units 2 and 3; and a protective steel
roof over the turbine hall completed the structure. The
outer structure of the sarcophagus was therefore to be
shaped by a number of buttressing elements rising in
echeloned tiers, the dimensions and forms of which were
determined in part by the features of the structure they
enclose as well as the contaminated debris that could not
be moved. The surface layer of soil in the area adjacent
to Unit 4 was removed to local disposal sites. This area
was then covered with concrete and asphalt and the
surface levelled for self-propelled cranes and other
machinery [2, 12].

Design work and construction on the encasement of
Unit 4 proceeded quickly, allowing Unit 4 to be enclosed
inside its concrete and steel shell by mid-November
1986. In order to check and diagnose the condition of the
structure, the temperature is measured in the space
under the cover over the central hall and on the upper
surface of the cover over the reactor vault, as well as in
the components of the lower baseplate and the surface of
the covering over the pressure suppression pool. In
order to refine data on the location and intensity of heat
sources, the heat flux is measured continuously at acces-
sible points of the areas under the reactor and on the
upper surface of the destroyed core. Gamma radiation is
monitored in all maintenance areas of the plant, at most
of the other accessible locations in the Unit 4 building
and also in the space under the covering and on the upper
surface of the destroyed core. The concentrations of
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hydrogen, carbon monoxide and water in the air are also
monitored continuously.

In order to detect any chain reaction in the damaged
fuel, neutron sensors have been installed, and the venti-
lation exhaust is monitored for the presence of shorter
lived iodine isotopes. To prevent any possibility of a fis-
sion chain reaction in the reactor vault, a liquid neutron
absorber was introduced. Vibroacoustic sensors were
also installed to monitor the mechanical stability of the
fuel mass and the structural elements of the sarcophagus
by recording any acceleration, velocity and vibration
caused by shifts of major components. A set of com-
puters monitor these sensors.

Analysis of experimental data on gamma dose rates
one year after the accident indicated that the fuel is in a
stable condition. The gamma dose rate is falling as the
fuel decays, according to authorities in the USSR.
Authorities asserted in 1987 that, upon completion of the
work on the sarcophagus, the destroyed unit ceased to be
a source of increased release of radioactive aerosols,
either through the ventilation system or by wind erosion.

2.10. Restarting Units 1, 2 and 3

One of the most important decisions made by the
Governmental Commission was to give a high priority to
restarting the other three reactors at Chernobyl (Units 1,
2 and 3) without waiting for further radioactive decay of
contaminants. Two reasons have been given for this
decision. First, without these reactors there was a huge
deficit of electric power, which was compounded by the
loss of power due to the retrofitting of other RBMK
reactors in order to correct deficiencies made evident by
the accident. Second, officials wanted to show the popu-
lation that they could restore normalcy and deal ade-
quately with the consequences of the accident [1, 12].

This required a major effort to decontaminate the
plant site and the surrounding area and to design,
manufacture and install additional safety features.
Decontamination was done with special solutions.
Liquid spray and steam cleaning methods were used
when possible, and polymer coatings were used in areas
where dry decontamination was necessary. Many items
of equipment were decontaminated manually with cloths
soaked in decontaminating solutions. Remote controlled
equipment was brought in and used where feasible,
but it was generally necessary to perform the tasks
manually.

People wearing protective clothing had to scoop up
radioactive debris, sometimes by hand, and each worker
had a limited time to carry out these tasks without
exceeding dose limits. Cleaning the fine deposits that
were everywhere was a tedious, manpower intensive
chore. Wastes created were collected in temporary
repositories within the 30 km zone. The effectiveness of
the decontamination work was checked by the direct
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measurement of gamma dose rates. These rigorous
methods at the site brought levels down to within regula-
tion ranges, although the process continued in a limited
number of areas [12]). Decontamination of Units 1 and
2 was completed by October 1986, and that of Unit 3 in
1987.

Restarting of Units 1 and 2 was carried out in accor-
dance with regulations governing the startup of new
plants. Item by item testing of systems, including equip-
ment serviceability, instrumentation, shielding, displays
and other normal checking, was all done as if the plants
had never operated. Special attention was paid to opera-
tor training and the responsiveness of systems and
mechanisms to signals from the emergency protection
devices. Full documentation was prepared on each sys-
tem, as well as general documentation on the readiness
of the equipment, systems, technical procedures and
staff, prior to restarting the units [12].

In view of the radioactive contamination in the area,
it was also necessary to provide special accommodation
for the staff. Shifts were organized on a tour of duty sys-
tem. During tours of duty, the operating and service
staff lived in a settlement located beyond the 30 km pro-
hibited zone. For the first year of operation, service staff
spent their free days in Kiev and Chernigov, where
accommodation was provided for them. The length of a
working day for operating staff was 12 hours (from
08:00 to 20:00 and from 20:00 to 08:00); for service
staff and all other workers at the plant, as well as those
who continued to live in the 30 km prohibited zone, it
was ten hours (09:00 to 19:00). Tours of duty for operat-
ing staff were five days on with seven days off. For
others, both tours of duty and rest periods were of 15
days.

The intensive and expensive efforts to get Units 1 and
2 back on line by the end of 1986 and Unit 3 by 1987
were successful. However, the manpower intensive
approach to speedy completion of the work may have
increased collective doses [14].

2.11. Emergency Accident Workers and
Liquidators

In June 1986, the dose limits normally used for emer-
gency workers were 0.25 Sv (25 rem). At the beginning
of the work on the site, most of those called in did not
have personal dosimeters, notably most of the military
and Civil Defence ‘liquidators’. These workers were
monitored on a group or area basis, with judgement
providing a basis for deciding how much time an
individual could spend on a given task or in a given area.
In total (up until the end of 1989), several hundred thou-
sand such workers had to be brought in to ensure that no
one would exceed the dose limits by a significant
amount. Officials acknowledge that, while 0.25 Sv (25
rem) was the limit, many may have received higher
doses in the first few days {14].
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FIG. 6. Distribution of doses due to external exposure for
emergency response workers.

Special procedures minimized the spread of radioac-
tive contamination from the heavily contaminated inner
zone. Transfers between clothes changing stations inside
and outside the zone were effected by buses classified as
too contaminated for use outside the zone. Vehicles were
monitored and washed, if necessary, at the crossing
points. Temporary housing was provided in and near
Ivankov, 60 km to the south.

Nearly one third of the emergency accident workers
were exposed to external radiation with doses ranging
from 0.1 Gy to 0.25 Gy; about 10% of doses were
higher than 0.25 Gy [13] (see Fig. 6).

2.12. Current Status of the Chernobyl
Plant

The Chernobyl plant is once again operating but with
only three reactors. A number of changes have been
introduced in these reactors, as for all RBMK reactors
in the USSR [2, 12}:

— The positive void coefficient has been decreased by
a factor of six, partially as a result of increasing the
enrichment of the fuel from 2.0 to 2.4%. Since the
reactors have on-line refuelling, however, this is only
about half accomplished, and will not be finished
until 1992. A total of 81 fuel channels have been
changed to absorbers.

— The response time of protective systems has been
halved.

— Autonomous protective systems have been installed
which are faster by a factor of 12.

— The time required to introduce emergency control
rods has been reduced and is now less than 2 s.

— Systems have been installed at Unit 1 to continuously
monitor the operating status of the equipment and
pipes (for ageing, corrosion, etc.) in the primary
circuit.
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The modifications to the reactor, including increasing
the fuel enrichment and the additional control rods, have
resulted in a reduction by about 8 % in the economic effi-
ciency of operation. In addition to the six hardware
fixes, all the documentation has been revised, including
emergency procedures; the personnel have been retes-
ted, and training has been increased at the Smolensk
training centre, which has a full scale RBMK simulator.

The USSR has, in addition, developed a programme
for a second stage for improving the safety of all its reac-
tors. This includes:

— improvement of quality control on metal parts;

— improved reliability of equipment, especially for
emergency power;

— design of localizing equipment for leaks;

— installation of auxiliary systems for bringing in addi-
tional cooling water to a damaged plant.

This phase has not yet been put into effect, however.
Two projects are under way on Unit 4. One is to con-
firm the safety of the unit by means of 40 drilled ‘buoy’
holes inside the reactor vessel; the second is to study the
stability of certain major construction elements inside
the sarcophagus. Specialists are certain that a chain reac-
tion cannot occur in the remaining material [14].
After the accident, most of the irradiated fuel
(96.5%) remained in the destroyed part of Unit 4. This
fuel contains 398 kg of 2°Pu, 167 kg of **Pu and sub-
stantial quantities of transuranic elements. Of the
accumulated inventory of caesium isotopes, 70% are
also contained within the unit. Examinations carried out
since 1987 have shown that in the lower parts of the
building (those compartments containing pressure sup-
pression pools, steam distribution corridors and the
room beneath the reactor hall) about 105-165 t of
nuclear fuel are concentrated. This mass of material con-
sists very largely of substances resembling lava, consist-
ing mainly of SiO,, the fuel content by weight varying
from 2 to 18%. The fuel burnup is 9-13.5 MW -d/kg of
uranium. The calculations made from mass, geometry,
physical and chemical characteristics of lava masses and
the measurements made confirm the subcritical state.
Thus, a self-sustaining fission reaction is not possible.
Because of the difficult conditions under which the
sarcophagus was built, it was not possible to seal it her-
metically from the environment. It has holes in the upper
part of the structure and in the roof. The holes are being
monitored for radioactive emissions, however, and
under present conditions the sarcophagus may be left as
it is for as long as 10 years without undue risk of releases
of radioactive materials. Nevertheless, dust and radioac-
tive materials could emerge if there were a major shift-
ing of material inside due to rusting or the failure of
major structural elements. Such an occurrence would be
a threat only to the personnel on the site, however, and
would not result in contamination beyond the prohibited
zone. Plastic materials have been inserted through
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‘buoy’ holes drilled in the walls in order to suppress
radioactive dust. The annual release of radioactive fis-
sion products does not exceed about 11 GBg/a (0.3
Ci/a). On the asphalt yard just outside the sarcophagus
(within 20 m of the outer wall) the dose received is about
50 mR/h (12.9 uC-kg™!-h~1)[14].

The USSR authorities are planning to build a second
sarcophagus, which would be hermetically sealed, over
the first. This structure would afford complete environ-
mental protection against radiation. It would also allow
access to the remaining fuel mass for sampling and anal-
ysis and perhaps for dismantling the inner parts of the
damaged reactor.

Decontamination work continues on Units 1, 2 and 3.
The work was a continuous learning process. While
radioactivity levels have generally been brought down to
normal, there are still problems with the radiation back-
ground at one level in these buildings. Further decon-
tamination is difficult because radioactive material and
dust are lodged in cracks in the concrete. The floors
inside the Chernobyl plant building are covered with
thick plastic. The control room of Unit 4 is dark and
instrument panels are covered with plastic sheets. The
room itself does not show any signs of damage due to the
accident.

2.13. Waste Disposal

The cleanup work at the plant, in the surroundings
and in the evacuated areas inside the 30 km prohibited
zone, created an enormous amount of solid waste. All
the disposal sites currently in use for waste from Cher-
nobyl are classed as for ‘temporary storage’. This is
probably the most significant, and most underreported,
aspect of the consequences of the accident. The
managers of the cleanup phase needed to dispose of
heavy equipment, helicopters, buildings, soil, trucks,
furniture and every artefact of daily life from a town and
a large industrial complex. In addition, the equipment
used to dispose of all this had to be disposed of itself,
following partial decontamination. All this waste is now
buried or stored on two sites inside the 30 km prohibited
zone. Final storage and disposal, code-named ‘Project
Vector’, will attempt to deal with the wastes in a perma-
nent manner, and it is hoped that this programme can be
implemented in 1992. Research is now being conducted
on how to reduce the volume of waste [14].

The largest waste site, Buryakovka, for low level
wastes, is located about 5 km from the plant, and is situ-
ated on relatively high ground. The Buryakovka site is
about 1 km wide by 1.5 km long. Until this year it was
used to store wastesofuptoS R/h (1290 uC-kg™-h™).
Now the low level wastes stored do not exceed 1 R/h
(258 uC-kg™'-h™!). Heavy equipment such as trucks,
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A railway connects the new town and the plant.

actively seeking new light industry.

as was the land in the surrounding forests.

Slavutich: A New Town

The plant personnel now live in a newly buiit town, Slavutich, which is about 60 km east of the power plant.

Construction of Slavutich commenced at the beginning of 1987, as a place to house those working at the Cher-
nobyl plant. Great effort went into designing and building a town that would attract qualified workers to the area.
The design work for the town was completed in three months at the Kiev Institute of Experimental Design. The
design philosophy was to divide the town into eight sectors representing major Republics of the USSR. Each sector
is named after the capital of that Republic. Each sector was designed in co-operation with designers from the
Republic and then constructed by workers from the Republic. The intention was to make an All-Union city in
order to commemorate the support of all the Republics in alleviating the effects of the Chernobyl accident.

By 1 September 1990 the town had 23 000 inhabitants, including 8000 children. Twenty-six nationalities are
represented. The city is growing rapidly, and additional infrastructure has to be added for the large apartment
buildings now being built on the outskirts of the town for couples, pensioners and families with children. The
city’s planners are becoming aware of things they overlooked in the original design. For example, they did not
foresee the large number of children, and did not plan enough schools and kindergartens. The town is also cur-
rently suffering a housing shortage despite uncertainty about the future of the Chernobyl plant. If the plant were
shut down, many of the people would stay to work on the decommissioning project. The town, however, is

At first only personnel at the Chernoby! plant and their families were authorized to live in Slavutich. However,
the town also needs services, transport, small businesses, teachers, doctors, etc., and these have had to be
recruited from other parts of the USSR. This has proved difficult because the town is rather isolated — 175 km
from Kiev. Many families live in apartment buildings, which have all been designed to reflect the style of the
Republic they represent, but a total of 20% of the families live in smaller houses.

In choosing where to build the settlement for Chernobyl plant personnel, many places were considered on the
basis of convenience of settlement operations, existence of a railway or the possibility of constructing good quality
roads. Studies were performed on the adjacent territories of the places considered in terms of effective dose
equivalent commitment. The radiation protection requirements had to be fulfilled (0.5 rem (5 mSv) per year for
the local population, including children). However, Slavutich was not on the list of places studied. The designers
shifted the site by some 10-12 km east towards the railway station, and no radiation contamination study existed
for this site, although the detailed measurements made between 1987 and 1989 showed that the radiation protection
condition of 0.5 rem (5 mSv) per year was met. The work to build the town was begun in 1987. The first complete
contamination map was published in 1989 and it showed that the town was partly contaminated in certain spots,

Local foods are controlled. Inhabitants, especially children, undergo regular medical examinations. Clean food
is brought in from outside the area. Town officials are seeking to obtain special rights for the 1nhab1tants and
everyone has the right to decide whether or not to stay.

cars, jeeps and tanks are currently stored in the open air.
Smaller equipment, parts of demolished houses, furni-
ture and other household effects and soil are buried in
thirty large, shallow trenches, each about the size of a
football field and about 10 m deep. These trenches are
layered with clay and sand. Some of the trenches are full
and have been covered over with clay and soil, which
has been planted with grass to prevent erosion. The site
is adequately monitored for leakage.

A second site, located near the River Pripyat not far
from the plant to the north, is for higher level wastes (up
to 90 R/h (23.22 mC-kg~'-h-1)) which are stored in
massive concrete containers with walls 1 m thick. This
is mainly waste from Unit 4 and the site cleanup. Those
in charge of decontamination and waste were not dealing
with any higher level waste. There was no large metal
waste compactor on the site, but one was being designed

for use under Project Vektor. The ‘final’ stage of high
level waste disposal is reportedly expected to be deep
geological burial.

There were three phases to the cleanup. Phase 1 was
designed to prevent further contamination from the des-
troyed reactor, and this phase ended with the completion
of the sarcophagus. Phase 2 was intended to decon-
taminate the territory around the plant and bury the
wastes in the 30 km zone; this phase was nearly com-
plete, but the burial of the waste was continuing.
Phase 3, which had only just begun, is considered to be
long term. The year 1990 began with renewed scientific
research, and this was strengthened with the signature in
Vienna (at the General Conference session of the IAEA
in September 1990) of an agreement with the IAEA on
establishing an international scientific research centre at
Chernobyl.
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3. Effects of the Accident on the Population and the Environment

3.1. Evacuation of Pripyat

There is no indication that people living around the
plant had received any prior information on the hazards
of radiation, or had any idea of measures to be taken in
the event of an emergency [7, 9]. Specific radiation
related protective actions to be taken were not widely
known. Likewise, emergency crews (doctors, firemen
and police) seem to have had no specific knowledge of
procedures or equipment to be used in a radiation
environment. On 26 April 1986, no official information
or instruction was given to the people of Pripyat. There
were no publications to explain the consequences of
radiation doses to the population or what to do in the
event of increased levels of radioactivity [7]. Many
people said that they knew that an evacuation plan
existed, but no one was familiar with its content. The
fact that people lived and worked in a ‘nuclear village’
was of little consequence, since the prevailing view was
that an accident ‘‘couldn’t happen here’’.

Early on Saturday 26 April 1986, the explosion and
fire at the plant were reported to Civil Defence organiza-
tions in the UkrSSR and the BSSR and those of the dis-
tricts of Kiev (in the UkrSSR) in which the plant is
located and Gomel (in the BSSR) a few tens of kilo-
metres to the north. Within hours a headquarters in the
UkrSSR had been set up in Pripyat, the nearest boundary
of which was 3 km west-northwest of the plant. Police
set up road blocks to prevent all but emergency vehicles
from entering or leaving the city [3, 8].

By noon, regular radiation measurements were being
made by Civil Defence forces at fixed points around
Pripyat [3, 8]. The highest readings were found just to
the west of the plant, but the wind was light, so ground
level atmospheric transport of released material was
slowed. Material sent higher into the atmosphere by the
fire drifted west and north. Although the highest
recorded radiation levels were away from Pripyat, wor-
kers began to wash down the streets. The initial radio-
logical measurements, however, forced Civil Defence
officials, in accordance with emergency plans, to pre-
pare for Pripyat’s evacuation, even though, at that time,
only All-Union officials had the authority to initiate it.

On the evening of Saturday 26 April, the radiological
situation in Pripyat was considered by the Governmental
Commission as not too alarming. Readings were
between 1 mR/h (258 p.C-kg'l +h™!) and about 10 mR/h
(2.58 mC-kg!-h!). Yet the physicists on the Govern-
mental Commission were recommending evacuation.
Finally, the Head of the Governmental Commission
decided at about 22:00 to evacuate the next day [7, 8].
V. Legasov notes in his memoirs [7] that he regretted
that the information on evacuation was only orally trans-
mitted on 27 April between 10:00 and 12:00 in the
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streets, while that morning children in the settlement had
been playing outside.

The Governmental Commission contacted transport
officials from as far away as Kiev and other localities.
They arranged to send more than a thousand buses,
which arrived throughout the night. Two special trains
were also sent but were not used. To limit exposures,
buses were stopped in the settlement of Chernobyl,
although a few may have waited for a time in higher
radiation areas near the plant before being sent back.

Officials in the Polesskoe and Ivankov regions of the
Kiev district of the UkrSSR had to be alerted to prepare
their citizens to receive evacuees. At Civil Defence
headquarters, officials revised evacuation routes set by
pre-established emergency plans according to the en-
vironmental radiation measurements received and for-
mulated precise instructions for leaders, drivers, police,
monitors and evacuees.

At 02:00 on Sunday 27 April, 24 hours after the first
explosion, the Governmental Commission set in motion
final preparations for the evacuation. At 07:00 the Head
of the Governmental Commission confirmed the deci-
sion. He met with Pripyat officials at 10:00 and
instructed them to prepare for evacuation at 14:00. The
organizers of the evacuation in Pripyat had to calculate
the number of buses and vehicles for cattle transport
needed and how to supply food and medication to the
evacuees.

Meanwhile, on the basis of obvious signs of the se-
rious accident at the plant — the explosion had been
heard; the fire was visible; Civil Defence forces were
monitoring the city; plant workers had alerted their
families and others; the injured were being received at
the hospital — some individuals took actions on their
own initiative. They warned other people to stay indoors
or distributed available KI. Some teachers, recalling
recent Civil Defence training, cancelled outdoor events
on Saturday and kept students indoors. They also tried
to keep contaminated outdoor air from entering the
buildings. Other people decided to protect themselves by
leaving by train or river boat before the service was cut
off, or by car before road blocks were in place [3].

Officially, however, life in Pripyat was allowed to
proceed more or less normally during the first day after
the accident, and steps were taken to prevent panic
[3, 4]. For example, not until after the evacuation did
Civil Defence officials use face masks, because there
were not enough to supply the children of Pripyat. An
amusement park in Pripyat, which had been out of use
for months, had been reopened a few days before the
accident. On the Saturday of the accident, there were
many people there. There had been no warnings or
instructions to stay indoors and the park had not been
closed. There was no systematic distribution of KI.
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Evacuees from Pripyat

The problems faced by the evacuated residents of Pripyat are characteristic of those found by all evacuees.
On Sunday morning, 27 April 1986, it was announced on local radio that the inhabitants of Pripyat should prepare
for an evacuation, expected to last about three days, and should listen to the radio for more information. A second
announcement at 12:00 said that the evacuation would commence at 14:00. Evacuees were taken to Polesskoe,
where they arrived at 20:00 on Sunday evening. There were no immediate medical examinations, nor were the
evacuees examined for contamination, and it was a few days before they could change out of their contaminated
clothes. Evacuees said that on Sunday 27 April, most of the inhabitants of Pripyat were experiencing sore throats
and diarrhoea. The evacuees had no prior knowledge of the dangers of radiation nor even of elementary protective
measures.

In Polesskoe, evacuees stayed with families. Three days after their arrival, doctors came to do blood tests.
On the basis of the results of these tests, some evacuees were sent to hospitals in Polesskoe, Ivankov and Kiev.
Life with other families was not easy; there were too many people living in close quarters in small apartments.
But most of the host families were helpful, even donating food and clothes.

The people from Pripyat received their first financial assistance in Polesskoe on the first day (15 roubles per
person), and in June they received 200 roubles per person. In summer 1986, each head of family received 4000
roubles, the spouse 3000, and each other family member 1500 roubles. Most Pripyat families stayed in Polesskoe
until August 1986 and were resettled in apartments in Kiev after that. Each family was authorized to return to
Pripyat later that summer to retrieve items such as clothes stored in cupboards, books and crockery. They were
not allowed to collect any clothes or belongings for their children. Each family was accompanied by a dosimetrist,
who checked what they were taking. Another radiation control was made when they arrived back in Kiev.

In early 1987, doctors in Kiev asked evacuees to take their children to a special hospital for treating the effects
of irradiation. This was their first medical examination for radiation effects. The hospital follows up these children
regularly. The children from Pripyat go to two special schools in Kiev. They spend only five days in school instead
of the normal six days, and milk is distributed in the primary grades. Since September 1990, they have also
received special dietetic meals. Every month paediatricians come to the school to do medical analyses, and parents
take their children for examinations in Kiev hospitals once a year. The children now lead a fairly normal life.

The adults do not feel integrated in Kiev, because their families are from the rural area around Pripyat. Many

of them had helped to build the town of Pripyat. Their greatest worry is the health of their children.

Consequently, children and others were unnecessarily
exposed.

Around noon on Sunday 27 April, when the evacua-
tion order had been authorized and all preparations were
complete, a short official announcement was broadcast
to city residents to pack provisions for three days and to
be ready to leave at 14:00. Finally, the nearly 1200
buses assembled near the settlement of Chernobyl
(20 km southeast of Pripyat and 17 km southeast of the
plant) set off in a line several kilometres long along the
road that passed over the railway just west of Unit 4
I3, 4, 8).

Evacuation of Pripyat began at 14:00. Buses were
provided directly at the entrance of each building. As
soon as each bus was loaded in front of its assigned
apartment building (Pripyat is a settlement of high rise
blocks), it set off to join a police escorted line to the
reception centres about 50 km away to the west-
southwest in Polesskoe and to the south-southwest
Ivankov region of the Kiev district. The number of
people to be transported, which was to have been around
44 600, was in fact less, since some people had already
left by car and many others were away for the weekend.

Officials in the receiving settlements of Polesskoe and
Ivankov arranged to meet the evacuees on their arrival
at reception centres.

On the plant site, the, plant superintendent assembled
his personnel at 13:00. They did not know whether to
stay or be evacuated. Some stayed at the plant, others
left and joined their families for evacuation.

Kiev region Kiev region
Polesskoe district Bordian district
Pripyat town Chernobyl town
11 villages Pripyat town 27 villages
Chernobyl town

. ., 70 Vi"ages Kiev region
a:l:al;?:?f'%?strict lvankov district

4 vi Chernobyl district
24 villages 3 villages

Zhitomir region
Narodichi district
Ovruch district

5 villages

FIG. 7. Population evacuated from the 30 km prohibited
zone,
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There was adequate transport and the evacuation
went smoothly. In less than three hours the city was
emptied in orderly fashion of all but those with official
duties. The over 44 000 evacuees were taken in by
individual families who lived mostly in settlements in the
surrounding regions [9] (Fig. 7).

3.2. Expanding the Evacuation Zone

On 28 April, the Civil Defence Chief of Staff of the
USSR proposed the evacuation of the Chernobyl plant
site and the establishment of a 10 km exclusion zone
around the plant. The authorization was given. At a
meeting of the Governmental Commission on 1 May, the
Civil Defence commander asked for authorization to
evacuate people and cattle from ten settlements in a zone
of radius 10 km where there were relatively high levels
of radiation [8].

On 2 May, six days after the accident, USSR Com-
munist Party Central Committee members N. Ryzhkov
and E. Ligachev arrived from Moscow [4, 7, 8]. They
quickly appreciated the gravity of the situation, the
severity of the accident and the long term engagement
necessary. Finally, with their arrival, fundamental deci-
sions could be taken to organize the work, estimate the
costs and allocate the contributions to be expected from
organizations and concerns over the USSR, The Polit-
buro Central Committee created an operational group to
direct the national effort. N. Ryzhkov was appointed head
of this group. After this, the Governmental Commission

became a part of the larger management effort [7, 8].

In the first stage after the accident, the main criterion
used for decision making was the absorbed dose from all
radiation sources. The evacuation decision was based on
the 10 rem (100 mSv) dose for the first year following
a nuclear accident, established by the Ministry of Health
of the USSR. For the dose estimation, it was necessary
to take into account the duration of the release from the
destroyed reactor, the volume radioactive source (atmo-
spheric contamination), the meteorological conditions,
the radioactive isotope composition in the atmosphere
and on the ground, and the abundance of the radionu-
clides most harmful from a health point of view.

The decision to evacuate the people from the ‘geo-
metric’ 30 km zone (it was not a regular circle) was
taken on 2 May at a Governmental Commission meet-
ing. During the discussions on the evacuation issue,
leading specialists insisted on the necessity of evacua-
tion, especially because of the lack of predictions on the
radioactive source behaviour under the prevailing mete-
orological conditions. On 10 May an absorbed dose rate
map was drawn with isopleths: 20 mrad/h (0.2 mGy/h)
formed the boundary of the prohibited zone (about
1100 km? in area), 5 mrad/h (0.05 mGy/h) the boundary
of the evacuation zone (3000 krnz) and 3 mrad/h
(0.03 mGy/h) the strict controlled zone (8000 km?)
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from which children and pregnant women had to be tem-
porarily evacuated. In addition to the geometric 30 km
Zone, evacuation was also needed from territories adja-
cent to the zone to the east and west where absorbed dose
rate levels exceeded 5 mrad/h (0.05 mGy/h) on 10 May.
The maps of contamination by long term isotopes pre-
pared in June and July 1986 indicated that additional
resettlement should be carried out: from 29 settlements
in the BSSR and four in the RSFSR [3, 4, 8, 9].

The evacuation of the entire 30 km zone was com-
pleted by 6 May. It was a huge undertaking that required
the transport of many tens of thousands of people from
the UkrSSR and thousands of farm animals. The zone
was fenced off and access has been controlled ever
since. Transfer of radioactive materials from the zone
was controlled at radiological checkpoints set up at zone
exit points where vehicles were washed down or sent
back for use within the zone. A substantial number of
people refused to leave their homes; others who had left
later returned surreptitiously. The zone remains evacu-
ated, although some people have been allowed to go
back to their homes in the less contaminated southern
areas.

3.3. Assessing the Pathways of Exposure

Radiation monitoring was undertaken from 29 April
1986 by the USSR State Committee on Hydrometeorol-
ogy and Environmental Monitoring, working with
organizations from the Ministry of Health, the State
Agroindustrial Committee, the Academy of Sciences,
the Ministry of Defence and the State Committee on the
Utilization of Atomic Energy, among others. Because of
the scale of the accident, the amount of monitoring
equipment available was increased and the personnel
eventually numbered several thousand. For atmospheric
monitoring, airborne units under the Ministry of
Defence were brought in. Data were collected not only
at permanent stations but also at observation posts, by
expeditionary columns and mobile groups of workers,
and with reconnaissance aircraft and helicopters. Data
gathering included gamma and beta radiometry and
spectrometry of contaminated areas, and analysis of air,
water, soil and plant samples and radioactive fallout
samples.

Following the emergency period, after the short term
problems had been dealt with, the monitoring system
that had been set up was converted into a continuously
operating system in those areas affected. Different fal-
lout structures, patterns and compositions over the
fifteen days following the accident left different levels of
contamination by radionuclides in the various areas
around the zone and in the three Republics outside the
zone that required continuous monitoring.

The first summary map of radioactive surface conta-
mination by long lived radionuclides was prepared with



Historical Portrayal

the results of the series of measurements made in settle-
ments and by air gamma-spectrometrical measurement
of the corresponding areas and later with the results of
surface measurements of agricultural and forest areas
and aerial surveys. It should be noted that these activities
involved different methods of obtaining the data (air
gamma-spectrometrical surveys, massive soil sampling
and sample analysis, etc.), thus allowing information for
individual households in the settlements to be obtained.
These activities were carried out first and in great detail
for the most contaminated areas and adjoining districts.
A great deal of work on the detailed radioactive con-
tamination (surface contamination by !3’Cs) up to sur-
veys with scales of 1:10 000 was done by branches of
the USSR Ministry of Geology with the help of the
device ‘Macfar’. For such measurements, ‘matching’ of
the measurements to the area and the use of correspond-
ing corrections for radionuclide penetration are very
important for the objective interpretation of the data.

TABLE 4. Intervention Measures [9]

The detailed and corrected first maps were prepared
stage by stage, with account taken of the fact that the
majority of the population was covered by protective
measures. Hence from 1986 to 1989, twice a year,
specific maps were prepared. In 1986-1987 all activities
centred on areas with a high density of contamination
and were aimed at specifying isopleths with a density of
B7Cs contamination of 15-40 Ci/km? (555-1480kBg/m?);
of %Sr of 3 Ci/km? (111 kBg/m?); and of *°Pu of
0.1 Ci/km? (3.7 kBq/m?). Later, specific and detailed
contamination surveys on less contaminated areas were
carried out, especially in areas with a density of con-
tamination of less than 15 Ci/km? (555 kBg/m?). In
1988, areas with a contamination density of less than
5 Ci/km? (185 kBq/m?) were identified and in many
other places data were obtained on areas with even lower
contamination levels. In 1989 areas with lower densities
of contamination were surveyed and isopleths were plot-
ted for 1 Ci/km? (37 kBq/m?) of '*’Cs.

Temporary permissible radioiodine contents for drinking water and a number of foodstuffs approved.

To prevent excessive external and internal exposure of the public, the Ministry of Health approved
temporary permissible levels of radioactive contamination for various surfaces (premises, transport

The Ministry of Health approved ‘temporary permissible levels for the radionuclide content of food-

3 May 1986
6 May 1986 Additional standards set for staple foodstuffs.
7 May 1986
and equipment), clothes, footwear, skin and means of personal protection.
30 May 1986
stuffs, drinking water and medicinal herbs’.
2 June 1986

22 July 1986
19 September 1986
19 September 1986

14 October 1986

26 October 1986
End of 1986

December 1987

Revised permissible contamination levels based on latest dosimetric data set for ground surfaces,
road surfaces and outer and inner construction surfaces following decontamination.

‘Temporary permissible levels for the radionuclide content of medical preparations’ approved.
‘Temporary permissible levels for the radionuclide content of canned fruit and vegetables’ approved.

‘Temporary permissible levels for the radionuclide content of endocrine and enzyme raw material’
approved by the Ministry of Health and the State Agro-Industrial Committee.

To improve control of manufactured produce, 28 standardization documents were adopted by the
Ministry of Health and the State Agro-Industrial Committee for various livestock, poultry, fodder
and fur products.

Owing to changes in radionuclide composition and large scale decontamination operations, new
‘temporary permissible contamination levels for the skin, underwear, clothes, transport, machinery
and means of personal protection® were approved.

‘Temporary permissible contamination levels for roads, populated areas and outer and inner construc-
tion surfaces following decontamination’ approved (with lower permissible exposure rates).

Ministry of Health set dose limits of 3 rem/a (30 mSv/a) for total (external and internal) exposure
over the year 1987.

The NCRP reviewed the temporary permissible level of 30 May 1986 and suggested a new tem-
porary permissible level calculated for total radiocaesium activity with allowance for routine daily
consumption of the principal foodstuffs (corresponding to an internal dose of no more than 0.8 rem/a
(8 mSv/a)).
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The results were compiled and mapped and, while the
precision of the plots increased, the general pattern did
not change significantly from that described as early as
June 1986. (Official maps were not made publicly avail-
able, however, until March 1989.)

The distribution of caesium contamination was
unpredictable and patchy owing both to the dynamics of
the release and to the non-uniformity of the rainfall in
areas over which the radioactive plume passed. In addi-
tion, analysis of meteorological data on wind direction
gathered during the five days after the accident showed
that the direction of movement of airborne particles in
the air from the ground to an altitude of 1 km had
reversed. After releases had been halted, changes in
contamination patterns were the resuit of decay (primar-
ily of iodine, which decays almost totally within a few
weeks), wind, washout by rain, dispersion by flood
waters after snow melts, and diffusion in the soil and in
the food-chain [15, 16].

After the initial evacuations, the USSR National
Committee on Radiological Protection (USSR NCRP)
formulated a series of other intervention criteria for
reducing exposure due to contaminated food and water.
These are listed in Table 4 [9]. The main sources of
exposure changed with time, as did the measures taken
to control them. In the first few months, they were
radioiodine in milk from cows that had grazed on con-
taminated pasture (intervention measures: administra-
tion of KI, substitution of clean milk) and radioiodine
and other nuclides in fresh vegetables (intervention
measures: administration of KI, washing, substitution).
Over the long term, the principal sources of dose are
gamma radiation from deposited materials, especially
B34cs and Cs (intervention measures: relocation,
reducing time spent outdoors, avoiding more contami-
nated areas, decontamination) and internal exposure
from radionuclides (especially **Cs and '*’Cs) in meat
products and other foods (intervention measures: restric-
tions on food production and use, changes in agricul-
tural management).

Other sources of exposure of potential significance
included radiostrontium (**Sr) in milk, plutonium par-
ticulates in the air and various nuclides in drinking
water. When the levels of contamination in water from
open wells in certain localities were found to exceed
existing criteria, the wells were covered and a lip was
built around them to exclude contaminated surface
runoff.

3.4. Intervention Measures
After a radioactive release to the environment, the

levels of activity and dose rates typically decrease, at
first rapidly and later less rapidly. Levels can rise with
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seasonal and other effects (for example, the levels of
radiocaesium in milk and beef normally fall in the winter
when cattle are indoors and are fed stored feed, but rise
again in the spring when the animals are put out to
graze). Man is exposed to radiation in two ways: by
external irradiation and internal irradiation. External
irradiation derived from activity in the radioactive cloud
as it passed over in the first few days and from radioac-
tive fallout on the ground and other surfaces; this
exposure to *’Cs will endure for several decades.
Internal irradiation derived from inhaling air contami-
nated either directly in the first few days after the acci-
dent or subsequently by materials resuspended from the
ground, and from consuming contaminated food and
drink. As noted, the levels of radioactivity decline with
time and thus so do the radiation dose rates.

There is often considerable benefit to be gained by
intervening to alter the mechanisms by which man is
exposed to radiation and thus limiting the total radiation
dose. These interventions can be of many types: shelter-
ing or temporarily evacuating the population during the
time of passage of the plume (reducing inhalation and
direct exposure); issuing stable iodine tablets (reducing
the thyroid doses due to inhalation or consumption of
iodine contaminated food); relocation of the population
and/or decontamination of the living environment
(reducing exposure to deposited contamination); and
food and agricultural countermeasures (reducing the
intake of contaminated food).

After the major releases from the plant had subsided,
it became clear that although dose rates would fall natur-
ally with radioactive decay and normal weathering
processes, there would be major benefits in attempting
to reduce these dose rates further by decontamination of
areas where levels were high and from which the popu-
lation had not been evacuated. This could also reduce the
hazard due to inhalation of radioactive dust that is
resuspended from the ground and other surfaces back
into the air by the wind or by vehicles in the area. The
aims were to restore life as far as possible to normal. A
broad range of decontamination work was done by a
number of different techniques according to the extent of
the contamination and the desired dose rate reductions.

Altogether more than 600 populated settlements were
decontaminated over a total area of about 7000 km?.
About half these were treated more than once. Most
attention was paid to municipal buildings such as
schools, nurseries and hospitals and other social and
industrial buildings. Buildings of lower value were
demolished and the waste was buried. For more substan-
tial buildings, up to three attempts were made to decon-
taminate them to preset levels. If this could not be
achieved, these buildings were demolished.

The soil around many homes was removed to a depth
of 10 to 15 cm, reducing dose rates by a factor of 3-4.
Yards were paved over or covered with gravel, broken
stones, sand or clean soil, which reduced gamma dose
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rates by a factor of about 10. In all, about 70 000 homes
were decontaminated and about 200 000 m* of soil
were removed for burial. More than 25 000 km of roads
were also decontaminated. Roads were washed daily,
which reduced gamma dose rates by half. Many were
resurfaced with asphalt, concrete or stone, resulting in
a threefold reduction in dose rate. At first it was antici-
pated that much of the area evacuated would be habitable
after decontamination [9]. However, the efforts made
eliminated only a small fraction of the deposited radio-
nuclides and succeeded only in redistributing the rest. In
many cases the surfaces quickly became recontaminated
by radioactive materials migrating from trees in highly
contaminated forests. It was reported that residents of
only a handful of settlements were authorized to return
to their homes in the BSSR.

Water that was used to decontaminate roads during
the height of the decontamination effort was allowed to
flow off into ditches. In the 30 km prohibited zone and
surrounding areas to the south and north, signs were
posted along the roads warning people that it is danger-
ous to walk along the side of the roads or in the forests.
Contaminated water was collected only at decontamina-
tion control washing stations. A new sewerage system is
being built in the vicinity of the plant. Decontamination
work in general has been ineffectual, especially in the
forests, and has been discontinued. The only places
where decontamination had any success were at the plant
and at some buildings in Chernobyl and Pripyat, and
there decontamination continues.

In order to reduce the transport of radionuclides by
wind, plastic sheeting was spread over the soil in some
areas. Topsoil near the plant and from the switchyard
behind the plant was removed and buried in the low level
waste site. Experts have concluded that ‘biological
decontamination’ is the best way to limit the distribution
of radionuclides. Thus much of the area around the plant
and in the prohibited zone has been allowed to become
overgrown, which has had the beneficial result of virtu-
ally eliminating the sandstorms that were common in the
area. It has increased the risk of fire, however. A num-
ber of houses have been torn down in the 30 km zone
because they were fire hazards, generating additional
waste material. .

The fallout was inhomogeneous. This was mostly due
to the uneven composition of the first deposits and partly
to follow-up actions after the accident to reduce contami-
nation. Streets, walkways, parks and school-yards were
asphalted over or new soil was brought in (for example,
in Bragin and Polesskoe), resulting in significantly
lower external dose rates in these public places than in
other areas nearby where there had been no special treat-
ment. Dose rates in Daleta, a settlement with less
primary contamination, on the other hand, showed a
much more even distribution over the locality, a sign
that no special decontamination measures had been taken
in this region [20].

3.5. Agriculture and Food Supplies

3.5.1. Structure of Agriculture in the Region

To discuss the agricultural consequences of the Cher-
nobyl accident [21], it is necessary to understand the
setting of agriculture in the region. The climate is gener-
ally temperate and continental, with hot summers and
relatively mild winters. Mean annual precipitation
ranges from 500 to 650 mm. The terrain is in general flat
with a maximum altitude of 200 m. Roughly half the
land area has natural landscape (forests, marshlands and
scrub) but the flat open areas of the region are almost
entirely given over to agriculture, principally dairy
farming and meat production (up to 60 cows per
100 hectares). Much of the remaining agricultural land
is used for the production of potatoes (almost 8% of the
remaining land), fodder crops (35-40%), cereals
(almost 50%) and flax (up to 5%). The soils in general
are of low productivity. Most soils are sandy to
extremely sandy with areas of podzol, peat soils and
marshlands, especially to the west of Chernobyl. These
soils in general have a low natural fertility and are poor
in mineral nutrients (in particular, poor in potassium,
phosphorus and magnesium).

The system of agriculture is based on the collective
farm (kolkhoz), which normally consists of a few thou-
sand hectares of arable and often forest land. Farmers
who work on the collective farms typically live together
in the settlement, where they have a house and one-third
to one-half of an acre of land to themselves to grow
vegetables and fruit. Pigs and chickens are kept and,
more so formerly, a cow for home milk production.
The family cow is pastured on non-arable wasteland
(natural pasture) and winter feed is harvested from simi-
lar areas. The collective farms in the region produce
grain (winter wheat, winter rye, barley and oats), pota-
toes, beet (for cattle feed), beans and pasture hay and
maize to support cattle production. Crop productivity is
generally low owing to the poor soil, because fertilizer
use has been limited and because herbicides and pesti-
cides are apparently not in widespread use (judging by
the heavy weed infestation and serious damage by
insects to crops). Milk production per cow is well below
typical yields in, say, western Europe. One farm visited
reported 2000 L per cow per year as the average and
another at Novozybkov reported 3000 L (a typical figure
for milk production in western Europe is 4600 L per cow
per year). Output of beef is also low. This low cattle
productivity is due to a shortage of good quality feed.
This condition is not a consequence of the Chernobyl
accident. In fact, the feed quality has probably improved
since the accident because of countermeasures that have
emphasized the renovation of natural pastures and the
use of chemical fertilizers. Some farms sell liquid milk
which is processed for sale in cities; others produce their
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TABLE 5. Comparison of Control Levels for Food
and Drinking Water in Use after the Chernobyl
Accident: Maximum Permissible Levels for Food-
stuffs: Total *Cs + 'Cs (Bq/kg)

All-Union BSSR Gor.nel

Product (6.10.1988) (1990) region
Temporary (1988)

acceptable levels Controlled levels

Drinking water 19 19 19
Milk 370 185 185
Condensed milk 1110 37 37
Dried milk 1 850 740 740
Buttermilk 370 370 185
Cheese 370 370 370
Butter 1110 370 370
Cream 370 185 185
Vegetable oils 370 185 185
Pork 1 850 590 370
Beef 2 960 590 370
Poultry 1 850 590 370
Eggs 1 850 590 590
Fish 1 850 590 590
Vegetables 740 185 185
Greens 740 590 590
Potatoes 740 590 590
Fruits and berries 740 185 185
Grain 370 370 370
Bread 370 370 . 370
Sugar 370 370 370
Fresh mushrooms 1 850 370 370
Dried mushrooms 11 100 3700 3700

own butter and cheese. Beef is also sold. The farmers
are self-sufficient in meat, milk and potatoes. They
apparently do not process their grain but sell it on the
market. Meat was so important to one settlement that the
people would have to be relocated if it could not produce
uncontaminated meat.

It was generally reported that farmers were leaving
the collective farms. One collective farm in Novozybkov
reported that a quarter of the workers had left the farm
in recent years. The implied reason was fear of radia-
tion, but it must be recognized that living conditions are
relatively poor in many of these areas and that rural to
urban migration accounts for some of the emigrants.
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3.5.2. Monitoring and Control of
Contamination

In the first two months or so following the accident,
the main radionuclides contributing to internal radiation
dose were the radioactive isotopes of iodine (primarily
1311). These were ingested mainly in milk from dairy
herds grazing in contaminated pastures. In order to limit
the iodine intake of people living in the contaminated
areas, temporary control levels were set for the radioac-
tive iodine content of milk and dairy products. Stringent
radiological monitoring of all dairy products was carried
out. Similar measures were taken to limit the intake in
food products containing '*’Cs, which remained the
most important radionuclide for the dose resulting from
internal radiation after the iodine radioisotopes had sub-
stantially decayed and ceased to be of significance.

TABLE 6. Levels of Radiological Monitbring of
Food Products [20]

Level Purpose Staf f and
equipment
1. Expert monitoring by To determine Beta radio-
specialist organizations, radionuclides metry,
e.g. research institutes, present and gamma
universities - their bioavail- spectrometry,
ability; to radiochemi-

establish
control levels

cal analyses

2. Laboratory checks To assist the Beta and
carried out by labora- various organi- gamma
tories of medical/ zations in mass radiometry
epidemiological insti- monitoring and
tutes and by main to correct their
branches of the food results if
industry necessary

3. Mass monitoring by To increase the Gamma
various units of the effectiveness radiometry
national economy pro-  of the primary
ducing, processing, control
manufacturing, trans- measures

porting and distributing
food. products (collec-
tive farms, firms,
transport concerns,
markets)
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TABLE 7. Specific Activity of Natural K-40 in Vari-
ous Agricultural Products [22]

Product Specific activity of K-40
(Bg/kg)
Whole milk, kefir 44
Dried milk 300
Cheese 59
Beef, mutton, poultry 100
Sausage, cured meat 130
Eggs 44
Fish 90
Potatoes 170
Tomatoes 85
Fresh berries 110
Green vegetables . 150
Wheat bread 56
Split peas 210
Rye flour 30
Oats 130
Soya 440
Tea 740

Levels of internal contamination were reduced by intro-
ducing restrictions on the consumption of contaminated
food products. This was done by means of temporary
regulations setting maximum permissible concentrations
in food products of certain radionuclides liable to cause
unacceptable doses if ingested. In addition, the BSSR,
UkrSSR and the RSFSR have the authority to set their
own levels. It is notable that in the BSSR the control
levels for foodstuffs were reduced in 1989 and 1990 to
those given in Table 5. Decisions on the following meas-
ures are taken on the basis of the radioactive contamina-
tion of food products:

(1) A complete ban on their consumption and use as
fodder or in the food processing industry;

(2) Changes in methods of storage, preparation and
use of foodstuffs;

(3) Authorization to consume products.

Systematic large scale monitoring was carried out of
the levels of contamination of local food products in
areas outside the 30 km prohibited zone. Three levels of
monitoring are used in this control system, ranging from
expert monitoring by specialist organizations, relatively
few in number, to mass monitoring by many . different
units in the food and agriculture industry. Table 6 indi-
cates the characteristics of these three levels of radiolog-
ical monitoring. One of the problems in making such
measurements at Levels 2 and 3, at which only beta and

gamma radiometry are carried out, is that the naturally
occurring radionuclide “°K, which occurs in all agricul-
tural products, may have a radioactivity higher than that
of the radiocaesium. Table 7 presents typical values for
the specific activity of “°K in various foodstuffs. These
figures can vary widely as a function of various
influences. It is therefore very difficult to take account
accurately of the presence of *“’K in samples by measur-
ing beta activity alone. Sometimes “°K is mistaken for
radiocaesium and the produce is discarded even though
it may contain virtually no radiocaesium. Gamma spec-
trometry offers the possibility of making more accurate
determinations of radiocaesium concentrations in food
products, but at present there are not enough such instru-
ments for the number of measurements that have to be
made, although the situation is improving.

3.5.3. Transfer of Activity Through the
Agricultural Environment

The degree of contamination of agricultural products
depends on many factors: the physicochemical charac-
teristics of the radioactive materials contaminating the
soil; the ‘age’ of the radioactive comtamination; the
agrochemical and physical characteristics of the soil; the
plant species concerned; and meteorological and cli-
matic conditions. One of the main objectives of research
carried out by radioecologists in the USSR has been to
determine the general characteristics of the contamina-
tion of agricultural crops and pasture, expressed in the
form of a ‘transfer coefficient’ for the uptake of a given
radionuclide from a specific soil type into the vegetation
under given conditions.

The soil-plant transfer coefficient (transfer factor) is
given by:

€=
U

where P is the specific activity of the radionuclide in dry
vegetable matter (expressed in Bq/kg) and U is the sur-
face activity of the soil due to the radionuclide (in
Bg/m?).

These coefficients are then used to derive the radio-
nuclide content in crops and pasture from the level of
contamination of a particular site or area of arable land
for similar conditions. The database on transfer coeffi-

~ cients that has been developed from measurements of

crops and soil types is used in making decisions on
countermeasures. These coefficients are tabulated in
Ref. [21]. Further details on transfer coefficients are
given in Part E, but some general comments can be
made. The variations between transfer coefficients for
different grain types are in general small, whilst those
between coefficients for different soil types are large.
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TABLE 8. Various Agricultural Countermeasures Taken after the Chernobyl Accident

Objectives Methods Treatment Results
1. Decontamination
(a) Soils Removal of surface Mechanical means Effective but application restricted to

(b) Vegetation

(c) Livestock

(d) Dairy products

. Changes in crop

production

. Reduction of

radionuclide transfer
from the soil to the
crop or pasture

layer

Cutting/felling

Feeding with
‘clean’ fodder for
45-60 days before
slaughtering

Production of
by-products

Changes in crop
rotation

Afforestation

Removal of the
contaminated layer
from the root zone
(0-25 cm)

Reduction in the
biological
availability

of radionuclides

Moadification of the
physicochemical
characteristics

Increasing leaching
of radionuclides out
of the root zone

Mechanical means

Production of plants for
industrial use (fibres, etc.)

or plants not directly consumed
by human beings (seed potatoes
seeds)

Production of wood that will
be cut in 30-40 years
(=40 000 ha)

Deep ploughing

Leaching by dilute chemical
solutions (HCl, H,SO,,
NH,NO;, etc.)

Application of fixing substances
(zeolites, etc.) (UkrSSR:
25 000 t)

Liming
(BSSR 214 500 ha,
UkrSSR 51 000 ha)

Application of large quantities
of fertilizer (especially those
containing K, avoiding

too much N)

(BSSR 256 200 ha,

UkrSSR 26 600 t)

Application of chelating
solutions
(amino-polycarbonic acid, etc.)

>

highly contaminated zones. Problems
with safe removal of waste.

Applied to about 400 ha of pine
forest near the Chernoby! plant.
Burying contaminated debris may
cause long term problems.

Effective against radiocaesium,
whose biological half-life is
relatively short.

Effective, although the use of some
by-products, e.g. skimmed milk, can
pose problems.

Allows contaminated soils to be
exploited but any use of by-products
(e.g. sugar beet pulp) as animal feed
must be monitored.

Countermeasure planned for higlﬂy
contaminated zones.

Effective in the case of permanent
grassland (transfer reduced by a
factor of 8-10); however, ploughing
must be restricted to podzol horizon
so as not to affect fertility. Requires
powerful mechanical equipment.

HCI and FeCl; are the most effec-
tive but large quantities are
required (37 t/ha).

Effectiveness depends on type of
soil: sometimes the reverse effect is
observed. Several by-products of ore
extraction may be suitable.

Most effective in light, acid soils.

Cs-137 uptake can be reduced by a
factor of up to 3.5 depending

on the biological characteristics of
crop or pasture.

Promotes the shift of radionuclides
towards the subsoil, whose drainage
can be improved by deep ploughing
(taking care not to contaminate
groundwater).
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Sandy soils, which predominate in the area, have a rela-
tively high caesium transfer to plants; peat soils, which
occur west of Chernobyl, have even higher transfer fac-
tors. The transfer factor for clay soils is generally less
by about one order of magnitude. In general, the transfer
factor for vegetables is lower than that for grain. By far
the greatest transfer from the soil is that to forage from
natural pastures. Indeed, the contamination of fodder
from natural hay fields and pastures due to the uptake of
caesium was about ten times higher than for fodder from
regrassed land, and herein lies the major problem of
contamination of the meat and milk of grazing animals.

The relation between *’Cs activity on the land sur-
face (in Bqg/m?) and consequent concentrations of 1*’Cs
in milk and meat (in Bq/kg) is very dependent on the
soil-plant transfer coefficient for natural pastures,
which, as mentioned above, varies significantly with soil
type. For example, on collective farms in the Novozyb-
kov area, despite relatively high fallout levels in the
region of 1.5-3 MBg/m?, the application of counter-
measures provides for a high production of clean or use-
ful products (butter, meat, feed, etc.). On the other
hand, a farm manager on another farm with fallout
levels of only about 0.6 MBq/m? reported that the
accepted standards could not be met.

3.5.4. Countermeasures Affecting Food and
Agriculture

A whole range of countermeasures have been devel-
oped and taken with the principal aim of permitting the
production of food with activity concentrations below
the maximum permissible levels; some of the measures
have had the secondary effect of reducing the external
dose from deposited contamination and/or the inhalation
dose to agricultural workers from resuspended radioac-
tive materials. Table 8 presents a summary of the vari-
ous agricultural countermeasures taken after the
accident, and some of these are discussed in more detail
below.

Ploughing/Removal of Soil

Contaminated topsoil can be removed, but it is very
difficult to remove topsoil from large tracts of land.
However, deep ploughing shifts the surface layer of con-
taminated soil to the bottom of the furrow and signifi-
cantly reduces radionuclide uptake by crops and pasture
as well as external dose rates. The lower this con-
taminated layer is placed, the greater is the reduction in
the soil-plant radionuclide transfer. This is because most
of the root system of plants is in the topsoil. For exam-
ple, it was reported that ploughing of natural pastures
and subsequent regrassing can reduce the radiocaesium
content of animal products by a factor of 2-5. However,

the maximum depth at which the radioactive layer can be
placed in turf podzol soils is limited by the podzol
horizon. Ploughing too deep might lead to a transfer of
the infertile layer towards the surface. Any working of
the soil after the contaminated layer has been placed at
the bottom has to be carefully done to prevent returning
it towards the surface. It is recognized that shifting the
radioactive layer to a greater depth is less effective in
light, sandy soils. Indeed, for some soil types, deep
ploughing can render the land useless.

Addition of Fertilizers and Chemicals to
Contaminated Soils

A large number of research findings have shown that
one of the most effective methods of reducing the migra-
tion of 3’Cs from the soil into the vegetation (for light,
relatively infertile acid soils) is to apply mineral fer-
tilizers (especially potassium based fertilizers) and lime.
In addition, there is some evidence that the transfer of
radionuclides into crops and pasture in light, grassy pod-
zolic soils is inhibited when clay minerals of the zeolite
type are added. On average, increasing the quantity of
potassium based fertilizers used produces a reduction by
a factor of about 3.5 in the transfer for both grain and
other crops. However, it is also recognized that the use
of nitrogen fertilizers can increase the uptake of caesium
from soil into crops and pasture. It is therefore important
that farmers take advice from agricultural specialists
with regard to the correct mix of fertilizers for a given
soil and crop type. To improve the radiological condi-
tions, the following countermeasures have been taken: in
the UkrSSR, chemical treatment, liming of 51 000 hec-
tares, application of 26 600 t of phosphates and potas-
sium fertilizers to the soil (it is also planned to apply
25 000 t of zeolites); in the BSSR, liming of 214 500
hectares, increased application of phosphate and potas-
sium fertilizers to the soil (256 200 hectares); in the
RSFSR, liming of over 65% of acid soils in the most
contaminated region of Bryansk and manuring of 90% of
ploughed land with organic fertilizers. The liming of the
soil together with the application of zeolite and of phos-
phate, potassium and organic fertilizers carried out dur-
ing the first year led to a reduction in the contamination
of agricultural products by a factor of 1.3-3.

Production of Uncontaminated Milk and Meat

It has already been pointed out that forages were
generally more contaminated with caesium than grain,
especially natural grass areas. For the grazing of pri-
vately owned cattle, natural pastures are allotted where
the grass contamination does not exceed 20 nCi/kg
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(740 Bg/kg). If no such pastures are available, the
animals are meant to be grazed on fields sown with
annual grasses or winter crops and spring crops, which
are less contaminated. It is recognized that the natural
pastures have to be radically improved. The use of
woodland pastures for dairy cattle is forbidden, nor may
cattle graze on freshly mown hayfields. There is better
access for cows from collective farms to the approved
pastures and pastures improved after the accident than
for cows from private farms. In addition, cows from col-
lective farms are fed more concentrate low in caesium
and in the winter more silage and beet in addition to hay.
It was reported that clean feed had been imported from
other areas. In contrast, cows from private farms have
not had such ready access to hay from improved fields,
concentrate, beet or silage. Where uncontaminated
fodder is not available, there are two possible solutions:
in some cases, the private farm cows have been added
to the collective farm herd. In other cases the milk was
collected from the private herds and converted to butter,
which may safely be consumed, and owners were sup-
plied with clean milk.

Beef production is from the same type of cows as
those in the dairy herds, principally Friesian breeds.
There are no separate beef cattle herds. Cattle fed some
silage, beet, concentrates and hay from improved fields,
which allows the production of acceptable milk, nor-
mally also produce beef that meets standards. Simple
gamma detectors are used to assess the body caesium
content of the animals before their slaughter is permit-
ted. If any are found to have caesium concentrations
above the limits, they may be sent to clean areas or be
fed low activity fodder for a period of time before
slaughter. The biological half-life of caesium in the
bodies of the animals is about 35 days; thus two months
of relatively ‘clean’ feeding can substantially reduce the
body burden. (As mentioned earlier, the detectors used
do not distinguish between the radioactivity measured
due to **Cs and "'Cs and that due to “°K; although
correction factors can be applied, the actual body con-
tents of caesium are often overestimated.)

Livestock farming in the contaminated regions can
simply be redirected away from milk production com-
pletely to meat production or else the milk may be used
solely for butter production (see later). In this case, the
raising and fattening of cattle, as well as of pigs and
poultry, is then unrestricted; however, six to eight
weeks before the expected date of slaughter, the animals
must be confined and fed with uncontaminated fodder
(which first has to be checked by a radiological labora-
tory). Because the types of feed used for pigs and poultry
are normally low in caesium content, the production of
pork and poultry meat does not pose problems. The
down and feathers of the birds are washed in detergent
solutions and their use is then also unrestricted. Hens are
kept for egg production provided that they are confined
to runs.
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Food Processing Methods

The processing of many agricultural products leads to
a reduction in the radionuclide concentration in the final
food products. Strategies for food processing have been
developed that redirect production towards those food
products that have low final caesium contents. This has
been a most effective approach for milk and dairy
products, which are among the principal foods in which
radionuclides are ingested. Cream and butter are
depleted in caesium and strontium. Indeed, butter fat is
free from these nuclides. Thus, when milk cannot be
produced with activity below the maximum permissible
levels, it is redirected towards butter production. There
are other such examples in the food supply industry.

It was also reported that filters impregnated with
Prussian Blue (a complexing agent that absorbs caesium
by exchange of potassium ions) for reducing the caesium
content of contaminated milk were under development.

Changes in Land Use

It was reported that some arable land had been con-
verted to produce non-food and non-forage crops; for
example, flax, potatoes for alcohol and oil seed crops.
Afforestation is considered to be the best long term solu-
tion to the problems of the more contaminated areas.
The greater part of the region is marginal farm land, and
forest already covers a large part of the affected areas.
In the Gomel area, for example, it was reported that
some 2900 hectares of land with activity levels of more
than 80 Ci/km? (3.0 MBg/m? had already been
afforested since the accident.

3.5.5. Concluding Remarks

The problem of iodine contamination in foodstuffs
lasted for a few months after the accident until radioac-
tive decay made it insignificant. By the end of 1986, the
exposure due to deposited radioactive caesium had
become dominant. Not only was radiocaesium a source
of external exposure directly from the surfaces on which
it had been deposited, it also contributed an equal or
even greater proportion of dose through food, including
milk and meat. Because much of the basic diet in the
region consists of locally produced milk, vegetables and
meat, banning such local foods required that an adequate
supply of clean food products be made available at a
price people could afford.

It became evident early on that there were major
problems in ensuring an adequate supply of dietary
staples. People frequently had to eat banned products or
go without. The picking of seasonal wild foods such as
mushrooms and berries was also banned in many areas,
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TABLE 9. Production on Farms in the
Gomel District

Product with level above

Year Total (;:;oduce maximum permissible level
o (%)
Milk
1986 450.1 299.3 66.5
1987 813.5 235.9 29.0
1988 860.5 146.3 17.0
1989 853.5 49.2 5.7
1990° 457.8 5.6 1.2
Beef
1986° 341.0 64.8 19.0
1987 1842.0 71.0 3.8
1988 2055.0 24.0 1.2
1989 2244.0 10.0 0.5
1990° 385.6 0.7 0.2

* Fourth quarter.
® First six months,

Source: Information presented at the Agricultural Seminars,
Gomel, 28-30 October 1990.

which not only restricted dietary options, but also cur-
tailed a pursuit that is an important part of life in the
region (see later). USSR officials believe that measures
taken to control the consumption of foodstuffs made it
possible to reduce substantially the internal radiation
dose rate to the population and that in the absence of
such controls internal dose rates could have been as
much as ten times higher.

As has been described, major efforts were made to
develop and apply agricultural techniques to reduce the
passage of radionuclides through the human food-chain.
These techniques substantially reduced the average
levels of contamination in crops from 1986 to 1987, but
the radionuclide content of pods remains variable from
place to place. The assumption now seems to be that the
activity levels in cereals and vegetables are relatively
low, can be managed easily, and are not a source of con-
cern. Questions arise about wild fruits, berries and
mushrooms, for which only limited control can be
applied, but the principal concern is with the levels in
milk and meat, mostly beef. Table 9 shows the trend
over the five years since the accident in the amount of
milk and meat with contamination levels above the maxi-
mum permissible levels in the Gomel district.

In general, then, farms are able to meet the necessary
standards for food products, although substantial num-
bers of cattle have to be sent to graze in ‘clean’ areas for
a period before slaughter. This practice may have advan-
tages in producing better quality meat and more meat per
animal than under the old systems whereby the animals
were ‘managed’ by private farmers. Indeed, the figures
for milk and meat productivity for cows in the conta-
minated areas of the Gomel district bear this out
(Table 10).

The effectiveness of countermeasures should be
assessed not only in terms of their ability to reduce the
intake of radionuclides, but also by the impact they have
on the welfare of the people who depend on the collec-
tive farms for work and for their food, and on that of the
private farmers, many of whom can no longer maintain
themselves and their families by traditional farming
methods. For these people, foodstuffs imported from
‘clean’ areas have been essential. The extent to which
these foods are still used is not clear, but ‘clean’ milk
continues to be provided to many families in lieu of milk
from private farm cows. The social and psychological
impact on these private farmers, whose cattle cannot
yield clean milk or meat in situ by traditional methods
and thus cannot support the family, should not be
underestimated.

With regard to the control levels, until recently the
acceptable level of contamination in milk for the whole
area was 370 Bg/L and in beef 2960 Bq/kg. However,
in 1990 a lower level for meat was proposed which was
that perceived to be recommended by the European Eco-
nomic Community (EEC), namely 600 Bq/kg. This EEC
level was actually intended for controlling imports into
the EEC countries after the Chernobyl accident. For a
future accident, the EEC would apply levels of

TABLE 10. Milk and Meat Productivity of Cows in
the Contaminated Areas of the Gomel District

Annual milk Daily average

Year yield per cow weight gain
(L) (®

1983 2051

1984 2281

1985 2463

1986 2708 419

1987 . 2929 433

1988 3056 465

1989 ' 3053 ' 482

Source: Information presented at the Agricultural Seminars,
Gomel, 28-30 October 1990.
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1000 Bg/L for milk and 1250 Bq/kg for other foods. The
choice of the lower levels has created confusion in cal-
culating the amount of produce that meets an acceptable
standard for public consumption. Further confusion has
been caused by the selection of 37 Bq/L by the milk
processing plant in Gomel as the limit for milk products
such as condensed milk. There was no basis or scientific
justification for the selection of such a low level.

The difficulty of defining the problem after the
Chernobyl accident and the efforts made by administra-
tors, scientists and agricultural personnel in the USSR at
all levels to contain the agricultural consequences and
protect the public from both external and internal radia-
tion should not be underestimated. The scale of the work
was immense and credit must go to those who were
operating under conditions of panic and with little ana-
lytical equipment. In view of the unprecedented scale of
the agricultural problems, and the considerable time
needed to collect the large volume of scientific data
necessary, there does not appear to be any justification
for suggestions that significant information has been
concealed in relation to food and agriculture, at least at
the technical level. However, there does in some cases
seem to be a ‘credibility gap’ between many farmers and
scientific and administrative personnel, which has
undermined the well-being and confidence of the com-
munities concerned. There remains some question to
what extent the communities were given relevant and
appropriate information concerning the countermeasures
to be taken and whether the risks and control levels were
put in perspective with other risks and/or with levels
associated with foodstuffs elsewhere in Europe.

3.6. Ecological Effects

The so-called ‘red forest’ just to the north of the
Chernobyl plant, which died from the effects of irradia-
tion, was cut down and buried in place. Other forests in
the vicinity of the plant and surrounding the 30 km pro-
hibited zone continue to be a significant source of con-
tamination for the biosphere, although wild animals are
flourishing in the zone, largely because they are no
longer being hunted. Since 1987, there has been evi-
dence that the forests have stopped showing the effects
of radiation exposure and contamination in terms of
spontaneous mutations. Radioactive material has mi-
grated to about 10 cm into the ground; however, the
bark of trees continues to show contamination. The
effects, if any, of uptake into the trees is not apparent.
The research station in Pripyat is growing pine trees
from seeds taken from the contaminated zone in 1986
and 1987, and comparing them with others being grown
in contaminated soil from seeds from clean areas.

Experts studied the doses received by flora and fauna
in the area as well as human doses. This information
served as the basis for making decisions relating to the
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safety of the population, as well as to the conduct of
commerce in contaminated areas. This information was
supplemented by the results of scientific research on
radioecology and the migration of radioactive substances
in the environment, including migration via the food-
chain. Uptake by plants depends essentially on soil type
and the level of contamination. Areas low in caesium
contamination can nevertheless have high uptake levels,
for example, and vice versa.

Radioactive caesium in the soil is readily taken up by
mushrooms. Whilst the uptake by mushrooms varies
markedly depending on the species, on the radiocaesium
level in the soil and on the nature of the soil itself, the
levels of contamination in mushrooms are, in general,
relatively high for a given soil contamination. This led
to restrictions on the picking and consumption of
mushrooms in many areas, particularly forest areas.
Originally, distinctions were made between different
species of mushroom, but later restrictions were placed
on all types within designated areas. Controls on
mushroom eating were and remain extensive; the areas
concerned are larger than the areas in which agricultural
countermeasures, for example, are taken. These restric-
tions, which might seem relatively minor, are highly
significant in the affected areas. This is because mush-
rooms were freely available and supplemented the diet
(indeed, mushrooms are considered a delicacy by many
people); and secondly, mushroom picking was an impor-
tant part of life. Each year newspapers carried reports on
the biggest crops of mushrooms, families went on
mushroom hunts, and there were even working holidays
spent picking mushrooms. Thus the restrictions, whilst
clearly not making life intolerable, have had a considera-
ble social impact, as well as deeply affecting people’s
perception of the safety of the areas in which they live
(although people in several areas were not aware that
washing mushrooms in lightly salted water before cook-
ing could reduce the radiocaesium levels by a factor of
five).

The situation is similar (though less serious) with
wild fruits, berries and game, all of which have elevated
levels of radiocaesium in comparison with cultivated
foodstuffs. Again, these wild foods supplement the diet
and are a feature of the local cuisine. Restrictions on
these foodstuffs, whilst not so widespread as for mush-
rooms, also shape people’s perceptions of the safety of
their living conditions. Indeed, there have even been
calls for relocation of the entire population from some
settlements where restrictions have been placed on
mushroom picking in the surrounding forest.

There were animals, including cattle and horses, on
an island 6 km from the Chernobyl plant that were not
removed from the 30 km prohibited zone with other
animals. Grazing animals have a high intake of fodder,
and it was estimated that these animals received thyroid
doses of 15 000-20 000 rem (150-200 Sv). In late 1990,
there were still about 60 head of cattle from the herd at
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a research centre. All the horses died and the first cattle
died after five months. Necropsy revealed the absence of
any thyroid tissue. Surviving cattle were all hypothyroid
and of stunted growth. The second cattle generation
seems to be normal.

There were no clinical signs in cattle from outside the
exclusion zone. A fact finding mission led by the Food
and Agriculture Organization of the United Nations
(FAOQ) investigated evidence for reports that had been
widely published in newspapers around the world con-
cerning birth abnormalities in domestic and wild animals
in the affected areas. The team concluded that none of
the abnormalities reported were other than could be seen
anywhere else in the world. The question remained
whether there was a significant excess of such effects in
these areas. In this respect, a large scale survey found
no effects that could be attributed to the accident.

3.7. Health Effects on the General
Population

As a result of the whole range of social, medical,
organizational and protective measures taken, stress and
anxiety as well as mental disorders affected most of the
concerned population of the three Republics (see Part F)
[22].

The causes and conditions of formation of psycho-
genic disorders include: residence in the contaminated
area; supply of inadequate information to the population
about the radiation situation; losses of various kinds and
change in life-style in the case of persons who partici-
pated in post-accident management.

Scientific institutions belonging to the Ministries of
Health of the USSR, the BSSR and the UkrSSR and to
the Academy of Medical Sciences of the USSR took part
in providing psychiatric and psychotherapeutic assis-
tance and later also in organizing new structures in the
system of provision of psychiatric assistance.

A step-by-step study of the rate and prevalence of
mental disorders resulting from the accident and of psy-
chological consequences is a part of the long term All-
Union and Republican programme. Improvement in the
quality of life should balance psycho-emotional burdens.
It is planned to restore confidence in official bodies and
to implement medical rehabilitation measures for those
in need.

In order to reduce the anxiety and stress in the popu-
lation resulting from the difficulty in understanding the
effects of radiation, the activities on imparting know-
ledge are focused mainly on clarifying and providing
information on the actual radiation situation and possible
radiological consequences.

Leading experts in radiation medicine and specialists
of the USSR Ministry of Health have given lectures and
presented reports and communications at the sessions of
the Supreme, regional and local Soviets of Peoples’

Deputies of the BSSR, the RSFSR and the UkrSSR,
addressed Communist Party members and economic

- management groups, medical personnel and enterprises,

appeared on television and held meetings with special
interest groups and the population.

An information division has been set up under the
All-Union Scientific Centre for Radiation Medicine. Its
functions include co-ordination of information policy,
collection, analysis, correlation and exchange of infor-
mation and methodological support for information
activities. Regular relations with the mass media have
been established and maintained.

Regional public information groups on radiation
safety problems have been set up under the Republic
level epidemiological health stations. Their work
includes participation in the study of public opinion and
of the reactions by different population groups, impart-
ing basic knowledge of radiation medicine to the popula-
tion and the provision of regular objective information
on the radiation situation.

Great attention is devoted to the problems of special
training of medical personnel at the upper and middle
levels for students of the public health and hygiene facul-
ties of medical institutes and schools. In addition to hold-
ing classes for doctors, the lecturers and teachers meet
every day with the public and with workers’ bodies,
deliver lectures, hold talks and give advice. In the
BSSR, physicians of various specialities give talks on the
radio every two weeks.

The All-Union and Republic governmental pro-
gramme of urgent measures for mitigating the conse-
quences of the Chernobyl accident calls for the estab-
lishment of a unified radioecological information system
for the public based on the All-Union and regional radio-
logical information centres. It is planned on a regular
basis to issue information bulletins on the radiation situa-
tion, the state of health of the population, the quality of
locally produced foodstuffs and other problems asso-
ciated with mitigating the accident consequences, to
publish the results of analysis of this information by spe-
cial interest groups, specialists in various sectors of the
economy and radiologists, and to circulate brochures,
booklets, popular science books and cinematographic
and video films on radiation safety problems and medi-
cal aspects of the consequences of the Chernobyl
accident.

In accordance with a decision of the Ministry of
Health of the USSR, a laboratory for the organization of
publicity about radiation safety is being set up under the
All-Union Scientific Centre for Preventive Medicine.

3.8. Medical Follow-up in Affected Areas
In addition to locally available medical facilities,

there were up to 400 special brigades (doctors and health
physicists) and about 15 000 medical workers, including
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medical students, engaged in emergency examinations,
treatment and follow-up measures [10]. About one mil-
lion persons have been examined, of whom 700 000
underwent thorough dosimetric and clinical tests. A total
of 32 000 people, one third of whom were children,
were examined in clinics. Large amounts of KI were dis-
tributed to the affected areas. Supplies of KI ran out at
an early stage, and more had to be found from outside
the area. A summer health campaign for children and
pregnant women was organized and officials set up a
comprehensive system for monitoring radiation
levels and the state of health of those working on
decontamination.

In the weeks following the evacuations, medical
teams were brought in to advise residents about personal
decontamination and to survey the evacuated population
for acute effects. No such effects were found. Thyroid
uptake of radioiodine was also surveyed with simple
field instruments and a registry of relevant data on
evacuees was set up. In all, 6000 children evacuated
from the 30 km prohibited zone received doses of over
200 rem (2 Sv) to the thyroid. There were 15 children
conceived from men who had suffered ARS. The autho-
rities in the USSR are still monitoring 600 000 people
(including 90 000 children) who received radiation doses
as a result of the accident, which is a vast undertaking
91
The distributions of the thyroid doses analysed by the
Ministry of Health of the USSR as a function of age
showed two independent groups (statistical distribu-
tions), seemingly reflecting the fact that in each age
group there were individuals who took preventive meas-
ures (such as taking iodine compounds, limiting outdoor
excursions, not consuming milk, etc.) and other
individuals who did not take such measures [13].

An All-Union State Registry (Fig. 8) was founded
immediately after the accident and has data for 1986 to

94

Part C

1989 on persons irradiated as a result of the Chernobyl
accident. It currently covers more than 500 000 indi-
viduals and is being added to daily. Three large high risk
groups can be identified from the registry’s database
[13]:

— emergency accident workers (termed the ‘liquida-
tors’);

— those who live in the contaminated areas and those
who were evacuated from them;

— those people, including children and adolescents,
who underwent thyroid irradiation.

Nearly half the emergency accident workers were
exposed to external radiation and incurred doses ranging
from 100 mGy to 250 mGy [23]. About 10% received
doses exceeding 250 mGy. Those who lived in contami-
nated areas and those who were evacuated were exposed
to continuous external and internal irradiation. Persons
with absorbed doses to the thyroid of 2 Gy and above,
and especially children and adolescents (see Fig. 9),
have undergone extra clinical and dosimetric examina-
tions since 1987. Although some functional disorders of
the thyroid gland were detected in some persons in 1987,
these seem to have been of a temporary nature. These
persons will be subject to regular check-ups for any mal-
functioning of their thyroid glands.

Thus, the Chernobyl accident resulted in 30 immedi-
ate fatalities (and one death due to a heart attack), 2 in
the initial blast and 28 from ARS, there were 237
reported cases of ARS among survivors, and the long
term health and environmental effects, especially for
children, are considered to be significant. The disruption
of behavioural and dietary patterns was followed by an
increase in the frequency of medical complaints. These
complaints, whether due to dietary deficiencies or to
anxiety about the effects of radiation, or to radiation
effects themselves, have generally been ascribed to the
Chernobyl accident, both by much of the population and
by local medical authorities.
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4. Socioeconomic Effects

The Chernobyl accident has affected a much larger
area than the 30 km prohibited zone. Hundreds of thou-
sands of inhabitants of the BSSR, the UkrSSR and the
RSFSR have had their lives disrupted by the accident
(Fig. 10). Close to 115 000 people have been evacuated
and there is the possibility that an additional 200 000 or
more will be relocated in the future, depending on
decisions to be taken on intervention criteria. Thirteen
districts (Minsk, Brest, Rovno, Mogilev, Gomel,
Zhimotir, Kiev, Cherkassy, Chemigov, Bryansk,
Kaluga, Tula and Orel) have been affected by radio-
active contamination, with total areas of 2000 km? in
the RSFSR, 7000 km? in the BSSR and 1000 km? in the
UkrSSR [16]. _

Some 650 000 persons were involved in the cleanup
of the plant site and the 30 km zone. Over 275 000 per-
sons are now living in ‘strict control zones’ (SCZs),
areas where rigorous radiation surveys continue to be
conducted. The 30 km prohibited zone around the plant
is still in effect. Soviet health officials have proposed
that a 35 rem (350 mSv) lifetime dose limit be applied
for those people living in these SCZs (the 35 rem con-
cept is discussed in detail in Part G of this report). Under
this plan, people will remain in these controlled areas at
present, but they will be strictly monitored and attempts
will be made to reduce their lifetime doses. If this is not
possible, 20 000 to 100 000 people would have to be
relocated.
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FIG.10. Population distribution within 50 km of the
Chernobyl nuclear power plant. [Source: Ref. [18]]

4.1. The BSSR

Of all the territories in the European part of the USSR
that were contaminated by radioactivity following the
accident, 70% are in the BSSR (38 400 km? or 18% of
the land area of the Republic). Twenty-seven towns and
2666 other settlements with a total population exceeding
2.1 million are located in areas where the level of con-
tamination exceeds 1 Ci/km? (37 kBg/m?). There are
14 towns and 1352 other settlements with a total popula-
tion of 1 734 000 in areas where contamination levels are
between 1 and 5 Ci/km? (37 and 185 kBq/m?); eight
towns and 919 other settlements with a total population
of 267 000 in areas with contamination levels of between
5 and 15 Ci/km? (185 and 555 kBg/m?); and five
towns and 295 other settlements with a population
of 105 000 in areas where contamination levels are
15 Ci/km? (555 kBq/m? or more. The latter areas
include the zone where the level is above 40 Ci/km?
(1480 kBg/m?), in which there are 70 settlements and a
population of 9400.

In the first stage after the accident, urgent measures
were taken to protect the population by the evacuation of
107 settlements in the Bragin, Narovlyan and Khojnik
regions of the Gomel province. A total of 24 700 people
were evacuated, for whom 9770 apartments in farm type
houses and other necessary buildings were promptly
constructed.

Economic losses in the BSSR from 1986 to 1989 were
calculated by the BSSR’s Ministry of Finance to be
3.5 billion roubles. Agriculture suffered the greatest
loss. Radioactive contamination affected more than
1.6 million hectares of agricultural land (more than 18%
of the total), of which 106 000 hectares were excluded

from production in the 12 months following the acci-
dent. Between 1986 and 1989, 257 000 hectares of farm
land were taken out of agricultural use, including 79 000
hectares of arable land from which no uncontaminated
produce could be obtained. About 1 million hectares (or
15%) of the forests were also contaminated to varying
degrees.

Exclusion and evacuation zones were created in areas
covering 194 000 hectares, and most of these were sub-
sequently turned into State radioecological woodland
preserves. In the evacuated areas, 20 collective and State
farms working 90 800 hectares of agricultural land,
including 36 100 hectares of arable land, were closed
down. The radionuclide *Sr accounted for more than
0.3 Ci/km? (11.1 kBq/m?) of the contamination of
77 000 hectares in the Mogilev district and of 396 000
hectares in the Gomel district.

The problems of farming in the contaminated area are
growing, both on collective farms and on private hold-
ings. The number of cattle is diminishing. The cattle
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stock in subsidiary farms dropped between 1987 and
1990 by 106 000 in the Gomel and Mogilev provinces
alone. The corresponding figures for dairy cows and
pigs are 77 000 and 41 000 respectively. The difficulties
of supplying the population with food, especially meat
and dairy products, are worsening. In the contaminated
areas of the BSSR, social tension is mounting with these
stresses.

Scientific studies and observations made between
1986 and 1989 show that the radiological situation in the
BSSR will not change significantly in the next five to ten
years. Experience from collective and State farms indi-
cates that, despite the measures taken to improve
agricultural land in accordance with the guidelines
approved by the State Agriculture Committee for farm-
ing in contaminated areas, 25-50% or more of the
fodder produced in areas where the levels of radioac-
tivity are between 15 and 40 Ci/km? (555 and
1480 kBg/m?) or higher have limited use owing to
contamination. It is virtually impossible to produce
uncontaminated milk in these areas.

The BSSR has adopted recommendations for farming
in radioactively contaminated areas for 1990 and a
schedule for further specialization of farms. These fore-
see the zoning of land in terms of *Sr contamination
and a ban on the farming of land where levels of *’Cs
exceed 40 Ci/km? (1480 kBg/m?). In addition, there is
a ban on the production of milk in areas where caesium
levels are over 15 Ci/km? (555 kBq/mz), and arable
and livestock farming methods have been identified that
are intended to prevent the production of contaminated
produce.

4.1.1. Gomel

Officials of the BSSR currently face a number of
problems. First, the population of the region considers
people from contaminated regions to be contaminated.
This is a sociopsychological problem that only education
can deal with. Second, the authorities must reach deci-
sions on establishing priorities for providing relocated
people with housing. These individuals displace those
who have been waiting a long time for housing and this
gives rise to antagonism. Third, the authorities may need
to make allowance for elderly people who do not want
to leave their home settlements. It is particularly difficult
to resettle older people who have ancestors and relatives
buried in the home settlements. The cemeteries are now
closed and the people feel cut off from their roots.
Finally, the BSSR does not have the economic capacity
to provide housing for the new evacuees. Resources are
needed from other areas.

Information about the accident was first received by
Civil Defence officials of the BSSR in Gomel through
All-Union military channels, whereupon it was passed to
the State Ministry of Defence, the President of the BSSR
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and the Party Chairman. No decisions on evacuation or
other protective measures were taken at the Republic
level during the first days. The mayor of Gomel then
personally decided to introduce radiation safety meas-
ures, which were announced over the radio. These con-
sisted in recommending that people stay inside and avoid
outdoor exposure. The same recommendations also
applied to cattle. On 1 May a decision was taken to
evacuate children and pregnant women from areas with
high radiation levels in the 30 km zone. Twenty-five
localities were affected by this decree. On 4 May, an ad-
ditional 50 settlements were affected, and 11 035 people
were moved during this phase.

Still in May, 28 more settlements were considered to
have high enough levels to require evacuation, affecting
an additional 6017 people who were then evacuated
between 2 and 9 June. By the end of August, 7327 peo-
ple in 29 settlements had been evacuated. Thus, a total
of 24 700 people from 107 settlements were moved dur-
ing the late spring and summer. The basis for these
evacuations were radiation levels measured on 10 May.
Then, in late 1986, 12 settlements were re-evacuated,
affecting 1612 people. In 1987 an even greater number
of people were re-evacuated from areas in the BSSR,
and in 1988 there were still more re-evacuations from
Bragin. Contamination was discovered in Minsk in
1987. Not until the end of 1989 was a complete picture
of caesium, strontium and plutonium contamination in
the entire BSSR available.

Potassium iodide was distributed to the entire popula-
tion on 28-29 April. More KI was distributed regularly
until 10 May, when iodine releases from the plant began
to decrease. It is difficult to know how many of the
population actually took the tablets. All countermeasures
in the BSSR up to 27 August 1986 were taken at the
Republic level. All-Union decisions were made only
after August 1986. Evacuees reportedly received dosi-
metric checks of their thyroids in the places of evacua-
tion in camps, schools and sanatoria where they were
allowed to change their clothes. These people are cur-
rently included in a list of evacuees, data on whom are
stored in Minsk, and the authorities are trying to recon-
struct their doses.

These evacuations were made, and financial compen-
sation was given, on the basis of maps that have been
produced annually since the accident. In 1986, the first
map showed only gamma radiation levels. Since then the
maps have also shown caesium contamination.

Of the original 24 000 people evacuated, 1667 have
decided to return to their homes. A decision was there-
fore made to decontaminate four settlements in the Bra-
gin region, including kitchen gardens, public areas,
production facilities, roads and running water. The
authorities are relocating another 169 settlements —
10 000 families — from areas in the northern part of the
BSSR contaminated to the extent that people could be
expected to receive doses in excess of the 35 rem
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(350 mSv) lifetime dose limit. These are families with
small children or pregnant women, or families from
areas where the contamination is greater than 40 Ci/km?
(1480 kBg/m?). The BSSR also recognizes voluntary
relocation of people from areas of contamination of 15
to 40 Ci/km? (555 to 1480 kBq/m?) as well as from
areas where the food is not clean although the level of
contamination is lower than 15 Ci/km? (555 kBg/m?).

The total number of people potentially needing to be
resettled, including those in more marginal areas, is
about 40000 families, or somewhat over 100000 people.
A total of 10 000 families (22 000 persons) are in areas
of contamination levels above 40 Ci/km? (1480 kBg/m?)
or include pregnant women or young children. An addi-
tional 78 000 persons in 30 000 families are being
allowed to resettle from areas with contamination levels
of between 15 and 40 Ci/km? (555 to 1480 kBg/m?) or
where the food is not uncontaminated. However, of
these families, 7000 have decided to stay.

Of the BSSR’s milk products, 40% are exported all
over the USSR. After the accident, the BSSR wanted its
milk to be publicly accepted as clean, in order to con-
tinue this level of agricultural production. Inspections
are made by 190 laboratories and 340 000 samples are
taken per year. Random checks are also made at produc-
tion factories. Levels of contamination on private farms
are also checked.

Owing to surface contamination, limitations were
placed on the distribution of vegetables, berries, fish and
mushrooms in 1986, in addition to milk and meat.
Problems remain on private farms, where people do not
like to take the trouble to test their produce. The BSSR
has therefore set up a series of testing stations where
produce can be tested and, if acceptable, sent to produc-
tion centres.

4.2. The RSFSR

In the Bryansk region, a 24 hour continuous monitor-
ing was established on 29 April 1986, after the first
registered increase in radiation background. From the
maps of contamination, it was found that five districts
west of the Bryansk region were contaminated, which
represented 5500 km? with a population of 278 300
people: 216 settlements were located in regions where
the '¥'Cs contamination density was between 15 and
40 Ci/km? (555 to 1480 kBg/m?); 15 settlements
(representing 104 500 people) were located in areas
where the contamination exceeded 40 Ci/km? (1480
kBq/m?).

In chronological order, the following protective
measures were adopted by the local authorities:

— 3-4 May 1986 — drinking of milk from the western
districts prohibited;

Novozybkov

The-people of Novozybkov learned about the accident and the levels of contamination around 3 May. On 4 May
authorities instructed the kindergarten to wash the rooms with water, to keep children indoors and not to open
windows. On 6 or 7 May, it was recommended that all babies not being breast fed be given food prepared from
powdered milk to prevent ‘contamination’. On 9 May, the authorities issued a notice telling the inhabitants that
they were living in a contaminated zone and that they should: (1) stay indoors; (2) wash down the rooms; (3) wash
themselves; and (4) keep their windows closed.

On 11 or 12 May, a kitchen which provided milk to babies under one year old when mothers’ milk was not
available to them was closed. The milk kitchen was reopened on 17 May with supplies of powdered milk.
Measurements to determine contamination levels and exposures in Novozybkov began on 15 May. A mobile radia-
tion laboratory from Leningrad was used. The base institution in Leningrad calculated the doses; details of these
were not made available in Novozybkov.

Potassium iodide was to have been given to children on 17 May and to adults a week later but the plan was
cancelled because it was not considered useful at such a late date. Mass measurements began at the end of May
in the district around Novozybkov. A total of 17 000 inhabitants were counted, including 7000 children;
1000 children were found to have had significant doses, 200 of them of more than 75 rad (0.75 Gy) to the thyroid.

Food control was started quite early and was directed at milk and meat. The milk is now imported from a clean
area 120 km to the northwest of Novozybkov. Controls on milk and meat are still in effect. Locally grown vegeta-
bles and fruit are checked for contamination. Recommendations are known to the population and those who want
to measure the levels of contamination of their own produce may take it to a laboratory. In addition, wild game,
fish, mushrooms and wild berries may be taken in for measurement. In general, the population follows instructions
for the control of foodstuffs. These controls cover the supply of food to kindergartens, schools and hospitals. The
limits for these institutions are lower by a factor of two than those for the general population.

97



Part C

— 3 May — special instructions given to the population
living in the contaminated areas;

— 6-7 May — setting up of special dosimetry checks on
milk production;

— 3-7 May — seven additional radioprotection labora-
tories began work;

— 9 May — radiological checks established on food-
stuffs at market places;

— 12 May — issue of special recommendations to the
population about wild berries, mushrooms and herbs;

— 19 May — preparation of recreation camps in clean
areas (80% of children and 70% of pregnant women
were sent to these camps for summer holidays);

— 7 August — local authorities issue a plan on decon-
tamination measures: relocation of four more settle-
ments, decontamination of houses or buildings in
126 settlements, drinking water source (well) im-
provement, anti-dust road work, decontamination of
arable land and cattle breeding farms;

— 5 September — Bryansk Soviet of People’s Deputies
approves a common dosimetric control system: popu-
lation in contaminated areas to be provided with clean
milk and meat from other regions of the USSR

— Summer 1987 — all children sent on holidays in clean
areas.

In 1987, a special dosimetric passport was established
for each person living in areas where the contamination
density exceeded 15 Ci/km? (555 kBq/m?) of *7 Cs.

Up to December 1986, medical surveys were per-
formed for radiation related diseases on 86 000 persons
but no cases of such disease were found.

In the Bryansk region, new settlements are being con-
structed for the relocation of the population living in
areas where the contamination exceeds 40 Ci/km?
(1480 kBq/m?). This population of about 7000 would
be projected to receive a lifetime dose in excess of
35 rem (350 mSv). The population living in areas with
contamination levels of between 15 and 40 Ci/km?
(555 and 1480 kBq/m?) is 112 000, or more than one-
fifth of the 497 000 inhabitants of the Bryansk region.
The 35 rem (350 mSv) lifetime dose will be exceeded
only in seven settlements, the inhabitants of which may
be relocated.

4.3. The UkrSSR

In the UkrSSR, over 93 000 people were evacuated
to new residential areas. A total of 11 000 new homes,
27 new apartment blocks and more than 600 community
buildings were constructed. A total length of 14 000 km
of new roads has been built and old roads have been
repaired. Gas has been supplied to 10 800 houses and
more than 5000 apartments. Technical projects were
undertaken, including the construction of 131 dams on
the Pripyat and other tributaries of the River Dnepr that
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are intended to hold back the movement of contamina-
tion into the Kiev reservoir. In residential areas of the
Kiev and Zhitomir districts, 570 artesian wells were
drilled and 810 water mains and water supplies were
constructed. Decontamination was carried out in 342
localities covering hundreds of square kilometres, and
460 000 hectares of agricultural land were reclaimed.

The cost of the accident to the UkrSSR has been esti-
mated at 2.3 billion roubles from the State budget and
8 billion roubles in all. The work has gone a long way
towards stabilizing the radiological situation and lower-
ing exposure levels to the people. Nevertheless, the situ-
ation in contaminated zones remains difficult. UkrSSR
officials wish to build over 2 million additional square
metres of housing space, expected to cost more than
830 million roubles. They also seek regular monitoring
of radiation exposure levels, stricter permissible radia-
tion norms for locally produced food, radiation monitor-
ing for all residential units and annual medical
examinations for the entire population, as well as rigid
controls over the water supply and sewage disposal
systems.

In addition, a programme proposed by the Govern-
ment of the UkrSSR, on the basis of advice from the
Academy of Sciences of the UkrSSR and other Ukrain-
ian and local scientific bodies, would include:

— development of models for the migration of radionu-
clides and forecasts of the ecological consequences of
the accident;

— radiological monitoring in the zone affected by the
accident and the establishment of safe conditions for
the people who live in contaminated areas;

— study of the distribution of contamination and de-
velopment of recommendations to ensure the safety
of the people and the satisfaction of their nutritional
needs in these areas;

— scientific justification for new methods to stop the
spread of contamination, as well as decontamination
efforts;

— study of the socioeconomic aspects of life and work
in the affected areas.

These and a number of other measures will be the sub-
ject of continuing debate among UkrSSR and USSR
authorities in coming years.

4.3.1. Kiev

In Kiev — the USSR’s third largest city (with nearly
3 million inhabitants), the capital of the UkrSSR and the
seat of the Kiev district — people quickly became aware
of the accident at the Chernobyl plant 160 km to the
north. Civil Defence officials were mobilized, the trans-
port system was depleted to provide buses to transport
evacuees, and radiation casualties were brought to
hospitals in Kiev. The first public word to the local



Historical Portrayal

Borodyanka: A Town Which Received Evacuees

The settlement of Borodyanka was a major resettlement area for evacuees from Pripyat and the 30 km pro-
hibited zone. The population is 60 000. The most important task the town officials had was to receive and resettle
the evacuees, who were accommodated in every local settlement. A total of 38 000 people, mostly from Cher-
nobyl, had to be housed. The first of the evacuees arrived on 3 May and they continued coming until 6 May.
The UkrSSR Ministry of Health sent about 30 teams of doctors to help look after the evacuees. It was summer,
the weather was warm and people had enough clothes, so the sharing that was necessary was mainly of food,
which was brought in from elsewhere, for example from Kiev. Cattle and sheep were also evacuated from the
30 km zone to the Borodyanka area. Nevertheless, the evacuation put a serious strain on the resources of the
village.

As a result of the evacuation, in the Borodyanka region alone, 1300 new buildings were constructed for 4500
permanent evacuees. In all, 28 new shops were opened in the town and 900 new apartments were constructed
in blocks. Five new schools were built, and the children of evacuees are mixed with local children. The town
of Borodyanka received help from other Republics and from Kiev. The authorities were preparing a map of con-
tamination in the region; 18 settlements had been checked thoroughly. There are areas with up to 5 Ci/km?
(185 kBg/m?) of contamination by '3’Cs. Radiation checks continue to be made on food. The main preoccupa-
tion of the evacuees has changed with time. They are now more interested in adapting to their new surroundings,
although most would like to return to their homes in Chernobyl. Medical problems seem to be the main issue
for the evacuated families, although they have received regular checkups since the evacuation. In September 1990,
about 1000 children were checked with whole body counters and no incidence of abnormal radiation levels was
detected.

A Collective Farm Displaced from Chernobyl to Near Borodyanka

One collective farm had its entire population evacuated from a town 10 km south of the Chernobyl plant and
resettled near Borodyanka. The inhabitants had worked normally during the first days after the accident, at times
also helping to fill bags with sand for dumping from helicopters and watching the smoke above the reactor to
monitor the wind direction. The village was not evacuated until 4 May, along with other areas of the 30 km pro-
hibited zone. During the period 29 April to 4 May, the workers were all outside planting potatoes.

The collective farm had been one of the most productive in the region before the accident. The new collective
farm is engaged in the same kind of production as before. The evacuees were given 200 roubles per person on
arrival near Borodyanka and the same amount again later, plus compensation for their abandoned land. The deci-
sion to recreate the collective farm was taken in September 1986 by the people themselves. This decision was
made after they had worked on other farms during the first months after the evacuation.

The people evacuated would have preferred to return to Chernobyl but they accepted that this was impossible.
Therefore, they chose to reconstruct the town as similarly as possible to the one they were forced to leave. The
houses are arranged as in Chernobyl, so that people have the same neighbours as before. The streets have been
named as before, and people have tried to reconstruct their lives as they were before the accident. Several women
said that they deeply regretted leaving Chernobyl, ‘our home and that of our ancestors’, and would go back if
they could.
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Polesskoe: A Town with an Uncertain Future

Polesskoe, a town of 13 500 inhabitants, was the temporary resettlement home of a large number of evacuees.
It is the centre of the Polesskoe district, which has altogether 36 000 inhabitants. The district is part agricultural
(cattle, potatoes, collective farms) and part industrial (production of furniture and clothes). Ten per cent of the
district is within the 30 km prohibited zone.

Though few evacuees remain in Polesskoe, the effects of the accident still preoccupy local officials. The region
includes five villages within the prohibited zone that were evacuated, and five others with ‘hot spots’ of contami-
nation. The town itself has a number of ‘hot spots’; residents question their safety there and the possibility of
evacuation confronts everyone.

Sixteen villages and towns in the region are uncertain about their future because the levels of contamination
by '¥Cs are in excess of 15 Ci/km? (555 kBq/m?2). Maps of detailed measurements were first published in 1989
and are now routinely published in local newspapers. A decision of the UkrSSR Council of Ministers taken in
1989 gave families with children under the age of 17 the right to relocate with compensation. In the Polesskoe
region, 2050 families would qualify. Of these, 750 families have stated that they do not wish to be evacuated.
The remaining 1300 families are awaiting ‘suitable’ accommodation and the construction of 1000 apartments in
the Kiev region to house them has been proposed by the UkrSSR authorities.

The maximum contamination observed in the region was 115 Ci/km? (4.255 MBg/m?). Sites of such contami-
nation levels have been decontaminated many times, but decontamination has proved to be difficult and readings
remain high. People are still living in areas that are considered dangerous. Individual dosimeters were distributed
but dose data have not been made public.

The region is well supplied with uncontaminated food. Flax and hops used for brewing beer are no longer har-
vested because they are contaminated. Potatoes, however, seem to be clean. Cattle that are raised in the region
are taken to areas of clean pasture for several months before slaughtering. Forests have never been decontami-
nated. New forests have been planted on contaminated fields in order to preclude agricultural use.

When asked whether people wanted to be evacuated, officials said that it would be very difficult for them to
break their ties to the past and to their home villages. Nevertheless, in a recent local poll, 96% of those answering
said that they wished to move. This was despite the fact that compensation terms would be less generous than

those for evacuees from Pripyat, for example.

population was a television announcement on the even-
ing of Monday 28 April, nearly three days after the acci-
dent. As additional resources were deployed to deal with
the accident (Kiev being a principal source of those
resources, as well as a transit point for resources from
elsewhere), rumours intensified about the possible wor-
sening of the situation at the plant.

Although the wind initially blew contamination away
from Kiev, it slowly changed direction, so that by
30 April it was blowing from the north and city Civil
Defence monitors indicated that radiation levels were
beginning to rise. Local officials issued guidance on how
to limit exposures. Some residents took actions that went
beyond the official guidance. Over a period of several
weeks following the accident, many residents left the
city or sent their children elsewhere. A crucial question
in Kiev was whether to cancel May Day parades and
other outdoor festivities on 4 May or on Victory Day (9
May). It was decided that the expected radiation levels
would not justify cancelling such major events.
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Later, officials and specialists published additional
suggestions about actions that could lessen exposure
(monitoring all milk after 4 May, checking and rinsing
vegetables after 15 May, spending less time outdoors,
refraining from sunbathing or swimming and keeping
children out of sandboxes). Other municipal precautions
included: setting up a circle of checkpoints on main
roads into the city at which contamination was moni-
tored and vehicles were washed; more frequent street
washing; special handling of fallen leaves collected in
1986; and banning the open air sale of food. Official
decisions confirmed the spontaneously adopted practice
of sending children and pregnant women away on

" holidays.

The radiation situation in Kiev due to the releases of
radioactive iodine in the accident was evaluated by the
All-Union Scientific Centre for Radiation Medicine in
Kiev. More than 1000 samples were taken from the
atmosphere and various environmental media to mea-
sure iodine concentrations and individual measurements
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of radioiodine levels in the thyroid glands of over 3000
Kiev inhabitants were made in 1986 [24].

In May 1986, the milk consumed by the inhabitants
of Kiev had a radioiodine concentration that averaged
about 1100 Bg/L (taken over a period of 25 days).
During this time a temporary national limit of
3700 Bq/L was introduced for iodine concentrations in
milk. As a result of the various measures taken, there
were virtually no instances of people in Kiev consuming
milk with radioiodine concentrations greater than this
national limit. Because of the fact that leafy vegetables

had such heavy surface contamination, public media
announcements warned the inhabitants of Kiev not to
consume them.

Special precautions were taken with regard to the
huge Kiev water reservoir. A temporary pipeline was
laid to an alternative source of water east of Kiev and a
pumping ship was brought to complete the link. In
mid-1986, the reservoir was drained to let accumulated
materials wash through. This, combined with the loss of
the Chernobyl plant’s power output, led to a serious
electricity shortage that summer.

5. The Sociopolitical Setting

5.1. Establishing the Safe Living Concept

The current radiation protection situation in the
USSR is complicated by the large areas contaminated
and the huge control programme necessary for measur-
ing environmental and food contamination. The situation
is at a critical state also because the populations still liv-
ing in contaminated areas and waiting for relocation are
frightened and believe that the current living conditions
are very dangerous. The criteria that form the basis for
securing what in the USSR is termed ‘safe living’ in
these areas are therefore very important.

The Supreme Soviet of the USSR has established a
programme with financial compensation for a two-year
period from 1990-1992 for various countermeasures,
including different agricultural measures as well as relo-
cation. Different relocation concepts have been pro-
posed. These include temporary dose limits introduced
during the first year, a lifetime dose limit concept, a two
tier lifetime dose limit concept, a dose rate concept and
a surface contamination concept.

5.1.1. Temporary Dose Limits

Following the accident, the Ministry of Health of the
USSR, on the recommendation of its NCRP, introduced
a previously prepared regulation (SP-AES-79) establish-
ing a maximum acceptable dose of 10 rem (100 mSv) for
accidental whole body irradiation of the population in
the first year after the accident. The NCRP also recom-
mended a set of additional so-called temporary dose
limits for the years 1987-1989. These limits were
approved by the Ministry of Health of the USSR and
they are shown in Table 11.

5.1.2. Lifetime Dose Limit Concept

By early 1987, it became increasingly apparent that
the food and behavioural restrictions were having a
major impact on everyday life in the more affected areas
of the BSSR, the RSFSR and the UkrSSR. USSR
authorities recognized that the system of restrictions on
farming in the predominantly rural, agricultural region
near the Chernobyl plant was not going to be satisfactory
for the long term. Accordingly, in late 1988 authorities
completed a ‘concept of safe living’ study that would
serve to define radiological conditions under which life

TABLE 11. Temporary Dose Limits for Relocation of
the Population in the First Years after the Chernobyl
Accident (for External Exposures as a Result of the
Accident)

Year Temporary dose limits
(mSv)
First year to end 1986 100 (10 rem)
1987 30 (3 rem)
1988 25 (2.5 rem)
1989 25 (2.5 rem)

Total 26 April 1986
to 1 January 1990

180 (18 rem)

® The limits apply to the critical group, which is defined as
children born in 1986, i.e. the limit for 1987 applies to a one
year old child, the limit for 1988 to a two year old child, etc.

101



Part C

could proceed without continuing restriction on diet or
behaviour, yet with adequate safety over the course of
a lifetime. The so-called ‘lifetime dose limit concept’
defined a limit on the dose received over 70 years from
the time of the accident.

The USSR NCRP recommended a projected lifetime
dose limit of 35 rem (350 mSv) as the intervention level
for relocation for the period starting on 1 January 1990.
The lifetime dose commitment of 350 mSv was said to
be based on three factors which included external and
internal doses:

(1) Dose related dependence on radiobiology, allowing
5 mSv per year for 70 years, which is the average
life expectancy in the USSR;

(2) The requirement that doses from the first year to the
70th should have no health consequences;

(3) The requirement that the dose to any individual shall
not exceed 350 mSv over his or her lifetime.

All information on the causal relation between radia-
tion doses and possible health effects were analysed. For
all the populations analysed, there appeared to be no
deterministic health effects at a whole body dose of 1 Sv
incurred at high dose rates. At low dose rates, this mini-
mum dose could be increased by a factor of 2-200.
However, children are more sensitive to radiation with
regard to possible effects later in life, by a factor of
about 2, which reduced the minimum dose to 1 Sv. To
account for inhomogeneous dose distributions, a reduc-
tion by a further factor of 3 was introduced, leading to
the conservative value of 350 mSv.

On the recommendation of the NCRP the 350 mSv
concept was approved by the Council of Ministers of the
USSR in September 1988. Scientists from the BSSR,
however, disagreed with the concept. Nevertheless, the
value was also approved by the Governmental Commis-
sion set up to deal with the consequences of the accident
at Chernobyl, and it was to have been introduced at the
beginning of 1990. By the beginning of 1989, the life-
time dose limit of 350 mSv for people living in contami-
nated areas was being debated by politicians, public
figures and others. The issue became very controversial
and political. Partly as a result of the political con-
troversy, the public became critical of this approach.

Among the consequences of the controversy has been
greater uncertainty among the population and lowered
credibility of the scientists.

In April 1989, the BSSR Academy of Sciences sent
information to the BSSR Council of Ministers and the
Central Committee of the Communist Party of the BSSR
on the main results of the work connected with elimi-
nating the consequences of the Chernobyl accident. In
the letter they expressed their concerns on the difficul-
ties in the application of the 350 mSv lifetime dose limit:
up until now, a dose limit for continuous external and
internal exposure in the population has never been
implemented in the domain of low doses. In addition, it
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was thought that the concept should offer measures for
preventing the possibility of exceeding the dose limit and
a system for monitoring the dose received. It was
also proposed that a contamination density of between
10-15 Ci/km? (370-555 kBg/m?) of '*'Cs should be
considered as a maximum level so that the 350 mSv dose
limit would permit living without restriction. This
resulted in propositions to relocate the population living
in areas with density of contamination over 15 Ci/km?
(555 kBq/m? of *’Cs and to focus on improving
conditions of living (agricultural, social organizations,
etc.) in areas of density of contamination lower than
15 Ci/km? (555 kBq/m?) of *’Cs.

The USSR requested international assistance in set-
ting criteria. Representatives of the International Com-
mission on Radiological Protection (ICRP), the World
Health Organization (WHO) and the League of Red
Cross and Red Crescent Societies visited the region and
commented that the lifetime dose limit was perhaps not
an appropriate criterion, and that a 350 mSv limit was
probably low by the standards of other countries (see
Part A). In their judgement, therefore, the Government
of the USSR, faced with a difficult decision, probably
erred on the side of caution owing to the complicated
political situation.

In response to the letter in April 1989, the BSSR
Academy of Sciences was sent the report of 28 Novem-
ber from the USSR which had approved the 350 mSv
concept. The BSSR Academy of Sciences said that it did
not have a counterproposal since it did not have indepen-
dent data and did not have access to the USSR data. But
the position of the Academy of Sciences was that it dis-
agreed with the 350 mSv concept.

In October 1989, the Supreme Soviet of the BSSR
first adopted the State programme on the elimination
in the BSSR of the consequences of the Chernobyl acci-
dent during 1990-1995. The programme includes the
following:

(1) People in areas with contamination levels of above
40 Ci/km? (1480 kBq/m? would be resettled as
well as families with children up to 14 years old and
pregnant women living in land where the density of
the contamination was between 15 and 40 Ci/km®
(555 and 1480 kBq/m?);

(2) People in areas with contamination levels of
between 15 and 40 Ci/km? (555 and 1480 kBq/m?)
would be subject to voluntary resettlement;

(3) People in areas with contamination levels of
between 5 and 15 Ci/km? (185 and 555 kBg/m?)
may be susceptible to high doses from other path-
ways such as the food-chain, depending on uptake
values.

The Supreme Soviet of the BSSR then decided that all
those in areas with contamination levels of above
15 Ci/km? (555 kBq/m?) should be resettled if they
wished. On 18 October 1989, the BSSR Academy of
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Sciences made its own proposal for a safe living concept
and sent it to the Ministry of Health of the USSR for
comment. It states that:

(1) No level of dose can be considered absolutely safe;

(2) A correct assessment of expected risks requires car-
rying out a further investigation on effects of
chronic low doses (from 0 to 1000 mSv over life-
time) on human and animal organisms;

(3) A 350 mSv lifetime dose is recommended as an -

absolute maximum never to be exceeded;

(4) For people living in contaminated areas but receiv-
ing less than 350 mSv, optimization needs to be
carried out with cost-benefit analyses taking into
consideration an increased standard of life and im-
proved medical care; if life cannot be pursued in
these areas without restrictions, the population
would be resettled;

(5) Information on the consequences of living in con-
taminated areas and the measures planned must be
made available to allow people to decide for them-
selves on their own future.

In late 1989, certain members of the BSSR Academy
of Sciences proposed a lifetime limit of 70 mSv (based
on a dose of 1 mSv per year for 70 years). They claimed
that this would be more in line with ICRP and IAEA
recommendations. The BSSR Academy itself did not
give a value except to state that those living in areas with
contamination levels exceeding 15 Ci/km? (555 kBq/m?)
should be resettled. They also preferred contamination
levels to lifetime dose as a criterion for resettlement. In
July 1990, the BSSR Supreme Soviet passed a resolution:

— The Republic is declared a zone of national ecological
disaster;

— In 1991, it is necessary to finalize the resettlement of
people living in areas contaminated above 15 Ci/km?
(555 kBq/m?) and more and to forbid industrial and
housing constructions in these areas;

— It is necessary to stop the production of farm products
with levels of contamination over the permissible
values, irrespective of contamination density in
agricultural land;

— A system of privileges and compensation must be
established for the people living in areas contami-
nated over 1 Ci/km? (37 kBg/m?).

USSR scientists do not agree, and claim that the
BSSR has taken away the people’s choices. This com-
pulsory resettlement is to start in 1991, but may be
reconsidered before then.

5.1.3. Two Tier Lifetime Dose Limit Concept
In April 1990, the USSR Supreme Soviet decided rot

to approve the 350 mSv limit of the USSR NCRP, but
adopted a programme of emergency measures for

1990-1992 independent of the 350 mSv concept. The
Ministry of Health of the USSR has not given up the
350 mSv concept, however. The 350 mSv lifetime dose
concept was, in its original form, an action/non-action
level, i.e. above this level action should be taken in the
form of relocation and below this level no action need
be taken. As a result of the criticism expressed, the con-
cept was expanded and emerged as a two tier system.
This modified version included a lower level of lifetime
dose (70 mSv) below which no action should be taken.
Between the lower and the upper levels (still 350 mSv),
different measures would be introduced. And above the
upper level, relocation remained compulsory.

5.1.4. Dose Rate Concept

Currently, a commission with some 60 members
under the chairmanship of Academician S.T. Belayev
has been established by the USSR Council of Ministers
to review the existing criteria and to consider the
development of a new approach and rationale instead of
the NCRP lifetime dose concept. The commission is
considering a dose rate criterion for the introduction of
countermeasures which — as a concept — will only
include future doses, and not doses from the past. The
dose rate concept will also be a two tier system. The
commission is also expected to elaborate on the concepts
of risk and acceptable risk.

5.1.5. Surface Contamination Concept

In April 1990 the Supreme Soviet of the USSR
introduced a surface contamination concept as a
criterion for both relocation and payment of compensa-
tion. In this programme, relocation is compulsory for
people living in areas with a surface contamination level
of caesium above 40 Ci/km? (1480 kBqg/m?). People
who live in areas with contamination levels in the range
of 15-40 Ci/km? (555-1480 kBg/m?) are paid a com-
pensation rate of 30 roubles per month, and relocation
is optional. Compensation of 15 roubles per month is
paid to people living in areas with contamination levels
in the range of 1 to 15 Ci/km? (37 to 555 kBq/m?), but
relocation is not an option. Similarly, strict control
zones are defined as areas with a surface contamination
level of '¥7Cs above 15 Ci/km? (555 kBq/m?) and con-
trolled zones as areas with a surface contamination level
of between 5 and 15 Ci/km? (185 and 555 kBq/m?).

5.2. Political Controversy
The present conﬁ‘oversy in the USSR about the con-

sequences of the Chernobyl accident arose against the
background of contemporary political developments,
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and it surely had a catalytic effect on these develop-
ments. Until mid-1985, when M. Gorbachev assumed
the leadership of the USSR and the twin policies of glas-
nost (openness) and perestroika (restructuring) were
introduced, authority was strongly centralized in
Moscow and the dissemination of information was
tightly controlled.

The magnitude of the accident and its consequences,
not only in the USSR but also around the world, put the
USSR in an unprecedented situation. In response to
international enquiries, USSR authorities initially issued
only terse, limited statements. They then invited JAEA
representatives as witnesses. In August 1986, at an
IAEA organized review meeting in Vienna, USSR
representatives gave an exceptionally comprehensive
report [1] on the causes and consequences of the acci-
dent. In September 1986, the IAEA’s International
Nuclear Safety Advisory Group (INSAG) issued a
report that was as authoritative a summary of the acci-
dent as could then be presented [2]. At that time the offi-
cial outlook was quite optimistic, taking the view that
life could return to normal in the area.

In retrospect, however, it is apparent that the seeds of
the current controversy were even then being sown.
Since the decontamination of large areas had never
before been undertaken, it became a learning process.
Efforts to return evacuees to their homes were not as
successful as had been expected. Moreover, more con-
taminated areas were identified, from which further
evacuations and relocations became necessary. The dis-
ruption of people’s lives was great and the stressful
conditions were giving rise to an unhealthy living
environment.

The first maps of various isotope contaminations
were produced and were widely used by the authorities
and organizations in charge of protective measures at the
All-Union level and in the three Republics concerned as
early as July 1986, but they were not made publicly
available. In the following years, extensive surveys
provided the basis for updating these maps under the
USSR State Committee on Hydrometeorology. During
the same period, some information was released to the
public about the contamination resulting from the acci-
dent, but official maps showing the distribution and
extent of the contamination were made publicly avail-
able only in March 1989.

This was linked to the lack of prior knowledge about
radiation and its health effects on the part of the majority
of the population. The evolution of policy on interven-
tion levels could not be understood by the general pub-
lic, and this helped to create distrust towards scientists
and the decisions being taken at the All-Union level. The
trend toward greater political independence of the
USSR’s Republics from the central government in
Moscow helped to raise the Chernobyl accident to the
status of a central symbol of the growing movement to
promote political restructuring under perestroika. The
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USSR Government’s handling of the Chernobyl accident
was, for example, an important issue in the 1988 elec-
tions to the Congress of People’s Deputies [25].

With greater liberalization, there was more freedom
to speak out on issues, and Chernobyl was one. Articles
and books about events at Chernobyl appeared with
increasing frequency. Reports of widespread health
effects had a particularly strong impact on the public,
since public knowledge about nuclear energy and radia-
tion effects was largely limited to Civil Defence meas-
ures in the event of nuclear war. When the new safe
living concept was announced in early 1989, it immedi-
ately became the target of criticism in the BSSR, the
RSFSR and the UkrSSR, and many, including scientists,
disagreed with important elements of the concept. Such
arguments have certainly maintained public uncertainty
and generated stress.

The implications of the social disarray were stagger-
ing. The USSR’s economy continued to deteriorate, and
it is not expected to improve in the short term. Over a
million people, including victims of the accident and
those trying to aid them, have had their lives and liveli-
hoods disrupted by the accident. As a result of this dis-
ruption, the USSR’s social system, its political and legal
institutions and its public health facilities have all been
put under intense strain. This type of social infrastruc-
tural problem greatly complicates matters for govern-
ment officials. Publicity and public concern seemed to
peak on the occasion of the fourth anniversary of the
Chernobyl accident, in April 1990. The availability of
new facts and figures in the BSSR and the UkrSSR con-
tributed to this. On 25 April 1990 there was a USSR
Supreme Soviet press conference with a lengthy discus-
sion on Chernobyl. The first Soviet ‘telethon’ (television
marathon) was broadcast live from Moscow, with per-
formances and interviews interspersed with films of res-
cue workers at Chernobyl and children from the
contaminated zones.

The USSR press reported protests by residents of
some of the most contaminated areas, demanding better
medical treatment, protection from radiation and punish-
ment for those implicated in the alleged cover-up of the
consequences of the accident.

Most of the programme in the future will consist of
medical assistance. The central government plans to
build four million square metres of housing space,
schools for 35 700 students, clinics to accommodate
7300 patients and hospital space totalling 2860 beds —
all costing about 6.5 billion roubles. Public opinion in
the USSR, encouraged by the success of the reform
movements in eastern Europe, has become increasingly
critical of the USSR’s nuclear power programme. The
Deputy Director of the I.V. Kurchatov Institute of
Atomic Energy in Moscow has written:

‘‘Public opinion has become a new factor in this
country, essentially affecting energy policy. An in-
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centive to wide public opposition to nuclear power
was, of course, the Chernobyl accident. However,
special attention paid to ecological problems as a con-
stituent of the democratization of Soviet society has
led to the extension of public protest to a wide spec-
trum of energy facilities, such as nuclear power
plants and nuclear fuel cycle enterprises, hydroelec-
tric plants, gas production and coal mining com-
plexes, plants for fossil fuel processing, etc. Never-
theless, the ‘synergetic’ effect of the Chernobyl acci-
dent and the general ecological problems of society
have made nuclear power the most ‘suffering’ branch
of the fuel energy complex. There is practically not
a single new nuclear power plant site where the local
population would not protest against construction.
‘‘Having no experience of the formation of an
unbiased public opinion, the Soviet specialists, who
are convinced of the lack of any alternatives to
" nuclear power and at the same time approve strict
public control over potentially dangerous modern
technologies, proved to be in a rather difficult situa-
tion.”” (See Ref. [25].)

5.3. USSR Request for Assistance from
the IAEA :

In this atmosphere, the Government of the USSR
requested international assistance. It decided in 1989 to
invite experts from other countries and international
organizations to investigate the situation and to make
recommendations. The WHO sent a team of officials in
1989, as did the International Red Cross in early 1990
(see Part A). At the end of 1989, the Government of the
USSR requested the IAEA to co-ordinate the organiza-
tion and implementation of a project to carry out an
international assessment of ‘‘the concept which the
USSR has evolved to enable the population to live safely
in areas affected by radioactive contamination following

the Chernobyl accident, and an evaluation of the effec-
tiveness of the steps taken in these areas to safeguard the
health of the population’”.

In response to a Soviet request, a planning meeting
between officials of the USSR, the BSSR, the UkrSSR
and the IAEA was held in Moscow from 7 to 9 February
1990 to outline a plan of action to carry out such an
assessment. From 25-30 March 1990, an international
preparatory team, composed of experts from Austria,
Japan, the USA, the Commission of the European Com-
munities (CEC), WHO, FAO and the IAEA, visited the
affected areas and drafted a work plan for the project
based upon the information collected.

The visit gave the IAEA led team an opportunity to
observe the situation in the affected areas, to listen to the
concerns of the population, and to begin to investigate
the type and amount of data that have been collected
over the last four years. It became apparent to the par-
ticipants that a vast amount of information had been col-
lected. However, it was not all in one place and it was
contradictory and frequently ad hoc. Questions asked of
the IAEA experts revealed the high levels of public anxi-
ety about the health of children. People asked for the
experts’ views on the appropriateness of the 350 mSv
lifetime dose limitation, about the independence of the
assessment team and about the public availability of the
results of the assessment. (See Annex II, Questions Put
to Experts.) ‘

One early result of the visits was that personal
dosimeters were provided for several thousand citizens
in seven settlements. In addition, portable whole body
counters were used to carry out selected monitoring of
intakes of 1’Cs to help determine actual levels of inter-
nal doses. Fixed air samplers were used to measure
atmospheric concentrations of resuspended radioactive
particles. Seminars were organized to provide opportu-
nities for asking questions, and it is hoped that meetings
with health professionals lead to improvements in local
expertise in handling questions from patients. Infor-
mation booklets on thyroid diseases were publicly
distributed.
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Environmental Contamination

1. Introduction

The basis for the assessment of the dose to the popu-
lation from a release of radioactivity to the environment,
the estimation of the potential clinical health effects due
to the dose received and, ultimately, the implementation
of countermeasures to protect the population is the mea-
surement of radioactive contamination in the environ-
ment after the release.

Since the occurrence of the accident at the Chernobyl
nuclear power plant on 26 April 1986, several scientific
institutions and regulatory agencies in the USSR have
been engaged in detailed field assessments and ecologi-
cal modelling of the different radiological components in
the environment. This assessment concentrates on the
corroboration of the measurements of the following
major radionuclides present in the environment: B4cs,
137Cs, %0Sr and Pu, as well as ‘hot’ particles. Official
Soviet information on the environmental contamination
was requested during the international expert missions to
the All-Union institutes responsible for the co-ordination
of environmental data in the USSR. During visits to the
major institutes that have participated in the large
amount of work that was done in the BSSR, the RSFSR,
the UkrSSR and the USSR, both official and unofficial
data were requested.

In the USSR, the most common method of represent-
ing environmental contamination data was in the form of
maps. Thus, an important aspect of this task was to cor-
roborate the information shown on the contamination
maps.

1.1. Objectives

The objective of this task is the corroboration of
official and unofficial environmental contamination data
for radionuclides in the soil, water and air in the regions
of the BSSR, the RSFSR, the UkrSSR and the USSR that
have been affected by the Chernobyl accident. In partic-
ular, the information presented on the contamination
maps must be corroborated. The approach to accom-
plishing this task was agreed upon and outlined during
the meetings of the International Advisory Committee
(IAC) in Moscow, Kiev and Minsk in April 1990.

1.2. Methodology

In view of the large areas affected by the fallout, and
the size of the population in those areas, it was decided
that, within the constraints of time and the resources
available, it would not be feasible to duplicate the

detailed studies carried out by the Soviet authorities
since 1986. Rather, a method was approved which is
based on the hypothesis that, provided that essential
environmental components of the official Soviet radio-
logical assessment could be corroborated, it would be
reasonable to extrapolate from the corroborated set of
data to the overall environmental situation. This method
consists of: (a) a review of the environmental data and
the methods used for the assessment of environmental
contamination in the USSR, and (b) the independent
verification of Soviet environmental data and contamina-
tion maps by field measurements taken at selected sites.

International teams of experts visiting institutions and
laboratories reviewed: (1) the sampling techniques used
in the field and in the laboratory; (2) the instrumentation
and analytical methods used to determine the radio-
nuclide content in the samples; and (3) the quality assur-
ance programmes applied by Soviet authorities in the
laboratories carrying out the analysis. In addition, an
intercomparison exercise was conducted by the
Agency’s Laboratories (RIAL) (specifically the Physics,
Chemistry and Instrumentation (PCI) Laboratory) at
Seibersdorf.

The independent verification of Soviet environmental
data and contamination maps was conducted by interna-
tional independent teams of experts surveying selected
radiological and environmental components at specific
sites in the BSSR, the RSFSR and the UkrSSR.

Official and unofficial data on the environmental
contamination were requested for the following geo-
graphical areas: (1) the BSSR; (2) the northern part of
the UkrSSR; and (3) the central economic region of the
RSFSR. Although the existence of unofficial data was
referred to by Soviet participants at several of the meet-
ings in the initial phases, no such data were provided to
the experts.

Teams of international experts were sent on missions
to the BSSR, the RSFSR, the UkrSSR and the USSR to
obtain environmental samples. The data from the analy-
sis of these samples would be used in accomplishing the
objective of corroboration. In some cases, it was not
possible to collect information consistently at each loca-
tion visited, while in other cases, the team members
were able to collect more data than was needed to fulfil
the objective of this task. The results of each mission
were used to achieve the objective and will be presented
in this report. The independently collected data that are
not used directly in the corroboration of the Soviet data

‘are also included in this section to provide additional

information on the extent of environmental contamina-
tion in the USSR.
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2. Review of the Soviet Data and Methods for the
Assessment of Environmental Contamination

The official Soviet data were provided to the IAC by
the USSR State Committee on Hydrometeorology
(Goskomgidromet) in the form of: (a) contamination
maps for '¥’Cs, *Sr and Pu, and (b) listings of the
mean contamination values by settlement for the BSSR,
the RSFSR and the UkrSSR (Annex 1 to Part D).
Table 1 presents a summary of the official data on
surface activity for selected settlements.

The first steps towards corroborating the environ-
mental data were: (1) to review the established system
of databases; (2) assess the reliability of the data
included in the databases by reviewing the sampling
techniques, analytical procedures and instrumentation
used; and (3) conduct an intercomparison exercise
involving the laboratories providing the bulk of the
environmental contamination data in the BSSR, the
RSFSR, the UkrSSR and the USSR. To corroborate the
contamination maps, it was essential to review the
assumptions and procedures used to draw the maps from
the contamination data. This work was carried out at the
All-Union level at the Institute of Experimental Hydro-
meteorology, Obninsk, RSFSR.

2.1. Databases

In the areas most affected by the fallout, the USSR
State Committee on Hydrometeorology, the Ministry of
Defence of the USSR, the State Agroindustrial Complex
(Agroprom) and the Ministry of Public Health of the
USSR have collected a large amount of data. This infor-
mation has been compiled in the archives of related insti-
tutes or stored in designated databases. Over the past
few years, data have been partially published by some
Soviet institutions in the form of scientific-technical
reports and maps describing environmental contamina-
tion levels in the BSSR, the RSFSR and the UkrSSR
[1-4].

In the USSR, the collection of radiological data for
the monitoring of radionuclide levels in the environment
and food related to the Chernobyl accident is organized
at the All-Union, Republic and regional institute levels.
For example, the Ministry of Public Health of the
USSR, the USSR State Committee on Hydrometeorol-
ogy, the State Committee for Standardization and the
State Committee for the Peaceful Uses of Nuclear
Energy have counterparts in the Republics. This is also
the case for the All-Union Scientific Research Institute
of Agricultural Radiology (Obninsk) and the Institute of
Radiation Hygiene of the Academy of Medical Sciences
of the USSR (Leningrad). At the regional level, the insti-
tutes involved are research, agricultural and veterinary
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laboratories and State Sanitation Supervision Epidemi-
ology stations.

In theory, data flow from the regional institutes
through the Republic institutes to the All-Union insti-
tutes. While in practice this does indeed occur in most
cases, some institutes collect data that are not trans-
ferred. Consequently, some data were not used by the
Soviet authorities in preparing the official contamination
maps.

At the level of the Republics, these data are collected
daily from various field laboratories, experimental
farms and similar sources. This information is trans-
mitted to the central database in Moscow and updated
regularly by the USSR State Committee on Hydro-
meteorology. In addition, each Republic organizes its
own database using information from various insti-
tutions.

There is a steady flow of information among the insti-
tutes and between the Republic databases. However, a
limited exchange of databases takes place between the
USSR State Committee on Hydrometeorology and the
institutes in each Republic. This results in important data
which are obtained at the All-Union level (for example,
on biannual airborne radiometric measurements in the
contaminated areas in each Republic) not necessarily
being transmitted to databases at the Republic level.

The scheme of the database at the UkrSSR level, the
Integral Radioecological Databank (IRDB) at the
Glushkov Institute of Cybernetics, Kiev, is illustrated in
Fig. 1 [5]. This is the central database for Chernobyl
related data in the UkrSSR. The database ‘administrator’
is reserved for the list of users, codes and priorities.
Database sources, classification and standards are
designed for the users of the IRDB.

Information on doses and mapping of various physi-
cal and chemical data files of the geographical region of
interest, together with meteorological, geochemical and
geological data, can be stored and retrieved. At present,
IRDB contains about 50 000 records. No information is
available on error estimates associated with these data.
It is unclear what quality assurance procedures are used
(by the laboratories and the compilers of the database)
in the inputting of data into the database. Limited infor-
mation has been provided on past intercomparison exer-
cises carried out in the USSR [6].

2.2. Sampling Techniques and Food
Control Monitoring

Taking ‘representative samples’ of the soil, water, air
vegetation and food is one of the key elements in a
proper assessment of the environmental contamination



Environmental Contamination

TABLE 1. Characteristic Statistical Parameters for Official Soviet Data on Surface Activity in Different
Settlements [Source: V. Borzilov]

Location mea?lie;ints an Median Mode Ge;r::;ric Variance :::?:3::1 St::;arrd Min. Max.
(@ 'Cs surface activity (Ci/km?)*
Malozhin 21 1.43 1.2 1.2 1.1 0.87 0.93 0.21 0.03 3.85
Gden 22 304 3 3 2.71 1.89 1.37 0.29 0.88 6
Bragin 51 21.81 11.9 11.9 12.57 399.20 19.97 2.79 0.13 67
Mikulichi 18 21.76 17.25 17 18.64 161.60 12.71 3.00 5 45
Dvor-Savichi 25 504 49 4.9 4.76 2.67 1.54 0.33 1.8 8.5
Komarin 101 421 32 2 3.24 17.49 4,18 0.42 0.14 37
Starye Bobovichi 34 29.67 25.15 25 27.91 117.43 10.82 1.82 11.9 56.2
Novye Bobovichi 79 28.27 26.70  25.8 27.07 59.10 7.69 0.86 3.64 56.84
Gatka 9 2342 222 27.6 23.12 15.22 3.90 1.30 18.05 27.6
Svyatsk 25 39.15 38.1 16 32.25 424.35 20.60 4.12 6 71.1
Novozybkov 133 18.25 17.34 24 16.67 58.73 7.66 0.66 4.81 4424
Daleta 233 22 2.2 2.32 0.10 0.32 0.18 2.1 2.7
Rakitnoe 9 517 4 3.6 4.87 4.00 2.00 0.67 35 35
Korchevka 7 247 25 2.5 2.25 0.99 0.99 0.38 0.87 38
Slovechno 3 1.13 1.3 1.3 0.79 0.74 0.86 0.50 0.2 1.9
Ovruch 103 3.2 2.6 1.8 24 6.2 2.5 0.2 0.2 15
Polesskoe 509 33.8 33 41 25.2 424.3 20.6 0.9 03 1123
(b) *Sr surface activity (Ci/km?)*

Novye Bobovichi 2 0.68 0.50 0.86
Novozybkov 13 0.32 0.10 0.65
Svyatsk 3 0.55 0.30 0.70
Starye Bobovichi 2 0.71 0.55 0.86
Gden 27 1.40 0.20 5.80
Malozhin 19 0.47 0.09 1.51
Mikulichi 7 1.03 0.56 2.21
Bragin 44 1.99 0.16 5.80
Komarin 29 1.00 0.10 2.04
Ovruch 3 0.78 0.12 1.92
Savichi 21 1.32 0.44 3.80
Ovruch 3 0.78 0.12 1.92
Polesskoe 51 1.41 0.09 4.40

* | Ci = 37 GBq.
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FIG. 1. Scheme of the integral radioecological databank
(IRDB), Glushkov Institute of Cybernetics, Kiev, for data
on the Chernobyl accident (DB: database).

[Source: N. Limic]

for a given area. Even the subsequent use of sophisti-
cated analytical methods cannot compensate for inade-
quate sampling techniques. In the case of the fallout due
to the Chernobyl accident, the environmental situation is
complicated by the extremely heterogeneous nuclide
deposition in the affected areas. Therefore, specific
techniques were developed in the USSR [7, 8] for the
sampling of:

— Soil in undisturbed areas (populated areas and the
natural landscape), agricultural and non-arable areas;

— Vegetation, milk and meat;

— Surface water and groundwater;

— Air.

A brief description and review of each of the tech-
niques used in the affected areas are presented in the
following.

Sampling of Soil in Undisturbed Areas

— Multiple gamma dose rate measurements are used to
screen for the occurrence of a ‘hot spot’ in the area
to be sampled. If the results are positive, the area is
considered as being unsuitable for sampling and a
new area is chosen.

— If the results of these measurements are negative,
multiple gamma dose rate measurements are taken in
order to identify suitable soil sampling sites.

— When a suitable site is chosen, one to six soil samples
are taken in the area of interest to obtain a representa-
tive sample of the area.

More details on the methods for sampling undisturbed
areas are given in Annex 1.

Sampling of Agricultural Soils (Arable Areas)

— Mixed soil samples are taken during the sowing or
planting season and prior to the harvesting of
individual crops.
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— Additional samples are taken at ‘elementary plots’
(undefined term), which are areas where only one
kind of crop is grown.

Details are given in Annex 1.

Data obtained from the soil sampling programmes
mentioned can be used to describe the occurrence of
fallout deposition on a large scale, e.g. the official fal-
lout maps (scale 1:500 000). Reported hot spot areas’
are surveyed and the perimeters are marked. Recom-
mendations for remedial action are also made to the local
authorities. Provided that this procedure is followed in
practice, these hot spot areas do not influence signifi-
cantly the average exposure in the area under considera-
tion. Therefore the method can also be considered to be
suitable for a comprehensive description of the average
exposure situation on a smaller scale, although the hot
spot areas are excluded. Hot spot areas are neither listed
in Soviet tables of deposition, nor are they considered in
the calculation of averages of deposition.

Sampling of Vegetation

This is carried out jointly with soil sampling, using
the envelope technique in order to obtain a mixed
representative sample. The technique is adequate.
Details are given in Annex 1.

Milk

Milk from the public sector is screened for caesium
at dairies or collective farms prior to processing. For
this purpose, a stick type sodium iodide detector, con-
nected to a calibrated rate meter, is inserted into the
tanks of milk delivery trucks. Subsequently, fresh milk
samples are taken for spectrometric analysis in the
laboratory. If the associated screening error is under
50%, as was reported to the experts (calibration data
were not provided), this system of screening, combined
with subsequent laboratory analysis of fresh samples, is
able to provide a representative value of the contamina-
tion in milk in the tank.

This screening procedure is only adequate if the
lower limit of detection of the detector (~37 Bq/L) is
lower than the approved limit for the consumption of
milk. This method is inadequate in the BSSR, where the
detection limit is greater than the approved limit for con-
sumption. Details are given in Annex 1.

' Defined as an area <30 m®> with 2 gamma dose rate

higher by a factor of 3 or more than the average given for
this settlement in Ref. [6].
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Meat

Meat is monitored at four locations between the farm
and consumption by the population:

— In vivo measurements are taken at the State farms on
animals selected for slaughter;

— Random samples of processed meat are taken at the
meat processing plants;

— At the assembly line each piece of meat is monitored;

— Random samples are taken by the State Sanitation
Supervision Epidemiology Station in the shops.

Further details are given in Annex 1. These multiple
steps of screening, sampling and analysis represent a
comprehensive system of radionuclide control in meat.

Surface and Ground Water Samplés

These are collected, prepared and analysed for sy
and '’Cs according to the instructions updated by the

USSR State Committe on Hydrometeorology in March

1989 [8]. The contamination of rivers and reservoirs is
monitored regularly and comprehensively in the affected
areas and along the course of the River Dnepr. For this
purpose, a well equipped research ship is available with
facilities for the sampling of water and sediments. In
addition, groundwater sampling programmes are being
initiated. However, procedural deficiencies were noted
with regard to sample preparation and analysis, causing
potential overestimation of the actual nuclide concentra-
tion in the dissolved phase.

Air Samples

Samples were reported to have been collected, pre-
pared and analysed in accordance with recommendations
made by the USSR State Committee on Hydrometeor-
ology in March 1989 [8].

2.3. Equipment and Methods

Documented methods for the analysis of the radio-
nuclides in the Chernobyl fallout recommended in the
USSR were presented to the international experts
[8-13]. The institutions, selected by the organizers in
the USSR, were visited by the experts and are described
in Annex 2. They range from small laboratories to
research centres. Within the context of this Project, it is
important to recognize the significance of the contribu-
tion of each of the following institutes to the official
Soviet databases that were used to characterize the
extent of the environmental contamination.

In this section, the analytical capabilities of the differ-
ent radiological components at the major institutions

visited are discussed. In accordance with standard scien-
tific practice, the results of the visits are presented in
coded form only.

2.3.1. Institute A, RSFSR

Significance: Approximately 50 000 samples by
gamma spectrometry, 5000 samples for *Sr, and 500
samples for plutonium have been analysed since 1986.

2.3.1.1. Laboratory for Soil Analysis and
Air Sampling

Geiger~Miiller (GM) based dose rate meters are used
for the mapping of radiation fields. Intercomparisons
with Nal(TI) (thallium doped) detector meters indicate a
dose rate higher by a factor of 2 than in measurements
made with GM meters. Gamma spectrometry and
beta spectrometry are used for '*’Cs/!*Cs analysis and
90Sr analysis.

All equipment is well maintained and the standards
are suitable for the counting geometry. Calibration
procedures are well documented. Sample identification
is readily available and well organized.

2.3.1.2. Radiochemical Analysis Section and
Counting Laboratory

The radiochemical separation procedures used for
98 and Pu determinations are acceptable. However,
the method of sample dissolution may be inadequate,
since the acid leaching method applied does not ensure
complete dissolution of refractory oxides (e.g. Pu, Zr,
Nb and Th). This could result in undefined low recovery
for Pu and Sr. However, the method was reportedly
tested by the Soviet laboratories and recovery rates were
found to be =90%.

Sample management and the control of contamination
within the building and between laboratories are inade-
quate. Since sample management (handling, storage) is
poor, intersample variability is significant and sample
blanks are not used routinely, the potential for cross-
contamination between samples is possible, but not
quantifiable at present.

2.3.1.3. Water Laboratory

Collection and preparation of the samples, as well as
analytical methods for determining the concentrations of
the radionuclides '"’Cs and %Sr, are carried out
according to official recommendations [8]. The labora-
tory is well equipped with alpha, beta and gamma spec-
trometers and liquid scintillation counters. Groundwater
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sampling methods and sample processing need to be
reviewed in order to ensure that cross-contamination is
avoided. Further details are given in Annex 3.

2.3.2. Institute B, RSFSR

Significance: Provision of radiation maps for
individual State and collective farms and agricultural
areas, radioecological studies and the development of
recommendations for agriculture in contaminated areas.

2.3.2.1. Radiometry Laboratory

Caesium, Pu and ®Sr are measured in agricultural
products, samples of soil and plants with:

— Gamma spectrometry systems (Nal(Tl), high purity
Ge (HPGe));
— Alpha/beta spectrometers.

Calibration and determination of the efficiency of the
Nal(Tl) system are not optimal, since Cs standards with
density 1 are used. No records on absorption correction
are available.

With regard to the HPGe system, no correction for
summing effects is carried out for the efficiency calibra-
tion with the 'S’Eu standard used. Routine quality
assurance data are not available. The alpha spectrometer
is used predominantly for gross alpha counting of Pu
samples owing to its poor resolution. Instruments are
generally in working order, except for three gamma
spectrometers in need of repair. Contamination control
in the laboratory is lacking. Sample blanks are not run
routinely. Owing to the use of the same procedures for
sample dissolution and *Sr/Pu analysis as in Insti-
tute A, there is an unquantifiable degree of uncertainty
associated with the Sr and Pu data. Further details are
given in Annex 3.

2.3.3. Institute C, UkrSSR

Significance: Provision of data for a radiological map
of the 30 km zone.

2.3.3.1. Radioelemental Analysis Laboratory

The research oriented laboratory carries out investi-
gations on Cs, Pu and Sr levels in soil, hot particie
distribution in the environment and radionuclide uptake
by plants. The main methods used are alpha and gamma
spectrometry, X ray fluorescence analysis (photon
induced X ray emission) and alpha/beta counting with
proportional counters.

114

The use of a shielded dose rate meter for the modified
soil sampling method represents an improvement in that
it is more representative of the actual activity distribu-
tion than results obtained on the basis of unshielded dose
rate meter readings. The sample management for
gamma spectrometric analysis is well organized and
properly documented.

The radiochemical analysis cannot be evaluated satis-
factorily owing to the restriction of information regard-
ing sampling procedures and results of detailed
analytical methods and the refusal to provide samples for
intercomparison purposes at the time of review.

2.3.3.2. Ecological Laboratories

These laboratories emphasize research on ecology,
radiobiology and agriculture.

The instrumentation used consists of gamma and
alpha spectrometers. Externally supplied and self-made
standards are used routinely for calibration. Radio-
nuclide analysis is performed on soil, water, food
products and plant samples. All samples are screened for
the occurrence of hot particles and submitted for radio-
chemical analysis of *°Sr and Pu, provided that this
screening is negative. All equipment was found to be in
good working order.

Contamination in the laboratory appears to be less of
a problem than in facilities A and B owing to appropriate
sample management. The quality of Sr and Pu data is
uncertain owing to inadequate dissolution of sample
material (for details, see Section 2.3.1). However, rou-
tine hot particle screening and checks for consistency
between gamma spectrometric and radiochemical results
provide a higher level of confidence in these data. Fur-
ther details are given in Annex 3.

2.3.4. Institute D, UkrSSR

Significance: Approximately 600 000 samples have
been analysed since 1986.
The major work carried out includes studies on:

— Physical and chemical properties of fallout in arable
soils;

— Radionuclide behaviour in soil, vegetation and
animals;

— Wind and water related transport phenomena of
fallout;

— Mapping of hot particles and *°Sr and Pu distribu-
tions.

For this purpose, alpha and gamma spectrometry is
used.
The laboratories are well maintained and reflect an

overall exceptionally high standard. Further details are

given in Annex 3.
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2.3.5. Institute E, BSSR

Significance: Gamma spectrometry for up to 18 000
soil samples per year; Pu analysis carried out for
approximately 1500 samples since 1987.

2.3.5.1. Laboratory of Radioecology

Gamma spectrometry is used to analyse mainly soil
samples for 13Cs and '3*Cs. Lack of adequate calibra-
tion standards may result in inaccuracy in the determina-
tion of the true radionuclide content of the sample.

2.3.5.2. Dosimetry and Radiometry
Laboratory

Plutonium and Sr separation and determination are
performed with great skill on environmental samples
using internationally accepted analytical methods. Lack
of adequate modern equipment in sufficient quantities
(for example, personal computers and gamma spectro-
meters) necessitates partially manual recording of spec-
tra and frequent shipment of samples from other labora-
tories in Gomel, Brest and Mogilev to Minsk for
analysis. Further details are given in Annex 3.

2.3.6. Institute F, UkrSSR

Significance: Assessment of the risk of groundwater
resources to radioactive pollution.

2.3.6.1. Isotope Laboratory

Alpha, beta and gamma spectrometry are used to
measure '¥’Cs, %Sr and Pu isotopes. All equipment
needs to be upgraded. Problems due to inadequate
quality assurance programmes are evident. Further
details are given in Annex 3.

2.3.7. Institute G, UkrSSR

Significance: Investigations on the geochemical
behaviour of radionuclides in surface and groundwater.

Alpha and gamma spectrometers, as well as beta
counters and liquid scintillation counters, are used —
together with radiochemical methods — to measure Pu,
Sr and gamma emitters. The institute is mainly research
oriented. No information is available on quality assur-
ance programmes. Further details are given in Annex 3,

2.3.8. Institute H, UkrSSR

Significance: Studies on the dynamics of radionuclide
contamination of rivers and the Dnepr cascade of reser-
voirs since 1986.

A research vessel is available for water and sediment
sampling. At present, water samples are analysed by the
‘Typhoon’ Scientific Production Association, Obninsk.
Problems concerning potential cross-contamination of
samples are apparent. Further details are given in
Annex 3.

2.4. Soviet Methodology for Mapping
Fields of Environmental
Contamination

Technical publications describing the methodology
used for the mapping of environmental radiation fields
were not provided to the reviewers. Therefore the
following section is based largely on personal communi-
cations during visits of the international experts to the
All-Union Scientific Research Institute of Agricultural
Radiology (Obninsk), Institute of Experimental
Meteorology (Obninsk) and the Glushkov Institute of
Cybernetics, Special Bureau of Mathematical Machines
and Systems (Kiev).

In the post-accident phase, initial Soviet airborne
radiometric surveys were reported to have been per-
formed with aeroplanes carrying gamma spectrometers.
The spatial resolution in this phase of the large scale sur-
vey of the potentially fallout affected areas (‘global
region’) ranged from 5 to 10 km between survey tran-
sects. Information on the calibration procedures used is
not available.

Subsequently, Soviet helicopters equipped with the
same gamma spectrometers scanned special subregions
of this global region from an altitude of 1-2 km. The
criteria for selecting subregions were based largely on
data on the radiation field derived in the initial survey.
Because of the collimators used with the detectors, the
data obtained in this kind of survey represent an aver-
aged field with a radius ranging from 50 to 250 m. At
present, aerial surveys are carried out biannually to
update databases on the spatial variation of the radiation
fields.

Airborne scanning is complemented by a biannual
soil sampling programme. Samples are taken at about
500 settlements in the global region. The number of soil
samples per settlement, as reported in the books pub-
lished by the USSR State Committee on Hydrometeorol-
ogy (Annex 1), is dependent on the number of
inhabitants and the variability of the nuclide deposition
pattern.

Data on the nuclide concentration in soil samples
(representing point measurements), together with data
on the radiation field from airborne measurement
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(representing averages), are combined to derive maps
displaying the regional nuclide deposition by using
scaling methods in order to match the two data sets.

The mapping of fields in the UkrSSR utilizes soil
sample measurements that are interpolated across a
regular grid for field values [12, 13]. Airborne measure-
ments are not available for institutes at the Republic
level. Extensive software is available in order to process
the resulting radiological field data. No such information
was made available to the international experts for the
other Republics.

Information on the uncertainty associated with Soviet
fallout maps is not available at this time, which affects
the assessment of the accuracy of the official maps.

2.5. Intercomparison Exercise

In order to assess the reliability of results obtained by
different Soviet institutions, it was agreed during IAC
meetings that Soviet institutions engaged in sampling
and laboratory analysis of environmental samples and
foodstuffs would be invited to participate in an intercom-
parison exercise.

In this exercise, the participating laboratories would
analyse a number of prepared samples and report their
results and the associated uncertainties to the IAEA.
Their results would be compared with the recommended
values. This exercise provides an indication of the vari-
ability in accuracy of the results reported by many
different institutions. In order to determine whether the
Soviet materials were suitable for future intercompari-
sons and production of reference materials, a test for
homogeneity of the sample material was included.

The intercomparison exercise was designed to
include the participation of about 120 Soviet laboratories
that had been involved in analysing for Cs, and between
five and ten Soviet laboratories carrying out Sr and/or
Pu analysis. It was further agreed that the results on the
individual performance of each participant would be
kept confidential and published in coded form only, in
accordance with standard scientific practice.

2.5.1. Sample Preparation, Distribution and
Response

In May 1990, the Agency’s PCI Laboratory prepared
a package of materials for all participating laboratories
consisting of the following samples:

— Two bottles of milk powder (low and high activity);
— Simulated air filters;

— One bottle of vegetation (clover);

— One bottle of soil.

Two separate milk powder samples were prepared
(low and high activity) in order to evaluate the measure-
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ment abilities at the different levels of contamination that
might be found in milk samples. It could be that in an
individual laboratory the accuracy of measurements at a
higher nuclide concentration level is adequate but not at
a lower one. This is particularly important in the case of
meeting contamination limits for food consumption.

All materials (except vegetation) are used as refer-
ence materials within the IAEA’s Analytical Quality
Control Services; the vegetation material is being used
currently (1991) in a worldwide IAEA intercomparison
programme. This package was accompanied by detailed
information sheets on its use and a standardized data
reporting format. However, it is emphasized that the
materials were submitted to the Soviet laboratories as
blind samples.

In June 1990, 25 Soviet institutions nominated by the
designated counterparts were each sent one of these
packages (Annex 4). Upon the request of the Soviet
authorities, an additional 38 institutions were supplied
with these packages at the beginning of October 1990
(Annex 5). All participants were asked to send their
results to RIAL not later than one month after receipt of
the intercomparison exercise package.

To test the extent of homogenization of sample
material as performed by the Soviet institutions, about
4600 kg of different materials (milk powder, grass, hay
and soil) from the BSSR, the RSFSR and the UkrSSR
were received by RIAL in two shipments from desig-
nated Soviet institutions (Annex 6). This material will
also be used to produce reference material with RIAL
standard procedures for an international intercompari-
son exercise. .

By March 1991, results had been obtained by
24 laboratories. However, only the results obtained
from 13 laboratories by January 1991 could be consid-
ered for this Report. The following comments concern
the status as of January 1991. It was indicated that these
laboratories represented major contributors to the over-
all assessment of the radioactive contamination in the
environment [14]. Not all test samples were analysed for
the presence of all nuclides by each of the participating
laboratories.

2.5.2. Results of the Intercomparison
Exercise and Homogeneity Test

2.5.2.1. Soil Samples

The participating laboratories submitted results for
soil samples that had been analysed for *°Sr, 2**Pu,
131Cs and ?2%Ra. Specific activity concentrations for
nuclides ranged from 1.04 to 79.7 Bq/kg. The results
obtained by the participants are compared with the
recommended values and 95% confidence intervals in
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FIG. 2. Intercomparison results for soil samples (*°Sr).
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FIG. 4. Intercomparison results for soil samples (**’Cs).
[Source: V. Valkovic and team]
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FIG. 5. Intercomparison results for soil samples (**Ra).
[Source: V. Valkovic and team]

Figs 2-5. For '*’Cs and ??%Ra, radionuclide concentra-
tion values are mostly close to the confidence intervals
(except for Laboratories 1 and 11), while for *°Sr and
23py there is a tendency for overestimation (up to a
factor of 4 above the recommended values).

2.5.2.2. Milk Powder Samples — Lower Level

The milk powder samples were analysed for *Sr,
134Cs, 1¥7Cs and “°K. Specific activity concentrations
for nuclides ranged from 3.3 to 552 Bqg/kg. The results
obtained by the participants are compared with the
recommended values and 95% confidence intervals in
Figs 6-9. At these lower nuclide concentration levels,
many participants had problems with *°Sr, generally
overestimating the recommended values (by a factor of
up to 8). While the '**Cs results were mostly in
reasonable agreement with the recommended values,
some participants overestimated the recommended value
for '*'Cs by a factor of 3. The “K results can be con-
sidered to be satisfactory (with the exception of Labora-
tory No. 8).

2.5.2.3. Milk Powder Samples — Higher
Level

Milk powder samples were analysed for *Sr, 3Cs,
137Cs and “°K. In order to investigate whether the
general performance of the participants was influenced
by the level of activity to be measured, samples with a
nuclide specific activity concentration ranging from 7.45
to 2065 Bq/kg were included. The results obtained by
the participants are compared with the recommended
values and 95% confidence intervals in Figs 10-13. The
number of participants with acceptable *Sr results
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FIG. 13. Intercomparison results for higher level milk
powder samples (*K). [Source: V. Valkovic and team]
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FIG. 16. Intercomparison results for simulated air filter
samples (¥Co). [Source: V. Valkovic and team]
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FIG. 19. Intercomparison results for vegetation (clover)
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FIG. 21. Intercomparison results for vegetation (clover)
samples (**’Cs). [Source: V. Valkovic and team]
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FIG. 22. Intercomparison results for vegetation (clover)
samples (*K). [Source: V. Valkovic and team]

increased at the elevated concentration levels, but some

_still overestimated the recommended values by a factor

of up to 9. The '*'Cs results also improved significantly
at higher levels and, like '**Cs, can generally be con-
sidered to be satisfactory. This is also true for the “°K
results. However, Laboratories 7 and 8, respectively,
underestimated and overestimated the recommended
137Cs values significantly, indicating the need for a
revision of their analytical methods. Both laboratories
underestimated '**Cs values, while Laboratory No. 8
grossly overestimated “°K.

2.5.2.4. Simulated Air Filter Samples

Simulated air filter samples, prepared by depositing
radioactive solutions onto air filter material, were
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TABLE 2. Homogeneity Test of Different Types of Environmental Samples Provided by Soviet Institutions

[Source: V. Valkovic and team]

Difference relative to average (%)

Material Origin
Mean Standard deviation

(arbitrary units) (%)
Soil Kiev 1.170 1.4
Soil Gomel 5.915 1.3
Soil Novozybkov 7.467 1.4
Grass . Kiev 10.949 0.8
Grass Gomel 3.216 1.7
Milk (dry) Narodichi 3.029 1.8
Milk (dry Novozybkov 4,332 1.3
Milk (dry) Kalinkovichi factory 0.262 2.3
Hay ‘Wave of Revolution’ 5.709 6.4

collective farm

As above (remixed) 13.567 5.5

analysed for *°Sr, 'Y’Cs, ®Co, '*Ba and 2'°Pb.
Nuclide specific activity concentrations ranged from 138
to 1456 Bq per filter. The results obtained by the parti-
cipants are compared with the recommended values and
95% confidence intervals in Figs 14-18. Values
reported for '*’Cs and 2'%Pb are in good agreement
with the recommended values. Disagreement of the
values obtained for '**Ba, %Co and *°Sr with the cor-
responding recommended value of the order of 30-50%
cannot be considered to be acceptable.

2.5.2.5. Vegetation Samples

The vegetation (clover) samples were analysed for
0Sr, 13Cs, 37Cs and “K. The specific activity con-
centrations for nuclides ranged from 14.83 to 656.64
Bq/kg. In Figs 19-22, the results obtained by the par-
ticipants are compared with the recommended values
and the 95% confidence interval. Data for *Sr are in
good agreement for most participants; deviations from
the recommended value indicate the potential for overes-
timation. The !3Cs, *’Cs and “°K concentrations in

vegetation samples were underestimated by most (up to
a factor of about 3 for '**Cs by Laboratory No. 5),
except for Laboratory No. 8 (overestimation by a factor
of up to 6).

2.5.2.6. Homogeneity Test

This was not a performance test of the Soviet labora-
tories, but a test of the determination of the suitability of
materials sampled by Soviet scientists for producing
reference materials.

The homogeneity of the samples taken by Soviet
institutions in the USSR was tested by the Agency’s PCI
Laboratory for the following categories of material: soil,
milk (dried), grass and hay.The results are summarized
in Table 2. The standard deviation (SD) ranged mostly
from 0.8% (grass) to 2.3% (dried milk); however, for
‘hay’ it reached 6.4%. This latter value was not signifi-
cantly reduced after remixing (SD for remixed hay:
5.5%). Thus, these samples, with the exception of ‘hay’,
can be considered to be sufficiently homogeneous and
suitable for the production of reference materials.
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3. Independent Verification of
Environmental Contamination and
Radiation Fallout Maps in Selected Settlements

As has been stated, the environmental data in the
USSR are usually presented in the form of maps.
Nuclide deposition on the ground (e.g. for Cs, Sr and
Pu) is displayed either in colour coded form or as
isopleths ranging from 1 to 40 Ci/km® (37 to
1480 kBq/m?). Copies of these maps have been issued
with the Overview to this Project. The mean concentra-
tion values, listed in tabular form, on *’Cs and %Sr
contamination by settlement are presented in Annex [.

As part of the verification procedure for the Soviet
contamination maps, the underlying theoretical assump-
tions used for producing these maps, the experimental
procedures and the resulting databases were reviewed in
collaboration with the following Soviet institutions:
Institute of Experimental Meteorology (Obninsk), All-
Union Scientific Research Institute of Agricultural Radi-
ology (Obninsk), Institute of Nuclear Research (Kiev),
and the Glushkov Institute of Cybernetics (Kiev).

The other equally important task in the verification
procedure was to conduct detailed independent assess-
ments for selected radiological components in the settle-
ments of Novozybkov (RSFSR), Bragin (BSSR),
Polesskoe ‘and Daleta (UkrSSR). The average surface
activity values reported by the Institute of Hydro-
meteorology (HYDROMET) (Annex I) for these towns
are shown in Table 1. The results of the independent sur-
veys are presented in Sections 3.1, 3.2 and 3.4,

In missions to these settlements and other locations,
the teams carried out additiorial surveys to further
improve the assessment of the environmental contamina-
tion data. These include dose rate profiles taken along
the sides of roads by a hot spot van, soil-grass-milk
ecosystem studies and biomonitor assays, as well as soil,
water, air and food sampling programmes (these will be
presented in Sections 3.5 to 3.10.

In addition, environmental surveys were carried out
in the settlements that were chosen by the medical inves-
tigators (see Part F) to represent areas with insignificant
fallout contamination (control settlements). These
results are presented in Section 3.3. All surveys were
performed by teams of international experts using IAEA
approved methods.

3.1. Survey of Novozybkov (RSFSR)

The population of the settlement of Novozybkov is
about 45 000, resident in an area of about 3.5 km
X 3.5 km. The community is mainly urban, with small
one storey houses and a few new apartment blocks on the
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outskirts. The rural community of Novoe Mesto, located
9 km west of Novozybkov, is the major agricultural
production area for the town. The official contamination
maps place Novozybkov in the 15-40 Cifkm?
(555-1480 kBq/m?) zonme and the mean value for
the '’Cs surface activity is 18 Ci/km? (666 kBg/m?)
(Table 1).

Surveys of external gamma dose rate measurements,
soil sampling, aerosol sampling and field gamma spec-
trometry were conducted from 21 July to 8 August 1990.

3.1.1. Dose Rate Measurements

Most measurements of the dose rate in air in
Novozybkov were made with calibrated pressurized
ionization chambers. Additional measurements were
carried out with an intercalibrated dual zinc sulphide
coated plastic scintillation survey meter. Measurements
were conducted approximately 1 m above ground with
a total systematic error of less than 5%. Exposure rate
readings in uR/h were converted to the dose rate in air
in uSv/h.? A detailed description of the methods used
can be found in Ref. [15].

Continuous recording of the hourly average exposure
rates showed that the town did not receive any new
source of radioactive deposition owing to a major
resuspension event by wind or fallout from another
source over the period of observation. Measurements
were carried out in the following locations (Fig. 23):

(@) Outdoors: undisturbed grassy or wooded areas,
gardens, bare soil areas, asphalt streets and concrete
pavements.

(b) Indoors: wooden houses, brick or block houses,
apartment buildings and public buildings.

Between two and five measurements were made at
each location and the results were averaged. Figures
24-30 show the frequency distributions for undisturbed
areas, gardens and disturbed areas, outdoors over urban
surfaces and indoors in different types of dwellings.

The mean, standard deviation, median, maximum
and minimum values are presented for the indoor and
outdoor dose rate measurements in Table 3. The results
can be summarized as follows:

% A factor of 8.7 was used to convert uR/h to nGy/h and a
factor of 0.7 was then used to convert nGy/h to uSv/h.



Environmental Contamination

> -@2[1:1

g,

- Ve

- X L
AT =)

La) / 1
£ — {
F130132131 £7 == N\
130 82
A , . - 191192] 1335 TN
2 XA /1171945 370¢4135.193 @
@’n? (2] 45, 37,5 30[ 0= X
13,11919 p iy T 41020 L 30.
NP
D 13

22) 15
A =
$ ::
20— :

il

o
o
o

FIG. 23, Dose rate measurement sites in Novozybkov in

(1) The highest dose rates are measured in the category
‘undisturbed areas’ owing to the fallout residing
relatively close to the soil surface.

Lower dose rates are found in ‘gardens, bare soil
and disturbed areas’ or ‘hard surfaces’, such as con-
crete, asphalt or pavements, owing to cultivation or
runoff. ’
Buildings can provide substantial shielding, depend-
ing on the building material, e.g. for masonry
houses (mean: 0.085 »Sv/h) shielding is more effec-
tive than for wooden houses (mean: 0.111 uSv/h).

@

A3)

dicated by location number. [Source: K. Miller and team]

(4) Apartment buildings have the lowest values (mean:
0.058 uSv/h), except for buildings that were under
construction at the time of the accident,

No Soviet environmental data on a scale larger than
that of the official contamination maps (i.e. in greater
detail) were presented to the team in Novozybkov. In
order to fulfil the objective of corroboration of the
Soviet data, the international team and a technical team
of local scientists under the direction of a representative
from the ‘Typhoon’ Institute of Experimental Meteoro-
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FIG. 24. Histogram of dose rate measurements in un-
disturbed areas in Novozybkov. [Source: K. Miller and
team]
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FIG. 25. Histogram of dose rate measurements in gardens
and above soil and disturbed areas in Novezybkov.
[Source: K. Miller and team]
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FIG. 26. Histogram of dose rate measurements over hard
surfaces (concrete, asphalt and pavement) in Novozybkov.
[Source: K. Miller and team]
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FIG. 27. Histogram of dose rate measurements in de-
tached wooden homes in Novozybkov. [Source: K. Miller
and team}
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FIG. 28. Histogram of dose rate measurements in de-
tached homes (mortar, brick or concrete) in Novozybkov.
[Source: K. Miller and team]
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FIG. 29. Histogram of dose rate measurements in apart-
ment buildings in Novozybkov. [Source: K. Miller and team]
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FIG. 30. Histogram of dose rate measurements in public
buildings and work places in Novozybkov. [Source:
K. Miller and team]

logy (Obninsk) conducted intercomparisons at several
sites. Table 4 presents data on the dose rate measure-
ments made outdoors during this intercomparison. On
average, the data differed by only 6%.

In Table 5, the intercomparison for indoor measure-
ments shows almost complete agreement.

3.1.2. Soil Sampling

Soil sampling was conducted in order to be able to
estimate the nuclide inventory in the town of Novozyb-
kov and to determine the depth distribution of '*’Cs in
the soil profile. Soil samples were taken according to the
procedure described in Ref. [15]. Sampling sites were in
the town area and in Novo Mesto. The concentrations of
137Cs and '34Cs are shown in Table 6. The moisture
content of the soil samples from fields and gardens
ranged from 10 to 29%; the corresponding range for
forest soil samples was 5 to 12%.

The results indicate that the '3’Cs:'34Cs ratio is
rather constant, irrespective of the sampling site, and
ranges from 6.4 to 6.8. The '*’Cs inventory estimates
derived from the soil samples range from 470 to
1114 kBq/m? (approximately 13 to 30 Ci/km?; see
Fig. 31). According to the official Soviet contamination
map, the '*’Cs deposition in Novozybkov is in the
range of 15-40 Ci/km? (555-1480 kBq/m?), with an
average value of 18 Ci/km? (666 kBq/m?) (Table 1),
i.e. the data from the independent survey are in reasona-
ble agreement with the official Soviet environmental
contamination maps and data.

The depth profile data indicate that peak concentra-
tions of Cs in soils are near the surface, but in some

TABLE 3. Characteristic Statistical Parameters for the Indoor and Outdoor Dose Equivalent Rate in

Novozybkov [Source: K. Miller and team]

Dose rate (uSv/h)

Measurement site

No. of Mean Sta{ldz.\rd Median Min. Max.
measurements deviation

Undisturbed areas 110 0.57 0.18 0.55 0.17 1.30

Gardens, soil and 92 0.31 0.09 0.32 0.11 0.50
disturbed areas

Hard surfaces 70 0.16 0.08 0.14 0.07 0.39
(concrete, asphalt, pavement)

Detached wooden houses 50 0.11 0.03 0.11 0.06 0.18
(indoors)

Detached mortar, brick 2 0.08 0.02 0.08 0.06 0.13
or concrete houses .

Apartment buildings 25 0.11 0.07 0.08 0.04 0.28

Apartment buildings excluding
locations 191 and 192 13 0.06 0.01 0.06 0.04 0.08
(indoors)

Public buildings 45 0.07 0.04 0.06 0.04 0.28

and work places (indoors)
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TABLE 4. Outdoor Dose Rate Measurements: Intercomparison of the International Team (IT) with the
Soviet Team (UT) [Source: K. Miller and team]

Location Dose rate, IT Dose rate, UT Ratio Description of

No. (uSv/h) (uSv/h) UT/IT location
39a 0.52 0.51 0.98 Near yellow church
39b 0.52 0.46 0.89 Near yellow church
39¢ 0.45 0.40 0.89 Near yellow church
39d 0.47 0.44 0.95 Near yellow church
39 0.49 0.49 1.01 Near yellow church
39f 0.37 0.41 1.13 Near yellow church
39g 0.47 0.39 0.83 Near yellow church
63a 0.94 0.90 0.95 High field in SW Novozybkov
63b 0.91 0.75 0.83 High field in SW Novozybkov
63c 1.10 0.95 0.86 High field in SW Novozybkov
63d 0.93 0.87 0.94 High field in SW Novozybkov
63e 0.90 0.86 0.97 High field in SW Novozybkov
63f 0.94 0.88 0.94 High field in SW Novozybkov
63g 0.96 0.83 0.86 High field in SW Novozybkov
63h 0.97 0.86 0.88 High field in SW Novozybkov
63i 0.94 0.83 0.89 High field in SW Novozybkov
63j 0.93 0.89 0.96 High field in SW Novozybkov
64a 0.45 0.43 0.95 Garden
64b 0.29 0.32 1.08 Strawberry patch

169a 1.13 1.14 1.01 NW transect

169b 0.89 0.84 0.94 NW transect

170 0.62 0.58 0.94 . NW transect

171 0.50 0.52 1.04 NW transect

172 0.47 0.44 0.95 NW transect

173 0.55 0.54 0.98 N transect

174 0.74 0.71 0.95 N transect

175 0.56 0.55 0.98 N transect

176 0.51 041 0.80 N transect

177 0.49 0.49 1.00 N transect

179 0.89 0.80 0.89 N transect

180 0.72 0.71 0.98 S transect

181 0.60 0.49 0.82 S transect

182 1.05 0.99 0.95 S transect

183 0.88 0.90 1.02 S transect

184 0.55 0.54 0.97 SE transect

185 0.57 0.57 1.00 SE transect

186 0.51 0.49 0.96 SE transect

187 0.63 0.56 0.90 SE transect

Note: n = 41; mean outdoor ratio = 0.94; standard deviation = 0.07; median = 0.95; minimum = 0.80; maximum = 1.13.
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TABLE 5. Indoor Dose Rate Measurements: Intercomparison of the International Team (IT) with the

Soviet Team (UT) [Source: K. Miller and team)

Location Dose rate, IT Dose rate, UT Ratio Description of

No. (uSv/h) (uSv/h) UT/IAT location
64c 0.25 0.24 0.97 House in high radiation field
64d 0.25 0.24 0.97 House in high radiation field
64e 0.19 0.20 1.08 House in high radiation field
64f 0.17 0.16 0.95 House in high radiation field
64g 0.14 v 0.13 0.96 House in high radiation field
64h 0.12 0.12 0.98 House in high radiation field
190 0.05 0.06 1.10 Hospital

Note: n = 7; mean indoor ratio = 1.00; standard deviation = 0.06; median = 0.97; minimum = 0.95; maximum = 1.10.

cases there is a significant downward migration
(Table 6). In private gardens, 90-95% of the inventory
was contained in the top 15 cm; in agricultural areas,
significant amounts of Cs were present at 30 cm.

3.1.3. Aerosol Sampling

Aerosol sampling was carried out to determine the
atmospheric content of particulates and the radionuclide
concentration indoors and outdoors. The particle size
distribution was also measured.

Aerosol samples were collected by using low volume
personal samplers (8 hours at 1.5 L/min), high volume
samplers outdoors and indoors (up to 3 hours at under
0.4 m*/min) and a cascade impactor (0.85 m>/min).
The six stages of the cascade impactor retained particles
with aerodynamic diameters ranging from over 8.3 um
(stage 1) to below 0.58 um (stage 6). All samples
were analysed by gamma spectrometry. Detailed infor-
mation on sampling sites and conditions is provided in
Tables 7-9 and Fig. 32. The results are shown in
Tables 10-12. No equivalent sets of Soviet data were
provided to the international team.

The only radionuclide detected in the aerosol samples
was '¥’Cs. No measurable activity could be found on
the personal aerosol samples, except for sample P-9.
This filter was collected from a person who was garden-
ing. It was more noticeably darkened by the material
deposited on it than any other filter. The '3’Cs concen-
tration in the samples collected by the high volume
samplers was generally low and ranged between 0.38
and 2.3 mBg/m® indoors and from under 0.33 to
3.2 mBg/m? outdoors.

Samples taken at different heights (Nos O-13 and
O-14) indicate the potential occurrence of localized

resuspension phenomena, since the '3’Cs concentration
in the immediate area around the sampler was higher at
the lower sampling height.

The results from the cascade impactor measurements
demonstrate that '>’Cs is associated with particles with
an aerodynamic diameter greater than 3.45 um, since
no activity was found beyond the second stage
(3.45-8.3 ym) for any of the collections (Table 12).

3.1.4. Field Gamma Spectrometry

Field gamma spectrometry was performed to quantify
the radiation flux levels indoors and outdoors. These
measurements were taken with a Ge detector (45% effi-
ciency) at 1 m above the ground. The energy region

examined was 50-4000 keV (collection time under
10 min). For the conversion of full absorption peak

count rate to dose rate in air or activity per unit area on
the ground, soil samples were collected from different
depths and analysed by laboratory based gamma spec-
trometry [15). For indoor measurements, a uniform
depth profile was assumed. Although there is a higher
ratio of scattered flux to primary flux than for outdoors,
a relative measure of the contribution from the fallout
and natural gamma emitters can be estimated by this
method.

The results for in situ spectra outdoors and indoors
are summarized in Tables 13 and 14. The locations listed
in these tables correspond to the numbers in Fig. 23. The
dose rate, as determined by the Ge detector, is in good
agreement with the values derived from the pressurized
ionization chambers.

The principal gamma emitters detected outdoors are
137Cs and '*Cs and, at significantly lower levels, '2°Sb
and '%Ru. All other peaks in the spectra are due to
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TABLE 6. Seil Sampling Sites and Results for Novozybkov
(Sampling conducted by the international team) [Source: K. Miller and team)

D 137, 134
D'ry ry G Percentage Cs Percentage  Ratio
weight density

2 2 137~ 7134
k) (2 Jem’) (kBg/kg) (kBg/m*®) of total  (kBq/kg) (kBg/m*®) of total Cs/°Cs

Site Depth Area
No. (cm) (cmz)

A. Undisturbed areas

(a) Fields
39 05 620 3.756 1.21 7.08 428.8 65 1.1 67.2 66
5-10 620 5.048 1.01 2.32 189.3 29 0.36 29.3 29
10-15 620 4.505 1.45 0.54 39.4 6 0.08 5.7 6
L o-15 13.309 1.43 657.5 102.3 6.4
39 0-25 620 1.474 095 8.27 196.6 1.21 28.8
2.5-5 620 2.049 1.32 6.68 220.8 1.05 34.6
ros 3.523 1.14 417.5 63.5 6.6
63 0-25 18 0415 0.8 30.14 7258 + 755 82 475 106.1 £ 11.3 82
2.5-5 18 0.712 1.53 1.96 75.2 8 0.28 10.9 8
5-10 186 1.799 1.92 0.64 62.3 7 0.10 9.5 7
10-15 18 1.614 1.73 0.25 22.0 2 0.04 3.4 3
Y 0-15 4.540 1.63 885.4 130.0 6.8
73 0-2.5 186 0430 092 931 215.8 £ 0.7 39 1.44 332+ 1.0 39
2.5-5 186 0.620 1.33 6.39 213.1 38 1.00 33.5 40
5-10 186 1.632 1.75 1.34 117.7 21 0.19 16.8 20
10-15 186 1.555 1.67 0.08 6.8 1 0.01 1.0 1
15-20 186 1.433 154 0.02 1.7 <1 0.002 0.2 <1
20-30 186 2.960 1.59 0.01 1.1 <1 0.001 0.1 <1
L 0-30 8.630 1.55 556.2 84.7 6.6
95 0-2.5 620 1.208 0.78 16.80 327.3 70 2.47 48.2 69
25-5 620 1915 1.23 3.07 94.8 20 0.48 14.9 21
5-10 620 5273 1.70 0.43 36.3 8 0.06 5.2 7
10-15 620 5270 1.70 0.14 11.7 2 0.02 1.8 2
X o-15 13.67 1.47 470.1 70.0 6.7
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Environmental Contamination

Site Depth Are: w]:il:ht d:gty e - Percentage e 3 Percentage - Ratli?4
No. (cm) (cm”) ko) (g fem’) (kBg/kg) (kBg/m*) of total  (kBg/kg) (kBg/m~) of total Cs/"Cs
113 Grass 929 0.055 0.06 16.60 9.80 — 2.66 1.6 —
113 0-2.5 186 0429 0.92 148  359.8 + 27.2 68 2.37 54.7 + 6.2 68
2.5-5 186 0.745 1.60 3.08 123.5 23 0.47 18.9 24
5-10 186 1.596 1.72 0.36 313 6 0.06 4.8 6
10-15 186 1.825 1.96 0.12 12.1 2 0.02 1.8 2
L 0-15 4.595 1.65 526.7 80.2 6.6
166 0-2.5 186 0.329 0.71 16.72 2934 + 3.4 44 25 443 + 1.9 45
25-5 186 0.695 1.50 6.30 235.4 35 0.91 34.0 35
5-10 186 1.495 1.61 1.40 112.3 17 0.20 16.2 16
10-15 186 1.546 1.66 0.32 26.6 4 0.04 3.7 4
L o0-15 4.065 1.46 667.7 98.1 6.8
(b) Unploughed agricultural areas
109 Grass 645 0.034 0.05 0.85 0.45 — 0.12 0.06 — —
109 0-2.5 620 1.281 0.83 2276 530.8 + 85.5 58 3.88 80.1 £ 9.5 58
.2.5-5 620 2510 1.62 5.20 210.7 23 0.80 324 23
5-10 620 5.650 1.82 1.02 93.4 10 0.15 13.5 10
10-15 620 5274 1.70 0.83 70.3 8 0.12 10.6 8
15-20 620 4.336 1.40 0.15 10.5 1 0.02 1.6 1
20-30 620 9.057 1.46 0.03 5.0 <1 0.005 0.7 <1
X 0-30 28.108 1.51 920.7 139.0 6.6
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137, 134
Site Depth Area wlziryht d:;}i, Cs Percentage Cs Percentage  Ratio
No. (cm) (cm?) "% ? (kBg/kg)  (kBg/m?) of total  (kBq/kg)  (kBq/m?) of total 'F'Cs/'*Cs
kg) (g/em?)
B. Disturbed areas
(a) Private gardens
81 0-5 186 1.149 1.23 3.03 187.0 33 0.47 29.2 33
5-10 186 1.444 1.55 2.76 214.3 38 0.43 33.4 38
10-15 186 1.328 1.43 1.93 137.7 24 0.28 20.3 23
15-20 186 1.226 1.32 0.40 26.4 5 0.06 3.9 4
20-30 186 2.285 1.23 0.02 24 <1 0.004 0.5 1
¥ 0-30 7.432 133 567.7 87.9 6.4
167 0-5 186 0.986 1.06 3.63 192.8 28 0.54 28.7 28
5-10 186 1.219 1.31 3.95 259.2 37 0.57 37.6 36
10-15 186 1.101 1.18 3.19 189.0 27 0.50 29.4 28
15-20 186 1.135 1.22 0.91 55.8 8 0.01 8.2 8
Y 020 4.441 1.19 696.7 103.9 6.7
(b) Ploughed agricultural areas
96 0-2.5 18 0.639 1.37 1.83 62.9 11 0.27 9.2 11
2.5-5 186 0.682 1.47 1.85 67.7 12 0.29 10.5 12
5-10 186 1.511 1.62 1.78 144.2 26 0.26 21.0 25
10-15 186 1.477 1.59 1.97 156.4 28 0.29 22.8 27
15-20 186 1.249 1.34 1.94 130.2 23 0.30 20.2 24
z 0-20 5.558 1.49 561.6 83.7 6.7
111  0-5 620 4.694 1.51 2.79 211.3 32 0.41 31.2 31
5-10 620 5.884 1.90 1.13 106.9 16 0.16 15.7 16
10-15 620 5.724 1.85 1.24 114.8 17 0.18 17.0 17
15-20 620 5.100 1.64 1.03 84.8 13 0.16 13.2 13
20-30 620 8.441 1.36 1.72 140.4 21 0.27 22.7 23
T 0-30 29.861 1.60 658.2 99.8 6.6
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TABLE 6. (cont.)

137, 134,
C .
Site Depth Area wlzght d:i?i,ty Cs Percentage 5 Percentage  Ratio
No. (cm cm? (kBg/kg)  (kBg/m?) of total  (kBg/kg)  (kBq/m?) of total  ¥7Cs/*Cs
(cm)  (cm®) ke (glem?) q/kg q
(c) Forest
110 0-2.5 186 0.152 0.33 60.1 490.4 50 9.32 76.2 51
2.5-5 186 0.569 1.22 11.06 338.3 35 1.73 52.9 35
5-10 186 1.532 1.65 1.75 144.2 15 0.26 21.0 14
Y o-10 2253 121 972.9 150.1 6.5
153 0-2.5 186 0.331 0.7 57.42 1021.9 92 8.94 159.2 92
2.5-5 18 0.781 1.68 1.28 53.7 0.18 7.8 5
5-10 18 1.237 1.33 0.37 243 2 0.05 35 2
10-15 18 1.816 1.95 0.15 14.5 1 0.02 2.1 1
L o0-15 4.165 149  1114.4 172.6 6.4

natural radionuclides. Of the dose rate from the fallout,
70% is due to '’Cs and 30% to '**Cs.

Inside brick houses the dose rate was lower on aver-
age than inside wooden houses as a consequence of their
higher shielding factor. Only in the case of masonry
buildings under construction around the time of the acci-
dent (e.g. locations 200 and 205) were higher dose rates
from fallout evident.

3.2. Survey of Bragin (BSSR), Polesskoe
“and Daleta (UkrSSR)

From 22 July to 5 August 1990, a team of experts
surveyed the settlements of Bragin, Polesskoe and
Daleta.

Bragin has 5888 inhabitants living in an urban area of
about 4 km X 4 km. The town consists of an older part,
with predominantly one storey wooden buildings, and a
new section with multistorey apartment buildings. It
falls within the 1-40 Ci/km? (37-1480 kBq/m?)
category on the Soviet contamination map (Fig. 35)
and is listed as having a mean value of 22 Ci/km?
(814 kBq/m?) (Table 1). ,

Approximately 11 800 people live in the urban settle-
ment of Polesskoe in an area of about 4 km X 4 km. The
town comprises mainly small one storey houses with

adjacent gardens where vegetables are grown. However,

there are a number of four and five storey apartment
buildings in the town and there is a small commercial
area. This town experienced extremely variable fallout

deposition. This can be seen on the Soviet contamination
maps, where the town falls into the contamination
category of 15-40 Ci/km? (555-1480 kBg/m?). The
official average contamination value is 34 Ci/km? (1258
kBg/m?) (Table 1).

The settlement of Daleta in the UkrSSR is in the
northwest corner of Ovruch district, near the border
with the BSSR. There are approximately 240 inhabitants
in this rural settlement of one storey houses lining dirt
roads. Residents grow their own vegetables in their
gardens. Many residents own cows for milk production.
This settlement falls within the contamination category
of 1-5 Ci/km? (37-185 kBg/m?), with a mean value of
2 Ci/km? (74 kBg/m?) (Table 1).

External gamma dose rate measurements were made
indoors and outdoors in all three settlements. Field
gamma spectrometry was performed outdoors to quan-
tify the '¥’Cs and '**Cs deposition in Bragin and
Polesskoe. The radionuclide concentration and the depth
profile in soil were also measured in Bragin and Poless-
koe. Indoor radon measurements were made in Daleta
and Bragin to determine the contribution from the major
component of the natural radiation environment. In addi-
tion, the analysis of a hot particle found in Polesskoe is
discussed.

3.2.1. Dose Rate Measurements

As a result of the multinational composition of the
team of experts, several different instruments were used
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FIG. 31. 'Cs Deposition on the ground (kBq/m?) in Novozybkov, based on data from the Project team.

[Source: K. Miller and team)

to measure the dose rate. One dose rate meter used a
ZnS coated plastic detector; all other detectors were GM
counting tubes. In order to ensure comparability of
results, three intercomparison exercises were carried out
indoors and outdoors. On the basis of these results, all
instruments were considered as being interchangeable
during these surveys.

The following categories of sites were investigated:

— Qutdoors: grass covered, cultivated, undisturbed and
asphalt covered areas, and others (e.g. roofs).
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— Indoors: wooden and masonry buildings, dwellings
whose occupants were participating in the IAEA per-
sonal dosimeter programme and which were selected
preferentially.

At a given site, usually either multiple readings were
taken with the same instrument (typical measurement
time: 30-60 s) and the average was recorded, or the
results of measurements with more than one instrument
were averaged.
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TABLE 7. Personal Aerosol Sampling Conditions in Novozybkov
(Sampling conducted by the international team) [Source: K. Miller and team]

Sample Date Time of day General location and activities of participant

P-1 90-7-26 07:40 o0 18:00 Out in the streets, fields and laboratory performing research

P-2 90-7-27 09:55 to 18:30 Out in the streets, fields, houses and laboratory performing research
P-3 90-7-27 10:00 to 18:30 Out in the streets, fields, houses and laboratory performing research
P-4 90-7-27 15:25 to 23:05 In clothing factory operating sewing machinery

P-5 90-7-27 15:25 to 23:05 In clothing factory operating sewing machinery

P-6 90-7-27 15:25 to 23:05 In clothing factory operating séwing machinery

P-7 90-7-28 10:15 to 18:05 At private residence performing daily duties around home

P-8 90-7-28 11:10 to 18:50 At laboratory working and private residence doing chores

P-9 90-7-28 12:05 to 18:35 Outside private residence performing daily chores and gardening
P-10 90-7-28 12:05 At private residence performing daily duties around home

P-11 90-7-30 11:00 to 18:00 At private residence performing daily duties around home

P-12 90-7-30 11:15 to 16:40 Outside apartment building sanding surface of building

P-13 90-7-30 11:25 to 16:35 On side of busy street performing road construction

P-14 90-7-31 07:35 to 16:00 All around town working, travel in car and duties at private home
P-15 90-7-31 09:20 to 17:15 At private residence working with machines and in garden

P-16 90-8-1 09:40 to 17:55 All around town working as a driver

P-17 90-8-1 10:25 to 17:25 At farm in Novomesto performing farming duties

P-18 90-8-1 10:30 to 17:20 At farm in Novomesto performing farming duties

P-19 90-8-1 10:40 to 17:25 At farm in Novomesto operating tractor

P-20 90-8-1 10:45 to 17:20 At farm in Novomesto performing farming duties

P-21 90-8-2 09:30 to 16:50 Out in the streets, fields and laboratory performing research

f-22 90-8-2 11:00 to 16:30 At food warehouse operating fork lift vehicle

P-23 90-8-2 11:05 to 16:30 At food warehouse working on loading dock

P-24 90-8-2 11:15 to 16:35 At food warehouse performing office duties

P-25 90-8-3 09:20 to 18:20 Out in the streets, fields and laboratory performing research

P-26 90-8-3 11:30 to 17:20 At hospital performing technician’s duties

P-27 90-8-3 11:35 to 17:25 At hospital performing technician’s duties

P-28 90-8-3 11:50 to 17:35 At hospital performing technician’s duties

The detailed results of the individual dose rate mea-
surements (in uSv/h) are given in Tables 15-21 for
Bragin, Tables 22-24 for Polesskoe and Table 25 for
Daleta. A summary of the mean, standard deviation,
median, minimum and maximum values is shown in
Table 26, categorized by the type of measurement site.

The results for the three settlements can be summa-
rized as follows:

(1) Bragin: Outdoor dose rate values in the town
covered a wide range, from normal natural background

levels (0.1 uSv/h) to 3 uSv/h. The lowest values were
found over paved surfaces (i.e. those resurfaced after
the accident). The highest values were measured in
private gardens and over undisturbed areas.

Indoor dose rates ranged from 0.1 to 0.3 uSv/h,
with a slightly lower mean for masonry buildings
(0.14 uSv/h) compared with wooden buildings
(0.17 uSv/h) owing to the stronger shielding effect of
the higher density masonry (Figs 33 and 34).

Figure 35 presents the official Soviet map for total
caesium deposition in the Bragin area. Figures 36 and 37
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TABLE 8. High Volume Aerosol Sampling Conditions in Novozybkov
(Sampling conducted by the international team) [Source: K. Miller and team]

Sampling
Sample Site No. Date  Time of day Location h?ris)ht Description of site Weather conditions
O-1 A-10 90-7-26 10:30 to 12:45 Outdoor 0.8 On pavement behind building Partly cloudy and dry
0-2 A-10 90-7-26 12:45 to 14:45 Outdoor 0.8  On pavement behind building Cloudy with some rain
0-3 A-7 90-7-26 15:15 to 16:45 Outdoor 1.0 In open grass field 150 m from paved road Partly cloudy and dry
0-4 A-8 90-7-26 15:50 to 17:55 Outdoor 0.4 On benches around sports stadium A Breezy with threat of
thunderstorm
0-5 A-15 90-7-27 10:25 10 13:50 Indoor 1.0  In large third floor room of clothing
factory
0-6 A-15 90-7-27 10:35 to 13:40 Outdoor 1.0 Behind clothing factory near entrance road Partly cloudy and dry
0-7 A-22 90-7-27 16:45 to 18:05 Outdoor 1.0 In grass field with some small trees Cloudy with some rain
0-8 A-23 90-7-27 17:20 to 18:05 Outdoor 4.0 On roof of garage near lightly travelled dirt Cloudy with some rain
road
0-9 A-17 90-7-28 10:30 to 12:45 Outdoor 1.8 On wood pile in private yard Partly cloudy and dry
0-10 A-2 90-7-28 11:25 to 13:55 Indoor 0,5- Inside kitchen of residence
0-11 A3 90-7-28 15:50 to 17:20 Outdoor 0.3 5 m from moderately travelled dirt road Breezy and threat of rain
0-12 A4 90-7-28 16:20 to 17:55 Outdoor 0.3 In garden of private yard
0-13 A9 90-7-29 10:30 to 12:30 Outdoor 2.0 Outside building 5 m from paved road Partly cloudy, dry and breezy
0-14 A9 90-7-29 10:30 t0 12:30 Outdoor 9.0  Outside second floor window of building  Partly cloudy, dry and breezy
0-15 A-25 90-7-30 12:30 to 16:00 Outdoor 0.3 Inside fenced private yard Partly cloudy and dry with some
breeze
0-16 A-25 90-7-30 12:35 to 16:05 Indoor 1.0 Inside small room of private residence
0-17 A-20 90-7-30 16:20 to 17:30 Outdoor 0.2 6 m from heavily travelled paved road Partly cloudy, dry and breezy
0-18 A-11 90-7-31 10:40 to 12:35 Outdoor 0.8 In play area of school yard Partly cloudy, dry and breezy
0-19 A-11 90-7-31 10:50 to 12:30 Indoor 0.8 In corridor of school building
0-20 A-26 90-7-31 14:50 to 16:20 Outdoor ’0.3 In large grass field Partly cloudy, dry and breezy
0-21 A5 90-7-31 16:00 to 17:30 Indoor 0.8 Inside cattle barn
0-22 A-1 90-8-1 12:15 to 14:50 Indoor 0.8 Inside kitchen of private residence
0-23 A2l 90-8-1 15:50 to 18:00 Indoor 0.8 Inside living room of private residence
0-24 A-21 90-8-1 16:10 to 17:55 Outdoor 0.5 In garden of private yard Partly cloudy, dry and breezy
0-25 A-29 90-8-2  10:55 to 12:30 Indoor 14 Inside food warehouse near fork lift traffic
0-26 A-28 90-8-2 11:10 to 12:35 Indoor 1.0 In second floor conference room of office
complex
0-27 A-13 90-8-2 14:30 to 16:15 Outdoor 1.0 In open grass field Partly cloudy and dry with some
breeze
0-28 A-14 90-8-2 14:45 to 16:20 Outdoor 0.5 S m from heavily travelled dirt road Partly cloudy, dry and breezy
0-29 A6 90-8-3  11:15 to 12:55 Indoor 2.0 In small ground floor room of hospital
0-30 A-16 90-8-3  14:50 to 16:55 Indoor 0.8 In fifth floor living room of apartment
complex
0-31 A-19 90-8-3 15:10 to 16:45 Outdoor 0.5 Inside fenced yard by roadside entrance Partly cloudy and dry
0-32 A-12 90-8-3  15:20 to 16:40 Outdoor 1.0 On store front steps 10 m from dirt road Partly cloudy and dry
0-33 A-24 90-84 11:00 to 12:20 Indoor 1.5 Inside bedroom of private residence
0-34 A-24 90-84 11:05 to 12.25 Outdoor 0.5 In small fenced private yard Hazy with occasional breeze
0-35 A-18 90-8-4 15:00 to 17:00 Outdoor 1.2 In fenced private yard Hazy with occasional breeze
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TABLE 9. Impactor Aerosol Sampling Conditions in Novozybkov
(Sampling conducted by the international team) [Source: K. Miller and team)

Sample Site No. Date Time of day Description of site Weather conditions

I-1 A-10 90-7-31  9:15 to 18:00 On pavement behind building Overcast with slight breeze

I-2 A-5 90-8-1 10:15 to 17:30  Near cattle barns and lightly travelled Partly cloudy with slight breeze
dirt roads

I3 A-29 90-8-2 10:50 to 16:30  On loading docks of food warehouse Overcast with some rain

1-4 A-6 90-8-3 11:00 to 17:05 Near lightly travelled road behind Overcast and breezy
hospital .

I-5 A-27 90-8-4 10:10 to 16:50 Over pavement in front of agricultural Hazy and breezy
school

FIG. 32. Aerosol sampling locations in Novozybkov. [Source: K. Miller and team]
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TABLE 10. Activity of 1¥’Cs in Personal Aerosol Samples in Novozybkov
(Sampling conducted by the international team) [Source: K. Miller and team)

Sample Date Tir.ne Volusme Activity? Error . Conc. .
(min) (m”) (mBg) (£SD) (mBg/m")

P-1 90-7-26 505 0.73 * <25
P-2 90-7-27 515 0.95 * <19
P-3 90-7-27 510 0.92 * <20
P4 90-7-27 460 0.61 * ' <30
P-5 90-7-27 460 0.65 * <28
P-6 90-7-27 460 0.67 * <27
P-7 90-7-28 470 0.85 * <21
P-8 90-7-28 400 0.74 * <24
P-9 90-7-28 390 0.45 7.5 0.8 17
P-10 90-7-28 Bad sample

P-11 90-7-30 420 0.78 * <23
P-12 90-7-30 325 0.46 0 7 <15
P-13 90-7-30 310 0.45 * <40
P-14 90-7-31 505 0.91 0 7 <17
P-15 90-7-31 475 0.57 0 3 <53
P-16 90-8-1 495 0.90 * <20
P-17 90-8-1 420 0.61 * <30
P-18 90-8-1 410 0.58 * <31
P-19 90-8-1 405 0.54 0 18 <33
P-20 90-8-1 375 0.45 * <40
P-21 90-8-2 440 0.81 0 3 <3.7
P-22 90-8-2 330 047 <38
P-23 90-8-2 325 0.47 * <38
P-24 90-8-2 320 0.43 * <42
P-25 90-8-3 540 1 <18
P-26 90-8-3 350 0.47 * <38
P-27 90-8-3 350 0.49 * <37
P-28 90-8-3 345 0.49 * <37

? An asterisk denotes that these samples were only screened for radioactivity.

® SD: standard deviation.

show the outdoor dose rate maps produced by the inter-
national team. There is satisfactory agreement between
these maps, i.e. the part of town with the highest
caesium deposition values coincides with the area with
the highest external dose rate.

(2) Polesskoe: Outdoors in the urban area, dose rate
values range from 0.3 to 2.3 uSv/h. The maximum
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value, 12 pSv/h, was found in the outskirts of the town,
reflecting the inhomogeneity of the fallout deposition.
Dose rates are generally low over paved surfaces and
elevated over undisturbed areas. Hot spot areas, some
with officially marked occurrence of hot particles, were
detected and corroborated by the international team (see,
for example, Table 22, Site 7g: dose rate exceeding
100 uSv/h).

Text cont. on p. 146
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TABLE 11. Cs Activity of High Volume Aerosol Samples in Novozybkov
(Sampling conducted by the international team) (Source: K. Miller and team]

Sample Date TiI.ne Volu3me Activitz' Error . Concn3
{min) (m”) (mBg) (+5D) (mBg/m~)

0-1 90-7-26 135 63.5 0 20 <0.63
0-2 90-7-26 120 56.4 0 18 <0.64
0-3 90-7-26 90 9.3 0 6 <13
04 90-7-26 125 56.3 13 1 0.46
0-5 90-7-27 205 92.3 22 4 0.48
0-6 90-7-27 185 83.3 110 11 2.6
0-7 90-7-27 80 8.7 0 10 <2.3
O-8 90-7-27 45 20.7 0 17 <1.6
0-9 90-7-28 135 60.8 0 10 <0.33
0-10 90-7-28 150 69 13 2 0.38
O-11 90-7-28 90 9.5 9 1 1.9
0-12 90-7-28 _ 95 42.8 0 29 <1.4
O-13 90-7-29 - 120 55.2 43 6 1.6
0O-14 90-7-29 120 54 25 4 0.93
O-15 90-7-30 210 " 96.6 110 11 23
0O-16 90-7-30 . 210 94.5 110 11 23
0-17 90-7-30 70 7.7 0 17 <4.4
0-18 90-7-31 115 50.6 0 20 <0.79
0-19 90-7-31 100 - 46 12 2 0.52
0-20 90-7-31 90 9.5 0 7 <l.5
0-21 90-7-31 90 423 28 3 1.3
0-22 90-8-1 155 72.9 0 17 <0.47
0-23 90-8-1 130 59.8 0 15 <0.50
0-24 90-8-1 105 10.3 0 12 <23
0-25 90-8-2 95 41.8 14 2 0.67
0-26 90-8-2 85 40 0 17 <0.85
0-27 90-8-2 105 10.3 9 2 1.7
0-28 90-8-2 95 42.8 69 6 3.2
0-29 90-8-3 100 40 0 21 <1.1
0-30 50-8-3 125 56.3 27 4 0.96
0-31 90-8-3 95 44.7 54 5 24
0-32 90-8-3 80 8.7 11 2 2.5
0-33 90-84 80 36.8 0 24 <1.3
0-34 90-8-4 80 344 0 24 <1l.4

0-35 90-8-4 120 50.4 43 8 1.7

® Activity is reported for only one half of each filter.
® §D: standard deviation.
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TABLE 12. '¥Cs Activity of Impactor Aerosol Samples in Novozybkov
(Sampling conducted by the international team) [Source: K. Miller and team]

Sample Date Tintne Volusme ActivitZ Error , Concn3
(min) (m”) (mBg) (£SD) (mBq/m”)
I-1/1 90-7-31 525 441 ) 33 5 0.15
I-172 90-7-31 525 441 0 15 <0.068
I-1/3 90-7-31 525 441 0 6 <0.027
I-1/4 90-7-31 525 441 0 16 <0.073
1-1/5 90-7-31 525 441 0 15 <0.068
I-1/6 90-7-31 525 441 0 16 <0.13
I-1 total 90-7-31 525 441 33 =0.15
I-2/1 90-8-1 435 365 92 6 0.5
1-2/2 90-8-1 435 365 39 4 0.21
1-2/3 90-8-1 435 365 6 <0.033
1-2/4 90-8-1 435 365 6 <0.033
I-2/5 90-8-1 435 365 0 14 <0.077
1-2/6 90-8-1 435 365 0 16 <0.16
12 total 90-8-1 435 365 130 =>0.71
1-3/1 90-8-2 340 286 140 6 0.97
1-3/2 90-8-2 340 286 52 5 0.36
1-3/3 90-8-2 340 286 0 14 <0.098
1-3/4 90-8-2 340 286 0 16 <0.11
1-3/5 90-8-2 340 286 0 14 <0.98
1-3/6 90-8-2 340 286 0 16 <0.20
I-3 total 90-8-2 340 286 190 =21.3
1-4/1 90-8-3 365 307 140 4 0.93
1-4/2 90-8-3 | 365 307 49 6 0.32
1-4/3 90-8-3 365 307 0 20 <0.13
1-4/4 90-8-3 365 307 0 6 <0.039
1-4/5 90-8-3 365 307 0 11 <0.072
14/6 90-8-3 365 307 0 16 <0.18
I-4 total 90-8-3 365 307 190 =13
I-5/1 90-8-4 400 336 27 3 0.16
1-512 90-8-4 400 336 0 19 <0.11
1-5/3 90-8-4 400 336 0 18 <0.11
I-5/4 90-8-4 400 336 0 16 <0.095
1-5/5 90-8-4 400 336 0 5 <0.030
I-5/6 90-8-4 400 336 0 18 <0.19
I-5 total 90-84 400 336 27 =0.16

* Activity is reported for only one half of each filter from stage one through stage five and about 28% of each filter from stage six.
® SD: standard deviation.
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TABLE 13. In Situ Gamma Spectral Measurements Outdoors in Novozybkov
(Sampling conducted by the international team) [Source: K. Miller and team]

Dose rate in air (nGy/h)

Site Description Cs-137 Cs-134 Sb-125 Ru-106 Background® Total pIC®
20 Field 263 109 3 3 48 426 461
39 Field 416 173 5 6 60 660 671
63 Field 937 399 12 12 44 1404 1560
73 Field 432 174 3 5 61 675 701
95 Field 646 260 7 4 57 974 995
109 Field 1220 539 11 11 47 1848 1763
113 Field 539 219 7 4 48 817 844
166 Field 623 254 7 5 58 947 958
110 Forest 1187 471 14 9 44 1725 1717
153 Forest 1290 519 15 7 42 1873 1991
76 Garden 266 106 4 3 62 441 439
167 Garden 447 181 5 4 56 693 613
200 Garden 378 159 5 6 53 601 629
96 Ploughed 218 92 3 3 65 381 385
111 Ploughed 325 131 5 3 49 513 499
40 Asphalt 15 NM® NM¢ NM°® NM°® NM*® 117

® Includes 23%U series, 2>*Th series, **K and cosmic ray equivalent.
® PIC: pressurized ionization chamber.
¢ No measurement.

TABLE 14. In Situ Gamma Spectral Measurements (Dose Rate Approximations) Indoors in Novozybkov
(Sampling conducted by the international team) [Source: K. Miller and team]

Dose rate in air (nGy/h)*

Site Description Cs-137 Cs-134 Background® Total PIC*

81 Wood house 29 14 76 119 125
167 Wood house 16 5 70 91 115
— Brick house 14 6 49 69 87
200 Brick house? 54 23 61 138 154
204 Brick house’ 79 34 70 183 197

* Except for PIC measurements, values are approximate and should be used on a relative and not an absolute basis.
® Includes 2*®U series, 2*2Th series, “°K and cosmic ray equivalent.

¢ PIC: pressurized ionization chamber.

4 Built about the time of the accident or afterwards.
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TABLE 15, Bragin: Outdoor Dose Rate Measurements, Mainly Grass Covered Sites
(Sampling conducted by the international team) [Source: H. Lettner and team}

Dose rate
(uSv/h)
Sample Location Description of site
No. Instrument
No. 1 No. 2
il Restaurant, Bragin, front garden . Grass covered 0.45
31 Sovetskaya, bank building Grass covered 0.50
51 Sovetskaya, 1100 m N of bank Grass covered,
partly asphalted 0.80
6l Sovetskaya, 150 m N of bank Grass covered,
partly asphalted 0.60
91 Sovetskaya Grass covered,
partly asphalted 0.30
181 Mampkina 40, sidewalk 0.45
191 Mampkina 30 Grass covered 0.40
201 Mampkina 13 Grass covered 0.50
251 Skorokhoda 17 Grass covered 0.40
301 Partizanskaya 11 Grass covered 0.35
32 Partizanskaya 19 Grass covered 0.36
341 Partizanskaya 37 Grass covered 0.34
371 Partizanskaya crossing, near pond Grass covered 0.20
381 Partizanskaya crossing, street corner Grass covered 0.22
391 Partizanskaya crossing ' Grass covered 0.34
401 Partizanskaya NW crossing Grass covered 0.42
421 Zelenaya 7 Grass covered 0.38
461 Collective farm, machinery park Grass covered 0.41
491 Zelenaya/Kalininaya crossing Grass covered 0.23
511 Kalininaya 8 Grass covered 0.32
551 Pionerskaya, opposite No. 35 Grass covered 0.27
571 Pionerskaya, meadow Grass covered 0.51
591 Pionerskaya 24 Grass covered 0.38
601 Pionerskaya 14 Grass covered 0.37
651 Pionerskaya main street, near store Grass covered 0.23
671 Meadow W of main street Grass covered 0.42
681 50 m SW of meadow W of main street Grass covered 0.51
691 150 m SW of meadow W of main street Grass covered 0.68
701 300 m SW of meadow W of main street Grass covered 0.72
731 Manzhosa 18 Grass covered 0.57
741 Manzhosa 26 Grass covered 0.21
751 Gagarina 31 Grass covered 0.42
761 Gagarina Grass covered 0.29
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TABLE 15. (cont.)

Dose rate
(uSv/h)
Sz:;:);‘)le Location Description of site Instrument
No. 1 No. 2
831 Pervomajskaya 35 Grass covered 0.36
841 Komsomol’skaya 15 Grass covered 0.20
881 Komsomol’skaya, opposite No. 44 Grass covered 0.37
901 Komsomol’skaya 45, edge of street Grass covered 0.22
1z Sports ground 0.68
2z Gidromet station 1.32
3z Gidromet, back yard Grass covered 1.92
4z Car training yard Sandy, grass covered 0.51
Sz Memorial park Sandy, grass covered 0.90
6z In front of restaurant, Bragin Grassy sidewalk 0.45
Tz Beside restaurant, Bragin Grass covered 1.32
8z Post Office, Sovetskaya 15 Grass covered 0.61
9z Sovetskaya 21 Grass covered 0.63
10z Sovetskaya 29 Grass covered 0.67
11z Sovetskaya 37 Grass covered 0.73
12z Sovetskaya 45 Grass covered 0.65
13z Sovetskaya 45, garden Grass covered 1.42
14z Sovetskaya 49 Grass covered 0.70
15z - Sovetskaya 69 Grass covered 0.37
16z Sovetskaya 79 Grass covered 0.25
17z Partizanskaya 2 Grass covered 0.34
18z Mampkina 54 Grass covered 0.29
20z Mampkina 56 Grass covered 0.36
21z Mampkina 42 Grass covered 0.49
22z Mampkina 36 Grass covered 0.83
23z Mampkina 28 Grass covered 0.85
24z Mampkina 3 Grass covered 0.81
25z Mampkina 4 Grass covered 0.83
29z Lawn by storehouse, Mampkina Grass covered 0.80
30z Park by storehouse, Mampkina Sandy and grass covered 0.72
31z Same, further south, Mampkina Sandy and grass covered 1.05
32z Skorokhoda 6 1.12
33z Skorokhoda 8 Grass covered 1.20
35z Skorokhoda 6 Grass covered 0.86
37z Kooperativnaya 10 Grass covered 0.70
40z Partizanskaya 22 Grass covered 0.60
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TABLE 15. (cont.)

Dose rate
(uSv/h)

Sample Location Description of site

No. Instrument
No. 1 No. 2

41z Partizanskaya 34 Grass covered 0.69

42z Partizanskaya 36 Grass covered 0.33

43z Partizanskaya, main road crossing Grass covered 0.51

44z Partizanskaya, same as 43, by the road Grass covered 0.17

45z In front of TV tower Grass covered 0.72

47z Entrance to TV tower Grass covered 0.31

48z Zelenaya/Berezka crossing Grass covered 0.56

49z Farm machinery station Grass covered 0.45

50z Zelenaya 43 Grass covered 0.35

5iz Kalininaya 19 Grass covered 0.33

55z Pionerskaya 25 Grass covered 0.35

56z Pionerskaya 21, garden Grassy 0.60

57z Pionerskaya 3 Grass covered 0.32

58z Pionerskaya, main road crossing Grass covered 0.42

59z Lugovaya 2 Grass covered 0.55

60z Lugovaya 16 Grass covered 0.62

61z Main road 1/2, TV and fire station Grass covered 0.70

62z Manzhosa 18 Grass covered 0.43

63z Manzhosa/Gagarina crossing Grass covered 0.35

64z Gagarina 40 Grass covered 1.12

65z Gagarina, new blocks Grass covered 0.69

66z Pervomajskaya 10 Grass covered 0.28

67z Pervomajskaya 22 Grass covered 0.55

68z Komsomol’skaya 8 Grass covered 0.55

69z Komsomol’skaya 22 Grass covered 0.30

70z Komsomol’skaya 46 Grass covered 0.30
1s Sovetskaya 0.28 0.28
2s Sovetskaya 96 Grass covered 0.22 0.30
3s Sovetskaya 100/103 Grass covered 0.22 0.19
4/as Sovetskaya 104 0.19 0.19
5s Sovetskaya 116/94 Grass covered 0.20 0.20
6s Sovetskaya 118 Grass covered 0.22 0.15
7s Sovetskaya 118, next to the house Grass covered 0.28 0.28
8s Sovetskaya 132/111 Grass covered 0.22 0.27
9s Sovetskaya 117/142 Grass covered 0.20 0.28

11s Sovetskaya/Avaresar, end of road Grass covered 0.14 0.14
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TABLE 15. (cont.)

Dose rate
(uSv/h)

Sa;lt:fle Location Description of site Instrument

No. 1 No. 2
13/a Sovetskaya 148/119 Grass covered 0.40 0.49
14s Sovetskaya 127/154 Grass covered 0.28 0.22
15s Sovetskaya 135/162 Grass covered 0.30 0.21
20s Sovetskaya 182/155 Grass covered 0.22 0.20
21s Sovetskaya Grass covered 0.30 0.30
22s Sovetskaya 192 Grass covered 0.24 0.15
23s Road crossing Grass covered 0.20 0.15
24/as Same place, Sovetskaya 194 Grass covered 0.40
26s Last house in the street Grass covered 0.14
27s Sovetskaya, main road crossing Grassy 0.32 0.34
28s First side road in Sovetskaya: No. 1 Grass covered 0.28 0.29
29s No. 3 Grassy 0.34 0.36
31s Extension Grass covered 0.32 0.32
32s No. 27 Grass covered 0.30 0.35
33s House at curve Grass covered 0.20 0.22
33/as Vostonyar, garden in street Grassy 0.36 0.38
34s Vostonyar, open field Grassy 0.25
35s Vostonyar 36 Grass covered 0.18 0.22
36s -Vostonyar 28 Grass covered 0.16 0.17
38s Vostonyar, meadow Grassy 0.44 0.23
38/as Vostonyar, meadow Grassy 0.36 0.31
39s Side road from Sovetskaya Grass covered 0.34 0.35
40s First parallel to Sovetskaya, crossing Grass covered 0.40 0.24
41s Same as 40, next crossing Grass covered 0.24 0.28
42s Same as 41, next crossing Grass covered 0.24 0.26
43s Street between Sovetskaya 42 and 44 Grass covered 0.24
44s Same as 42, next crossing Grass covered 0.40 0.26
45s Same street, No. 103/72 Grass covered 0.20 0.23
47s Same street, No. 115 Grass covered 0.32 0.34
48s Same street, No. 119 Grass covered 0.24 0.25
49s Meadow beside No. 48 Grassy 0.38
50s Same street, No. 125 Grass covered 0.25 0.34
51s Same street, No. 129 crossing Grass covered 0.26 0.28
52s Same street, No. 182, meadow Grassy 0.40
53s Same street, sports ground Grassy 0.20
53/as Same as 53, right side Grassy 0.50
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TABLE 15. (cont.)

Dose rate
(uSv/h)
Sample Location Description of site
No. Instrument
No. 1 No. 2
54s Next crossing Grass covered 0.32 0.30
55s Same street, No. 47/56 Grass covered 0.27 0.35
56s Last crossing, Sovetskaya Grass covered 0.56 0.24
ig Football stadium Under trees (in situ) 0.70 0.75
2g Same as 1, 100 m NE Under trees 0.75 0.75
3g Kirova 100 m from main square Sidewalk, grass covered 0.50 0.40
4g Kirova road 200 m from main square Sidewalk, grass covered 0.35 0.35
6g Kirova road crossing 50 m from 5 Grass covered 0.40 0.40
g Kirova/Pushkina crossing Grass covered 0.40 0.40
8g Kirova/Krasnoarmejskaya crossing Grass covered 0.35 0.45
9g Krasnoarmejskaya, public water supply Grass covered 0.30 0.30
10g Krasnoarmejskaya, 100 m NW of 9 Grass covered 0.40 0.40
11g Football stadium, centre Lawn 0.40 0.40
12g Krasnoarmejskaya/side street crossing Grass covered 0.45 0.35
13g Side street 110 m SE of 12 Grass covered 0.30 0.50
l4g Side street 200 m SE of 12 Grass covered 0.40 0.45
15g Side street 300 m SE of 12 Grass covered 0.45 0.40
16g Side street 400 m SE of 12 Grass covered 0.60 0.50
18¢g Side street bend 50 m NE of 16 Grass covered 0.35 0.40
19g Side street dead end 50 m NW of 18 Grass covered 0.55 0.50
20g Kirova road, SW park corner Grass covered 0.40 0.35
21g Dead end street 100 m SE of 20 Grass covered 0.40 0.30
22g Street 150 m S of 20 Grass covered 0.55 0.65
23g Street 250 m S of 20 Grass covered 0.50 0.35
24g Across Zinovicha from 23 Grass covered 0.55
25g Zinovicha, 100 m W of 23/24 Grass covered 0.30 0.40
26g Zinovicha, 200 m W of 23/24 Grass covered 0.50 0.45
27g Zinovicha, 300 m W of 23/24 Grass covered i 0.60 0.65
29¢ Zinovicha, 150 m from 27 0.50 0.65
30g Side street to Kirova 20 Grass covered 0.70 0.65
3lg Kriav, SW park end 100 m from 20 Grass covered 0.60 0.70
32g Same as 31, 200 m from 20 Grass covered 0.60 1.05
33g Kriav/Oktyabr’skaya crossing Grass covered 0.70 0.70
35g Oktyabr’skaya 9, 100 m from 33 Grass covered 0.60 0.80
36g Oktyabr’skaya 23/Chaliaze crossing Grass covered 0.60 0.45
37g Oktyabr’skaya, end paved road 200 m from 36 Grass covered 1.20 1.20
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TABLE 15. (cont.)

Dose rate
. (uSv/h)

Sa;;:fle Location Description of site Instrument

No. 1 No. 2
38g Pesochnaya, side street of Oktyabr’skaya Grass covered 0.80 1.05
39¢ Pesochnaya, 100 m from 38 Grass covered 0.80 0.90
40g Pesochnaya, 200 m from 38 Grass covered 0.50 0.85
41g Kirova, SE end of Lenin Square Grass covered 0.60 0.65
42g Kirova, 100 m SE of 41 Grass covered — 0.45
44¢g Kirova 11, 100 m SE of 41 Grass covered — 0.50
46g Kirova 19, opposite § Grass covered 0.40 0.40
47g Kirova 100 m SE of 46 Grass covered 0.40 0.40
49¢ Kirova 37/Krasnoarmejskaya crossing Grass covered 0.45 0.35
50g | Kirova 53, 100 m from 49 Grass covered 0.40 0.45
52g Kirova 59 Grass covered 0.35 0.25
55¢g Kirova, end of village Grass covered 0.35 0.35
58g Krasnoarmejskaya, 100 m SW of 49 Grass covered 0.35 0.45
61g Krasnoarmejskaya, 100 m E of 60 Grass covered 0.25 0.35
62g Krasnoarmejskaya, 200 m E of 60 Grass covered 0.40 0.40
63g Krasnoarmejskaya, 300 m E of 60, dead end street Grass covered 0.35 045
64g Krasnoarmejskaya, 100 m NW of 60 Grass covered 0.50 0.55
65g Krasnoarmejskaya, 100 m NW of 60 Grass covered 0.35 0.35
66g Kirova/Pushkina (repetition of 8) Grass covered 0.35 0.45
67g - Pushkina, 100 m SE of 66 Grass covered 0.40 0.40
69g Pushkina 9 (repetition of 59) Grass covered 0.40 0.40
T1g Lenin Square/park corner Grass covered 0.80 0.60
Rg Oktyabr’skaya 6 Grass covered 0.70 0.55
73g Oktyabr’skaya 12 Grass covered 0.70 0.55
74g Oktyabr’skaya 16/18 Grass covered 0.40 0.60
15¢g Kriav/Oktyabr’skaya Grass covered 0.40 0.40
76g Kriav 100 m NW of 75 Grass covered 0.40 0.55
81g Same as 80, opposite side Grass covered — 0.55
84g Chaliaze 19, 300 m NW of 80 Grass covered 0.90 0.70
85g Chaliaze 25, 400 m NW of 80 Grass covered 0.90 1.20
93g Traffic circle 50 m from 92 Grass covered 0.35 0.30
97g Acrodromnaya, 100 m NE of 84 Grass covered 1.10 0.70
99g Aerodromnaya 9, 100 m N of 97 Grass covered 1.20 1.20
100g Aerodromnaya 20, 200 m N of 97 Grass covered 0.70 0.90
104¢ Sovetskaya 147/149 Grass covered 0.35 0.50
105 Komsomol’skaya, 100 m W of 104 Grass covered 0.45 0.45
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TABLE 15, (cont.)

Dose rate
(uSv/h)

Sal:;:’ple Location Description of site Instrument
: No. 1 No. 2
106 Pervomajskaya, 150 m NE of 105 Grass covered 0.45 0.40
107 Pervomajskaya/Sovetskaya, 300 m NE of 105 Grass covered 0.40 0.35
109 Sovetskaya, 100 m S of 107 Grass covered 0.35 0.30
110 Sovetskaya, 200 m S of 107 Grass covered 0.35 0.35
111 Sovetskaya, 300 m S of 107, opposite 104 Grass covered 0.45 0.45

Indoor dose rates were mostly in the range from
0.1 to 0.45 uSv/h (Table 24). The exceptions are build-
ings under construction at the time of the accident
(see Table 24, Sites 9z, 3s and 4s) with elevated levels
=0.63 uSv/h. The highest value, 1.5 uSv/h, was found
in a stone dwelling. Many buildings were fitted with new
roofs in the post-accident phase.

Since the fallout pattern in this town is extremely
heterogeneous, the data on the officially provided map
for the total caesium deposition (Fig. 38) can be consid-
ered to be in reasonable agreement with the outdoor dose
rate data as measured by the international team
(Tables 22 and 23; Fig. 39).

(3) Daleta: Outdoor dose rate values are rather uni-
form and low (under 0.5 uSv/h), reflecting the relatively
low fallout deposition in the area. The indoor values are
also low and are within the range of the natural back-
ground (under 0.2 pSv/h).

Figure 40 shows the official Soviet data for the dose
rate outdoors and, for comparison, the corresponding
data collected by the international team. There is satis-
factory agreement between both data sets.

3.2.2. Soil Sampling

Soil sample columns (diameter: S cm) for depth pro-
files from O to 15 cm were collected in areas of Bragin
and Polesskoe. Caesium and cobalt isotopes were ana-
lysed with conventional Ge(Li) gamma spectrometers;
cerium and antimony isotopes were analysed with anti-
coincidence shielding in order to reduce the Compton
background of some higher energy photons.

The sample descriptions are listed in Table 27.
No equivalent sets of Soviet data were provided to the
international team. The following radionuclides could
be detected in the soil: 3*Cs, ¥7Cs, '“Ce, ®Co,
1%Ru and '2°Sb, with the Cs isotopes predominant
(=170 kBg/kg; Fig. 41).
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With regard to the depth distribution, four out of five
soil columns show a maximum activity concentration at
a depth of 2-3 cm. The decrease below this depth is
close to exponential; only in soil column 14 (river flood
area) is the maximum to be found in the uppermost
layer, probably owing to runoff phenomena and sedi-
mentation.

3.2.3. Field Gamma Spectrometry

Field gamma spectrometry was carried out at eight
sites outdoors in Bragin and Polesskoe with a HPGe
detector (18.5% relative efficiency) at 1 m above
ground, collecting spectra in the interval 50-4000 keV
(measurement period: 60 min). Full absorption peak
count rates were converted to activity on the ground
(kBg/m?) and dose rate (uSv/h) using calibration
factors of the HPGe detector and exponential source dis-
tribution parameters that were determined from the
gamma spectra obtained.

In Table 28, the results of the in situ gamma spectro-
metric measurements are compared with the officially
reported Soviet data. There is satisfactory agreement
between the total deposition, as measured by the interna-
tional team, and the official Soviet data.

3.2.4. Indoor Radon and Gamma Dose Rate
Measurements

For radon measurements, electret detectors (type
E-PERM™/Rn) with exposure periods of up to three
months were used in order to determine long term aver-
ages [16]. The environmental background radiation was
accounted for by using a second set of electret detectors
(type E-PERM ™/background), sealed in a foil bag
impermeable to radon. Detectors from this second set
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TABLE 16. Bragin: Dose Rates Over Asphalt Covered Sites
{Sampling conducted by the international team) [Source: H. Letiner and team]

Dose rate
(uSv/h)
Sa;lr:)ple Location Description of site Instrument
’ No. 1 No. 2
6l Dairy plant Asphalt 0.23
8l Sovetskaya, 150 m N of Bank Street Asphalt 0.30
131 Partizanskaya/Sovetskaya crossing Asphalt 0.20
151 Partizanskaya 6, on street Asphalt 0.30
211 Mampkina, milk market Asphalt 0.25
22] Mampkina, bus station Asphalt 0.15
311 Partizanskaya 11 Asphait 0.35
331 Partizanskaya 19, street Asphalt 0.25
351 Shapoval, S Oktyabr’skaya 8/4% Asphalt entrance 0.29
431 Astrejko, N Kooperativnaya 19/1, front of house® Partly asphalt 0.55
36l Partizanskaya 37, street Asphalt 0.24
411 Partizanskaya NW crossing, street Asphalt 0.35
431 Zelenaya 7, street Asphalt 0.24
481 Machinery park/collective farm, street Asphait 0.19
501 Zelenaya/Kalininaya, crossing on street Asphalt 0.18
521 Kalininaya 8, street Asphalt 0.32
541 Kalininaya/Pionerskaya, crossing Partly paved 0.26
56! Pionerskaya, opposite 35, on street Asphalt 0.28
581 Pionerskaya/Berezka, crossing Asphalt 0.24
611 Pionerskaya 14, street Asphalt 0.27
641 Pionerskaya, store, outside pavement Sidewalk 0.23
661 " Pionerskaya, main street near store, on street Asphalt 0.23
77 Gagarina, on street Asphalt 0.21
801 Pervomajskaya 9, on street Asphait 0.32
851 Komsomol’skaya 15, on street Asphalt 0.20
891 Komsomol’'skaya 44, on street Asphalt 0.33
911 Komsomol’skaya 47, street, entrance to dairy Asphalt 0.24
26z - Mampkina, bus station Asphalt 0.14
8z Lenin Square, Town Hali Asphalt 0.15
39z Lenin Square 6 Flower bed +stone block pavement 0.52
46z In front of TV tower Stone, sand, concrete 0.14
10s Sovetskaya/Avaresar Asphalt 0.14
17s Sovetskaya 149/176 Asphalt 0.10 0.17
30s Sovetskaya 13 Asphalt 0.14 0.16
37s Sovetskaya, opposite 12, street Asphalt 0.14
5g Kirova, public water supply Asphalt paved 0.35 0.35
102g Path 150 m SE of 101 Paved path 0.90 0.55
103g Path/Kriav 300 m SE of 101 Paved path/road, grass covered 0.90 0.70

* Home of an individual given a personal dosimeter as part of the independent dose assessment task.
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TABLE 17. Bragin: Dose Rates Over Undisturbed Areas [Source: H. Lettner and team)]

Dose rate
(uSv/h)

Sample Location Description of site

No. Instrument

No. 1 No. 2

21 Sovetskaya, parking place Ploughed 0.80

101 Sovetskaya, uninhabited house Uncultivated garden 0.35

141 Partizanskaya 2, garden Uncultivated 0.30
241 Mampkina, behind bus station Birchyard 1.00
281 Skorokhoda, S of bus station Meadow, unploughed 0.60
291 Skorokhoda, S of bus station Meadow, unploughed 1.40
351 Partizanskaya 37, uninhabited garden Uncultivated 0.59
47 Collective farm, machinery park Sandy soil 0.35
531 Kalininaya 8, garden Uncultivated 0.47
811 Pervomajskaya crossing Under trees 0.54
821 Pervomajskaya crossing Stinging nettle field 0.51
86l Komsomol’skaya 23, garden Uncultivated 0.43
8N Komsomol'skaya, cemetery Under trees 0.47
24s Komsomol’skaya, same as 23, garden Uncultivated 0.52 0.61
37/bs Komsomol’skaya, opposite 21, garden Uncultivated 0.45
46s Komsomol’skaya, same street No. 109/80 Meadow 0.28 0.22
46/cs Komsomol’skaya, same as 46/s, chicken yard Soil 0.40 0.43
17g Komsomol’skaya, between 15 and 16 Uncultivated garden 0.55
28g Zinovicha 21, 100 m off road Uncultivated garden 1.30 1.15
28ag Same as 28 — 0.90 0.80
34¢ Oktyabr’skaya 5 Uncultivated garden 0.60 0.85
34ag — — 1.05 1.05
Slg Kirova, 100 m off road Uncultivated riverside 0.25
57g Cemetery 400 m from 52 Uncultivated 0.60 0.70
59g Krasnoarmejskaya, 200 m SW of 49 Uncultivated garden/potato field 0.55 0.50
70g Lenin Square 2, 100 m off road Uncultivated riverside 0.90
Tig Side street 50 m SW of 76, playground 30 m off road Unpaved 0.40 0.40
87g Chaliaze, cemetery 50 m off road Uncultivated 1.5 3.0
88g Chaliaze 44, 200 m W of 85 Garden/fence, cemetery 0.90 1.10
89g Chaliaze 54, 300 m W of 85 Garden/fence, cemetery 1.00 0.75
108g Sovetskaya, 100 m N of 107 Uncultivated field/garden 0.35 0.40
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TABLE 18. Bragin: Dose Rates Over Cultivated Sites (Gardens and Fields) [Source: H. Lettner and team])

Dose rate
(uSv/h)

Sample Location Description of site

No. Instrument

No. 1 No. 2

11 Ivanenko L., Naberezhnaya 59° Cultivated garden 0.22
191 Romanyuk V., Ignatienko 13° Garden entrance, cultivated 0.23

T Sovetskaya, 150 m N of bank garden Cultivated 0.50
11 Sovetskaya, house, back yard potato field Cultivated 0.35
16l Partizanskaya 6, garden Cultivated 0.50
261 Skorokhoda 17, garden Cultivated 1.10
441 Zelenaya 7, garden Cultivated 0.36
711 700 m SW of meadow W of main street Rape field, ploughed 0.51
721 700 m SSW of meadow W of main street Potato field 0.41
191 Partizanskaya 18, garden Cultivated 0.52
531 Kalininaya 19, garden Cultivated 0.37
541 Pionerskaya 39, garden Cuitivated 0.39

4s Sovetskaya 89, garden Cultivated 0.30 0.35

T/bs Sovetskaya 118, garden Cultivated 0.30 0.33
12s Sovetskaya 144, garden Cultivated 0.38 0.32
18s Sovetskaya 141, garden Cultivated 0.36 0.40
25s Potato field Cultivated 0.24
26/as Sovetskaya, meadow Cultivated 0.30 0.40
32/bs Sovetskaya 27, garden Cultivated 0.30
32/cs Sovetskaya 27, strawberry field Cultivated 0.36 0.44
32/ds Sovetskaya 27, grape vines Cultivated 0.46 0.44
36/as Vostonyar 37, garden Cultivated 0.32 0.32
36/es Vostonyar 39, garden Cultivated 0.30 0.40
46/as Vostonyar 80, garden Cultivated 0.40 0.44
46/es Same as 46/d, garden Cultivated 0.44 0.44
53g Kirova Garden/field 0.25 0.30
54g Kirova 71 Cultivated garden 0.40
60g Krasnoarmejskaya, 300 m SW of 49 Cultivated garden 0.40 0.35
68¢ Pushkina 8 Garden/potato field 0.35 0.40
78¢g Side street, 100 m SW of 76/5 Cultivated garden 0.80 0.75
79g Side street, 200 m SW of 76/11 Cultivated garden 0.60 0.70
80g Side street, 300 m SW of Chaliaze 76 Cultivated garden 0.90 0.70
82¢g Chaliaze, 100 m NW of 80 Garden/industrial area 0.60 0.30
83g Chaliaze 16, 200 m NW of 80 Potato field 1.20 1.10
86g Chaliaze, 100 m W of 85 Cultivated garden 1.20 1.00
90g Chaliaze 62/47, 400 m W of 85 Cultivated garden 0.60 0.80
91g Chaliaze, 500 m W of 85, end of village Cultivated garden 0.80 0.55
92g Chaliaze, 600 m W of 85, 5 m in field Cultivated field 0.90 1.15
94g Chaliaze 54, 100 m off road Potato field 1.30 1.20
95g Chaliaze 40, 50 m off road Cultivated garden 1.40 1.35
96g Chaliaze 25 Ploughed/unploughed field 1.35 22
98g Aerodromnaya, 100 m E of 97, dead end Potato field 1.10 ‘0.70
43g Kirova 4 Cultivated garden 0.80 —
48g Kirova 24 Cultivated garden 0.50 —
491 Pionerskaya 45° Cultivated garden 0.27 0.37

* Home of an individual given a personal dosimeter as part of the individual dose assessment task.
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TABLE 19. Bragin: Various Other Sites [Source: H. Lettner and team)

Dose rate
(uSv/h)
Sample Location Description of site
No. Instrument
No. 1 No. 2
791 Pervomajskaya 9, sidewalk Sand covered 0.24
7/as Sovetskaya 118, roof 0.20 0.20
13/bs Sovetskaya 148, roof 0.38 0.37
16s Sovetskaya 141 Soil 0.34 0.34
21/as Sovetskaya, mud hole on the street Soil 0.10
26/bs New sand road Sand covered 0.10
32/as New sand road, No. 27, in the yard Soil 0.27
36/bs Vostonyar 37, straw roof 0.60 0.81
36/cs Vostonyar 39, courtyard Soil 0.20 0.25
36/ds Vostonyar 39, hayloft 0.30 0.30
37/as Vostonyar 21, courtyard Soil 0.36 0.30
37/ds Vostonyar 21, roof 0.40 - 0.40
50/as Same as 50, roof 0.32
45¢g Kirova, side street between 8 and 10 Unpaved 1.00
56g Kirova, side street Unpaved 0.40 0.50
101g Path, 150 m E of 100 Unpaved path 1.89 1.50
471 Collective farm: outside machinery park Partly grass, sand 0.22 0.39
581 outside, in front of cereal depot 0.30 0.36
591 inside depot 0.14 0.19
601 outside depot 0.25 0.38
611 ' hay store 0.24 0.39
621 hay from 1989 0.29 0.36
631 wooden stable 0.42 0.50

were exposed simultaneously with the radon detectors.
In addition, a portable rate meter was used for dose rate
measurements at the same locations. All E-PERM™
detectors were read at the measurement site upon com-
pletion of the exposure.

No equivalent sets of Soviet data were provided to the
international team. The results of the analysis are sum-
marized in Table 29 and show that the *’Rn concentra-
tion indoors in Bragin covers a wide range, from 9 to
470 Bg/m? (mean 139 + 183 Bg/m®. However, if
sites 8-10 are excluded, assuming that there was low
ventilation and the detector was manipulated, the varia-
tion decreases significantly. The mean concentration is
lowered to 28 + 13 Bg/m>. This is of a magnitude
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comparable with that of the results of **’Rn measure-
ments in Daleta (mean: 19 + 20 Bq/m3; Table 29).
Indoor gamma dose rate values, derived from
integrating measurements over a period of about three
months with E-PERM ™/background type detectors,
ranged from 0.16 to 0.38 uSv/h for Bragin and 0.14 to
0.46 uSv/h for Daleta. These ranges correspond well
with values determined during the detailed independent
dose rate surveys (see Section 3.2.1). A comparison
of the mean values (n = number of measurements)
obtained with E-PERM ™/background detectors (mean
(n=17): 0.24 + 0.09 uSv/h) and with a portable rate
meter (mean (n = 15): 0.23 + 0.15 uSv/h) shows
almost perfect agreement between the two methods.

Text cont. on p. 160
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TABLE 20. Bragin: Dose Rate Measurements in Wooden Buildings [Source: H. Lettner and team)

Dose rate
(uSv/h)
Sal:;;ple Location Instrument
’ No. 1 No. 2

121 Sovetskaya, inside house 0.25
17 Partizanskaya 6, indoors 0.20
27 Skorokhoda 17, indoors 0.40
451 Zelenaya 7, house 0.25
621 Pionerskaya 8, indoors 0.21
34z Skorokhoda 8 0.23
36z Skorokhoda 6 0.28
52z Kalininaya 19 0.12
481 Collective farm, repair shop, ground floor 0.21 0.27

21 Naberezhnaya 59*: entrance 0.18 0.26

3l living room 0.14 0.20

41 bedroom 0.14 0.14
121 Sovetskaya 127*  kitchen 0.13 0.15
131 living room 0.14 0.20
141 bedroom 0.13 0.19
151 bedroom 0.12 0.22
161 Makhova 119%;  kitchen 0.12 0.15

71 living room 0.07 0.14
181 bedroom 0.08 0.18
501 Pionerskaya 45*: kitchen 0.23 - 0.27
511 living room 0.15 0.24
521 bedroom 0.12 0.17
531 bedroom 0.11 0.24
641 Soboli*:  kitchen 0.19 0.19
651 living room 0.14 0.20
661 bedroom 0.10 0.20
671 Soboli®:  kitchen 0.14 0.17
681 living room 0.08 0.11
691 bedroom 0.07 0.07
13s Soboli 148 0.18 0.22
18as Soboli 141 0.10 0.13
32/esx Soboli 127 0.10 0.13
36/fsx Vostonyar 39 0.08 0.10
36/gsx Vostonyar 35 0.10 0.10
37/csx Vostonyar 21 0.10 0.11
46/bsx Same as 46/a 0.10 0.13
46/dsx Same street, No. 107 0.18
48ag Kirova 24 0.30 ’
53ag Kirova 59 0.15
S4ag Kirova 71 0.30
96ag Chaliaze 25 0.40

? Home of an individual given a personal dosimeter as part of the independent dose assessment task.
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TABLE 21. Bragin: Dose Rate Measurements in Masonry Buildings [Source: H. Lettner and team]

Dose rate
(uSv/h)
Sample Location
No. Instrument
No. 1 No. 2

41 Sovetskaya, bank building 0.20
231 Mampkina, shop at the bus station 0.50
631 Pionerskaya, store, stone building - 0.17
781 Kooperativnaya, public baths 0.17
27z Mampkina, bus station 0.14
28z Mampkina, storehouse 0.15

19s Sovetskaya, food shop 0.10

T Laboratory 0.15 0.18

81 Reconstruction site, brick 0.08 0.12

9] Cheese production hall, brick 0.11 0.19
101 Metal repair shop, brick building 0.08 0.20
11 Office 0.09 0.09
201 Living room 0.10 0.07
211 Bedroom 0.07 0.08
221 Kitchen 0.12 0.13
241 Polyclinic, entrance hail 0.11 0.15
251 Polyclinic, st floor 0.16 ©0.27
261 Polyclinic, 2nd floor 0.17 0.16
271 Astrejkho, office in ‘Raissa’ Polyclinic? 0.12 0.23
281 Rudenok, chemist shop in ‘Lyudmilla’ Polyclinic®® 0.19 0.27
291 X ray room behind protective shielding® 95
301 Shapoval, ‘Svetlana’ dental surgery®: 0.10 0.13
311 work room 0.10 0.16
321 living room, kitchen 0.13 0.13
331 Oktyabr’skaya 8/4: living room 0.08 0.13
341 bedroom 0.11 0.18
36l Lilyakhrilova 2/8": bedroom 0.10 0.14
37 kitchen 0.08 0.13
381 living room 0.09 0.18
391 Kooperativnaya 19/1": entrance 0.07 0.08
401 bedroom 0.10 0.13
411 living room 0.12 0.10
421 kitchen 0.08 0.09
441 Krilova 15/5% sleeping/living room 0.10 0.12
451 kitchen 0.16 0.20
461 sleeping/living room 0.08 0.15
541 Zelenaya 8% entrance 0.13 0.18
551 kitchen 0.12 0.15
561 living room 0.8 0.14
ST bedroom 0.17 0.16

? Home of an individual given a personal dosimeter as part of the independent dose assessment task.
® Dosimeter was kept there permanently.

¢ X ray in operation,
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TABLE 22. Polesskoe: Outdoor Dose Rates, Mainly Grass Covered Sites [Source: H. Lettner and team)

~ Environmental Contamination

Dose rate
(uSv/h)
Sample Location Description of site
No. Instrument
No. 1 No. 2 No. 3
iz Park in front of Town Hall Grass covered 0.84
2z Cemetery Grass covered 2.05
3z Vladimirskaya 38, garden Grass covered 1.82
4z Same as 3, on ground Grass covered 8.2
6z Shchorsa 32 Grass covered 0.73
8z Corner Gogol/Shchorsa Grass covered 0.38
10z Gogol Grass covered, uncultivated 1.10
11z Gor’kij 1 Grass covered 0.39
15z Ist cross street W of Gor’kij Small park, grass covered 1.30
16z Zhostneva 20 Grass covered 0.41
17z 2nd cross street W of Gor’kij Grass covered 1.24
18z Gor’kij 25 Grass covered 0.64
19z Gor’kij 35 Grass covered 0.72
20z 3rd cross street W of Gor’kij Grass covered 1.23
21z Kotovskaya Grass covered 1.05
22z Volya 40 Grass covered 0.67
23z Field outside town, by river Grass covered, uncultivated 2.30
Is Bereznaya 2 0.60 0.40 0.75
2s Bereznaya 4 Grass covered 1.0 1.0 0.8
3s Bereznaya 8 Grass covered 0.9 0.8 0.6
4s Bereznaya 8 Marked hot spot 1.3 1.2 1.2
5s Bereznaya 8 Hot spot on the ground 2.0 2.0 2.0
| 6s Bereznaya 10 Grass covered 0.6 0.6 0.6
7s Bereznaya 14 Grass covered 0.9 0.7 0.4
8s Bereznaya 16 Grass covered 0.65 0.5 0.65
9s Volya 79 Grass covered 1.0 0.7 0.8
14s Volya 67 Grass covered 1.0 1.0 0.7
15s Volya 65 Grass covered 0.8 0.6
20s Volya 53 0.9 0.5
21s Volya 46 Grass covered 0.9 0.75
24s Volya 33 0.75 0.7 0.6
25s Volya 9 Grass covered 0.6 0.35 0.5
27s Same street, No. 69 0.3 0.27 0.3
28s Naderzhnaya/Proletarskaya crossing Grass covered 0.4 0.35 0.4
29s Cemetery 0.65 0.6 0.8
30s Cemetery 0.7 0.7 0.5

153



TABLE 22. (cont.)

Part D

Dose rate
(uSv/h)
Sample Location Description of site
No. Instrument

No. 1 No. 2 No. 3
31s Cemetery 1.2 1.2 1.1
32s Proletarskaya 80 Grass covered 0.6 04 0.4
33s Proletarskaya 70 Grass covered 0.5 0.35 0.5
s Rechnaya 1 7 Grass covered 0.45
35s Proletarskaya 64 Grass covered 0.4 0.5
37s Proletarskaya 46 Grass covered 0.6 0.5 0.5
38s Proletarskaya 32 Grass covered 0.7 0.5 0.5
39s Proletarskaya 28 Grass covered 0.8
41s Proletarskaya 16 Grass covered 0.8 0.6 0.7
44s Proletarskaya 4 Grass covered 0.6 04 0.4
45s Shevchenko 1 Grass covered 0.7 0.5
46s Shevchenko 9 Grass covered 0.8 0.7 0.5
47s Shevchenko 18 Grass covered 0.65 04 0.6
48s Shevchenko 22 Grass covered 0.55 0.35
49s Between Shevchenko and Proletarskaya Grass covered 0.6 0.4
53s Shevchenko 25 Grass covered 0.7
54s Shevchenko 35 Grass covered 0.8
56s Shevchenko 43 Grass covered 0.5 04 0.45
57s Shevchenko 53 Grass covered 0.5 0.4 0.5
58s Shevchenko 65 Grass covered 0.6 0.45 0.45
59s Proresnaya 62 Grass covered 0.7 0.5 04
60s Proresnaya 54 Grass covered 0.7 0.5 0.5
61s Proresnaya 44 Grass covered 0.6 0.4 0.45
62s Proresnaya 67 Grass covered 0.7 0.5 0.5
63s Proresnaya 32 Grass covered 0.8 0.6 0.75
64s Proresnaya 24 Grass covered 1.0 0.85 0.85
65s Proresnaya 18 Grass covered 0.8 0.6 0.6
66s Travin 3 Grass covered 0.9 0.7 1.1
67s Travin 6 Grass covered 0.7 0.7 0.6
68s Travin 23 Grass covered 0.7 0.5 0.45
78s Travin 53 Grass covered 1.1 1.1 1.2
79s Travin 69 Grass covered 0.6 0.6 0.7
80s Travin 83 Grass covered 0.6 0.4 0.4
81s Travin 95 Grass covered 0.6 0.5 0.7
84s Travin 107 Grass covered 1.0 1.0 0.6
85s Travin side street 1 Grass covered 0.6 0.5
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TABLE 22. (cont.)

Dose rate
(uSv/h)

Sample Location Description of site

No. Instrument

No. 1 No. 2 No. 3

86s Travin side street 6 Grass covered 0.5
87s Travin side street 10 Grass covered 0.7 0.5 0.7
88s Travin side street 9a Grass covered 1.0 0.9
90s Kiev-Minsk road Grass covered 1.3 14 0.9
91s Same as 90 Grass covered 1.5 1.6
92s Lugovaya 70 Grass covered 0.4
93s Lugovaya 60 Grass covered 0.5 0.3 0.35
94s Lugovaya 56 Grass covered 0.6 0.6 0.7
95s Lugovaya 40 Grass covered 0.5 0.4 0.4
96s Lugovaya 12 Grass covered 1.1 0.7

0.797s Lugovaya 2 Grass covered 1.0 0.65 0.9

lg West cemetery Grass, uncultivated 1.40

2g West cemetery, N boundary Grass, uncultivated 2.00

3g West cemetery, W boundary Grass, uncultivated 1.75

4g West cemetery, S boundary Grass, uncultivated 2.50

5g West cemetery, E boundary Grass, uncultivated 2.30

6g West cemetery, E part Grass, uncultivated 50

g West cemetery, hot spot Grass, uncultivated >100

8g Field opposite (E of) 1 Uncultivated field 0.75

9g Vladimirskaya 70 m E of 8 Uncultivated field 0.80
10g Vladimirskaya/Khovtneva crossing Uncultivated field 0.90
11g Vladimirskaya/Khovtneva crossing Unpaved sidewalk 0.70
12¢g Vladimirskaya 50 m from 11 Unpaved sidewalk 0.60
13g Vladimirskaya/Kolkhoznik crossing Unpaved sidewalk 0.80
l4g Kolkhoznik 6, 50 m S of 13 Unpaved sidewalk 0.80
15¢ Kolkhoznik, opposite side of street Unpaved sidewalk 0.90
16g Kolkhoznik 16 Unpaved sidewalk 0.50
17g Kolkhoznik/Kopkhoznik crossing Unpaved 1.20
18g Kopkhoznik 15 Unpaved sidewalk 1070
19g Meadow 20 m S of 18 Grass, uncultivated 0.70
20g Kopkhoznik/Kotovskogo crossing Unpaved sidewalk 0.90
2ig Kopkhoznik/Kotovskogo crossing Unpaved sidewalk 0.90
22g Kopkhoznik/Kotovskogo crossing Grass, uncultivated 1.1
23g Street connecting 10 and 20, 70 m N of 20 Unpaved sidewalk 1.1
24¢g Connecting street, opposite 23 Field boundary,

uncultivated 0.9
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Part D
TABLE 22. (cont.)

Dose rate
(uSv/h)

Sample Location Description of site

No. Instrument

No. 1 No. 2 No. 3
25g Vladimirskaya/Gor’kij crossing, opposite 1 Uncultivated field 1.3
26g Vladimirskaya/Gor’kij crossing, sidewalk Unpaved sidewalk 0.65
27g Vladimirskaya 70 m E of 26 Unpaved sidewalk 0.75
28¢g Vladimirskaya 8/Khovtneva crossing Unpaved sidewalk 1.10
29¢g Vladimirskaya 18, opposite corner Unpaved sidewalk 0.70
30g Vladimirskaya/Kotovskogo crossing Unpaved sidewalk 0.75
31g Vladimirskaya/Kotovskogo crossing, opposite corner Unpaved sidewalk 0.30
32g Vladimirskaya 4, 70 m E of 31 Unpaved sidewalk 0.90
33g Volya/Pionerskaya crossing Grass, cultivated 0.30
34¢g Volya 140, opposite 33 Grass sidewalk 0.50
35g Volya 101, 100 m NW of 34 Grass sidewalk 0.60
36g Volya, opposite 35 Grass sidewalk 0.65
37g Volya/8-Marga crossing, E corner Grass sidewalk 0.50
38g Volya/8-Marga crossing, S corner Grass sidewalk 0.60
39g Volya/8-Marga 80 crossing, W corner Unpaved sidewalk
40g 8-Marga/Kotovskogo crossing, corner 70 m W of 39 Grass sidewalk 0.65
41g 8-Marga/Kotovskogo 47 crossing, E corner Grass sidewalk 0.35
42g 8-Marga/Khovtneva crossing, N corner 50 m W of 40 Grass sidewalk 0.65
43g 8-Marga/Khovtneva 51 crossing, E corner Grass sidewalk 0.35
49g 8-Bereznaya/Khovtneva 51 crossing, S corner, Grass sidewalk 0.35
70 m E of 48

50g S-Bereznaya/Khovtnevé crossing, E corner Grass covered yard 0.65
Sig 8-Bereznaya/Khovtneva crossing, N corner Paved yard 0.35
S2g 8-Bereznaya/Khovtneva crossing, W corner Paved yard 0.30

11 Shchorsa 32, Vasilij Cherneshov Uncultivated garden 0.60

6l Gogol 1b Barren land 0.34

51 Gogol 1 Cultivated garden, 0.49

under trees
13 Gogol 13 Cultivated garden, 0.97
not used now

161 Gogol 26 Cultivated garden 0.42
221 Kotovskogo 27 Cultivated garden 0.68
101 Volya 79 Garden 1.0 0.8
121 Volya 76 Garden 1.9
161 Volya 65 Garden 1.3 1.1
181 Volya 54 Garden 1.8
221 Volya 46 Round the wooden house 1.4 1.3
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TABLE 22. (cont.)

Dose rate
(xSv/h)
Sample Location Description of site
No. Instrument
No. 1 No. 2 No. 3
231 Volya 46 Reed thatch 1.75 1.7
361 Place between Proletarskaya and Shevchenko Cultivated garden 0.9 0.85
401 Proletarskaya 22 Uncultivated garden 1.0 0.8 1.0
421 Proletarskaya 12 Uncultivated garden 1.0 0.9
501 Same as 49 Cultivated garden 0.7 0.5
51 Same as 49 Uncultivated garden 0.9 0.75
551 Shevchenko 32 Uncultivated garden 0.8 0.5
691 Travin 27 Cultivated garden 1.2 1.3
711 Travin 29 Cultivated garden 1.0 0.8 1.2
731 Travin 21 Garden 0.7
741 Travin 33 Uncultivated garden 1.3 1.3 1.3
751 Travin 33 Uncultivated garden 0.85 0.95 1.7
! Travin 31 Uncultivated garden 0.8 0.8
821 Travin Near hospital 0.3 0.3 0.3
891 Travin side street 9a Cultivated garden 0.9 0.85
TABLE 23. Polesskoe: Dose Rates at Various Other Sites
(Sampling conducted by the international team) [Source: H. Lettner and team)
Dose rate
(uSv/h)
Sample Location Description of site
No. Instrument
No. 1 No. 2 No. 3
121 Gor’kij 11, front yard Concrete covered 0.42
n Gorgova/Proresnaya crossing Asphalt covered, middle 0.31
of road
121 Gor’kij 7 ‘ Garden, at the fence 0.32
201 Gostneva, middle of street Asphalt 0.41
21 Gostneva crossing At the fence 0.49
231 Volya 40, main drainage Under the roof 1.00
261 Shevchenko side street 2 : Asphalt 0.35 0.3 0.45
44g 8-Marga/Khovtneva crossing, W corner Paved front yard 0.35
45g 8-Marga/Khovtneva crossing, W corner Paved front yard 0.35
S5lg 8-Bereznaya/Khovtneva crossing, N corner Paved yard 0.35
52g 8-Bereznaya/Khovtneva crossing, W corner Paved yard 0.30
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TABLE 24. Polesskoe: Dose Rates in Dwellings (Sampling conducted by the international team)
[Source: H. Lettner and team]

Part D

Dose rate
(uSv/h)
Sample Location Description of site
No. Instrument
No. 1 No. 2 No. 3
(a) Wooden houses
141 Gor’kij 13 Wooden dwelling: living room 0.27
151 Gor’kij 13 kitchen 0.22
131 Volya 76 Wooden building 1.5
17 Volya 65 Wooden building 0.25 0.27
(b) Brick and/or stone houses
5z Vladimirskaya 38 Wooden floor 0.19
7z Shchorsa 32 Wooden floor of stone house 0.65
9z Gogol, indoors Unfinished house structure 0.52
14z Gor’kij 11, indoors Stone building 0.10
2z Vasilyj Cherneshov,
Shchorsa 32: Kitchen 0.42
3s Living room 0.63
4s Children’s room 0.58
i0 Khovtneva 2: Bedroom 0.08
11s Bedroom 0.15
17s Khovtneva 26: Living room 0.21
18s Bedroom 0.18
19s Living room 0.18
24s Volya 40: Living room, drainage 0.25
25s Living room 0.18
26s Kitchen 0.18
11s Volya 79 0.2 0.2
19s Volya 54 0.45
43s Proletarskaya 12 0.2 0.27 0.35
52s Shevchenko 0.4 04
70s Travin 27 0.3 0.3
72s Travin 21 0.25
76s Travin 31 0.2 0.25 0.3
83s Travin Hospital 0.1 0.1 0.2
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TABLE 25. Daleta: Dose Rate Measurements [Source: H. Lettner and team)

Environmental Contamination

Dose rate
(uSv/h)
Sample Location Description of site
No. Instrument
No. 1 No. 2 No. 3 No. 4
(a) Dwellings
31 Kulish Wooden dwelling 0.15 0.18
111 Aleknovich Wooden dwelling 0.12
181 Site, schoolroom Wooden/stone building 0.11 0.09
191 Same site, staff room 0.09 0.09
221 Wooden house, village boundary Kitchen, bedroom 0.25 0.25
271 Wooden house Kitchen, bedroom 0.20 0.20
361 Wooden house Kitchen, bedroom 0.20 0.20
37 Wooden house Kitchen, bedroom 0.30 0.30
151 Bus station Asphalt road/concrete wall 0.16 0.18 0.24
(b) Hay and straw lofts
51 Beside the road Hay loft from 1988 3.0 3.1 32 34
6l Beside the road Straw loft from 1990 0.5 0.6
81 Kulish Fresh hay loft from 1990 0.5
(¢) Outdoors
11 Kulish Grass, garden 0.46 0.32 0.36 0.34
21 Kulish Grass, garden 0.29
41 Road Sand, grass covered 0.24 0.22 0.21
! Next road Sand, grass covered 0.45 0.5
9 Kulish Grass, garden 0.26
101 Garden Garden, fruit 0.21 0.22 0.29
121 Aleknovich Meadow, grass 0.35
131 Road Sand, grass 0.18 0.20
141 Road Near fence, grass covered 0.36 0.34
161 Close to 11 Vegetable garden 024 025
171 Forest adjacent Under trees 0.29
201 Bend of road Sand/grass, meadow 0.23 0.24
21g Village boundary Cultivated meadow 0.35
23g Village boundary Mud/cultivated meadow 0.40
24g Field Potatoes, cultivated 0.25
25g Garden Cultivated 0.30
26g Field Grain, cultivated 0.25
28g Field Grain, vegetables, cultivated - 0.35
29g Field Potatoes, cultivated 0.40
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Part D

TABLE 25. (cont.)

Dose rate
(#Sv/h)
Sample Location Description of site
No. Instrument
No. 1 No. 2 No. 3 No. 4

30¢g Field Grain, cultivated 0.30
31g Forest Trees, undergrowth, uncultivated 0.30
32g Field Grain, cultivated 0.35
33g Field Vegetables, grain, cultivated 0.35
34g Meadow Grass, uncultivated 0.35
35g Forest Trees, undergrowth, uncultivated 0.40
38g Meadow Grass, sand, uncultivated 0.30
39g Meadow Grass, sand, uncultivated 0.30
40g Horse pasture Grass 0.20
41g Meadow Grass, sand, uncultivated 0.20
42g Meadow Grass, sand, uncultivated 0.40
43g Sidewalk Sand, unpaved 0.35
44g Sidewalk Sand, unpaved 0.40
45g Field Potatoes, cultivated 0.45
46g Meadow Grass, cultivated 0.30

3.2.5. Hot Particles

Two hot particles were separated in the fourth layer
(3—4 cm) of sample column 16 taken in a private garden
in Polesskoe. As an example, the results of the analysis
of one particle are shown in Fig. 42. In addition to the
other radionuclides already identified in the soil sam-
ples, Eu isotopes were present. No equivalent sets of
Soviet data were presented to the international team.

3.3. Survey of Control Settlements

Environmental surveys were carried out in the six
settlements that were chosen to represent areas with
insignificant quantities of fallout contamination (control
settlements; under 37 kBq of '*’Cs/m?). This categori-
zation was based on the official Soviet maps. The
following control settlements were investigated:

— In the UkrSSR: Trokovichi and Krasilovka.
— In the BSSR: Kirovsk and Khodosy.
— In the RSFSR: Unecha and Surazh.
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For each survey, the dose rate was determined with
portable equipment (approximately 1 m above ground)
in several sectors of each settlement and its nearby
surroundings. In addition, grab samples of soil (per
sector) and local food were taken. Fresh vegetables and
milk were donated by individuals in the town. In all
cases these were grown or produced locally. It was
impossible to ascertain the source of the bread, meat and
tinned foods. All samples were analysed for *’Cs and
134Cs by gamma spectrometry. The results of the mea-
surements are shown in Tables 30-32.

Mean dose rates for the different settlements are low
and range from 0.06 to 0.22 uSv/h, reflecting the low
fallout deposition; this is confirmed by the relatively low
¥7Cs surface activity (under 16 kBq/m?). In many
cases these values are of the same magnitude as those of
the natural background radiation. Generally, there is no
significant difference between indoor and outdoor read-
ings. Also, the variation between different sites for a
given settlement is small, as reflected in the small stan-
dard deviation of the mean values.

Concentrations of *’Cs in food samples from these
areas are frequently below the limit of detection (LD) or
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TABLE 26. Characteristic Statistical Parameters for Indoor and Outdoor Dose Rate Measurements in Bragin,
Polesskoe and Daleta (Sampling conducted by the international team) [Source: H. Lettner and team]

Measurement

No. of

Dose rate (uSv/h)

Standard

. Mean .. Median Min. Max.
site measurements deviation
Bragin
Grass covered sites 329 0.46 0.25 0.40 0.14 1.92
(mainly)
Asphalt covered sites 33 0.23 0.07 0.24 0.10 0.35
Undisturbed areas 45 0.72 0.47 0.59 0.22 3.0
Gardens, fields 72 0.61 0.37 0.44 0.24 2.2
Detached wooden buildings 68 0.17 0.07 0.15 0.07 1.4
(indoors)
Brick and stone buildings 72 0.14 0.06 0.13 0.07 0.50
(indoors)
Polesskoe
Grass covered sites 290 0.95 2.91 0.70 0.27 50
(mainly)
Brick and stone buildings 32 0.28 0.15 0.23 0.08 0.65
(indoors)
Daleta
Outdoors (grass, sand, gardens, fields) 46 0.31 0.08 0.30 0.18 0.50
Wooden, stone or concrete buildings
(indoors) 18 0.18 0.67 0.19 0.09 0.30
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FIG. 33. Dose rate distribution in wooden buildings in

Bragin. [Source: H. Lettner and team]

Dose rate (uSv/h)

FIG. 34. Dose rate distribution in masonry buildings in

Bragin. [Source: H. Lettner and team]
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FIG. 35. Total caesium (**Cs and ¥Cs) deposition (in FIG. 37. Dose rate data for Bragin (isopleths), in xSv/h,
Ci/km?) in the Bragin region based on data from 1989 and _based on the international team survey.
compiled by the Ali-Union Institute for Agricultural Radio- [Source: H. Lettner and team]

logy, BSSR Branch, Gomel.

just slightly above (e.g. for cabbage). Corresponding
values for meat or sausage samples cover a relatively
wide range (LD to 126 Bq/kg wet weight), influenced by
the origin of the animal fodder and the feeding practice.

In summary, the control settlements and their
surroundings can be considered to be areas generally
unaffected by fallout, with only low levels of fallout con-
tamination in some isolated cases.

3.4. Dose Rate Profiles Along Roads in the
Area of Gomel, BSSR

A vehicle mounted detector system was used to moni-
tor continuously the areas adjacent to roads in the

FIG. 36. Dose rate data for Bragin (three dimensional surroundings of Gomel. The objective of these measure-
map) based on the international team survey (the polygon ments was to identify localized areas of increased radio-
approximates the settlement borders). [Source: H. Lettner nuclide deposition (hot spot areas) in the vicinity of
and team) roads.
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15 Cilkm? = 555 kBg/m?
40 Cilkm? = 1480 kBg/m?
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FIG. 38. Total caesium (**’Cs and '*Cs) deposition (in Ci/km?) in Polesskoe (official Soviet map).

The monitoring system consists of two plastic scintil-
lation detectors (3 in X 4 in (7.8 cm X 10.2 cm)) and
a rate meter. The detectors, mounted 1.5 m above the
ground and separated by a 3 cm thick Pb shielding, are
calibrated for '*’Cs measurements. This method per-
mits differentiation between the external dose rate
resulting from radionuclides below, to the right side and
to the left side of the vehicle (up to 3 m on each side of
the road). The sensitivity of the system is such that over

a road segment 8 m in length an increase in the external
dose rate by a factor of 3 (from 0.05 uSv/h to
0.15 uSv/h) can be detected at a vehicle speed of
30 km/h. Altogether, approximately 500 km of roads
were tested along three routes (Table 33).

The results from the survey show that the external
dose rate is mostly low (under 0.16 uSv/h) over large
distances. Only occasionally were elevated levels
(=3.8 uSv/h) registered, e.g. between Chojniki and
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L

FIG. 39. Dose rate outdoors (in xSv/h) for Polesskoe, based on the international team survey.

[Source: H. Lettner and team]

Komarin, between Novozybkov and Gomel, and near
Ozov’e. No equivalent sets of Soviet data were
presented to the international team.

3.5. Radionuclide Levels in
Soil-Grass-Milk Ecosystems

Ecosystems were studied in more detail in three

regions: Novozybkov, Bragin and Ovruch. The overall
objective was the indirect corroboration of the official
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Soviet assessment of environmental contamination levels
in the affected areas, using the soil-grass-milk system as
a relative indicator.

Soil and grass samples were collected from
undisturbed grassland (pastures and forests). Sampling
procedures for soil and grass followed the recommended
IAEA protocol [17]. Milk was sampled from humans
and cows. The analysis of samples was carried out by
gamma spectrometry, alpha spectrometry and standard
radiochemical methods. An intercomparison exercise
was conducted by the two analytical laboratories to
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FIG. 40. Comparison of (a) the official Soviet data for the dose rate outdoors (in mR/h); and (b) the corresponding data from
the international team survey in Daleta (in xSv/h). [Source: F. Steinhdusler and M. Dreicer; H. Lettner and team]
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TABLE 27. Description of Soil Samples Taken in
Bragin and Polesskoe (Sampling conducted by the
international team) [Source: H. Lettner and team]

Sample Place of origin Sample Weight
No. {cm layer) (g)
2-1 Bragin, Hydromet 0-1 20.82

2.2 Station
2-3 1-2 26.40
24 2-3 27.64
2-5 3-4 26.34
2-6 4-5 31.54
5-15 268.34
3-1 Bragin, Skorokhoda 0-1 21.59
3-2 1-2 27.89
3-3 2-3 25.78
34 3-4 32.13
3-5 4-5 32.41
3-6 5-6 30.03
12-1 Polesskoe, town area 0-1 23.07
12-2 1-2 39.01
12-3 2-3 25.35
12-4 3-4 26.88
12-5 4-5 28.59
12-6 5-15 249.20
14-1 Polesskoe, flood area 0-1 16.89
142 by Uzh River 1-2 15.40
14-3 2-3 20.06
14-4 3-4 25.55
14-5 4-5 34.87
16-1 Polesskoe, private 0-1 18.06
l6-2 ~  gardenin 1-2 18.75
163 Vladimirskaya a3 27 81
16-4 3-4 29.48
16-5 4-5 31.24
16-6 5-15 344.37

ensure quality control and comparability of individual
results (Table 34).

The analysis of the samples showed the following
results (Tables 35-38; Fig. 43):
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Novozybkov Region

The levels of '’Cs determined in soil-grass
ecosystem samples from three different locations are in
agreement with Soviet data on surface contamination, as
supplied by the All-Union Scientific Research Institute
of Agricultural Radiology (Obninsk).

The presence of "“Ce and 2*' Am in the samples can
be used as an indicator of the occurrence of 2*Pu and
240py in the environment, provided that the environ-
mental distribution processes are the same.

Bragin Region

The official Soviet Pu estimate for Bragin is less than
0.1 Ci/km? (3.7 kBq/m?). Under the assumption that
most of the Pu is contained in the top 5 cm of the soil
and grass mat, this corresponds to about 80 Bq of Pu/kg.
The Pu analysis of the soil sample taken during this
study revealed 17 Bg/kg. Taking into account the very
limited number of samples taken in this project, this can
be interpreted as corroboration of the official Soviet
estimate. :

Values for '*’Cs and **Cs in cow’s milk (Table 38)
are in general agreement with results obtained by Soviet
counterparts (Table 39). With regard to the *°Sr con-
centration, official Soviet data for 1988 (5.6 Bg/L) and
1989 (6.4 Bq/L) were supplied to the experts; for com-
parison, data of the international team for milk in 1990
(6.9 Bg/L) are in satisfactory agreement.

Ovruch Region

Caesium levels in cow’s milk were in fair agreement
with results obtained from the Soviet counterparts
(Table 40), except for the Soviet data on '®>Ru, which
must have decayed by 1990. Owing to the high transfer
factor in this area, individual '*’Cs levels in human
milk can be elevated significantly as compared with
those in the other two regions investigated (Fig. 43).

3.6. Environmental Assessment Using
Biomonitors

Some plants are known to accumulate significant
amounts of radionuclides. These plants can be used as
biomonitors to provide a relative measure of the radio-
nuclides present in the environment. The biomonitoring
programme was initiated to complement physicochemi-
cal methods in the assessment of the radiological situa-
tion in the fallout affected areas.

A total of 200 lichen (Parmelia sulcata) samples,
together with the substrate bark (approximately 1.5 m
above ground) and 65 soil samples were taken. The
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FIG. 41. Depth distribution of gamma emitters in soil columns from Bragin and Polesskoe. Radionuclide concentrations in

different layers of soils 2-16. [Source: P. Zombori]

sampling sites were in the Novozybkov, Bragin and
Ovruch regions. Lichens were separated from the bark,
washed, ground and freeze dried. Soil samples were
dried at 50°C and then ground.

All samples were analysed for '*’Cs by gamma spec-
trometry with a well type Ge detector (9.8% efficiency).
The results are summarized in Figs 44 and 45. The data
indicate a correlation between the Soviet ground deposi-
tion values (see Table 1) for *’Cs and the '*’Cs con-
centrations in lichen sampled from the corresponding
area, although it is of low statistical significance. The
data from independent soil sampling did not fit well with
the Soviet soil classification.

3.7. Water Sampling Programme

Radionuclides deposited on the ground can affect the
surface water quality by runoff and the groundwater
quality by leachate penetration into the aquifers. There-
fore water samples were taken at different sites in
16 settlements in the fallout affected areas. The sites
chosen were hand dug wells, public water supply sys-
tems, ponds, lakes, drainage channels, streams and
rivers. In addition, sediment core samples were also
taken and sectioned for the assessment of the nuclide

depth distribution. Water samples were filtered with
cellulose nitrate filters (pore size: 0.45 um). Sediment
samples were dried at 105°C. All samples were analysed
for 34Cs, 3Cs, ™Ce, '%Rh and '°Sb using Ge
gamma spectrometry (detector efficiency up to 30%).

The results of the analysis of the water samples are
summarized in Table 41. No equivalent sets of Soviet
data were presented to the international team. In most
cases the concentration of the aforementioned radio-
nuclides is below the limit of detection (LD). Exceptions
are the results for samples from three ponds in
Mikulichi, Rakitnoe and Novye Bobovichi which con-
tained "*’Cs (up to 7.3 + 0.6 Bq/L) and '**Cs (up to
1.1 £ 0.2 Bg/L); all other nuclide levels were also
below the LD.

The results of the analysis of the residue of filtered
water samples are shown in Table 42. In general, the
radionuclide concentration is below LD. Only two sam-
ples from filtered pond water in Novye Bobovichi and
Rakitnoe and one from a hand dug well in Novye

Bobovichi showed elevated caesium concentrations

("¥7Cs up to 470 mBg/L and '**Cs up to 88 mBq/L).
Gamma spectrometry analysis of the sediment sam-
ples showed that mostly only Cs isotopes ('**Cs and
137Cs) could be detected (Table 43). Samples from the
Gden, Malozhin and Novye Bobovichi areas with signi-
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TABLE 28. Comparison of the In Situ Results for the Caesium Inventory in Bragin and Polesskoe as Measured
by the International Team with the Officially Reported Values shown in the Soviet Maps

[Source: H. Lettner and team]

Activity concn

Location Site Measured Official
(kBg/m?) (Ci/km?) (Ci/km?)
Bragin Sports ground:
Cs-134 54 1.5
Cs-137 351 9.5
Total 405 11 15-20
Hydromet Station:
Cs-134 122 33
Cs-137 844 23
Total 966 26 20-30
Memorial Park:
Cs-134 85 2.3
Cs-137 569 15
Total 654 18 15-20
Cemetery:
Cs-134 169 4.6
Cs-137 1170 32
Toral 1339 36 20-30
Polesskoe Outside town, flood area or Uzh River:
Cs-134 184 5
Cs-137 1110 30
Total 1294 35 15-40
West cemetery:
Cs-134 150 45
Cs-137 1100 30
Total 1250 34 40-60
North cemetery:
Cs-134 50 1.4
Cs-137 340 0.2
Total 390 11 <15
By the road to Ovruch:
Cs-134 84 23
Cs-137 580 16
Total 664 18 15-40

ficantly elevated Cs concentrations in the sediments also
contained other radionuclides above LD, such as *Ce
(up to 59 Bg/kg), '%Rh (up to 157 Bq/kg) and '5Sb
(up to 116 Bq/kg). The isotope '*’Cs was identified in
the top layers of all sediment samples, ranging from 5 to
11 800 Bq/kg, i.e. reflecting the Cs ground deposition
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in the relevant areas. On the basis of the depth profile
analysis, most of the Chernobyl related fallout is usually
contained in the upper layer of the sediments (down
to 10 cm); below 10 cm the nuclide concentration
decreases rapidly. Exceptions were the samples from a
lake in Novozybkov which had not been decontami-
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nated. In this case, '*’Cs fallout, presumably from

nuclear weapons tests before the Chernobyl accident,

could be found in the 10-35 cm layer (up to 39 Bq/kg),
below the '*'Cs fallout due to the Chernobyl accident
(up to 40 Bg/kg).

3.8. Soil and Vegetation Sampling
Programme

The uptake of radionuclides by plants at the present
time is dependent mainly on the amount of fallout avail-
able to the root system. In order to describe present soil
contamination and nuclide behaviour in the soil-
vegetation ecosystem, an extensive sampling of soil

depth profiles was undertaken. In addition, vegetation
was sampled in some selected areas.

Soil depth profiles were taken from undisturbed
areas, meadows, ploughed fields, gardens, forest areas,
areas near water supplies and public places. Altogether,
more than 100 soil profiles (soil depth 30 cm each) were
sampled in 15 settlements. The material was dried at
100°C and analysed for '**Cs and '*’Cs by gamma
spectrometry. In some selected samples, *Sr, 23?Pu
and 2*Pu contents were also determined using radio-
chemical procedures [18, 19].

3.8.1. Caesium in Soil and Vegetation

The results for soil samples are summarized in
Table 44. while examples are given in Figs 46 and 47.

TABLE 29. Indoor Radon Concentrations in Bragin and Daleta [Source: E. Wehrstein-Werner)

Dose rate (uSv/h)

i;:)e Meas;:f“e“‘ R“éﬁ;?)“‘:“ E-PERM ™/background Rate meter
Bragin
1 Sanitary office, 2nd floor 18 0.16 0.08
2 Sanitary office, 1st floor 18 0.38 0.34
3 Kindergarten 41 0.29 0.6
4 Private house on riverside 39 0.18 0.15
5 Kravchenka 11 38 0.19 0.33
6 Hospital, lab. rest room 35 0.16 0.26
7 Hospital, lab. 2nd floor 9 0.24 0.21
8 Hospital®, Epidem. Lab. 420 0.19 0.15
9 Police station” 470 0.24 0.12
10 Spetna 4°¢ 300 0.31 0.50
Daleta
42 Kulish, Mikhail 35 0.14 0.18
58 0.39
43 School 0.17 0.18
7 0.46

4 Starovojd, Nikolaj D., teacher 16 0.21 0.10

45 Germanchuk, Maria 0.23 0.16

46 Lesh, Petr. 1. 6 0.17 0.14

* Old brick building (dosimeter kept in small store room).
> 0Old brick building (dosimeter kept in small store room).
¢ Possibly opened and touched.

Note: Bragin mean (1 standard deviation), all measurements: 139 (+183);
Bragin mean (+ standard deviation), excluding Nos 8-10: 28 (+13);

Daleta mean (+ standard deviation): 19 (£20).
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In most of the soil samples from areas undisturbed by
human activities (such as agriculture or gardening), the
maximum '¥’Cs contamination was found in the top soil
layer (0-2.5 cm). However, in some cases there has
been significant downward migration into deeper layers.
Concentration values range from 1.6 Bg/g (Ovruch) to
29 Bq/g (Starye Bobovichi) and correlate with the initial
fallout deposition at the sampling sites, i.c. about 150
kBg/m? in Ovruch and over 1500 kBg/m? in Starye
Bobovichi.

A similar pattern can be seen for soil samples from
public areas, as well as pastures, meadows and forests,
where most of the *’Cs is usually found in the top 5 cm
layer of the soil. The range of concentration values is
comparable with that for undisturbed areas, with lower
values in public areas and higher values in forests.
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FIG. 42. Radionuclide composition of a hot particle
collected from the soil in Polesskoe. [Source: P. Zombori]

TABLE 30. Dose Rates Outdoors and Indoors in Control Settlements [Source: F. Steinhdusler, M. Dreicer and

E. Henrich)]
Dose rate (uSv/h)
No. of Mean

Location measurements Min. Max. (+ standard deviation)
Trakovichi

Outdoors 8 0.12 0.24 0.20 £ 0.04

Indoors 5 0.18 0.25 0.22 + 0.03
Krasilovka

Outdoors 10 0.11 0.15 0.13 + 0.01

Indoors 2 0.15 0.18 0.13 + 0.01
Kirovsk

Outdoors 19 0.04 0.12 0.07 £ 0.02

Indoors 18 0.04 0.12 0.08 + 0.02
Khodosy

Outdoors 9 0.06 0.09 0.07 £+ 0.01

Indoors 10 0.06 0.11 0.08 + 0.01
Unecha

Outdoors 15 0.04 0.10 0.06 + 0.02

Indoors 13 0.04 0.10 0.07 + 0.02
Surazh

Outdoors 16 0.04 0.18 0.08 + 0.04

Indoors 16 0.04 0.15 0.08 + 0.03
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TABLE 31. YCs Surface Activity in Control
Settlements [Source: E. Henrich)

Surface activity

Location (kBq /m?)
Unecha 10-12
Surazh 6-9
Kirovsk 6-16
Khodosy 4-14

An example of the effect of decontamination tech-
niques applied in agriculture is shown in Fig. 46 for two
sites with comparable fallout deposition. At an
undisturbed site at a collective farm the maximum Cs
concentration is found in the top 5 ¢m soil layer and no
Cs is detectable below 10 cm (Fig. 46(a)). The decon-
tamination of a pasture results in a shift of this Cs maxi-
mum to lower soil layers, in this particular case to a soil
depth of 15 to 20 cm, thereby reducing Cs availability
to grass roots (Fig. 46(b)).

The caesium concentration of the soil sample from a
hot spot in Svyatsk (a '*’Cs content of 12 717 kBq/m?)
is significantly elevated, with a maximum specific 1*’Cs
activity of 220 Bg/g at a soil depth of 2.5-5 cm
(Table 44).

In addition to the Cs concentration in the soil, the
7Cs surface activity was determined in selected
settlements (Table 44). In the following, the range of the
corresponding official Soviet data for these settlements
(Hydromet database (H-DB), Ref. [20]) is compared
with the international team (IT) data.

— Bragin region (Bragin, Mikulichi, Gden, Komarin,
" Malozhin):
Soviet data (H-DB): 74-999 kBq/m?;
IT data: 15-2915 kBg/m?.
— Novozybkov region (Novozybkov, Starye Bobovichi,
Novye Bobovichi, Svyarsk):
Soviet data (H-D